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ABSTRACT

Fluidized bed technology offers an attractive way for energy production with clean environment
by the combustion of even low-grade waste derived fuels (WDF). This paper reports experimental
results concerning the characterization of a small-scale bubbling atmospheric fluidized bed
combustor with WDF batch feeding. The combustor having 0.215 m inner diameter and 1.88 m
height is equipped with a packed-bed sandwich-type fluidizing air distributor. The experimental
fluidized bed combustor (EFBC) is provided with facility items necessary for the operation, control,
and measurements. Results of the measured fluidized bed pressure drop and temperature were
investigated for cold flow, hot flow, and combustion tests during the characterization procedure.
The results of these tests clearly indicated the good fluidization characteristics inherent to well-
controlled operation of the EFBC facility. The characterization tests also indicated the reproducible
and safe operation characteristics of the EFBC facility without appreciable leakage of fluidizing air
and exhaust gases. Moreover, the obtained uniformity of the fluidized bed temperature together with
the high estimated values of bed-to-immersed cooling coil heat transfer coefficient, added more
evidence on the good combustion characteristics of the investigated EFBC facility.

Keywords: Characterization, Experimental facility, Fluidized bed technology, Bubbling bed,
and Combustion of waste-derived fuels

1. Introduction

Problems of energy and environment have become subjects of widespread interest since the
occurrence of energy crisis resulting from October 1973 war. The search for practical solutions
of these problems has motivated the energy production from cheap and available new energy
sources in the form of combustible solid materials. Such materials are usually of low-grade
properties and are referred to as waste-derived fuels (WDF). There is a great deal with the
utilization of large WDF quantities annually produced in Egypt. This task has been planned to
be done via research works dealing on the topic of reducing the accompanied environmental
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problems [1-3]. These large quantities include naturally-available, poor quality coals with high
sulfur content [4], tar sands, and oil shales. In addition, industrial, agricultural, and municipal
solid wastes are considered WDF as they have substantial calorific values. The combustion of
solid fuels as well as WDF includes complicated physical and chemical reaction processes.
This complexity makes the conventional WDF combustion methods, in general, technically
inefficient. Also, much air pollution is produced due to the high emission rates of sulfur oxides
(SO,) and nitrogen oxides (NO,), associated with the conventional WDF combustion. On the
other hand, fluidized bed combustion offers a new method which is technically efficient and
environmentally clean with pollution emission rates well below the EPA (U. S. Environmental
Protection Agency) standards [5]. Moreover, increased heat transfer rates to the coolant tubes
immersed in the fluidized bed, lead to economically acceptable smaller combustor and boiler
sizes [6 and 7]. A Fluidized bed combustor is classified as a multi-phase system in which
multi-solid fuels can be fed and combusted in a fluidized bed of particulate inert solid material
(e.g. sand) [8 and 9]. The fluidized bed of particles originally is fixed and rests vertically on a
porous base inside a container. Then, this fixed bed is maintained in a state of fluidization by
upward flow of air required for combustion [10]. Extensive reviews have been published on the
fundamentals, status, and developments of fluidized bed technology in relation to the WDF
combustion in an environmentally acceptable manner [1, 11 and 12]. On the world scale,
exhaustive research works on experimental small-scale and large-scale fluidized bed
combustion facilities have been carried out in the last three decades. Examples of these
research works [13-22] have used different WDF materials including oil shale, lignite, low-
grade coals, industrial wastes, and agricultural wastes. The fluidized bed combustion of these
waste materials was done in different experimental facilities with fluidized bed combustor
cross section areas ranging from 0.008 m? to 36 m? and corresponding heights ranging from 1.5
m to 16 m. The results of these research works have proven that the fluidized bed combustion
could be applied successfully to a wide variety of waste-derived fuels. On the national scale,
Shafey and others [23] have reported the results of an experimental research work on fluidized
bed WDF combustion for clean heat and power generation. This research work was a part of
linkage energy project between Assiut University and American Kansas State University
(KSU). The research work has been done on a bench-scale facility involving 0.1 m inner
diameter experimental fluidized bed combustor (EFBC). The EFBC facility of the energy
project was a preliminary one employed to provide some useful information regarding its
design, manufacturing, and assembly. More important issue of getting experience with the
complicated EFBC operation and control was intended together with different labors training
within this field. In brief, the fluidized bed combustors are versatile multi-phase systems for
thermal energy production with clean environment from a wide variety of fuels derived from
waste materials. In addition, the published results of the exhaustive research works provide a
wide scope experience and guidance covering many design aspects for well-operating WDF
fluidized-bed combustors. However, there remain some challenges to overcome, and large
number of issues requires further investigation for efficient design and optimum operation.
These important design and operation characteristics are vitally needed for commercialization
of the fluidized bed combustors before reaching an acceptable level of marketability. Such
commercialization procedure has to be supported by a proper characterization of efficiently
designed EFBC facilities. The characterization ensures the good fluidization and combustion
characteristics of the whole EFBC facility prior to the long run operation.

The objective of this paper is to carry out an experimental research work on the
characterization of a small scale 0.215 m inner diameter and 1.88 m height experimental
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fluidized bed combustor (EFBC). The combustor operates with WDF batch feeding in a
bubbling atmospheric fluidized bed of sand particles. The specially-designed EFBC
components have been manufactured in the workshops of the Faculty of Engineering. The
combustor components have been assembled and erected together its necessary facility
items in the Combustion Laboratory of Department of Mechanical Engineering, Assiut
University. The facility items including the measuring and control instrumentation provide
electricity, compressed air for fluidization, and cooling water supplies in safe and good
operating conditions. The characterization has been performed via cold flow, hot flow, and
combustion tests. The goal of these tests is to ensure the good fluidization characteristics
possessed by the present EFBC facility. These characteristics are strongly related to the
hydrodynamics, heat transfer, and combustion of well-controlled EFBC operation.

2. Experimental work
2.1. Main features of the EFBC facility

The major present EFBC components were designed and constructed taking into
consideration the variety and complexity of the real processes occurring during the WDF
combustion in fluidized beds. These processes are complicated and usually governed by
numerous analytical and empirical equations expressing hydrodynamics, thermodynamics
and heat transfer of fluidized bed particles (inert matter + fuel + sorbent). However, a simple
and realistic design of an experimental fluidized bed combustor (EFBC) could be achieved to
match the available and limited laboratory supplies, equipment, and instrumentation. This
design procedure was based on the accumulated paratactical and research experience of the
authors [1, 3, 7, 16, 23 and 24] for more than thirty years in the field of the fluidized bed
combustion. The designed major components of the combustor were fabricated, constructed
and assembled together with the other items completing the EFBC facility. These items are
important and required to operate the fluidized bed combustor. Figure 1 shows the main
features of the present whole experimental fluidized bed combustor facility. The present
EFBC facility was planned to operate in the bubbling atmospheric mode of fluidization. The
EFBC core is the compressed air required for fluidization and combustion. The limited
capacities (volume flow rate and pressure) of the available facility items producing
compressed air (fan, blowers and compressors) affect the choice for the best EFBC
operation. Therefore, the air-cooled compressor la together with the water-cooled
compressor 1b was selected to produce the total compressed air required for the operation.
The compressed air flows through the storage tanks 2 across controlling valves, with its
volume flow rate and pressure measured by rotameters 3 and pressure gages 4, respectively.
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Fig. 1. Main items and components of the experimental fluidized bed combustor (EFBC) facility

The compressed air is then delivered to the facility items of electric heaters 5 for heating (if
required). They are used to simulate fluidizing air preheating heat exchanger existing in the
large-scale plants. The heated compressed air enters the first major component 6 of the EFBC,
namely; plenum section. This section was designed so that compressed air coming from the air
pipe with narrow flow passage area expands smoothly inside its inner space. Such expansion is
usually accompanied with a pressure drop enabling primary uniform redistribution of the
compressed air over the large flow passage area of the fluidized bed. The expanded fluidizing
air is allowed to flow across the holes and pores of the second major component 7, namely; air
distributor to the fluidized bed section 8. The air distributor consists of a packed bed of coarse
sand sandwiched between two perforated plates, each with 200 holes of 2 mm diameter. The
lower perforated plate is covered with three staggered metallic screens, each with 4 mm mesh
size. The distributor which carries the load of the fluidized bed particles was designed and
constructed to fulfill an important task. This task is to complete precisely the uniform
distribution of the fluidizing air over the flow passage area of the fluidized bed section. The
combination of the plenum section and the distributor provides the condition of high quality
fluidization for the solid bed particles in section 8 represented by the nearly equal air velocity
over the bed area. The fluidized bed particles are usually of inert material (e.g. sand) in which
WDF combustion occurs. The fluidized bed particles are sometimes mixed with particles of
sorbent matters (e.g. limestone) for the retention of sulfur oxides resulting from combustion of
high sulfur content WDF. The fluidized bed particles are contained inside the third major
EFBC component 9, namely; long cylindrical combustor walls. The circular combustor is
0.215 m inner diameter and 1.88 m height. It is constructed from high-temperature-resisting
steel pipe with 16 mm thickness. The total height of the combustor walls provides sufficient
space for the expansion of the bubbling fluidized bed. In addition, it provides a space for
freeboard section 10 over the bubbling bed to allow combustion of the entrained fine particles
of the unburned fuel inside the combustor. The outer EFBC hot surfaces extending up to the
end of the freeboard section and down to the electric heaters surface are well thermally
insulated using strips and strings of a high temperature thermal insulation. An enlarged section
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11 of the combustor walls, forming the fourth major EFBC component, is designed and
constructed to reduce the velocity of the outward combustion gases. This leads to separating
the fine particles from combustion gases and keeping them suspended to burn inside the
combustor. The combustion products leaving the enlarged section are delivered to the cyclone
12 which is the fifth and final EFBC component. The cyclone serves in separating the fine solid
ash particles form the gaseous combustion products. Clean flue gases are then exhausted to the
atmosphere by the exhaust pipe 13. The separated fine solid ash particles are collected in the
facility item, namely; dust pot 14. This item helps in quantitative and qualitative analysis of the
solid combustion products. The bed particles of the inert material (sand) together with possible
additive of sorbent material particles can be fed once in the form of a large charge with the
required quantity (e.g. 10 kg) to the combustor through the inclined pipe 15. This pipe is also
used for batch feeding of WDF particles with large batches during combustion experiments.
The inclined pipe 16 is used to for semi continuous operation of the fluidized bed combustor (if
required). In this mode of operation, the WDF particles are fed through this pipe in successive
small patches each for a small-time interval (e.g. 2 minutes). The feeding pipe 16 is provided
with especial mechanism designed to allow easy two-stages transport of the small WDF patch
by gravity. This mechanism is expected to give a safe and efficient operation, by preventing the
outflow of combustion gasses from the feeding location. The bed residual material is removed
from the combustor through the inclined pipe and valve 17. The facility items 18, 19 and 20 of
the cooling water system are used for two purposes. The first purpose is to control the bed
temperature in the combustor. The second purpose is to investigate the heat transfer between
the fluidized bed and the immersed cooling coil. The cooling water with the required flow rate
is allowed to circulate downward inside the cooling coil 18 through the feeding pipe 19. The
cooling water is allowed to flow out the combustor through the drainage pipe 20 where its
flowrate can be measured using stop watch and a pot with known volume. The cooling coil is
constructed from stainless steel tube with 10 mm inner diameter, 12 mm outer diameter, and
5.6 m effective length. The cooling coil is shaped in a multi-turn form having the overall
dimensions of 100 mm inner diameter, 124 mm outer diameter, and 210 mm height. It was
fixed inside the combustor container in a vertical position 40 mm over the upper surface of the
distributor. Both coil height and the vertical position allow total or partial immersion of the
cooling coil in the bubbling fluidized bed depending on the bed conditions.

The temperatures at different locations in the combustor together with inlet and outlets
temperatures Ty , Twour Of the cooling water are measured using Type-K
thermocouples. The temperature measurements can be read and stored using Data
Acquisition System (Model NI cDAQ-9172 USB, National Instruments Corp., USA)
linked with PC computer. The values of air pressure drop across the whole bed and at
different bed locations together with that across the distributor are measured using water
and mercury manometers. Figure 2 shows the axial vertical positions for temperature and
pressure drop measuring probes along the bed and combustor height.

2.2. Characterization tests

Characterization tests of the EFBC facility were carried out to ensure the existence of
the basic fluidization characteristics inherent to successful and controlled fluidized bed
combustion of solid fuels. These characteristics are strongly linked to the hydrodynamics,
heat transfer, and combustion events and processes in the EFBC bubbling and atmospheric
fluidized bed. The characterization tests were grouped in the following manner.
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2.2.1. Cold flow tests

These tests were conducted mainly to investigate the possible effects of material and size of
single bed particles, packed bed height or weight, and fluidizing air velocity on the
hydrodynamic behavior of the fluidized bed. The tests were expected to be useful in examining
the reproducibility of air flow and fluidization conditions for the inert bed material. They were
also necessary to check air leakage defects (if any) at various EFBC connections.
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Fig. 2. Vertical positions for the bed temperature and pressure drop measuring probes

2.2.2. Hot flow and combustion tests

These tests were conducted to examine the extend of fluidizing air heating prior to
combustion, and to investigate some related heat transfer and combustion characteristics.
The tests also include trials for start-up and EFBC operation.

ppHi——

The materials used for the characterization tests were classified as follows:

a) bed inert particulate material (sand particles) where obtained from Manqguabad
mountainous area, 20 km north-west of Assiut city. A representative size range d = 0.5 —
0.705 mm of the sand particles could be selected according to sieve analysis. b)
manufactured solid fuel particles (petroleum coke and charcoal) were selected with size
range of 5.0 — 10.0 mm. c) agricultural waste derived fuel particles (corncobs) were selected
with average size of 10 mm. d) sorbent material particles (limestone) were selected with size
range of 1.25 — 1.6 mm. The limestone sorbent material has to be used during the combustion
of low grade fuel with high sulfur content if exists. It was obtained from Bani Khalid stone
quarry at Samalut, 170 km north of Assiut city, with 54.71% Ca O content.

3. Results and discussion

Experimental runs were performed on the present EFBC facility with different fluidized
bed parameters and varying operating conditions. Measurements of the operating
conditions were monitored with total duration of 50 hours. These Measurements were
planned to cover the requirements for the two groups of characterization tests specified in
the previous section. The corresponding results are expected to be satisfactory for clear
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information about the EFBC fluidization characteristics. The main measurements were the
volume flow rate of the fluidizing air, the pressure drops across the distributor and the
fluidized bed, and the temperature at different locations of the EFBC facility. They also
included the inlet and outlet temperature of the cooling water together with its volume flow
rate. These directly measured physical quantities were analyzed to derive other useful
results regarding fluidized bed expansion and heat transfer to immersed cooling coil. The
following discussion is carried out on different plots of both directly measured and derived
results. These plots are classified according to the two groups of the characterization tests.

3.1. Results for the cold flow tests

Figures 3-9 show representative results on fluidization characteristics of fluidized bed under
cold flow of fluidizing air. The pressure drop of the fluidizing air flow across the whole bed
AP, which is equal to the value AP; measured by the first water manometer (see Fig. 2), is
plotted versus the superficial velocity u of the fluidizing air flow in Figs. 3 and 4 for different
bed parameters. These are bed material, bed particle size, and packed bed height represented by
the mass of the bed. The values of the superficial velocity u were obtained from dividing the
measured values of the fluidizing air volume flow rate at cold conditions by the effective cross-
section area of the bed. The plots of the present results in Figs. 3 and 4 nearly show the same
behavior of the typical plot reported by Kunii and Level spiel [10] for uniformly sized sand
particles. The results shown in Figs. 3 and 4 indicate the existence of three main criteria for
good fluidization of the bed particles. The first criterion is that the bed pressure drop
APy, increases with the fluidizing air velocity u, indicating the packed bed behavior. This
behavior continues with little bed expansion until a specified value of the velocity wuy, is
reached at which AP, attains an upper limit APy, ,,,,.,. Increasing the velocity u more than
Uy , the pressure drop AP, remains nearly constant at the value of upper limit APy, ;- The
second criterion is that the attained constant value of the pressure drop APy, ., is equal to the
corresponding calculated design value expressed as the actual bed weight w,, divided by the
effective bed cross-section area a;, . The third criterion is that the specified value u,, denotes
the state of minimum fluidization above which the bed is fluidized in the bubbling regime.
According to the above criteria, one can find that the results of Figs. 3 and 4 clearly verify the
good quality of bubbling fluidization for the tested bed particles within the limited range of the
fluidized air flow rate. This finding is evident when comparing the possible measured values of
APy ypper and up,r representing the fluidization characteristics with the corresponding
calculated design values. Table 1 shows the results of this comparison for different bed
parameters. The design values of the minimum fluidization velocity u,,; (0.47 m/s, 0.91 m/s)
were calculated using available correlations [8, 10] based on the upper limit of the particle size
range. The measured values of the pressure drop AP,y are in good agreement with the
corresponding calculated values wy,/a; while acceptable agreement is shown for the values
of the minimum fluidization velocity. The discrepancy between the measured and the
calculated design values of u,, may be attributed to the effects of the bed internals, air flow
fluctuations, flow control uncertainties, and measuring errors.
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Table 1.

Comparison between the measured and calculated design values of fluidization characteristics

Bed parameters (fnljl;iu;;zeor) (mV:fl/IibO) meaz;r/e;; Unf Calcu(lr‘:lji ‘)l Ums
z IS%]Sanoq?%asrt:s:ﬁ with size range d 210 217 0.54 0.47
éozké]lE)szin(cinggtintilr(]e1 with size range 311 310 0.48 0.47
ézzkgszing.?ggtirg; with size range 370 379 0.61 0.47
10 kg limestone particle with size 313 310 0.93 0.91

ranged =1.25-1.6 mm

More evidence on the good fluidization characteristics of the EFBC facility can be
attained by examining the behavior of the fluidizing air pressure drop across the distributor.
The quality of bubbling fluidization is strongly related to both type and design of the
distributor. A hydrodynamic condition of sufficiently large pressure drop across the
distributor is necessary to achieve a good fluidization quality indicated by the uniform
distribution of the fluidizing air flow over the bed cross-section. Figure 5 shows the typical
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variation of the pressure drop AP, across the distributor with the fluidizing air velocity u.
The results shown can be used to check the above fluidization condition. The plotted values
of the distributor pressure drop AP,; were measured using the mercury manometer used for
measuring the total pressure drop AP, (see Fig. 2) in the absence of the bed particles. The
results of Fig. 5, generally, show larger values of the distributor pressure drop AP; compared
with corresponding values of the bed pressure drop AP, in Figs. 3 and 4 at the same values of
the air velocity u above the u. value. Despite of the deep fluidized beds together with the
complicated sandwich type distributor design used in the present work, it is expected that the
condition for good fluidization quality has been satisfied for the EFBC facility.

1000

100 o

APy (mm Ha Oy

10 .
0.1 1 10

Fig. 5. Typical characteristics of the fluidizing air flow ég;gss the present packed-bed sandwich type distributor

Figures 6-9 show the results for the prediction and variation of the expanded bed height
L; with the fluidizing air velocity u. Shown in Figs. 6-8 is an illustration for the application
of the graphical method [23] used to predict the fluidized bed height for the three bed
masses of sand particles. The method is based on the fact that the local bed pressure drop
AP is linearly distributed over the vertical distance z in the bed, for both packed bed and
fluidization regimes. The bed pressure drop distribution for a specified value of the
fluidizing air velocity, can be obtained and plotted using at least three measured values.
Referring to Fig. 2, the three measured values were taken as the readings of the first water
manometer AP; , AP, , and AP;. These readings were at fixed vertical distances of 0, 100
mm, and 160 mm, respectively. The intersections of the straight lines fitting the plotted
distributions, represent the values of the expanded bed height L; for different values of
fluidizing air velocity u. Figure 9 shows the plots for the obtained values of the expanded
bed height versus the fluidizing air velocity. The plots clearly show a continuous
functional relationship between the expanded bed height L; and the fluidizing air velocity
u. The nearly constant values of expanded bed height L; correspond to packed beds with
little expansions. On the other hand, the linearly increasing behavior of L; represents
expanding fluidized bed. The expansion of the fluidized bed is noticeable with the increase
of the air velocity u above the minimum fluidizing value u.s . This is attributed to the
formation and growth of air bubbles (pure gas) representing the increase of the fluidizing
air flow above the flow associated with the minimum fluidization velocity uys . The
expanded bed height L; is an important factor affecting the EFBC fluidization
characteristics. As shown in Fig. 9, the larger is the mass of the bed particles, the deeper is
the expanded bed height at the same fluidizing air velocity. Generally, it is preferable to
keep the condition of shallow fluidized bed rather than the deep one. This condition
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maintains the more homogenous and stable behavior of the fluidized bed inherent to the
operation in the bubbling regime. Also, the condition of shallow fluidized bed avoids the
occurrence of some troubles associated with one of the other fluidization regimes such as
slugging, turbulent, and fast regimes. In addition, the prediction of the expanded bed height
represents a useful design tool to determine the suitable location and dimensions of the

cooling coil or tubes to be immersed in the fluidized bed combustor.
400

Sand bed particles, d = 0.5 — 0.705mm u (mis)
0.14
0.21
028
0.35
0.42
0.49
0.5
0.863
0.70
0.84
0.98
1.05

# +AESPFRH]0O0E

T
300 400

Z(mm)
Fig. 6. Determination of the fluidized bed height at different fluidizing air velocities, for a bed mass of 7 kg
400

Sand bed particles, d = 0.5 — 0.705 mm (mis)

AN S p OO C
oo
L3S

RERIBEE G KDY

L

0 1IDU ZDID SDID 400
Fig. 7. Determination of the fluidized bed height at different fluidizing air velocities, for a bed mass of 10 kg
400

Sandbed particles, d = 0.5 — 0.705 mm u (mis)

0.14
0.21
0.28
0.35
0.42
0.49
0.56
0.83
0.70
0.04
0.98
1.05

4 t4AR®PF <2000

0 100 200 300 400
z (mm)

Fig. 8. Determination of the fluidized bed height at different fluidizing air velocities, for a bed mass of 12 kg



566
JES, Assiut University, Faculty of Engineering, Vol. 46, No. 5, September 2018, pp.556-573

400

s 7 kg zand
o 10 kgsand
O 12 kg sand 5 a a8
300 4 -
=}
jm B
o @ o @
o o
—_ o o @
= o
E 200
pe &
& A
4 A " A a8 & A
100
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
u (m's)

Fig. 9. Variation of the expanded bed height with the fluidizing air velocity for
different sand bed masses (values estimated from Figs. 6-8)

The above discussion on the results of the cold flow tests can be extended to the high
temperature conditions of the fluidized bed. These conditions are usually encountered with
either hot flow of the fluidizing air or with the combustion of solid fuel in the fluidized bed.
The extension of the discussion on the cold flow tests can be done in the following manner.
The volume flow rate of the fluidizing air introduced to the connection of the EFBC facility
is measured in the cold flow state. This volume expands when entering the high temperature
fluidized bed. The resulting larger volume flow rate may be estimated by multiplying the
measured cold flow value with the temperature ratio of the fluidized bed to that of the cold
flow. This estimation is based on the ideal gas assumption of the air flow and neglecting the
effect of pressure difference between the introduced air and the fluidized bed. The value of
the hot state volume flow rate, by turn, is converted to a value of hot state fluidizing air
velocity. Utilizing this velocity value with the plots shown in Figs. 3-9, one can obtain the
fluidization characteristics for the high temperature fluidized bed. Also, it should be noted
that the experimental runs of the cold flow tests were performed using frequent opening and
closing steps regarding the compressed fluidizing air. These steps could be reproduced with
safety conditions accompanied by stable and easy handling of the compressed air for
fluidization. Moreover, the different compressed air piping and connections of the EFBC
were checked and found to be almost in good sealing against possible leakage.

3.2. Results for the hot flow and combustion tests

Figures 10-14 show representative results of the high temperature behavior associated
with hot flow and combustion tests. The tests were performed with the volume flow rate of
the fluidizing air adjusted at a value of 0.019 m*s under cold flow conditions. This value
was sufficient to maintain the fluidized bed in the bubbling regime with the high temperature
conditions. The volume flow rate was kept constant at the value of 0.019 m*/s for all hot flow
and combustion tests, otherwise stated. The figures show the plots of measured temperatures
T, — T at different locations of the fluidized bed (see Fig. 2) versus time, each for a duration
of 40 minutes. The values of the measured temperature T, of the preheated fluidizing air
entering the plenum section are also plotted for convenient discussion of the results. The
plots in Figs. 11-14 describe the temperature histories for the trials of combustion start-up in
the fluidized bed under different operating conditions. These plots are used for the main
discussion on the fluidization characteristics during combustion tests. The results in Fig. 10,
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represent the temperature history during the heating-up of the EFBC walls in the absence of
the fluidized bed particles. The heating-up was achieved using hot flow of preheated
fluidizing air. The values of the measured temperatures shown in Fig. 10, are predicted to be
useful for the comparison between the hot plug flow of the single gas phase (fluidizing air)
and the well mixed two-phase (emulsion + gas bubbles) hot flow linked with high
temperature fluidized bed. Therefore, the results of Fig. 10 represent a helpful tool

supporting the main discussion on the results of Figs. 11-14.
0o

500

E= I S = T
o A

W

400 4

T(C)

iy
200 a 4 & & a & 4oa

&
& F=

% M@@@M@@@M§§§

0+ T
100 10 120 130 140

Fig. 10. Temperature history of the hot plﬂémﬂ%w of the single gas phase (fluidizing air)

Figure 11 shows the temperature history for the first trial of combustion start-up. The
fluidized bed was a mixture of 4 kg inert sand particles (-0.705+0.5 mm) and 1 kg
petroleum coke fuel particles (-10.0+5.0 mm). The bed mixture was wetted with kerosene
liquid fuel to support the combustion process. The heating-up of the bed mixture was
achieved for a period of 127 minutes using preheated fluidizing air. The results of the first
100 minutes of the heating-up period were truncated as they are less significant. The average
bed temperature shows an increase from a value of 46 °C to a value of 51 °C during the
remaining 27 minutes of the heating-up period. Thus, the heating-up of the fluidized bed was
performed with an average slow rate of 5/27 = 0.19 °C/min. The process of combustion start-
up was performed by the aid of ignited 1 kg corncobs charge with average particle size of 10
mm. The ignited charge was introduced to the bed mixture at the end of the heating-up
period. This step of start-up process was accompanied, as shown in Fig. 11, with an average
rapid heating rate of 57/3 = 19 °C/min. The increase of the bed mixture (inert material + fuel)
temperature due to the ignited corncobs particles was expected to continue reaching an
ignition value of about 600 °C. This bed temperature is high enough for petroleum coke fuel
particles to ignite and start combustion inside the inert sand particles. Unlikely, the results
show nearly constant average bed temperature at a value of 110 °C during the period of the
last 10 minutes of the plots in Fig. 11. This temperature value is much lower than the
required ignition temperature. The low constant average values of bed temperature attained
in the present trial of combustion start-up, reveal that the ignited corncobs particles were
extinguished within the stated period of the last 10 minutes of the plots in Fig. 11. The event
of extinguishing can be attributed to the combustion kinetics of the corncobs particles
together with their low calorific value, as well as their small quantity. As a result, the trial of
combustion start-up was stopped at the moment of 140 minutes, and the bed was cooled
using large flow rate of cold fluidizing air.



568
JES, Assiut University, Faculty of Engineering, Vol. 46, No. 5, September 2018, pp.556-573

200
{4 kg sand bed parices (-0.705+0.5 mmj + 1 kg petoleumocke parSdes {-10.0+5.0 mnj

-

< #®% &0 & -
o
w it ;

400 4

TC)

200

P - - T - T S &
% 8888 5 88e28d8 8 %
04 . . |

100 10 120 130 140

&
S

Eff Ol

&
a
&

T (min}
Fig. 11. The temperature history during the first trail of combustion start-up

Figures 12-14 show the results of the temperature histories representing the
successful second trial of combustion start-up. The trial was performed within a total
period of more than 200 minutes (3.5 hours). The fluidized bed was a mixture of 2 kg inert
sand particles (-0.705+0.5 mm), 1 kg petroleum coke fuel particles (-10.0+5.0 mm), and
0.5 kg corncobs particles with average size of 10 mm. Based on the discussion of the
results shown in Fig. 11, a search for better conditions of the combustion start-up was
carried out. It was found that better conditions of start-up are associated with the aid of
ignited charcoal instead of the previously used ignited corncobs. A 2 kg of ignited charcoal
fuel particles (-10.0+5.0 mm) was chosen for its combustion characteristics superior to that
of the previously used corncobs particles. Figure 12 shows the results for the heating-up of
the bed mixture. It was achieved in the first 150 minutes using preheated fluidizing air. As
was done with Fig. 11, the significant part of the bed temperature history was plotted only
for the period of 40 minutes within the time interval from 110 minutes to 150 minutes. The
plots show similar tendency of slow heating rate with an average value of 10/40 = 0.25
°C/min. This value is somewhat large compared with the average heating rate value of 0.19
°C/min found in Fig. 11. This is due to mainly the smaller heat capacity of the bed mixture
in the present trial compared with that of Fig. 11. The process of combustion start-up was
performed by introducing the ignited charge of charcoal particles to the bed mixture at the
end of the heating-up period. The start-up process was accompanied, as shown in Fig. 13,
with a rapid increase in the bed temperatures up to 730 °C which is above the required
ignition value for the main bed fuel (600 °C). This situation indicates that the combustion
start-up was successful and the combustion of the main fuel (petroleum coke particles) of
the bed mixture could be achieved and continued raising the whole bed to much higher
temperatures compared with those in Fig. 11. Figure 14 shows the results for the last stage
of the combustion start-up process. The plots of the figure indicate continuous decrease in
the average fluidized bed temperature due to the consumption of the burning fuel. This
temperature decrease was also caused by introducing cold fluidizing air in order to end the
present combustion start-up trial. Values of expanded bed height L, for the high
temperatures shown in Figs 13-14, were estimated using the trends of Fig. 9. The expanded
bed height Ly was mostly found to cover the first three thermocouples indicating fluidized
bed temperature values of T;,T,, and T5. The other two thermocouples were predicted to
indicate the gas phase temperatures T, and Ts in the EFBC freeboard region. Keeping in
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mind this situation together with the transient nature of batch combustion, one can clearly
find that the fluidized bed temperature is nearly uniform. The uniformity of the bed
temperature indicates that the bed solids appear to be well-mixed and combustion occurs at
high efficiencies. Moreover, the bed temperature uniformity is accompanied by bed
temperature values which are much lower than those of known flame temperatures (up to
1200°C) found in conventional combustion. The high flame temperatures usually cause the
oxidation of nitrogen gas found in the combustion air resulting in the severe NOX
pollutants. Consequently, this clearly shows the environmental advantage of fluidized bed
combustion in reducing the atmospheric air pollution due to NOx pollutants.

Heat transfer from the high temperature fluidized bed to the immersed cooling coil was
investigated during the hot flow and combustion tests. This was done by considering the
thermal energy balance for the cooling water and the fluidized bed, together with the
convective heat transfer to the cooling coil. The resulting equations were applied to the
measured bed and cooling water temperatures in order to estimate an average value for the
bed-to-cooling coil heat transfer coefficient h,. The high values of the coefficient h, were
compared with those for pure single-phase (hot air) gas flow. To achieve this task, the gas
temperatures shown in Fig. 10 were employed together with the cooling water temperatures
to estimate average comparative values for gas-to-cooling coil heat transfer coefficient h,.
Estimated average values of the bed-to-cooling coil heat transfer coefficient h, as much as
350 W/m?.K were obtained at average bed temperatures up to 500 °C. This result is in good
agreement with the previously reported findings [6, 7]. Moreover, the estimated h, values
were found to be much larger (nearly 6 times) as compared with the estimated average h,
value of 65 W/m?.K. This result is typical of the fluidized bed confirming the advantage of
high values for the bed-to-immersed cooling coil heat transfer coefficients. Beside the above-
discussed results obtained for the hot flow and combustion tests, an inspection was done for
the main functions of the various facility items and EFBC components. The inspection
included possible problems related to assembly, operation, and maintenance. The following
important findings were confirmed as a result of this inspection task:

¢ Ability of the various EFBC components to withstand thermal loads and hot spots.

o Security of the EFBC facility against exhaust gases leakage problems.

e Easy assembly, disassembly, cleaning, and maintenance of the EFBC facility items
and components.
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Fig. 12. The temperature history during the heating up period in the second trail of combustion start-up
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4. Conclusions

An experimental fluidized bed combustor (EFBC) with batch feeding of solid fuels has
been designed, manufactured, and erected with its facility items in the Combustion
Laboratory of Department of Mechanical Engineering, Assiut University. The EFBC
facility items including fluidizing air compressors, piping, and heaters are necessary for the
EFBC operation. The experimental EFBC has been designed to operate in the bubbling
atmospheric mode of the fluidized bed. Characterization tests of the EFBC facility have
been carried out using 50 hours-total duration experimental runs. They are grouped as cold
flow testes, and hot flow and combustion tests. The results of these tests have confirmed
the existence of the basic fluidization characteristics inherent to controlled fluidized bed
hydrodynamics, heat transfer, and combustion of solid fuels. Based on the discussion of
the obtained results, it is expected that the EFBC characterizations have been successfully
demonstrated in the present research work. According to characterization tests, conclusions
have been reached that the fluidizing air flow was reproducible with no appreciable
leakage along different piping and EFBC facility connections. Moreover, good findings
have been confirmed regarding assembly, disassembly, cleaning, and maintenance of the
EFBC facility items and components. In addition to these findings, the EFBC components
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have shown good ability to withstand thermal loads and hot spots, and acceptable security
against exhaust gases leakage problems.
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