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ABSTRACT

Numerous investigations have been devoted towards understanding the hydrodynamics
of particles in fluidized beds. However, most of them paid little to the behavior of
coarse particles inside the fluidized bed. The present work aims to study the influence
of pressure and particle size on the hydrodynamic behavior in fluidized bed processing.
A semicircular fluidized bed, constructed from acrylic glass, with a vertical jet nozzle
located at the centre of the distributor was used in the work. A high speed camera with a
speed up to 3000 frames per second will be used to capture the images of fluidization
process and it will make it possible to track the individual particle motion. The influence of
pressure and particle size on the hydrodynamics can be determined using visualization
by means of high speed photography and video imaging. Therefore the finding of this
investigation will be helpful in understanding the reaction and determining the quality
of fluidization and can be applied to achieve the best process design and optimum

systemn operation.
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CHAPTER 1

INTRODUCTION

1.1 Background Study

In fluidization, a gas is passed through a bed of solid particles which is supported on a
perforated or porous plate. When the frictional force acting on the particles or pressure
drop of the flowing air through the bed equals or exceeds the weight of the bed, the
particles become suspended and the bed exhibits liquid-like behavior. At gas flow rates
less than the fluidization velocity, the bed is a fixed bed and there is no movement of
particles. At flow rates above minimum fluidization the bed expands and bubbles

appear.

The air velocity corresponding to a pressure drop that just equals the weight of the bed
is referred to as the minimum fluidization velocity (Hesketh et al., 2002). At this air
velocity or flow rate all of the bed particles are completely suspended by the air stream.
For a given system, minimum fluidization velocity can be determined from a pressure

drop versus air velocity diagram.

i+ --Fixed or Packed Bed ,,.’_,,_,,,,, Fluidized Bed- - -- »‘

Bed Pressure Drop

Air Flowrate

I

LOW AIR MODERATE HIGH AIR
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As air flow is increased above the minimum fluidization velocity, the bed may exhibit
behaviors ranging from smooth fluidization to bubbling fluidization to dilute

fluidization in which powder can be transported by the air stream.

The two-phase fluidization occurs in many industrial and environmental processes.
These include pharmaceutical, petrochemical, and mineral industries, energy
conversion, and gaseous and particulate pollutant transport in the atmosphere, heat
exchangers, and many other applications. The gas-solid fluidized bed reactor has been
used extensively because of its capability to provide effective mixing and highly

efficient transport processes.

1.1.1 Fluidized Bed Development

The first reactor based on the principles of fluidized bed technology; bubbling fluidized
bed was constructed in 1950 for roasting of sulfur bearing materials. The new system
was quickly adopted by industry such as multipte hearth furnaces and rotary kilns were
increasingly replaced by fluidized bed roasters, thereby ensuring enhanced product

quality and significantly reduced plant emissions.

The classical bubbling fluidized bed (FB) is operated at relatively low gas velocities
with the particles kept in balance against their own gravity. Most of the particles do not
leave the surface of the fluidized bed, typically characterized by a defined surface
between gas and solids. The surface may show a behavior similar to a boiling liquid,
depending on size and density of the particles. From the mixing point of view, the FB is
a continuously stirred tank reactor with a defined solids residence time distribution. The
mean solid velocity is close to zero with the slip velocity almost identical to the gas

velocity.

Fluidized bed combined with efficient heat recovery and off-gas treatment, including
the process of converting the off-gas to sulfuric acid, became state-of-the-art technology
for processing sulfur bearing ores. Significant process improvements have been

achieved by using fluidization technology, for example in the production of atumina.
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The circulating fluidized bed (CFB) was developed in 1959 for the high temperature
treatment of fine and light particles. A whole variety of other CFB applications
followed, with more than 170 industrial plants worldwide. The CFB has been
successfully applied for coal combustion, roasting of gold containing ores, direct

reduction of iron ore fines and other uses.

At higher gas velocities the slip velocity increases and the fluidized bed changes its
behavior. The defined boiling surface disappears with the expansion of the fluidized
solids. The fluidization gas has enough energy to entrain solids particles. The entrained
particles are separated from the gas by a cyclone and recirculated via an external loop
back into the fluidized bed reactor. In addition an internal recirculation of the solids in
the fluidized bed reactor takes place. Both internal and external circulation results in a

homogenous temperature distribution in the CFB system.

(a) FB (b) CFB _

Velocity

Increasing
solids density

Increasing axpansion >

igure 2: Bed expansion vs, velocily

In 1985, flash reactor (FR) for high temperature alumina production was developed.
With further increase of the gas velocity, the solids are approaching the velocity of the
gas. In the flash reactor the slip velocity between gas and solids is considerably
decreased compared to the circulating fluidized bed. At the same time the advantages of

homogeneous temperature distribution and ideal heat and mass transfer are decreased.

In the early 1990s, a new variation of fluidization technology was introduced; the
annular fluidized bed (AFB).This new type of fluidized bed improves the introduction

3
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and mixing of hot dust laden process gases. These gases enter the reactor through a
large central nozzle, with additional fluidization gas introduced through an annular
nozzle ring. As a result, a very intense mixing zone is achieved within the reactor above
the central nozzle, comparable to the conditions achieved by an external loop of a CFB.
Further advantages are excellent process control and improved mass transfer conditions.

The AFB can be combined with any other fluidized bed type.

1.2 Problem Statement

The gas-solid flows at high concentration in these reactors are quite complex because of
the coupling of the turbulent gas flow and fluctuation of particle motion dominated by
inter-particle collisions, which lead to considerable difficulties in designing, scaling up,

and optimizing the operation of these reactors.

Despite a significant amount of research on fluidized bed reactors, there are
considerable uncertainties on their behavior. The fundamental problem encountered in
modeling the hydrodynamics of a gas-solid fluidized bed is the strong interaction of the
phases with unknown and transient interfaces. As a result, the interaction of the phases
is understood only for a limited range of conditions. One additional important
complexity is that in many of these industrial processes the gas flow is in a turbulent

state of motion.

Fluidized beds have also been subjected to many experimental and theoretical
investigations. However these studies paid little attention to the coarse particles
behavior inside the bed. This provides the motivation of a systematic investigation into

the solids behavior in the jet region of gas fluidized beds.

Although many investigations have been done, little attention is paid to the behavior of
coarse particles inside the fluidized bed. Until 1970s, very little is published on the

influence of pressure on the operation of the fluidized bed processes.
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1.3 Objectives & Scope of Investigation

The objectives of the research are:
i.  To study the influence of pressure on the hydrodynamic behavior in fluidized
bed processing.
ii.  To study the effect of particles size on the hydrodynamic behavior in fluidized

bed processing.

The hydrodynamic behavior can be described in term of voidage, bed expansion and
bubble diameter. Since the hydrodynamics of gas-solids mixtures in fluidization are
very complex, visualization by means of high speed photography and video imaging
enables a better understanding of the mechanics of these processes. The development
and use of high speed photography, video imaging and image analysis has enabled
capturing fast moving images without a blurring effect, especially in the measurement

of bubble movemeni.

In this work, a high speed camera with high frame frequency will be used to capture the
images of fluidization process and it will make it possible to analysis the characteristics

of particles inside the bed.



Final Year Project

CHAPTER 2

LITERATURE REVIEW

2.1 Earlier Study on Fluidized Bed

Flow pattern of the fluidized bed is important to comprehend the fluidization conditions
because the complex correlation between particle-particle and particle-environment in
the reactor. In their study, Wang and Ren (2009) appiied acoustic emission (AE)
measurement in monitoring the particle fluidization pattern in a gas-solid bed fluidized
with different sorts of particles classified by Geldart. With AE axial time average
energy analysis, the flow structure of polyethylene particles was investigated both in the
laboratory and plant apparatus. The results showed that the fluidization pattern in the
bed is multi-circulation, including the main-circulation zone, sub-circulation zone, and

the stagnant zone.
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Moreover, the influence of operating variables, such as particle size, superficial gas
velocity, static bed height, and particle sorts had also been considered. It was found that
the particle size, gas velocity, and particle sorts have significant impacts to the

fluidization pattern. In contrast, the height of the stagnant zone did not show direct
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relation to the static bed height. AE measurement was proved to be reliable for
understanding the dynamical features that affect the behavior of the fluidized bed. This
can be useful guidance for an industrial process and help improve the process operation

and the design of the new reactor.

Unsteady-state heat transfer and hydrodynamics in a gas-solid fluidized-bed reactor has
been investigated by Hamzehei and Rahimzadeh (2009). Simulation results show that
small bubbles are produced at the bottom of the bed. These bubbles collide with each
other as they move upward, forming larger bubbles. The influence of the size of the
solid particles on the gas temperature is also studied. For smaller particle sizes, because
of a higher heat-transfer coefficient between the gas phase and the solid phase, the solid
phase temperature rapidly increases and the mean gas temperature rapidly decreases. To
validate the model, predicted pressure drops and gas temperature variation are
compared to corresponding values of experimental data. The modeling predictions

compared reasonably well with experimental data.

A recent work by Subramaniam (2003) focused on evaluating the effect of tablet
deflectors in the spray zone on the variation of coating material received by individual
tablets as they pass through the spray. Digital video imaging is used to illustrate how
different type of deflectors changed the solid velocity and voidage profile near the spray
nozzle, The major effect of the tablet deflectors is to increase the voidage in the vicinity
of the spray zone and hence reduce the local wetting phenomenon that is known to

occur close to the spray source.

Hydrodynamic characteristics such as bed expansion and pressure drop of low-density
polyethylene (LDPE) and polypropylene (PP) are studied by Vijaya Lakshmi (2000) in
a liquid-solid inverse fluidized bed reactor as a function of particle diameter, liquid
viscosity and density. The bed expansion and pressure drop data are used to determine
the minimum fluidization velocity, Unr and friction factor, £ It was found that the Uy,
increased with an increase in the particle diameter and a decrease in solid density and
was independent of initial bed height or solid loading. In addition, the Uy decreases
with an increase in the liquid concentration. The friction factor Reynolds number plot is

found similar to that of classical fluidization.

7



Final Year Project

An initial increase in bubble size or volume in the lower pressure range up to 1000kPa
(Rowe et al.. 1984) and 1600kPa (Hoffmann and Yates, 1986) and decrease thereafter
up to 8100kPa is observed. This is more or less consistent with the results of Olowson
and Almstedt {1990) who studied the hydrodynamics in a freely bubbling pressurized
fluidized bed and observed the similar effect of pressure on the mean pierced length of
bubbles for coarse sand, which at atmospheric pressure is close to Geldart B/D
boundary. However, their pressure range was between atmospheric and 1600 kPa and
the mean pierced length of bubbles reached a maximum at around 400 kPa. In a later
paper (1992), they stated that an increase in pressure may ¢ither cause an increase or a
decrease in bubble size, depending on the location in the bed, gas velocity and the
pressure level; and the bubble size is determined by a complex balance between

coalescence and splitting.

Correlations for hydrodynamic properties such as pressure drop, bed expansion, and
minimum fluidization velocity in turbulent bed contactors are presented by Vunjak-
Novakovic and Vukovic (1987). The correlations are very dependent on the bed
operating regime. Only the operating liquid holdup contributes to the bed pressure drop.
For each operating regime, there are three regions on the curve of bed expansion vs. gas
velocity: the packed-bed, partially fluidized-bed. and the fully developed fluidized-bed
regions. When Upy is reached in the bed, it fluidizes and the interstitial gas velocity
remains constant throughout the region of partial fluidization. The liquid holdup and the
bed expansion adjust as the total flow increases. The hydrodynamic conditions change

and the interstitial velocity begins to increase when the bed is fully fluidized.

Weimer and Quarderer (Weimer, 1986; Weimer & Quarderer, 1985) measured dense
phase voidage and dense phase superficial gas velocity at pressures up to 8300 kPa in a
pilot-scale fluidized bed of bubbling Geldart A and Geldart A/B boundary carbon
powders. They found that the magnitude of the pressure effect on the dense phase

voidage strongly dependent on particle size.

Chiba et al. (1986} fluidized sand of two sizes; 0.3 and (.6 mm at atmospheric, 400 kPa
and 800 kPa pressure and noticed that the bed expansion ratio clearly increase with

pressure. The pressure effect was larger for the coarser particles, however at 800 kPa

8
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the bed expansion ratio became almost the same for both materials. Chitester et al.
(1984) visually studied bed expansion of coal, char and ballotini at atmospheric, 2169
kPa, 4238 kPa and 6306 kPa. In case of coal (Geldart B material), initial bed expansion
occurred with a lower gas velocity at higher pressure and the bed expanded more at
high pressures at a given gas velocity. However, for char (Geldart A powder) and
ballotini (Geldart A/B boundary material), at a given gas velocity the bed expansion

height did not always increase with pressure.

Piepers et al. (1984) carried the collapse experiments with 59 um cracking catalyst and
found that the dense phase voidage increased from 0.52 at atmospheric pressure to (.58
at 1500 kPa, which is more in line with the observations of Weimer and Quarderer
(1985). The quality of fluidization of abed of improves with pressure but is also
dependent on the type of fluidization gas used. This can be explained by an increasing
elasticity modulus of the powder structure with increasing pressure. The higher
elasticity modulus is the result of an increase of the cohesion between the particles. This
increase in cohesion is probably due to an increased gas adsorption to the solid at higher

pressurcs.

Effects of gas and liquid velocities and particle density (polyethylene and
polypropylene) on the immersed heater to-bed heat-transfer coefficient, individual
phase holdup, and minimum liquid fluidization velocity have been determined by Cho
and Park (2002). The minimum liquid fluidization velocity decreases with increasing
gas velocity in the inverse fluidized beds. The gas and liquid holdups increase with an
increase in the gas or liquid velocity in the beds. The heat-transfer coefficient in two
and three-phase inverse fluidized beds of relatively high density particles (polyethylene)
is higher than that in the beds of relatively low density particles (polypropylene). The
heat transfer coefficient increases with increasing gas velocity; however, it exhibits a
maximum value with increasing liquid velocity in liquid-solid as well as three-phase
inverse fluidized beds. The liquid velocity at which the heat-transfer coefficient value

attains its maximum value decreases with increasing particle density or gas velocity.

Circulating high-velocity fluidized beds (HVFB) have been proposed to eliminate some

of the problems encountered in conventional fluidized beds. The loop fluidized bed

9
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(LFB) is one such system being considered for pressurized combustion of coal in the
presence of sulfur sorbent such as dolomite. The study conducted by Breauit and
Mathur (1989) to obtain fundamental knowledge of the hydrodynamics of the LFB
which has been operated using sand, limestone, and gypsum particles. Experimental
data are obtained to study the effect of particle size, particle density, air flux, and solid
flux on the pressure profile in a circulating high-velocity fluidized bed. Based on the
data, a pressure profile model represented by the computer program has been developed

which accurately predicts pressure drop at any point in the LFB system.

Whittman and Ademoyega (1987) have measured some hydrodynamic changes in a
two-dimensional gas fluidized bed when an external cross-flow dc field is applied. For a
constant flow rate of bone-dry oxygen, when the electric field strength increases, the
bed height increases linearly, the bubbles become elongated and can be idealized by
ellipsoids with increasing eccentricity, their frequency decreases sharply, and their
rising velocity decreases nearly linearly. With increasing field strength, the minimum
fluidizing flow rate increases, implying that the dc field allows operation of the bed near
minimum fluidizing conditions at much higher gas flow rates. For a given gas flow rate,
the observed changes imply a decrease in the flow through the bubble phase as well as
an increase in bubble residence time. When the electro-fluidized bed apparatus was
used as a catalytic reactor, there was a linear decrease in ozone concentration in the exit

stream.

2.2  High Speed Photography and Digital Image Analysis

Experiments are carried out by Ren et al. (2010) in a visible multiple-spouted bed,
which is a combination of three spouted bed cells. Typical flow patterns by certain
criteria as well as schematic diagrams and typical flow pattern images are determined.
Flow regime maps at different static bed heights are studied. Besides, some important
flow characteristics associated with this topic; minimum spouted velocity and bed
pressure drop, are discussed. Figure 4 shows the images obtained from a high-resolution

digital charge coupled device (CCD) camera.

10
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The kind of flow pattern is different at different static bed heights, and most obviously,
the flow pattern of internal jet with slugging only exists at a high static bed height. The
central minimum spouting velocity increases with an increasing bed height, and
auxiliary spouting gas has no effect on this trend. However, auxiliary spouting gas
appears to affect remarkably the central minimum spouting velocity; the minimum
central spouting velocity decreases with a low auxiliary spouting gas flow rate but
increases with a high auxiliary spouting gas flow rate. The total bed pressure drop
increases first and then decreases gradually with the auxiliary spouting gas at a certain
central spouting gas flow rate, while the total pressure drop increases first and then
remarkably decreases with the central spouting gas at a certain auxiliary spouting gas

flow rate.
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Figure 4: Six distinet flow patterns (a) lixed bed (b) internal jet (¢) internal jet with bubble (d) single spouting (¢)

multi-spouting (1) internal jet with slugging (Ren ¢t al.. 2010)

A new method of digital image analysis has been developed by Shen and Johnsonn
(2004) to study the hydrodynamics of two-dimensional bubbling fluidized beds with a
digital video camera. The bed is uniformly illuminated by light sources to eliminate
undesirable shadows and intensity gradients. Films on the bubbling fluidized bed are
captured using CCD digital video camera which possesses several additional features
including a variable shutter speed and auto/manual gain control. The high shutter speed
feature is essential for capturing fast moving images without a blurring effect,

especially in the measurement of bubble movement. The auto-gain feature of digital

11
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video camera enables self-adjustment of the illumination level under the influence of

the background or surrounding brightness.

The films are recorded in the Red, Green and Blue (RGB) format. The time duration of
each process is about 8-10 min. And then the films of digital video image from the
video camera are transferred to PC computer. The relative image area of the films is
captured by an image frame-grabber. With the image processing toolbox of Matlab,
computer software is developed to automate the procedures for image acquisition, data
processing and analysis for frame by frame. Then the time-averaged data about bubble

characteristics in the bed is acquired.

{a-1)

(a-2)

(a-3) (b-3)
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Figure 5 is an example of image processing of a bubbling fluidized bed. 1t shows the
process that bubbles grow up, split and erupt at the bed surface. The time delay between
the three frames is 4/50 s. Figure 5(a) is an original RGB image which is then converted
to the gray one. The initial step in image processing involves the discrimination of
bubbles from the emulsion phase. When the image contrast is sufficient, phase
identification is made possible by assigning a threshold value. With the process of
image enhancement, data reduction, and analyzing images to extract information about
their structure, the RGB image is thresholded and then converted to the binary one. The
binary segmentation mask of the bubbles is displayed in Figure 5(b). The white area in
the bed is identified as bubble phase.

The threshold value has an impact on the detection of bubble boundaries. It is assessed
through the comparison of a typical frame of the video film with the binary
segmentation mask of bubbles. And then the value is chosen to be a universal threshold
value, and be applied to the whole procedure of image processing. Image contrast of
bubbling fluidized beds is normally high, the delineation of the bubble boundary with
high accuracy is acquired. Thus the binary threshotded images are used to study the

bubble characteristics in bubbling fluidized beds.

The detection and measurement of the bubble parameters are automated by employing a
series of systematic edge searching routines. The initial step of the routine detects the
number of the bubbles intersecting a line positioned at some height above the
distributor. For every bubble detected, the complete boundary of the bubble may be

delineated through further scanning across the image, as shown in Figure 5(b).

When a large bubble has started to erupt at the bed surface, the boundary of the bubble
at the bed surface is incomplete, as shown in Figure 5(b-3). To establish such a bubble
boundary, the complete boundary of bed surface at the moment should be evaluated,
based on the polynomial or interpolation. And then the boundary of such a bubble could
be delineated. One of the measured bubble parameters is the white projected area of the
bubble. Bubble density, 0, can be inferred as follows:

white projected area
b =

specified area

13
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CHAPTER 3

METHODOLOGY

3.1  Experimental System

The visible fluidized bed experimental system is schematically shown in Figure 6 and 7,
which includes a gas supply system, fluidized bed equipment, and a charge coupled
device (CCD) imaging system. The column has an outer diameter of 70 mm and inner
diameter of 60 mm and a height of 500 mm. The column is made of 5 mm-thick
transparent Plexiglas. A 10 mm diameter nozzle is inserted vertically in the middle of
the distributor for the introducing a jet continuously. The central spouting gases were

supplied by an air compressor.

>
>

3 S
% : Semi-circular
£ —8
Wire mesh column
plate

Fluidizing air
5 -
inlet nozzle

Figure 6: Fluidized bed equipment

A high-speed digital camera with a high-speed consecutive shooting rate of up to 3000
frames per seconds in JPEG format is used. It will meet the need of capturing a series of

the gas-solid flow structure. To obtain photographs as vivid as possible, the column was

14
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illuminated by two 2000 W floodlights, one on each side for uniform lighting. Sand and
urea granules are used as bed material and air as the fluidizing gas supplied by a

COmpressor.

3.2  Experimental Procedure

Once all equipments are set up as in Figure 6, they are ready to be used for the
experiment. First, the sand particles are loaded into the semi circular column until it
reaches 8 cm height. Then, the upper cap of the column is replaced and tightened to
ensure no leaking. Then, the air compressor is started to supply the fluidizing air to the
bed through the inlet nozzle located at the bottom of the column. Air is passed through

the particles bed and maintained at the minimum fluidization state.
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Then, the air pressure is adjusted and set to 1 bar and the bed is left to fluidize. During
fluidization, the process is recorded using the high speed camera which is set at 3000
frames per seconds. The images captured are saved to be analyzed. The experiment is
repeated using the same bed of sands at different fluidizing air pressure; 0.75 bar, 0.5

bar and 0.25 bar. Then, the sand particles are removed from the column.

Sand particles of 1.64 mm diameter are put in the semi circular fluidized bed until the particle
bed reaches 8cm height.

4

Flidizing air is fed into the plenum section of the bed beneath the distributor plate.
The bed is maintained at the minimum fluidization state.

The air pressure is set to | bar and the bed is left to fluidized.

¥

Using the high speed camera, the process is recorded at 3000 frame per seconds.
L ]
The images captured are saved and analyzed.

9

The experiment is repeated at pressure 0.75 bar, 0.50 bar and 0.25 bar. The same method is
repeated using urea granules of 2.36 mm and 3.35 mm.

A 4

The results are compared and analyzed.

Figure 8: Procedure

16
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The whole steps are repeated using urea granules of 2.36 mm and 3.35 mm in diameter.

The detailed condition of each experimental run is shown in Table 1.

fable 1: Experimental matrix

Run |

1.64

0.75

0.50

0.25

Run 2

2.36

1.00

0.75

0.50

0.25

Run 3

Urea

3.35

1.00

0.75

0.50

0.25

17
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3.3  Image and Data Analysis

The images obtained from each experimental run are analyzed based on the methods

that will be further described below.
3.3.1 Void Fraction, €

Void fraction is defined as the ratio bubble area to the total bed area. An original image
can be converted to binary image using GSA Image Analyser software and the detailed
steps are as discussed in the literature review. From the binary image, the software will

automatically calculate the bubble and total bed areas.

fie Ega Optoms f:lsf He Bie Bt Optioms Ptra Help

Dediw| [Cobingan|  [Go3p] (Combanpum) e e e
Yeliow #ea |Peavare total azws: §.&
(i ) jArea plase: € Biad
[Azwa ypwilev: 0. 0133
Black aea Backgreund Saay 1701
G856 =S = — = =
Velow + Black o Azes A
L1 0] Area 3
Sekped i) Ares A+h |
1N Belazaien blash ta yellewsblisct: Bd. 330
fmlavion yeliow o yeilizweslszk it
Meomary Arma B i
] A
Memory Arva A
| D[CH i
| Pyt |[ Dmu;vm~ lt Clozx |
Ftdandces EIEER Ubct: nA 1 e Peh ) Oines ot Pragio et s Cacdie ]
Dmady: 739 Density; 748 ® Length; 1 A we  [FlSsactiectmooguen __Sehrgs
Aaga: G580 Ama £ 8248 Qed. mm Sum; w A e
D[R] DL (BeiePad ] [ Pawtl ][ Caodis ) & (Candman | [ Fost ] & &)

Total ares of all Ghyects (yeliow - Blatk): 68968 Gra mm

In Figure 8, the original image is on the left and the binary image is on the right hand
side. The pop-up window shows the areas calculated. The bubble is denoted as gray
area and the particles are the black and yellow area. In this example, the bubble area is

1.7201 mm® while the particle area is 6.8969 mm®.
Using the equation below, the void fraction can be calculated.

_ gray projected area _ bubble area 1.7201 o
~ specifiedarea  total bed area = 1.7201 + 6.8969

18
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3.3.2 Bed Expansion,

Bed expansion of a fluidized bed is expressed as the ratio of bed height, H to the initial
bed height, H,,s measured at the minimum fluidization. Olowson and Almstedt (1990)

and Wiman and Almstedt (1998) described the bed expansion as the following equation:

H = Hyy
= ———
H

At different pressure, the images below are captured. The bed height at minimum

fluidization of the 2.36 mm-diameter urea granules, Hyris 8.9 cm.

The bed expansion can be determined as follows;

_ H—Hps  (9.0-89)cm

=025b
At P = 0.25 bar, o 7 30 o

= 0.011111
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3.3.3 Bubble Diameter

The diameter of the bubble is measured at every 0.5 cm along the bed height. The data

for each is compiled in a table and the average bubble diameter can be calculated.

Sand
0.25bar

Sand
0.5bar
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CHAPTER 4

RESULTS & DISCUSSION

4.1 Void Fraction, €

Void fraction of the bed for each experimental run is calculated and shown in Table 2-4.

Pressure Particle Area Bubble Area Total Area
(bar) (mmz) (mm?) (mmz) &
0.25 6.8969 1.7201 8.617 0.200
0.50 6.7111 1.9059 8.617 0.221
0.75 6.6837 1.9334 8.617 0.224
1.00 5.4989 3.1181 8617 0.362
Pressure Particle Area Bubble Area Total Area
(bar) (mmz) (mmz) (mmz) 8
0.25 8.2378 0.3792 8.617 0.044
0.50 7.3339 1.2831 8.617 0.149
0.75 7.2585 1.3585 8.617 0.158
1.00 7.1217 1.4953 8.617 0.174
Pressure Particle Area Bubble Area Total Area
(bar) (mm?) (mm?) (mm?) &
0.25 8.3144 0.3026 8.617 0.035
0.50 7.9883 0.6287 8.617 0.073
0.75 7.9562 0.6608 8.617 0.077 |
1.00 7.8385 0.7786 8.617 0.090

It can be seen clearly that the void fraction of the bubbling bed increases with increased

air pressure. Higher air pressure will provide more energy to push the particle upward

and makes the bubble grow bigger. Thus the voidage is higher.
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When sand is used as bed particles, the void fraction is bigger since its size and density
is smaller than that of urea granules. At a similar pressure, the air will push the smaller

particles upward more than the bigger particles since it can be easily fluidized.

Void Fraction vs. Fluidizing Air Pressure

g o020 T ~Sand 1.64 mm
0.15 —~f—Urea 2.36 mm

Urea 3.35 mm

0 0.5 1 15
Pressure [bar)

4.2  Bed Expansion, 8

The data for bed expansion is shown in Table 5-7.

Pressure (bar) | Hyr(cm) H (cm) o
0.25 9.60 9.70 0.010309
0.50 9.60 10.80 0111111
0.75 9.60 13.40 0.283582
1.00 9.60 16.91 0.432289

Pressure (bar) | Hyuc(cm) | H(cm) o
0.25 8.90 9.00 0011111
0.50 8.90 9.20 0.032609
0.75 8.90 10.20 0.127451
1.00 8.90 10.48 0.150763

22



Final Year Project

Pressure (bar) | Hye(ecm) | H (cm) o
0.25 8.84 8.94 0.011186
0.50 8.84 9.14 0.032823
0.75 8.84 9.20 0.039130
1.00 8.84 9.95 0.111558

An increase in air pressure causes the bed expansion to increase. This is because the

increasing pressure shoves the particle higher and makes the bed of particles expand

more. Therefore bed expansion increases with pressure.

Bed expansion is higher for smaller particles and lower for the bigger particles. This is

because sand is smaller and lighter compared to urea; a similar air pressure can make it

fluidized and expand more.

The knowledge of the bed expansion is very important for modeling and design of

fluidized beds. This information is required for an industrial designer for the case to

establish the best possible position for a heat exchanger in fluidized bed reactors and

determine the height of freeboard in order to avoid unnecessary loss of solids.

0.50
0.45
0.40
e 0.35
o
E 0.30
g 0.25
- 0.20
Q
@ (.15
0.10
0.05
0.00

0.00

Bed Expansion vs. Fluidizing Air Pressure

+ Sand 1.64 mm

il Urea 2.36 mm

/‘/‘ Urea 3.35 mm
re” B

020 040 060 0.80 100 1.20
Pressure (bar)
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4.3 Bubble Diameter

The bubble diameter inside the bed is measured across the bed height and the results are
shown in Figure 14-16. For the bed of sand particles at 0.25 bar, bubble is formed at 0
cm to 4.5 cm. At 0.5 bar, bubble ts formed at 0 cm to 7 em and its diameter 1s bigger. At
0.75 bar and 1 bar, bubbles are formed at 0 cm to 10.5 cm and the diameter is biggest at
| bar.

Bubble diameter vs. height above air distributor (Sand 1.64
mm)

E

E

S

a

o 0.25 bar
£

© ——0.5 bar
@

) 0.75 bar
3

m —i—11.0Q har

0 O L “B-N-u-aa
0 20 40 &0 80 100 120

Height above air distributor (mm)

For the bed of urea granules of 2.36 mm-diameter, at .25 bar, bubble is formed at 0 cm
to | cm. At 0.5 bar, bubble is formed at 0 cm to 3 cm and its diameter is bigger. At 0.75
bar, bubble is formed at 0 cm to 4 cm and its diameter is much bigger. At 1 bar, bubble

is formed at 0 cm to 10.5 cm and the diameter is the biggest.

For the bed of urea granules of 3.35 mm-diameter, at 0.25 bar, a very small bubble is
formed at 0 ¢m height. At 0.5 bar, bubble is formed at 0 cm to | cm and its diameter is
bigger. At 0.75 bar, bubble is formed at 0 cm to 2.5 cm but its diameter is smaller. At |
bar, bubble is formed at 0 cm to 9.5 cm and the diameter is the biggest compared to the

other.
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Bubble diameter vs. height above air distributor (Urea 2.36

mmy}

35

30
£
£ 25
5
g 20 - 0.25 bar
5 15 0.5 bar
)
§ 10 0.75 har
o . —me 1.0 bar

Y Yoo o i~ SRR ARAE AL
0 20 40 60 80 100 120
Height above air distributor {mm)
Bubble diameter vs. height above air distributor (Urea 3.35
mmy}

18

16
Tl
£,
o
210+ t+ N x/ v gy e 0.25 bar
£
e 0.5 bar
5 0.75 bar
i
@ =—ri=1.0 bar

AN AR ANLAELIN LR LN ANLE AN AILESRLSN
ZS S )

0 20 40 60 80 100 120
Height above air distributor (mm)

It is observed that bubble size increases with pressure and with height above the
distributor. However, bubbles in bubbling fluidized bed can be irregular in shape and

vary in size. As the bubbles form near the distributor and rise in a bubbling fluidized
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bed, they grow up due to coalescence and split due to instabilities at the bubble

boundary.

Average bubble diameter vs. Pressure

20
18
16
14
12

10 . Sand 1.64 mm

il Urea 2.36 mm

Urea 3.35 mm

Average bubbie diameter (mm)

[ T ST < A+ A <]

0 0.2 0.4 0.6 08 i 1.2
Pressure (bar)

The average bubble diameter is calculated so that the effect of particle size can be
evaluated. In Figure 17, it is observed that smaller bubbles are formed in the bed of urea
compared to the bed of sand. This is because urea granules are bigger and have higher
caking tendency. It means that urea tends to stick together and make it harder for

formation of a big bubble compared to the bed of sand particles.
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CHAPTER 5

CONCLUSION & RECOMMENDATION

In a conclusion, the hydrodynamic behavior which is described as void fraction, bed
expansion and bubble diameter in fluidized bed processing is studied. The void fraction
of the bubbling bed increases with increased air pressure. Higher air pressure will
provide more energy to push the particles upward and makes the bubble grow bigger.

Thus the voidage is higher.

The void fraction for the bed of sand is bigger since the particles are smaller than urea
granules. At a similar pressure, the air will push the smaller particles upward more than

the bigger particles since it can be easily fluidized.

An increase in air pressure causes the bed expansion to increase. This is because the
imcreasing pressure shoves the particle higher and makes the bed of particles expand

more. Therefore bed expansion increases with pressure.

Bed expansion is higher for smaller particles and lower for the bigger particles. This is
because sand ts smaller and lighter compared to urea; a similar air pressure can make it

fluidized and expand more.

It is observed that bubble size increases with pressure and with height above the
distributor. However, bubbles in bubbling fluidized bed can be irregular in shape and
vary in size. As the bubbles form near the distributor and rise in a bubbling fluidized
bed, they grow up due to coalescence and split due to instabilities at the bubble

boundary.

The average bubble diameter is calculated so that the effect of particle size can be
evaluated. It is observed that smaller bubbles are formed in the bed of urea compared to
the bed of sand. This is because urea granules are bigger and have higher caking
tendency. It means that urea tends to stick together and make it harder for formation of

a big bubble compared to the bed of sand particles.
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The results obtained are in good agreement with the previous works done by Piepers et
al. (1984), Wiman and Almstedt (1998), and Olowson and Almstedt (1990) although

the type and size of the particle and pressure range used in each study are different.

However, the range of data collected in this experiment is very small due to the
limitation of the fluidized bed equipment itself. It is recommended that the equipment to
be modified to withstand higher operating pressure, so that the hydrodynamic behavior
of particles at elevated pressure can be observed and compared with the existing

findings.

The flow rate of air should be varied so that the minimum fluidization velocity can be
calculated and compared with theoretical value. Distributor plate with different hole
size and arrangement can be used so the that the effect of distributor plate design can be

studied.
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APPENDICES

|. Bed expansion calculation for sand 1.64 mm

Height at minimum fluidization, Hy,r = 9.6 cm

_H—=Hyy (9.7-9.6)cm

= 0.25 bar, = B!

AtP = 0.25bar, & = e 0.010309

AtP=05b famitHay 08 =06)cm 0.111111
s - H h 10.8 cm B

AtP = 0.75 b g Py AIA=S00E0 0.283582
B sl 85  1%m "

H—-Hpr (1691 —9.6)cm
AtP =1bar, &= - = 0.432289

H 1691 cm
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2. Bed expansion calculation for urea 2.36 mm

Height at minimum fluidization, Hy,¢ = 8.9 cm

_H—-Hyy (9.0-89)cm

AtP =025 bar, & = o
ar 7 9.0 om 0.011111
H-H 9.2 — 8.9
AtP=05bar, &= my _ o 0.032609
H 92cm
AtP =0.75b P .. O MO = Btlom 0.127451
R " H  102em
s i 10.48 — 8.9
EbPsibw, &= m _ )M _ 0150763

H 10.48 cm
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3. Bed expansion calculation for urea 3.35 mm

Height at minimum fluidization, Hy,; = 8.84 cm

5= H = Hny _ (8.94 — 8.84)cm

At P = 0.25 bar, - o = 0.011186

MP=0Shey, S _HH’"" = (9'149; 48;?:)0?1 = 0.032823

AtP=075bar, &=1_tms_ 02-88Yam 10130
H 9.2cm

AtP=1bar, &=1_tm 095-88Hm . 1558

H 9.95cm
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4. Measurement of bubble diameter for bed of sand 1.64 mm

Sand Sand

0.25bar 0.5bar
Sand Sand
0.75bar 1.0bar
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Height above Pressure (bar)

air distributor | 025 | 050 | 075 | 1.00

(mm) Bubble diameter (mm)
0 15.00 | 13.00 | 15.00 | 14.00
5 13.00 | 12.00 | 9.60 | 17.00
10 13.50 | 17.70 | 12.40 | 18.00
15 12.00 ! 14.00 | 20.00 | 20.00
20 400 | 16.00 | 13.00 | 19.40
25 9.00 | 1560 | 16.00 | 17.40
30 1200 | 12.00 | 14.00 | 16.00
35 850 | 11.00 | 18.60 | 14.60
40 1400 | 7.00 | 1640 | 9.80
45 10.80 | 10.50 | 14.00 | 13.80
50 000 | 600 | 16.00 | 16.00
55 0.00 | 14.00 | 1340 | 21.00
60 0.00 | 10.00 | 12.60 | 21.00
65 0.00 | 950 | 720 | 16.60
70 | 000 | 800 | 3.00 | 28.00
75 0.00 | 000 | 500 | 1940
80 000 | 000 | 0.00 | 18.00
85 000 | 000 | 7.80 | 17.00
90 0.00 | 0.00 | 13.60 | 1420
95 0.00 | 0.00 | 13.00 | 20.40
100 0.00 | 0.00 | 14.60 | 29.20
105 0.00 | 0.00 | 21.60 | 32.00
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5. Measurement of bubble diameter for bed of urea 2.36 mm

Urea Urea
2 Gmim 2 J6mn
0 25bar 0 5bar

Urea Urea
2 IGmm 2 36mm
0 75bar 1 Obar
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Height above Pressure (bar)

air distributor | 025 | 050 | 075 | 1.00
(mm) Bubble diameter (mm)
0 1820 | 928 | 6.00 | 11.00
5 17.00 | 1600 | 520 | 13.00
10 1200 | 19.00 | 10.50 | 19.00
15 0.00 | 2050 | 11.50 | 17.00
20 0.00 | 1500 | 21.00 | 20.00
25 0.00 | 1500 | 22.00 | 9.00
30 0.00 | 600 | 18.00 | 17.00
35 000 | 000 | 680 | 17.00
40 000 | 000 | 3.00 | 13.00
45 000 | 000 | 000 | 7.00
50 000 | 000 | 000 | 6.00
55 000 | 000 | 000 | 4.00
60 000 | 000 | 000 | 0.00
65 0.00 | 000 | 000 | 3.00
70 0.00 | 000 | 000 | 0.00
75 000 | 000 [ 000 | 0.0
80 000 | 000 | 000 | 250
85 000 | 000 | 000 | 7.00
90 000 | 000 | 000 | 2785
95 000 | 000 | 000 | 28.85
100 000 | 000 | 000 | 2880
105 000 | 000 | 000 | 2950
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6. Measurement of bubble diameter for bed of urea 3.35 mm

Urea
3.35mm

0 Sbar

Ures
335mm
0 25bar

Urea
3.3%5mmn
1. Obar

Ureg
3 35mm
0.75bar
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Height above Pressure (bar)
air distributor | 025 | 050 | 075 | 100
(mm) Bubble diameter (mm)

0 10.20 | 14.00 2.00 2.00

5 0.00 16.50 4.00 4.50
10 0.00 7.00 1.20 6.00
15 0.00 0.00 5.00 2.00
20 0.00 0.00 10.00 2.00
25 0.00 0.00 6.00 4.00
30 0.00 0.00 0.00 3.50
35 0.00 0.00 0.00 7.00
40 0.00 0.00 0.00 5.00
45 0.00 0.00 0.00 11.00
50 0.00 0.00 0.00 8.00
55 0.00 0.00 0.00 10.00
60 0.00 0.00 0.00 9.00
65 0.00 0.00 0.00 11.00
70 0.00 0.00 0.00 16.20
75 0.00 0.00 0.00 12.00
80 0.00 0.00 0.00 6.00
85 0.00 0.00 0.00 7.14
90 0.00 0.00 0.00 12.00
95 0.00 0.00 0.00 5.00
100 0.00 0.00 0.00 0.00
105 0.00 0.00 0.00 0.00
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7. Void fraction, £ for sand 1.64 mm
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8. Void fraction, £ for urea 2.36 mm
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_ gray projected area _ bubble area 0.3792 = 0,044
e specified area  total bed area ~ 0.3792 + 8.2378
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~ total bed area  1.2831 + 7.3339
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= 14953 + 7.1217

= 0.174
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9. Void fraction, £ for urea 3.35 mm
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10. Project Gantt Chart

Activities

Project Phase

Paper Work Submission

1. Selection of FYP title

2. Submission of Extended Proposal to Supervisor

3. Submission of draft report to Supervisor

4. Submission of final report to FYP Coordinator

Briefing & Seminar

1. FYP Briefing

2. Seminar on "Research Methodology"

L

. Briefing on "Library Facilities & How to access Journals"

—

. Briefing on "Risk Assessment/ Lab Safety/ Rules &

Regulations”

Project Work

1. Develop objective & scope of study

. Research & study the journals

2
3. Literature review
4

. Identify experimental parameters

5. Develop methodology of experiment

Presentation

Oral Proposal Defense

. Project work continues

. Submission of Progress Report

Wl N

. Project work continues

. Poster Presentation

W A

. Submission of Draft Report

. Submission of Dissertation (Softbound)

. Submission of Technical Paper

. Oral Presentation

—_—

| oo N &

. Submission of Project Dissertation (Hardbound)
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