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This thesis is an experimental study of the fluidization of binary mixture in particulate
flows. A fluidized bed with two distributors was built with water being used as carrying fluid.
Three types of solid particles of nylon, glass and aluminum of the same size and different
densities are used in the experiments. The wall effect on a single particle fluidization, the
fluidization of binary mixture of large density difference (nylon and aluminum of density ratio of
0.42), and the fluidization of binary mixture of close density (glass and aluminum with density
ratio of 0.91) were investigated. Also, the effect of distributors on mono-disperse and bi-
disperse particle fluidization was investigated. Results show that the presence of narrow walls
reduces the minimum fluidization velocity for a single particle by as much as nearly 40%. Also,
in the case of binary mixture of close density particles, uniform mixing was easily achieved and
no segregation was observed, but in the case of large density difference particles, there exists
significant segregation and separation. At high velocity, the uniform distributor behaves like a
transport bed. To achieve a full bed in the single jet, it requires 1.5 times velocity of the uniform

distributor. This behavior determines their application in the industries.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW
1.1. Fluidized-Bed Systems

In early times, the term “teetering” was applied to sorting and sizing of particles based
on differences in densities and size. The name was changed from teetering to liquid-fluidized
bed when particles at high velocities moved upward in a contacting medium o f gas column
was described with the word “fluidization™[ 1].

In 1926, Fritz Winkler built the first commercial large scale fluidized bed reactor. This
has given birth to other fluidized bed processes for different o perations. It was called Winkler
coal gasifier and was used in producing carbon monoxide from coal.

In the Second World War, research in catalytic cracking of heavy oils was desperately
needed as petrol de mand was onthe increase. Exxon engineers based on the idea w hich w as
proposed and confirmed experimentally by a group ofresearchers at the Massachusetts Institute
of T echnology ( MIT) t hat a co mpletely p neumatic circuit consisting of fluidized beds and
transport lines could be operated stably for a s atisfactory catalytic cracking process[2], built a
large-scale pilot plant of an up-flow cracking unit [3]. The fluid catalytic cracking (FCC) process
was then in the pipeline.

Just like liquefaction denotes the act of m aking liquid, fluidization confers fluid-like
properties o f solid particles. It is a process o ftransforming solid particles by suspension using
gas or liquid into fluid-like state. A simple example is seen in a vacuum cleaner in Figure 1.1.
The airflow from it is used to suspend dust particles into another chamber and later disengaged

from the fluid.
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Figure 1. 1: Vacuum cleaners [4].

Upward flow of fluid through a bed of particles above a certain fluid velocity causes the

particles to be suspended. These suspended particles ha ve many o fthe properties ofa fluid it
seeks a bed height and assumes the shape of the container vessel.
At low rate of flow, there is no much drag from the fluid to overcome gravity, fixed or packed
bed results in this case. These particles move apart with a few vibrations as the flow rate rises
leading to an ex panded bed. The expansion o ft hese solid particles is d irectly r elated to the
superficial velocity o fthe liquid and this relationship is useful in fundamental understanding of
the behavior of fluidization and subsequent application.

Further i ncrease in velocity gives riseto a p oint w here t he frictional force between
particles and fluid equals the weight of the particles, all the particles become suspended by the
upward flow of fluid. The pressure drop through any section of the bed equal to the weight of the
fluid and the particles, on the other hand, fluid drag plus buoyancy overcomes gravity force. This
is called minimum fluidization and also referred to as incipient fluidization. At this point, the bed
particles achieve the appearance and many properties of a true fluid, the pressure drop increases
and become constant
but the bed height is constant until this po int. This is very important in deciding the fluid flow

required to expand the bed of particles and its behavior under a number of flow conditions.



Fluidization is of great importance in industries. The processes of fluid— solid fluidization
are widely utilized in the fields o f hydrometallurgy, food T echnology, biochemical processing
and water treatment. It has also been applied in dealing with biomass because of their advantages
of high heat transfer, controllable and uniform temperatures, ability to handle wide variety o f
particle properties and good fluid-solid contacting medium [5].

Disadvantages include difficulties in prediction of the behavior of a fluidized bed reactor
due to the complexity and ambiguity of some fundamental properties (size, density and shape of
the pa rticle) that play an i mportant role in prediction a nd c alculation of hydrodynamics o f

fluidized beds and possibility of particle collision leading to container wall corroding.

1.2. Applications

Two distinct category o f fluidization mechanism research are the engineering view
which involves applied research in laboratory units and tend to imitate process p lants and
also mathematician view which involves theoretical analysis [6].

Fluidized bed finds its app lication in petroleum refining processes, for example in
catalytic cracking reactors, p articles are usually fluidized by vaporization. T he pur pose of this
catalyst is to break down large crude petroleum molecules into s maller constituents. Also gas
fluidized bed finds its use in chemical reactors and also as combustors in power generations by
raising steam. Moreover liquid fluidized beds are majorly employed in water treatment, mineral
processing and fermenting technology.

In fluid particle systems, a pplication is o n gas-solid, li quid s olid a nd ga s-liquid solid
systems, and in reactor scheme and operations it is grouped as stationary fluidized bed (SFB),
circulating fluidized bed and spouted bed reactors. The spouted bed involves formation of high

velocity upward s tream of f luid and pa rticle a nd do wnward m ovement o f particles. T his is



achieved by injection of fluid through the bottom of'the bed to a central nozzle into the bottom of
a cylinder vessel. Application is found in pneumatic t ransportation, dr ying of particles and
coating.

SFB isa Iso called dense-phase fluidized bed sincet he be d hasade nsephaseo f
particulate materials, particles stay in the bed. In a gas-solid system, flow regimes are smooth or
particulate fluidized bed, bubbling fluidized bed, slugging fluidized bed and turbulent fluidized
bed. Inthe liquid-solid systems, only one regime is present and itis called the particulate or
smooth fluidized bed regime.

Excess fluidizing gas in gas-solid fluidized bed forms bubbles and some other problems,
but in liquid solid fluidized bed, bed expansion resulting from excess liquid is involved. This
favors uniform contact between the particles in the entire bed. Increasing superficial velocity can
create better liquid-solid control in the bed [7].

Gas-liquid-solid fluidized bed (GLSFB) results from the injection of gas into liquid-solid
fluidized bed ( LSFB). T hey a re us ually gr ouped into bubble o f ga s p hase a nd de nse p hase
containing only liquid a nd s olid. R egimes are dispersed b ubble, c oalesced bubble a nd s lug
regimes. The differences in gas-liquid-solid fluidized bed and gas-solid fluidized bed is that gas
is not present in the dense phase in the gas-solid fluidized bed. Applications of GLSFB involve
upgrading he avy stocks like hydro cracking and artificial lifting in the oil and gas industries.

Other applications of fluidized bed include the following.

1.2.1. Polymerization Reactor

The ga s-phase po lymerization reactor is a system where smaller particles ( catalyst) are
introduced in the bed to react with the monomer gas to produce polymers with a hi gher size

distribution. Segregation plays an important role when the fully grown polymers will settle in



the bottom of the bed and collected from the reactor and particles with smaller size distribution

and catalyst continuously migrate to the top for further reaction with the monomers [8].

1.2.1. Filter Backwashing

Before drinking water goes into a clear well, its cleanliness decides if the filter requires
a filter backwashing. In drinking water s ystems, filters ar e us ed to c ollect, cat ch, o r ga ther
particles from an incoming flow. Backwashing a drinking w ater system filter means reversing
and increasing the velocity to flush out clogged particles. Backwashing is not only vital to the
life ofa filter, it is fundamental to the quality of water coming out of the filter hence sooner or

later; all filters need to be backwashed or replaced.

1.2.2. Particle Classification
This phenomenon h as b een m ade possible by segregation ¢ haracteristics of'l iquid
fluidized bed by s ize, de nsity and shape hence, liquid fluidization has been mainly used for
mineral separation a nd density is a do minating f actor c ompared to size in p article sorting.
Particles are grouped in o rder o fparticle behavior and size r anging from the smallest to the
largest [9].
e Group A materials ha ve small m ean particle s ize (dp < 30 um) and/or lo w pa rticle

density< 1.4 g/cm?3.

e GroupB fallsu ndert he sizer angeo f 150 umto 500 ymand density from
14to4 g/cm?

e Group C have sizes usually less than 30 um.

e Group Dh as sizes int her ange o f 500um to 4000 um and us ually referred toa s

spoutables.



1.2.3. Fluidized Bed Electrodes

This consists o fa bed ofe lectrically co nducting particles in a reservoir o f e lectrolyte
connected to a cur rent feeder w hich pr oduces a D C cur rent. Without s 0 much r esistance, a
uniform electrical contact is provided between the feeder and the particle and also between the
particles themselves. T his uni form e lectrical contact has helped in boosting the current density

due to the particle contact electrodes.

Anode - _ Cathode
(current feeder)
Anolyte +—— ——» Catholyte
. . P u, Supwply of
°° . : « . ¢ small metal
s 0’0 koo o .
° o % o particles

Fluidised bed

O o] ©

Q o}
O . Opn % —> OOO
———————————— Discharge of

grown metal
particles

AnolyteT T Catholyte

Figure 1. 2: Fluidized bed electrodes [10].

1.2.4. Biofluidization

This is a process of cultivation of microorganism by methods of fluidization. Just above
the distributor is a rotating agitator which helps to prevent defluidization in the lower portion
of the bed rotating separator is also included at the top to return the removed particles back to

the bed and an electrode which acts as a sensor to detect the water content of the particles.
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Figure 1. 3: Fluidized bed cultivators [2].
1.3. Distributors or Grid

The success or failure ofa fluidized bed is determined by the distributor pe rformance.
Difficulties in fluidized beds are as a r esult of careless de sign o fd istributors. To impr ove the
design success of a distributor for fluidization processes, some parameters have to be considered
which include the pressure drop ratio, orifice size, geometry, spacing, and dead zones, distributor
strength to resist deformation and the ability to operate for long periods without blocking. They
usually co me in d ifferent forms or designs and are grouped depending on d irection o f e ntry.
They c ould be do wnward, upw ard, laterally o r ho rizontally de pending o nt he u se and cost.
Selection criteria are based on process application.

Fluidized bed distributors can t ake v ariety o f's hapes a nd sizes. B ut am ajor de sign
criterion is jet flow. This is important because bed erosion is reduced. Also particle erosion can
be increased or de creased at the d istributor depending on app lication. T o achi eve s ome
particular jetting region, size ofthe orifice and jet velocity of fluid is needed. Jet flow has made
it possible to achieve this goal [11].

In their study of jet flow, Hong et al. concluded that the jet velocity is increased when the

cross sectional area of a j et is reduced and the jet momentum per unit crosses sectional area is



then increased [12]. The structure o fthe d istributor has been co nducted by many researchers
over the past few years, with the objective of improving and optimizing the fluidization quality
[13].

Kiarash V akhshouri investigated the influence ofd istributors an d plenum ¢ hamber
volume on gas bubble behavior and size and concluded that this was due to pressure drop which

is a function of open area ratio of the distributor and plenum [ 14].

1.3.1 Types of distributors

1.3.1.1 Perforated Distributors. / Multi-orifice

| I
; ? | N |
: ' { i Slits I
i
mnseennenesn: -__—-_—__' [’ ", ‘--'.---'i LARAAA "'"1
- .4- ' 4 i 1 t i .
Sandwiching plate  staggered plates dished plate grate bars

Figure 1. 4: Perforated Distributor Types [2]

Perforated plate d istributors ar e s imple and inexpensive a nd account for their use in
industries. It is also easy to scale up or down. Choice is based on the ease of fabrication, cost,
ease of modification, cleaning and shape. Set backs in this kind of distributors are high pressure

drops, and sealing of surfaces to the bed.

1.3.1.2. Bubble Cap

This takes the shape ofa laterally directed flow and choice ofdesign is based on lower
pressure drop. They can be stiffened by attaching a cap, it has minimum weeping and a better
turndown ratio and its setbacks are cost, cleaning difficulty, sealing of surfaces is needed and

modification is difficult.
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Figure 1. 5: Bubble cap distributor [15].

1.3.1.3. Sparger

This is a flow that has a lateral and downward pattern. Choice of this design includes low
pressure drop, it can hold thermal expansion without failure and ease of flow of particle from top
to bottom of the distributor. Major setbacks are defluidization under the distributor. Figure 1.6.
Shows a downward pointing nozzle used to prevent particles from clogging the sparger during
inflow of fluid and the Sohio acrylonitrile process which is a pipe grid used to feed fluid into a

second carrier from the bottom of the grid.

QG

Dowrward pointing nozzles

Grid tubes

il

Sochioc acrylonitrile process

Figure 1. 6: Sparger Distributor Types [2 ].



1.3.1.4. Touyeres and Caps
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Figure 1. 7: Touyeres and Caps Distributor Types [2].

This 1 sused w hen o perations involves hi gh temperature and a highly r eactive
environment and it’s drawback is that particles may settle and stick on the distributor plate.
They are usually designed with a high-resistance orifice at the inlet section and around the
caps, orifice is designed to create a uniform fluidization by a build-up of pressure drop. Other
designs are pipe grid and spargers which are designed with a heat exchanger tubes to improve

fluid-solid contacting by preventing gross circulation of solids and gulf streaming .

1.4. Mono-dispersed Fluidization

Mono-disperse fluidizationis that w hich involves spherest hat ha ve approximately
normal d istribution with ac onsiderable s pread ind iameters. Uniform f luidizationi s
characterized by a h omogenous random motion o f particles by a constant average velocity of
fluid and momentum t hroughout the bed [16]. This is usually achieved in the presence o f gulf
streaming (i.e. separate regions of upward and downward solids motion) [ 17]. For mono-disperse
spheres, a homogenous expanded bed whose height changes with flow rate is usually achieved.
Going by Courderc as sumption witha u niformd istribution o fpa rticles in a liquid solid

fluidization, homogenous bed with stable operation is achieved [18].

10



Particle pair in teractions are f undamental me chanisms in all pr actical applications o f
particulate flows. Classification o f L ocal mechanism o f's phere rearrangements in fluidization
process is based on the type of fluid. For Newtonian liquids, this pairing of neighboring spheres
can be described as drafting, kissing and tumbling and called drafting, kissing and chaining in
viscoelastic liquids. In a Newtonian liquid, when one falling sphere enters the wake of another, it
experiences reduced drag, attracts the downward leading sphere, and kisses it. Tumbling results
in more s table h orizontal ar rays w hich may giveriseto closed packed spheres s eparated by
interstices of clear water [ 19]. In viscoelastic liquids, on the other hand, two spheres falling side-
by-side will be pushed apart if their initial separation exceeds a critical value. However, if their

initial separation is small enough, they will draft, kiss, turn and chain.

Figure 1. 8: Drafting, kissing and tumbling [19].

1.5. Poly-dispersed Fluidization
Stefan et al. defined poly-dispersed fluidization as a process in which a relatively
compact bed of particles are fluidized by an upward bulk flow of fluid [20]. For a bi-dispersed

fluidization, the necessary condition for existence of a fluidized bed is summarized below [21].

d, >d, (1. 1)

11



di(p1 - py) > d3(p2 — py) (1.2)
P1< P2 (1.3)

In bi-disperse fluidization, density, size and superficial velocity are major mechanism for
mixing and segregation.

Figure 1.9 explains what happens in a binary-solid fluidized bed. T his shows t hat t he
bottom o fthe bed is made up ofone orboth kind of particle, but with the e xception o f figure
1.9C. Figure 1.9A is the case when the small particle has much higher density than that of large
particle. Figure 1.9B is the case when some o fthe large size particles start to move up w hile
some remain trapped among the small size particle. Figure 1.9C shows both type particles are
able to mix uniformly. Figure 1.9D is the case when some o f'small size particle is easily being
flow to the top of the column. Figure 1.9E is the case where clearly segregation is observed, and
large particle size stay in the bottom bed and small size particles move to the top.

For little difference in size ofparticles in a binary fluidization, two separate regions are
present which shows the separation from the bottom layer with larger particles and top layer with
smaller particles fluidization [22]. Similar literatures on segregation can be found in Di Felice
who demonstrated cases w ith larger particle s eparating at the top and smaller particles inthe
bottom under s ome ¢ onditions [23], Hoffmann et al., [24] and Wu and B aeyens [25] also
experimented particles of equal density and different sizes and Nienow et al., also experimented

on particles of the same size and different densities[26].

12
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Figure 1. 9: Binary mixture fluidization pattern [25].
1.6. Problems of Fluidization

1.6.1. Bubble Coalescence

Bubbles result f rom hi gh s uperficial gas v elocities. It may be growth ofb ubbles in
horizontal d irection w ith neighboring bubbles, gr owth ofb ubbles in vertical direction w ith
trailing bubbles and hydrostatic pressure decrease [27]. It is common in group B particles due to
their mean particle size and particle size distribution [28].

In large industrial bed, t he pattern o f bubble gr owth is de cided by bed de pth and t he
superficial velocity [29]. Kan et al. has suggested addition of internal baffles of various designs

as a means of braking down these bubbles and remedies the situation [30].

13
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Figure 1.10: Dalton’s bubble coalescence [31].
1.6.2. Agglomeration/ Sticky Particles

Bed agglomeration is the process of formation of larger particles when separate particles
stick to one another. The formation of large agglomerates decreases the mixing ofthe bed and
may result in defluidization, this is a sudden decrease ofpressure drop over the bed to a
lower level.

Defluidization in bubbling beds may be due to the agglomerates, it disturbs uniform
mixing causing hot spots, increases particle size and inter-particle force due to the sticky
coating and also increases minimum fluidization velocity.

The mechanism of agglomeration can be better understood in fuel analysis of reactive alkali and

chlorine solvent and also ash melting, sintering and agglomeration temperature analysis.

1.6.3. Segregation

Segregation is defined as de-mixing or reverse mixing or separation of a component from
a mixture o fparticles [32]. The problem ofsegregation has been studied by various researchers

14



in food, m echanical, chemical, material and agricultural e ngineering. I n pr ocessing and
manufacturing and handling industries, like food product industries, segregation has caused large
variations in product packaging because of differences in bulk densities [33].

Fluidized beds are studied to determine o peration co nditions necessary to promote bed
mixing and to minimize or eliminate particle segregation. Also for different materials, optimum
conditions u nder w hich separationca n be accomplished cana Isob e studied. T hese two
objectives are necessary for investigating particle segregation in a fluidized bed [27].

The behavior of float-sam and jet-sam of large particles is dependent on the ratio of
it’s absolute density to the bulk density o fsmall particles. The classification of float-sam and
jetsam is prominent in mu lti-component bed mixing where a wide size and density difference is
dominant .The jet-sam pa rticles usually fall to the bottom o f t he bed while lighter and
smaller float-sam particles stay at the top and interstitial spaces of the larger particles [34].

Segregation mechanism has been classified based on physical properties of the particles
(size, de nsity and shape) [35], it has also been classified based ont he d irection o fpa rticle
movement as vertical and horizontal segregation [36]. Above all, research done identified the
more generalized classification of segregation mechanism as percolation, displacement, sieving,
air cur rent, rolling, t rajectory, f luidization, pus h-away, impact, em bedding, an gle o fr epose,
concentration-driven displacement and agglomeration [37,38 and 39].

In a particle eluration, the eluration characteristics of well-mixed bed are different from
segregated bed with good amount of particles concentrating at the surface of the bed. Segregation
may occur when small and dense particles are very small and tends limits interparticle movement

to areas with passing bubbles [40].
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It is rare to have an ideal system o fequal density mono-sized particles in fluidized bed
system, because app lications usually involve a binary mixture o fparticles, hence mixing and
demixing will always o ccur at some o perating conditions. But it is useful to separate t he
driving force for segregation and mixing in a given systemin other to understand the process
and achieve some desirable quantities ofa system. One method o freducing segregation is by
adjusting the physical properties of the particles.

Particle segregation can usually be prevented by operating at sufficiently high velocity
[27]. The application ofe lectric field can also modify interparticle force a nd r emedy the
problem of's egregation [41]. Lastly, the i mprovement of phy sical pr operties, a djustment of
handling steps or device parameter and the use of mass flow bin can minimize segregation [42].
1.7. Objective and Scope

Although modern t echnology g ives a more pr ecise pr ediction a nd application, more
researchis s till n eeded in the study o f fluidization. T his is because o ft he d ifficulties in
prediction of the behavior of a fluidized bed reactor due to the co mplexity and ambiguity o f
some fundamental properties (size, density and shape o fthe particle) which plays an important
role in prediction and calculation o f hydrodynamics o f fluidized beds [ 43]. I nrelated papers
presented, the effect of distributor design has been given much attention in bubble size, bubble
formation and fluidization quality. Pan et al have performed experiment on fluidization of 1204
spheres where values were compared with simulated values by fluidizing mono-disperse spheres
of nylon in a two dimensional-like bed using a uniform distributor [44].

Particles can be fluidized by liquid or gas. So much attention has been given to gas-solid

fluidized bed reactor with binary mixtures. The objective of this study is
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e To investigate the b ehavior o f't hree d ifferent types o fpa rticles w ith s ame s ize a nd
different densities in a quasi-three dimensional liquid—solid fluidized bed by two different
distributors.

e The effect of these distributors on mono-disperse and poly-disperse (bi-disperse) particle
fluidization with water at room temperature.

e The hydrodynamics of a single particle behavior of these spheres in a uniform distributor
and compares experimental values to numerical values.

e The effect of Wall on the single particle.

The distributors used are a multi-orifice distributor and a single orifice distributor. The
multi-orifice d istributor w ill be us ed for m ono-disperse a nd poly-disperse a nd single pa rticle
fluidization while the single orifice will be used for mono-component fluidization.

Chapter one o f't hese t heses focuses o nt he introduction an d literature r eview w ith
emphasis on fluidized bed system, distributors, mono-disperse and poly-disperse fluidization and
their a pplication in industries, p roblems a nd remedies in fluidization. These se ctions a Iso
introduce some of the basic concepts and definitions that will be used throughout the thesis.

Chapter two describes t he de sign o ft he fluidized bed used int his e xperiment w ith
emphasizes o nt he column a nd d istributor de sign a nd compares w ith o ther de signs in o ther
studies. It also talks about material selection and reason for selection, procedures and equipment
used.

Chapter three emphasizes on the fluidization ofa single particle and analyzes the force
balance, drag coefficient which was applied numerically to solve for the numerical values of the
minimum velocity. I talso e mphasizes ontheterminal velocity and compares r esult w ith t he

numerical values of velocity without wall effect and experimental data w as compared with the
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numerical and analytical values to obtain the wall effect on the particle. Particle fluidization with
multi-orifice and single orifice distributors with p ictures and experimental data, tables o fdata
and graphs and experimental observations are also included in this chapter.

This thesis ended with c hapter four on the comparism o fthe t wo distributors based on
experimental findings, conclusion and recommendation for future study on similar research. This

design is simple and parts are available and affordable at local stores.
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CHAPTER 2
DESIGN
2.1. Material Selection
This is a very important factor as the success of the bed lies in the strength of the material
used. At first, 0.635cm thickness of P lexiglas material was selected for this e xperiment, the
effect manifested itself. A failed design resulted as the bed expands since it could not withstand
the pressure buildup. Replacing the material with a thickness of 1.30cm, a great improvement in

strength and rigidity was achieved.

2.2. Column Design

The liquid solid Fluidized bed design parameters involve the main components which are
the fluidization column (bed portion, water and distributor), flow control, water inlet and return
line, instrumentation a nd w ater s upply. D esign parameters are bed height and pressure dr op
across t he d istributor w hich isu sually based ona pplication. The quasi-three-dimensional
rectangular co lumn fabricated withat ransparent P lexiglas p late w as co nstructedi nt he
mechanical engineering laboratory. T he dimensions ofthe bed are 7 cm deep, 30 cm wide and
91 cmtall with a plate thickness o f 1.30cm for structural strength and rigidity. The fluidizing
water was supplied by a 3-hp submersible water pump. Aluminum, nylon glass sp heres whose

physical properties are summarized in table 2.2 where fluidized.

Two types o fd istributor w ere de signed to de termine t heir e ffects o n fluidized-bed
hydrodynamics. The bed was calibrated in centimeter using a flexible tape attached to one side of
the bed to measure the height of the bed.

Onthetop ofthebed isanoutlet which is co nnected to a di scharge port madeo f

Plexiglas material. This outlet is wide enough to prevent a pressure buildup on the bed and help
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prevent bed collapse. T he bottom o fthe bed is an inlet which is mounted to the top ofthe
distributor. This serves as an inlet for the water to flow from the outlet of the distributor outlet

to the bed.

2.3. Distributor Design

The effect ofthe Distributor on the hy drodynamics o fparticles in the bed is one ofthe
major interests of this thesis and hence it requires a careful design consideration.

Design co nsideration is based on distributor p ressure dr op determination a nd fluid
velocity. Bad fluidization is a result of low pressure drop across distributors. This is so because
there is no uni form d istribution o f w ater and hence t emporary de fluidization may o ccur and
channeling may also result. High pressure drop distributors may give a more uniform distribution
of fluid, but more power is needed to run the compressor and fans [45].

Inthe case o fupward and lateral flow, the ratio o fdistributor pressure drop tobed
pressure drop should be 0.3 for even fluid distribution [29].

AP; = 0.3AP, (2. 1)

And for downward flow, the distributor pressure drop should be 10 % ofbed pressure
drop [46].

AP; = 0.1AP, (2.2)

Where Ap, represents the pressure drop across the distributor and Ap,, is the pressure
drop across the bed.

The ratio o ft he be d height t o bed width influences t he critical value ofthe ratio o fthe
distributor pressure drop to bed pressure drop [47]. Kiarash Vakhshouri investigation on the

influence o f d istributor a nd plenum ¢ hamber vo lume o ngas bu bble be havior a nd sizes
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showed that the behavior of the distributors was due to pressure drop which is a function of open
area ratio of the distributor [14].

The design ofthe distributors in this experiment was in accordance w ith the experiment of
Nidal et al. [48]. The minimum fluidization of the two different distributors differs greatly this is
because of the size of'the orifice or rather open area ration of the distributors. As the open area
ration increases, the minimum fluidization reduces.

Two Rectangular b oxes measuring 7cm X 7cm X 32cm (tall, wide and length) were built
using a Plexiglas material of thickness 0.635cm it has an opening at the bottom which serves as
inlet for water to flow through. On the top of the distributor is the orifice opening which has a
base for the bed to sit. For the single orifice distributor, a rectangular hole measuring 0.5cm X
5cm was centrally drilled and for the multiorifice, 46 holes each with a diameter of 0.4cm was
drilled o nthe top ofthe distributor. This is similar to the distributors in Kiarash Vakhshouri
experiment. The difference being that on his design, the areas ofboth the single and the mu Iti-
orifice distributors were the same. The open-area ratio of the distributors was calculated from the

formula,

NA
A, =" (2.3)

Where N is the total number of holes, A is the area of the orifice and B is the area of the
bed. With this formula, the open area ratio of the multi-orifice turns out to be 23% and the single
orifice is 10%. The Appendix gives a full description of the uniform and jet distributors and their

working drawings.
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2.4. Principle of Operation

The two-dimensional fluidized bed is operated by a 3hp submersible pump fully immersed in
a cylindrical reservoir o f water with d imensions (40 cm, 70 ¢m) (diameter, length) at room
temperature. The pump is connected to plumbing which has a valve attached to the flowlines.
The function ofthe valve is to control the flowrate and velocity ofthe water and hence was
graduated at some point so one can read off the flowrate directly. This plumbing runs into the
distributor which is attached to the bed and at the top of the bed is a return line which scavenges
water back into the cylindrical reservoir.

When the water pump is turned on by connecting to an external AC power, regulated water
runs into the flowlines, the amount of water and flowrate is regulated by the valve. The valve is
gradually open until bed is fluidized and readings of bed height at every superficial velocity and
flowrates were recorded. At the end of the experiment, the bed is drained of water using the drain
line installed along the flow line. Video imaging was recorded using a camcorder and pictures
taking at every flow velocity and bed height.

For maintenance purpose it is a good practice to always drain the reservoir at the end ofthe

experiment as this will help reduce corrosion on the pump and increase its service life.
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Figure 2. 1: Picture showing the fluidized bed. (A) Outlet, (B) Bed column, (C) Drain line, (D)
Reservoir, (E) Inlet, (F) Flow meter

2.5. Flow Rate Measurement

Liquid flowrates were obtained by measuring the amount of water through a water meter
calibrated in gallons over a fixed period of time.

The regulating valve was marked at different points to show the respective flow rates of
water per minute of flow. The data collected was later converted to cm3/secs. These values are

shown inthe table 2.1. With these flow rates, superficial velocities w ere ca lculated using the

formula % , where ¢ is the flow rate and A the cross sectional area of the bed for the uniform

distributor e xperiment on the single particle and also the cross sectional area o fthe distributor
orifices for t he single jet d istributor and uniform d istributors w ith multi-particles. Superficial

velocity ranges are shown in table 2.1 for the distributors and the bed.
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Table 2. 1: Superficial velocities and flowrates.

Flowrates Bed velocities Uniform Jet distributor

(ecm3/sec) (cm/sec) distributor velocities

velocities(cm/sec) (cm/sec)
11.36 0.47 1.97 4.544
63.1 2.6 10.92 25.24
157.73 6.46 27.29 63.09
189.27 7.76 32.75 75.71
220.82 9.05 38.20 88.33
283.91 11.64 49.12 113.56
391.16 16.03 67.68 156.46
517.34 21.20 89.51 206.94
630.9 25.86 109.15 252.36

2.6. Bulk Densities

The bulk densities o fparticles were de termined by liquid displacement using a known
weight of particles (glass, nylon and aluminum spheres) was slowly added to a 40 ml of water in
a gr aduated cylinder. T he volume of water displaced is the volume of added particles. T he
weight w as de termined by a dding 50 pa rticles o fa luminum, glass and nylone ach into a
measuring cylinder of know weight and placed on the Mettler Toledo weight scale graduated in
grams in the m echanical la boratory. Thisis shown in figure 6 ( a) a nd ( b). A fter s everal
measurements t he av erage de nsities w ere ca lculated and results o btained were ¢ lose t o the

company values of their densities. These values are shown in table 2.2.
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Table 2. 2: Particles and their properties.

i 3
Particle d (cm) pp (glem?) P ( c"ﬁ )
Aluminum 0.6 2.7 2.54
Nylon 0.6 1.14 1.135
Glass 0.6 2.45 2.38

Figure 2. 2:( a) Determination of the weight of alum (b) Determination of the weight of
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CHAPTER 3
RESULTS AND DISCUSSIONS
3.1. Single Particle in a Uniform Distributor
3.1.1. Single Particle Fluidization

In a paper presented by Taehwan et al., they obtained correlations for lift-off of particles
in Oldroyd-B fluids. The fluid elasticity reduces the critical shear R eynolds number for lift-off,
the effect of the gap size between the particle and the wall, on the lift force, was also studied and
the co nclusion was that the pa rticle lifted from t he c hannel w all w ill at tain a n equ ilibrium
height at which its buoyant weight is balanced by the hydrodynamic lift force [49].

For ease of simplicity, single particle fluidization gives a better picture of mechanism of
fluidization. Assumptions made are based onthe factt hat particle is moving ataco nstant
velocity relative to its immediate fluid. The force acting on this particle depends on the flow of
fluid in its immediate vicinity [27]. When a single particle is fluidized in a bed of either water or
gas, withincreasein velocity, a minimum velocity is a chieved (U,,), att his po int, upw ard
hydraulic force is equal to weight of the particle or net gravity. Increasing the velocity above this
point causes the particle to move upward, this implies that the hydraulic force has overcome the
net gravity and the particle velocity compared with fluid velocity reduces to a point that the force
of gravity is balanced. For single particle fluidization, the drag force on the particle is equal to
the difference between the force of gravity and upward buoyant force.

This s tudy analyzes the force balance on a s ingle particle, drag coefficient w hich was
applied numericallyt o solve for the numerical values o ft he minimum velocity. I ta lso

emphasizes on the terminal velocity and compares result with the numerical values of velocity
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without wall effect. Finally, experimental data was compared with the numerical and analytical

values to obtain the wall effect on the particle.

Fbuoy

Mg

Figure 3. 1: Forces acting on a single particle.

FD = Mg - Fbuoy
Mg ="Vpyg
Fbuoy = fog

Fp =V]p, - pylg

V= volume of the particle = ng'Rg
This implies that at minimum fluidization,
_ % _p3
Fp = mR? [p, — pslg

Also, Fp = 3 Cp(mR?)p;U}

(3. 1)
(3. 2)
(3. 3)

(3. 4)

(3. 5)

(3. 6)

(3.7)

Where Cp, is the drag coefficient and defined as the ratio of the force on the particle and

the fluid dynamic pressure caused by the area projected by the particle r epresented. The drag

coefficient depends o nt he R eynolds nu mber, w hich g ives a n indication o fho wt he fluid is
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flowing (i.e., laminar, semi-turbulent, or fully turbulent). For a s pherical particle, the standard

definition is expressed as

Fp

RN TR 9
And combining and substituting forFp,
Ccp=2a, g (3.9)
3 psU?
R, = &Us (3. 10)

Ry
Depending on particle Reynolds number, three regimes have been identified”’. The first is
the s tokes flow r egime. T his is a Iso ca lled creeping flow where vi scosity of the fluid isa
dominating factor. The creeping flow in the packed bed exists due to the fact that the flow rate is

very low. Hence the streamlines takes the part of interstitial spaces of the space’.

_ 24p 24
Upd, Rep

D R., <0.2 (3. 11)

Secondly, t he intermediate flow r egime w here drag coefficient isa functiono ft he
particle Reynolds number.

Cp = f(Rep) (3.12)

For1 < R., <1000, w hich isr eferred to as the t ransition r egime, t he f ollowing

expressions may be used for a sphere in a large domain [50]. This formula most is accurate since

particles are constrained to Reynolds number value of this range.

24

Cp =-—[1+ 0.15R%°%” (3. 13)

Rep

With this formula, the drag coefficient for nylon was determined.
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Lastly the Inertial flow or Newton’s law Regime. This is the flow at very high Reynolds
number inthe range of Re, >1000. The drag coefficient in this case approaches a co nstant
value.

C;~0.44. (3.14)

This value of the drag coefficient was used for aluminum and nylon particles which have
very hi gh Reynolds number. Fluidization regime is between the minimum fluidization velocity

and the terminal velocity of the particles [51].

3.1.2 Terminal Velocity

Terminal v elocity is the free falling velocity ofa particle in a fluid. The weight ofa
particle equals drag force under terminal equilibrium conditions. The weight is usually the net
effect of gravity and particle buo yancy [6]. Particles will be elurated from the bed if its velocity
exceeds the terminal velocity. For spherical particles, Haider et al., summarized the t erminal

velocity at large domain as follows [52].

U, = [4(P3_Pf)gd1’

1/2
3Capy ]

(3. 15)

The value obtained with this formula was use to compare with the experimental results of
minimum fluidization v elocity to get the wall effect. Hence for nyl on, the Reynolds nu mber

range applies 1 <Re < 1000 and for glass and aluminum, 1000 < Re < 20000 applies.
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Table 3. 1: Values for the drag coefficient based on the Reynolds number

Drag coefficient, Cp Reynolds Number, Re

24/Re Re<1

24 <Re<
[1+ 0.15R2557 1< Re <1000

ep

0.44 1000 < Re < 20000

3.1.3. Numerical Data

Assumptions ar e free flow without wall effects; the density o f water is constant steady
state flow.

Combining equ.3.6 and 3.7,

4
%CD(TtRZ)pr}% =Fp = mR® lp» — Pfla (3. 16)
And Cp = W =2 (s-1g 3. 17)

Where s = specific gravity = p,/ps,R = 0.6cm, pr1g/cm?,
g =980cm/s* and p, =(2.7,2.451.14)g/cm>® (Al glassand nylon)

Also from equ.3.13, for a sphere in a large domain,

Cp,. = Rj:w [1+0.15R%587 (3. 18)
Where R, = @ (3. 19)

The fluid dynamic viscosity is denoted 17 (1= 0.01 p)

And R,,, =60U, (3. 20)
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The above equations where solved numerically and the following data in table 3.2 was obtained.

Table 3. 2: Numerical data

Particles | U, (cm/s) Ry Cp,»
Nylon 15.65 939.06 0.45
Glass 50.83 3049.76 0.44
Aluminum 55.04 3302.22 0.44
100,000 T Y
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Figure 3.2: Drag coefficient of particles of various shapes moving in a fluid at various Reynolds
number [53].

The numerical valueso ft he dr ag coefficient a nd Reynolds number ha s a Iso be en

compared with figure 3.2 and found to be true.
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3.1.4. Experimental Study.

For the s ingle particle e xperiment, t he po sitioning of the sphere was o f great interest.
Several po sitions were chosen at first but the obtained results were different from the expected
value from the numerical data and other similar experiments. A better result was obtained with
the particle placed at a bed height just above half the height ofthe bed. At this point, the flow
has a uni form velocity w hich was o bserved witht he s tream o fw ater h aving no r elative
fluctuation. This problem is true with the conclusion that “the bed height of the sphere above the
bottom increases with the fluidizing velocity” [44].

Table 3. 3: Experimental values for single particle fluidization

Particle d Py Unp(cm/seq U (cm/sec] Yew _ f
(em) | (g/lcm?3) Ut
Aluminum 0.6 2.7 22.75 55.04 0.413
Nylon 0.6 1.14 7.76 15.65 0.496
Glass 0.6 2.45 21.20 49.95 0.424

Table 3.3 shows the three particles with their properties, minimum fluidization velocities,
terminal velocities and wall effect. The trend is the same for the three particles but with a very
distinctive d ifference in behavior for ny lon compared with aluminum and glass both having a
minimum ve locity close to 22.75cm/sec and 21.20cm/sec. A lot of similarity which lies in the
small d ensity d ifference is c ommon w ith a luminum a nd glass spheres. T he fluidization
experiment oft hese t hree particles reveals the fact t hat the particle is moving at a co nstant
velocity relative to its immediate fluid and it also reveals that the effect of wall is responsible for
the lesser experimental values of minimum fluidization velocity in a narrow domain compared

with the terminal velocity of the same particle in a large domain.
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The data for Nylon particle was compared with the findings of Pan et al., [44] as shown
in figure 3.2 and found to be in agreement. In their simulation an exactly zero velocity o fthe
sphere was not achieved. For Up,s < 6 cm/s the particle will not rise. The particle rises out of
the bed when U, > 10.5cm/s

Table 3. 4: Average velocities of a sphere [44].

Inflow velocity Average vertical
(em/s) speed (after it has
stabilized)
6.0 -0.00522
6.5 0.00827
7.5 0.00219
9.0 -0.00178
9.5 0.00631
10.0 0.006997
10.5 0.00521
10.75 0.276
11.0 0.265
12.0 1.260

3.1.5. Wall Effect

Wall effect is defined as the retardation of the motion ofan object in a co lumn due to
displacement a nd opposing m otion of surrounding f'luid [54]. Itis a correction f actor is a
correction factor for velocities and this is needed to correct the drag coefficient and Reynolds

number. Conversely, the drag experienced by the sphere between walls is much higher than that

33



withno walls. The simplest way to quantify wall effect by using a factor f whichis a ratio of

two velocities [55].

f="22 For 0<f< 1, 3.21)
t

Cp. = f*Cp (3. 22)
And R.,. = Re,/f (3.23)

Uexp Is the empirical value of the velocity of the sphere and U¢,R,, ., and Cp .. are the terminal

velocity, Reynolds number and the drag coefficient of the sphere without any wall effect.

3.1.6. Comparism with other Studies
DiFelice [ 56] in his e xperiment o fa single particle ina tube summarized that forall

cases of d /W, the minimum fluidization velocity is expressed as,

Ue _ 1-2 \%
[ (1—0.331) (3.24)
a is a function of the bounded Reynolds number
-4
A=y (3. 25)

W is the width of the bed and d is the diameter of the particle.
U; is the minimum fluidization velocity in a system with wall.
U, is the minimum fluidization velocity in a system without wall.

In my experiment, A = 0.85, ex trapolating the data of 1 =0.6to 4 =0.85,at R., > 1000,

Je ~0.3, which shows a results of ~0.45. This is true since the wall effect from tube should be

towo

greater than the narrow channel which I used in my experiment.
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Figure 3.3: The Ratio of U,/U,,, for wide range of Reynolds Number and 4 [57]

3.2. Fluidization with Different Distributors
3.2.1. Uniform Distributor

On the uniform distributor, separate particles of aluminum and nylon were fluidized for
mono-disperse fluidization and binary mixture of aluminum-nylon particles and aluminum- glass
particles were experimented for poly-disperse fluidization to study the hydrodynamics of mixing

and segregation and applications in industries.



3.2.1.1. Mono-disperse Fluidization

Uniform distributor for Al and Nylon balls (1000 particles)

100

—e—al particle

80
—m—nylon
particle

60

bed height (cm)
i
o

0 20 40 60 80 100 120

velocity (cm/sec)

Figure 3. 4: Aluminum and nylon (1000 particles).

WV =10.92cm/sec (1000 nylon particles) V= 49.12cm/sec (1000 aluminum particles)

Minimum fluidization velocity for nylon and aluminum

Figure 3. 5: Minimum fluidization for nylon and aluminum (1000 particles each)
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Aluminum

V=109.13cm’5ec

Increasing flow velocity

V= 140.33cm/5ec

Figure 3. 6: Increase in superficial velocity for 1000 aluminum particles

Nylon

V=27 29cms5ec

Increasing flow velocity

V=32 75cmsSec

Figure 3. 7: Increase in superficial velocity for 1000 nylon particles
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V= 140.33cmiec (Aluminum particle) V=49.12emec (Nyvlonparticles)

Blow- out velocity

Figure 3. 8: Blow-out velocities for 1000 nylon and 1000 aluminum particles

V=49.12emiec (Aluminum particle) V=49.12emsec  (Nvlonparticles)

Bed height at same velocity

Figure 3. 9: Bed height of 1000 aluminum and 1000 nylon particles at same velocity
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V' =109.15em/sec (aluminum particles) V' =27.29cm/sec (nylon particles)

Velocities of particles at half of the bed

Figure 3. 10: The velocities of particles at half of the bed

Density p lays an important role in the minimum fluidization velocities. C omparing the
fluidization o £ 1000 nylon p articles a nd a luminum particles. It is found that the minimum
fluidization v elocity of 1000 nylon particlesisabout 11 cm/s, w hich is about 1.5 timest he
minimization velocity ofa single nylon particle (figure 3.4). On the other hand, to fluidize 1000
aluminum particles it needs a minimum fluidization velocity close to 50 cm/s (figure 3.4), which
is 2 times of the minimum fluidization velocity of a single aluminum particle and at this velocity
approximately 50 cm/s, nylon particles reach the top of the bed (figure 3.8). Increasing flow
velocity causes the increase of bed height, at high velocity, the uniform distributor behaves like a
transport bed.

As seen in Figures 3.7, at flow velocity 50 cm/s, nylon particles reach the top ofthe bed

column. However, aluminum particles are only able to fill half ofthe bed column even at flow
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velocity 140 cm/s. To reach half the bed height of aluminum, it requires 4 time velocity of nylon
(figure 3.9).

A comparison between fluid velocity and bed height is shown in Figure 3.3.This relation
has a 1so be en ¢ ompared with the work of Wen-Ching Y ang [27] inf igures 3. 10 ont he
relationship between be d height and liquid superficial velocity and found to be an agreement.
This figure shows the direct relationship bed height and superficial velocity. With increasing
bed height, superficial velocity increases to a velocity U, when the bed height experiences an

infinite value [ — oo,

()

W w
L]

Figure 3. 11: Bed height and liquid superficial velocity [27].

At incipient fluidization, t here a re no mix ing, mix ing starts when the f lowrate is
increased. A characteristic homogenous random motion of particles at constant average velocity
of fluid and momentum throughout the bed results with increase in superficial velocity above

minimum f luidization velocity, t hisr esulted ina homogenous e xpanded bed whose height
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changes with flow rate. This is usually achieved in the absence of gulf streaming (i.e. separate
regions of upward and downward solids motion) [ 58], t his p henomenon is c ommon with the
single jet distributor. Going by Courderc assumption with a uniform distribution of particles in a

liquid solid fluidization, homogenous bed with stable operation was achieved [59].

3.2.1.2. Uniform Distributor for Poly-disperse Fluidization

Differences in properties o fthe respective particles strongly influence the hydrodynamic
behavior of binary fluidized beds. With relatively large differences the tendency for segregation
becomes co rrespondingly strong and eventually causesa binary fluidized bed to s eparate
completely [ 60]. Fora bi -dispersed fluidized be d o fa luminum a nd nylon, t he n ecessary
condition for existence o fa f luidized bed is summarized as (p; < p,) [21], where p; isthe
density o ft he lighter pa rticle a nd p, ist he de nsity o ft he h eavier pa rticle. Segregationi s
dependent on the differences in density and size of the components, and gas velocity in the bed
[61].In the case o fparticles o fthe s ame s ize, t heir de nsity d ifference is t he major factor of
segregation. I't is e xpected that t he increase o f d ensity d ifference will accelerate s egregation.
However, it is unclear how much density difference will be able to cause particles segregation
and what the role of flow velocity plays. In the case of fluidization of a binary mixture of equal
number o f nylon particles a nd a luminum particles t hat has a higher d ensity ratio 0 £0.42, a
stratified layer ofnylon was observed on top of the bed, which results a co mplete separation as
seen in figure 3.12. L ow density nylon particles are suspended on the top region o fthe bed
column while heavy aluminum particles remain in the lower portion of the bed.

With aluminum and glass spheres with ratios close to unity, the process of fluidization achieves a
nearly homogeneous bed, which results to a completely mixed bed. This is shown in Figure 3.11

where binary mixture o £1000 g lass pa rticles a nd 1000 a luminum pa rticles is us ed for
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fluidization. The density ratio between glass and aluminum particles is 0.91. It is found that two
types of particles are able to be mixed uniformly and there is no segregation even at high flow
velocity. T hiss howst hata de nsity d ifference o fbe low 10% w ill not caus e s ignificant

segregation during fluidization.

V=109.15cm-Sec V= 140.33cm/Sec

Aluminum and glass (Density ratios close to unity 0.91)

Figure 3.12: Binary mixture of 1000 glass particles and 1000 aluminum particles
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V =27.29cm-5ec V=32.75cmSec

Aluminum and nylon (Density ratio of 0.42)

Figure 3. 13: Binary mixture of 1000 nylon particles and 1000 aluminum particles
Comparing figure 3.11 and 3.12, it can be seen that density was the major mechanism for
their mixing a nd s egregation. C omparing t he d ensity ratios p,/pq, fora good or c omplete

mixing, a ratio close to unity is needed.

3.2.2. Single Jet Distributor

Experiments w ere car ried o utina quasi-three-dimensional r ectangular liquid s olid
fluidized bed attached to the distributor shown in the figure below. Mono-component spheres of
Aluminum and Nylon were fluidized with water at room temperature. D ata obtained from this
experiment include minimum fluidization velocity, blow-out velocity and bed height at different
superficial velocities. The results were compared with that of uniform distributor to study the

effect of distributor design on fluidization dynamics.
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In some ways, this is a reminiscent of the d ynamics o fa w ater fountain .The single jet
can be likened to a spouted bed. Inthe images in figure 3.14, 3.15 and3.16, spouting occurs as
water is continuously injected with a high velocity through the distributor opening at the center
ofthe bed. Water penetrated the whole bed and carries along particles upward. At the top of the
spout, pa rticles fall back to thetop ofparticles located at the bo ttomo ft he bed and then

recirculate just like in circulating fluidized bed.

3.2.2.1. Single Jet Distributor for Mono-disperse Fluidization

Single jet distributor for aluminum and nylon 1000 particles each

100
80 -
e 60 -
L
5
E 40 1 —o—nylon
2 particles
© 20 - .
aluminum
particles
0
0 100 200 300 400

velocity (cm/sec)

Figure 3. 14: Aluminum and nylon (1000 particles each)
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V= 23236 cm/sec (1000 aluminum spheres) V = 75.71cnsec (1000 nylon spheres)

Blowout velocity

Figure 3. 15: Blow-out velocities for 1000 nylon and 1000 aluminum particles.

V= 113.36 cm/sec (1000 aluminum spheres) V = 23.24cm’5ec (1000 nylon spheres)

Minimum fluidization velocities

Figure 3. 16: Minimum fluidization for nylon and aluminum (1000 particles each)
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V =63.09cm’ec (1000 nylon spheres) V= 1356.46 cm/sec(1000 aluminum spheres)

Veloeity at same bed height

Figure 3. 17: superficial velocities at the same bed height

Summarily, it is found t hat the m inimum fluidization velocity o 100 0 nylon particles
about 3.25 timest he minimization velocity o fa single nylon p article, and to fluidize 10 00
aluminum particles it requires 5 times of the minimum fluidization velocity of a single aluminum
particle as s hownin figure 3.15. Increasing flow v elocity causes the increase of bed height
(figure 3.13). At flow velocity 75.71 cm/s, nylon particles reach the top of the bed. Aluminum
particles are only able to fill the bed column at flow velocity 252.36 cm/s, this is shown in figure

3.15. At same bed height, aluminum requires 4 time velocity ofnylon (figure 3.16).
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single jet distributor for aluminum and nylon (1000 particles)
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Figure 3. 18: Aluminum and nylon (1000 particles)
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single jet distributor for nylon and aluminum (2000 particles)

—e—nylon
particles

—B— aluminum
particles

50 100 150 200 250 300
velocity (cm/sec)

Figure 3. 19: Nylon and aluminum (2000 particles)
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3.3. Discussion
3.3.1. Mixing Ratio

By adjusting the size of aluminum, better mixing could be achieved in the fluidization of
both aluminum and nylon particles. This is done by balancing the respective drag forces of both

particles. From figure 3.1,

1
FDny = Mnyg - prny = EprZCDnyAny (3.26)
1
And Fpgr =Mag — piVar = 5PfU*CparAai (3.27)
2 Zg(Mny_ vany) — Zg(Mal_PfVal) o)
And U7 = PfCpnyAny PfCpatAal (3 8)

From my numerical data in table 3.2,

Cpny = Cpal (3.29)
And Py elVay _ (Par= POVl (3.30)
ny Aq
(Puy = P)dny = (Par — P (3.31)
This implies that (1.14 —1.0)d,, = (2.7 — 1.0)d (3.32)

0.14d,,, = 2.7dy
dny = 12dy
This means that fluidizing aluminum sphere of diameter of 1mm and nylon diameter of
12mm will result in a good mixing of aluminum and nylon. This is a diameter ratio of aluminum

to nylon 0f 0.08: 1 compared with 1:1 and also, d; /dyy, < pai/pPny-
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3.3.2. Comparism between the Two Distributors

V =63.09%m5ec V =73 7lcmisec

Single jet distributor

Figure 3. 20: 1000 nylon particles in a single jet distributor

V = 32 73emsec V=49 12cmizec

Uniform distributor

Figure 3. 21: 1000 nylon particles in a uniform distributor
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uniform vs jet distributor for 1000 aluminum particles

100
90 1 —e—uniform
80 - distributor

70 | —®—jet distributor

60
ElY
= 40
)
7 %
S 20
(]
< 10
O T T T T T

0 200 400 600 800 1000

flow rate (cm?/s)

Figure 3. 22: Aluminum (1000 particles)

uniform vs jet distributor for 1000 nylon particles
100
90 +
80 +
70 ~
60 -
g 50 +
%0 40 ~
g 30 1 +upif9rm
8 20 + distributor
10 | ——jet distributor
0 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300
flow rates (cm?/s)

Figure 3. 23: Nylon (1000 particles)

Differences in hydrodynamics where found to exist between the two distributors. Values

of minimum fluidization w ere found to decrease as ratio of area o f distributor’s orifice to the
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cross s ectional area o fthe bed increases. These differences in velocity lie in the size o fthe
orifice.

Particle mixing in the single jet bed is aregular cyclic than the uniform distributor and
for t he s ingle o rifice, t he jet w as maintained for a cer tain bed height after t he minimum
fluidization and then c ollapses. This is in line w ith the s poutable bed of L iang-Shih Fan and
Chao Zhu [62].

At high velocity, the uniform distributor behaves like a transport bed. To achieve a full
bed in the single jet, it requires 1.5 times velocity of the uniform distributor. Application is better
in particle drying where uniform mixing is requires The single jet will perform better in coating
industries and the biomass industry for t he pr oduction o fo il w here e xposure time is ve ry
important . A correlation equation is derived based on the experimental data, which is expressed
as;

Y =1.2e%006% + 18.8 (3.33)
Where x is the fluid velocity and Y is the bed height,
For the single jet fluidization,

Y = 1.2%006% 4 18.8 (3. 34)
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Figure 3. 24: Application of the two distributors

Correlation of bed height with flow rates for fluifization of
1000 aluminum particles in two different distributors
400
350 -
—&—uniform
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250 1 ——single jet
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@100
50
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Figure 3. 25: Correlation for 1000 aluminum particles in two different distributors

52



3.3.3. Mono-disperse vs. Poly-disperse Mixtures at Same Velocity

V= 109.15cm/’sec (1000 particles) V= 140.33cm/sec (1000 particles)

Figure 3. 26: 1000 aluminum particles at different velocities

V'=109.15cm’5ec V= 140.33cm5ec

Figure 3. 27: 1000 glass and 1000 aluminum particles at different velocities
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Comparing figure 3.26 and 3.27,it shows that the addition of 1000 particles of glass to
1000 particles of aluminum, it is found that the bed heights are very close at same velocity and
the effect on the fluidization of aluminum particles is insignificant. This may be due to the fact

that the concentration of this bi-disperse component is denser.

Minimum fluidization velocity vs number of partiles

60

50 -

40
g 30 -
2 —#— Aluminum particles
>
‘S 20
2
o
>

10 A

O T T T T T
0 200 400 600 800 1000 1200
Number of particles

Figure 3. 28: Minimum fluidization velocity vs. number of particles for aluminum spheres
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Figure 3.28 shows that a change in the number from 100 t o 300 pa rticles will result in
~20% increase in the minimum fluidization velocity o f aluminum. A correlation has also been
derived for the relationship between the number of particles and minimum fluidization velocity.

Ung =22+ 0.01x + 0.5Vx (3.35)

Where x represents the number of particles and U, the minimum fluidization velocity. This

correlation is shown in figure 3.29.

Correllation for minimum welocity and number of particles
60
—e—U=22 + 0.01*x + 0.5*x"0.5"
50
40 +
@ 30 -
=
2
2
3 20 +
©
>
10 -
0
0 500 1000 1500
Number of particles

Figure 3. 29: Correlation for minimum velocity and number of particles
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CHAPTER 4

CONCLUSION AND RECOMMENDATION
4.1. Achievement

This t hesis has s ucceeded in analyzing the force b alance o nas ingle pa rticle, dr ag
coefficient which was applied numerically to solve for t he numerical values o fthe minimum
velocity. It also emphasizes onthe terminal velocity and compares result with the numerical
values o f velocity w ithout w all effect. F inally, ex perimental data w asc ompared witht he
numerical and analytical values to obtain the wall effect on the particle. This is responsible for
the increase in the hydrodynamic drag and to slow down the sphere.

Itisrare to have an ideal system o fequal density and size particles in a fluidized bed
system, hence, mixing and demixing will always occur at some conditions. I have been able to
separate the driving force for segregation and mixing in a given system in other to understand
and manipulate the process to achieve some desirable qualities of a system.

The fluidization of aluminum-nylon and aluminum-glass is a density-segregation mixture
of equal size and different densities. By balancing the respective theoretical drag forces of both
particles and adjusting the physical properties of size, I have been able to derive a condition that
may favors proper mixing for aluminum and nylon.

Another important finding from my experiments on a single is that the wall effect from
front and rear walls reduces the minimum fluidization to a value between 0.4 and 0.5 of the
predicted minimum fluidization of the same particle without wall effect. The main reason of

reduction is due to the significantly increase of flow velocity near the particle region.
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4.2. Conclusions

Experiments were performed in a quasi-three dimensional rectangular column which sits
on a distributor, to study the behavior o f three different particles (aluminum, glass and nylon
spheres) in two different distributors (multi-orifice and a single jet distributor), hydr odynamic
properties of aluminum, glass and nylon sphere in a mono-disperse and poly-dispersed. For the
bi-disperse fluidization, binary mixture is experimentally s imulated by using the same size o f
particles with different density. Also the behavior o fa single particle in a uniform distributor
fluidized be d w as a Iso s tudied w ith e mphasis on wall e ffectt o the minimum f luidization
velocity.

It is found that the present of narrow wall effect reduces the fluidization velocity by over

50% for the single particle case. Comparing U, and U, in table 3.3, it is clear that the effect of

the wall is to increase the hydrodynamic drag and to slow down the sphere [ 63]. The minimum
fluidization o f 1000 particles each of aluminum and nylon require roughly twice o fthe velocity
for a single particle. It is also found that the density ratio of binary mixture is the major role for
the formulation of segregation. At low density ratio of 0.42, nylon and aluminum particles show
a completely segregation (separation) with light nylon particles move quickly to the top region of
the be d column and heavy al uminum particles remain in the bottom r egion. H owever, at a

density ratio of 0.91, glass particles and aluminum particles are able to be uniformly mixed. In
other word, it can be said that a 10% density difference ofa binary mixture with the same size
doesn’t caus e s egregation during fluidization pr ocess. Multi-component particles are liable to
segregation or mixing when differing in density and particle size. My experiment has shown the
prediction for the conditions for multi-component particles to either segregate or mix when their

physical properties and composition o f the bed are known. It is useful to separate the driving
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force for segregation and mixing in a given system in o ther to understand and manipulate t he
process to achieve some desirable qualities o fa system. A relationship for uniform mixing o f
binary mixture has also been derived by balancing the respective drag forces and adjusting the
physical properties of size, (the diameter ratios of aluminum and nylon from 1:1 to 0.08:1).

The fluidization of aluminum-nylon and aluminum-glass is a density-segregation mixture
of equal size and different densities. It is rare to have an ideal system o f equal density mono-
sized particles in a fluidized bed system, hence, mixing and demixing will always occur at some
conditions.

Segregation and mixing can generally be either undesirable phenomenon to be prevented
or a desirable process to be emphasized but in which ever case, careful understanding of particle
segregation is a r equirement for proper operation and design o fa fluidized bed. F or example,
mixing and segregationi s ve ryi mportant in industrial a pplication asin the gas-phase
polymerization, a system where smaller particles (catalyst) are introduced in the bed to react with
the monomer gas to produce polymers with a hi gher s ize d istribution. S egregation p lays a n
important role w henthe fully gr own po lymers will settle inthebo ttom o fthebed and
collected from the reactor and particles with smaller size distribution and catalyst continuously
migrate to the top for further reaction with the monomers

Also, in the fluidized bed biomass gasifier for the production of hydrogen which contains
two binary mixtures of biomass (fuel) and a catalyst. The fuel travels to the top of the bed and
the jetsam catalyst falls to the bottom. This is because of large differences in size and density of
these two components. These differences in physical properties tend to promote segregation and

leads to non-uniformity ofthe fuel particle distribution. W ith i mproper mixing of biomass and
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the catalyst in the bed, volatiles are released in the rotating freeboard as the biomass floats to the
top of the bed and the energy required for heating the fluidized steam may not be achieved.

At high velocity, the uniform distributor behaves like a transport bed. To achieve
a full bed in the single jet, it requires 1.5 times velocity of the uniform distributor. Application is
better in particle drying where uniform mixing is requires. The single jet will perform better in

the biomass industry for the production of oil where exposure time is very important

4.3. Recommendation

The e xperiment t o de termine t he r elationship between t he n umber o f particles a nd
minimum f luidization velocity be tween 1000 a nd 2000 pa rticles is notc lear. A more
sophisticated measuring instrument will be needed to obtain a more accurate result. Also more
study is needed to verify the t heoretical data frommy diameter ratios of 0.08:1. This w as
obtained from a single particle analysis. More experimental studies will be required using this
ratio on a multi-particles system in other to be able to ascertain the be havior of these particles
under fluidization conditions.

Also, fur ther ex perimental studies are r equires t o v alidate t he a nalytical co mparism I
made for all cases ofthe ratio ofthe particle to the width of'the bed to determine the minimum
fluidization velocities in larger fluidized bed systems.

During the design o fthis fluidized bed, some errors which I encountered led to a better
understanding a nd k nowledge o ft his de sign. T he s ize a nd height o ft he bed s hould be
commensurate w ith t he o utput of't he pu mp. T his w ill help a chieve a more data fromt he
experiment. With a bigger bed s ize, higher bed height would be achieved and result willbe
clearer to interpret and higher flow velocities can be reached with respect to bed height. Better

mixing and particle segregation could be reduced to some extent.
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Material selection should be a major issue for structural strength and rigidity of the entire
design with consideration on plate thickness o fabout 2cm to prevent buckling and prevent bed

leakage.
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APPENDIX
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Single Jet Distributor
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: The Full Assembly ofthe Fluidized Bed.
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