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ABSTRACT

The thesis presented here unveils an experimental study of the hydrodynamic

characteristics of swirling fluidized bed viz. pressure drop across the distributor and the

bed, minimum fluidizing velocity, bed behaviour and angle of air injection. In swirling

fluidized bed the air is admitted to the bed at an angle '8' to the horizontal. The vertical

component of the velocity v sin 8 causes fluidization and the horizontal component

v cos 8 contributes to swirl motion of the bed material.

The study was conducted using spherical particles having sizes 3.2 mm, 5.5 mm & 7.4

mm as the bed materials. Each of these particles was made from high density

polyethylene, nylon and acetal having relative densities of 0.93, 1.05 and 1.47

respectively.

The experiments were conducted using conidour type distributors having four rows of

slits. Altogether four distributors having angles of air injection (<lJ) - 00, 5°, 10° & 15°

were designed and fabricated for the study. The total number of slits in each distributor

was 144. The area of opening was 6220 mrrr' making the percentage area of opening to

9.17. But the percentage useful area of opening of the distributor was 96.

The experiments on the variation of distributor pressure drop with superficial velocity

revealed that the distributor pressure drop decreases with angle of air injection.

Investigations related to bed hydrodynamics were conducted using 2.5 kg of bed

material. The bed pressure drop measurements were made along the radial direction of

the distributor at distances of 60 mm, 90 mm, 120 mm & 150 mm from the centre of

the distributor. It was noticed that after attaining minimum fluidizing velocity, the bed
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pressure drop increases along the radial direction of the distributor. But at a radial

distance of 90 mm from the distributor centre, after attaining minimum fluidizing

velocity the bed pressure drop remains almost constant. It was also observed that the

bed pressure drop varies inversely with particle size as well as particle density.

An attempt was made to determine the effect of various parameters on minimum

fluidizing velocity. It was noticed that the minimum fluidizing velocity varies directly

with angle of air injection (<1», particle size and particle density.

The study on the bed behaviour showed that the superficial velocity required for

initiating various bed phenomena (such as swirl motion and separation of particles from

the cone at the centre) increase with increase in particle size as well as particle density.

It was also observed that the particle size and particle density directly influence the

superficial velocity required for various regimes of bed behaviour such as linear

variation of bed pressure drop, constant bed pressure drop and sudden increase or

decrease in bed pressure drop.

Experiments were also performed to study the effect of angle of air injection (<1». It was

noticed that the bed pressure drop decreases with angle of air injection. It was also

noticed that the angle of air injection directly influence the superficial velocity required

for initiating various bed phenomena as well as the various regimes of bed behaviour.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The process of imparting fluid like properties by forcing them to suspend in a fluid;

either a gas or liquid is termed as fluidization. This can be accomplished by passing the

fluid through a bed of particles. The easiest method to determine whether a bed is

fluidized or packed is the velocity at which the fluid passes upward through an

unrestrained bed of particles. Both types of bed require a containing vessel with a

porous base through which the fluid can be introduced to the bed. This porous base can

be of various designs ranging from a plate having a number of small holes to a block of

bubble caps. The most important function of the porous base is to distribute the fluid

uniformly across the base of the bed. Hence the porous base is universally called a

distributor. The most desirable property of the distributor is to distribute the gas

uniformly without excessive resistance to the gas flow. This is achieved by suitable

choice of pressure drop across the distributor with respect to that across the bed and by

proper distribution of gas inlet points. The pressure drop across the distributor is

dependent on the type of orifices, the free area and the gas flow rate.

When the fluid flows through the space between the particles, it exerts a drag force on

the particles. This force may be sufficiently large to disturb the arrangements of the

particles within the bed. On increasing the velocity of the fluid in the upward direction,

a stage will reach where the entire weight of the particles is supported by this fluid

drag. The bed is then said to be incipiently fluidized and it exhibits fluid like properties.

The velocity corresponding to this condition is known as minimum fluidization



velocity. Point of minimum fluidization specifies the necessary minimum amount of

fluid to reach the boundary between fixed bed and fluidized bed. Interparticle forces

such as cohesive force, capillarity force and electrostatic interactions play a key role in

determining minimum fluidization velocity. The bed can flow under a hydrostatic head;

the free surface will remain horizontal if the containment is tilted and low density

objects will float.

A completely fluidized state is one in which the contact between the gas and particles is

perfect without any channeling. This can be achieved by an adequate supply of gas and

proper distributor design. An effective design of the distributor is one which achieves

uniform distribution of gas without excessive resistance to the gas flow. The quality of

fluidization is specified by the pressure drop ratio which is defined as the ratio of

pressure drop across the distributor to the pressure drop across the bed. The value of

this ratio at minimum fluidization was found to be dependent on bed height, and its

degree depends on distributor design. Investigations conducted by Medlin and Jackson

(1975) revealed that for a porous distributor, bed diameter has a significant effect on the

pressure drop ratio. But when the pressure drop ratio is greater than 0.15, stability was

independent of diameter. It is desirable to obtain a value for the critical pressure drop

ratio, for stable operation under different operating conditions. Seigel (1976) found that

the value of critical pressure drop ratio is 0.072 for smaller particles for Reynolds

number less than 10.

Experimental investigations were conducted by D. Sathyamoorthy et a1. (2003) and

concluded that aspect ratio also has a significant effect on the quality of fluidization.

Aspect ratio is defined as the ratio of bed height to the diameter of the bed. The bed
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height is usually taken at the minimum fluidization velocity. If the aspect ratio is less

than or equal to unity the bed is considered as shallow, whereas a bed having a value

greater than one is regarded as a tall or deep bed. There is a critical value of aspect ratio

where the quality of fluidization is maximum. This value is influenced by operating

velocity and the type of the distributor. Y.K.Mohanty (2007) reported that the quality of

fluidization can also be specified by the terms like fluctuation ratio and expansion ratio.

Fluctuation ratio is defined as the ratio of the highest to the lowest bed heights of the

fluidized bed in expansion. The expansion ratio is defined as the ratio of the average of

highest and lowest bed heights to the static bed height for a particular gas flow rate.

Lower static bed height and smaller particle size lead to lower fluctuation ratio which

signifies better fluidization quality.

All types of beds cannot be fluidized satisfactorily. Beds of different kinds of particles

can behave differently, when fluidized. Hence it is desirable to categorize particles

according to the way they behave during fluidization. Geldart (1973) suggested that the

mean size and density of the particles are the main parameters that influence the bed

behavior. Accordingly the particles can be classified into four categories viz. type

A,B,C&D.

Fluidized bed drying has the advantage of high intensity of drying and high thermal

efficiency. High heat and mass transfer rates between the gas and the particles are

possible due to large contact area between the particles and the gas. It also provides

rapid mixing of solids and nearly uniform moisture content distribution throughout the

bed. Due to rapid drying it has been considered as an economical drying method

compared with other drying techniques. In addition solids may be added or removed
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during operation. Hence fluidization technology is extensively applied in process

industries. But it is necessary to pump large volume of fluidizing medium through the

bed. This can lead to various limitations in conventional fluidized beds such as

slugging, channeling, elutriation of solid particles and limitation in the size of the bed

materials.

Various attempts were made to surmount the limitations and improve the performance

of the conventional fluidized bed. This led to the development of different types of

fluidized beds, viz. vibro-fluidised bed, magneto fluidized bed, tapered fluidized bed,

spouted fluidized bed, centrifugal fluidized bed, swirling fluidized bed etc.

The swirling fluidized bed is a modified version of centrifugal fluidized. Here the gas is

injected into the bed at an angle '8' with the horizontal. The velocity of the gas can be

resolved into the vertical component v sin eand the horizontal component v cos 8. The

vertical component causes fluidization and the horizontal component in turn causes

swirl motion of the bed material. If the bed is sufficiently deep this horizontal

momentum of the jet deteriorates as the jet penetrates deep into the bed and finally it

ceases at a certain height above the distributor. But in a shallow bed the velocity of the

jet leaving the bed will have two components. In this case the bed will be swirling as a

single mass. The particles will be swirling so intensively that a high shear between the

particles and the gas is obtained. As a result all transport processes are enhanced.

Unlike in a conventional fluidized bed, which has only two regimes of operation, three

and sometimes even four regimes of operation is present in a swirling fluidized bed. For

deep beds, a two layer fluidization regime occurs with a lower swirling layer and a top

bubbling layer. A striking feature that distinguishes the swirling bed from a

4



conventional fluidized bed is that the bed pressure drop in the swirling mode increases

withair velocity.

Even though there is extensive commercial application of swirling fluidized bed, the

literature available on this topic is regular scanty. Experiments were conducted by

Vikram et a1. (2003) in swirling fluidized bed and observed that the velocity of the

swirling particles increased with radial distance. Paulose M.M (2005) conducted studies

in swirling fluidized bed using different distributors and concluded that the distributor

pressure drop was lowest for the vane type distributor. It was further noticed that the

distributor pressure drop decreases with increase in vane angle.

Swirling fluidized beds have several advantages over conventional fluidized beds. In

the swirling zone, no bubbles are formed and no gas bypassing occurs. The distributor

pressure drop is also less compared with conventional fluidized beds. An added

advantage is that the size of the reactor can be reduced. Due to improved retention of

particles and temperature more thorough processing is possible. Large particles

(Geldart D type) which are difficult to fluidize in a conventional bed can be effectively

fluidized in swirling fluidized beds. Hence swirling fluidized bed can be effectively

utilised for drying of agricultural produces as well as ayurvedic tablets. Since the

swirling flow leads to the generation of turbulence which promotes mixing between

particles and fluid, it is an effective method for incineration process.

However the swirling fluidized bed has certain limitations also. In a swirling fluidized

bed due to vortex formation followed by swirl motion only the outer annular space

could be utilised. This leads to reduction in useful area of the distributor. The

superficial velocity required for starting of swirl motion increases with the weight of
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the bed. At higher values of air velocity a portion of the air may get by-passed through

the inner region of the distributor.

Swirling fluidized bed employing conidour type distributor is a new concept which

facilitates an increase in useful area of the distributor. It was observed that in this case

the distributor pressure drop was comparatively lower for the distributor provided with

slits opening towards the outer periphery of distributor compared with that provided

with slits opening towards the inner periphery. Studies have been conducted on the

effect of particle size and particle density in the bed hydrodynamics of conventional

bed. But till date no such studies were conducted in swirling fluidized bed.

In the present work an experimental study was conducted to determine the effect of

angle of air injection and the particle density as well as particle size in the bed

hydrodynamics of swirling fluidized bed.

1.2 SCOPE OF THE THESIS

The contents of the various chapters included in the thesis are mentioned below

A general introduction of the thesis is presented in chapter 1. Chapter 2 contains a brief

review of the literature on swirling fluidized bed and the objectives of the present

investigation. The design details of the different distributors fabricated for the required

study is revealed in chapter 3. The details of the experimental set up and the related

procedure adopted for the current investigation is described in chapter 4. Chapter 5

contains the results of the various experiments conducted for the present study and the

discussions based on it. The major conclusions based on the investigations as well as

certain suggestions for further work constitute the contents of chapter 6.This are

followed by a list of references and appendices.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

A critical review of the available literature on the hydrodynamic characteristics of a

fluidized bed, which are relevant to the scope of the present study, is presented in this

chapter. The literature review is based on the various parameters like minimum

fluidizing velocity, distributor pressure drop, bed pressure drop etc. that influence the

behavior of the fluidized bed.

2.2 DISTRIBUTOR

The vital component in any fluidized bed is the distributor. The major function of the

distributor is to distribute the fluidizing gas across the base of the bed so that it is

maintained in the fluidized condition over the whole of its cross section. The stable

operation of any fluidized bed is attributed to the effective design of a distributor. The

various factors that influence the design of a distributor are:

pressure drop across the distributor,

pressure drop across the bed,

bed weight,

bed expansion ratio,

fluidizing velocity,



particle size,

particle size distribution,

geometry of the distributor and

fraction of the distributor area open for gas flow.

The performance of a distributor during operation determines the success of any

industrial application.

The desirable characteristics of a good distributor are

1. It should distribute the gas uniformly in the bed.

2. It should have low distributor pressure drop at the operating velocity.

3. It should not permit the drain of solids

4. It should be strong enough to withstand both thermal and mechanical

stresses.

S. It should have minimum particle attrition.

6. It should have the ability to prevent particle attrition.

It is practically impossible to achieve all the above mentioned qualities in a single

distributor because some of these qualities can be attained at the expense of other

qualities. Depending on the type of the process for which a particular distributor is

adopted the related characteristics can be achieved in it.
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2.3 DISTRIBUTOR PRESSURE DROP

The basic relationship between the quality of fluidization and the distributor is

governed by the various characteristics of the bubbles produced in the system during

the entrance of the gas into the bed through openings in the distributor. Initial size of

the bubble, bubble frequency, bubble rise velocity and bubble coalescence are some of

the parameters which control the quality of fluidization. Generally small orifice

openings in the distributor plate produce small bubbles which render better and uniform

fluidization. But such distributors are associated with large pressure drop.

The circulation of particles in the bed is dependent on the size of the bubbles formed.

This in turn is mainly influenced by the distributor. A sufficiently large gas velocity is

required to overcome the pressure fluctuations above the bed. This leads to an increase

in pressure drop across the distributor. Thus the pressure drop across the distributor

shall be sufficiently large to ensure stable operation. But above a depth of one metre,

the distributor has only little influence on the bed. The pressure drop across the

distributor is determined by the type of orifices, the free area and the gas flow rate.

A.E.Qureshi and D.E Creasy (1978) proposed the following equation for calculating the

pressure drop in the presence of a bed.

tJ,Pd = 1.04 (d/t) 1/4 Do 2 /2g (2.1)

S.C.Saxena et al. (1978) conducted experiments using porous plate distributor, two

bubble cap distributors of different geometries and four Johnson screen distributors in

30.5cm X 30.5cm square fluidized bed. They found that the distributor pressure drop

increased with fluidizing velocity, decreased with percentage open area of the
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distributor and is independent of the bed weight or height for a given distributor design.

But Chen-Song Chiyang and Cheng -Chung Huang (1991) conducted investigations

using a perforated plate distributor and found that the presence of the bed increased the

distributor pressure drop.

Yacono and Angelino (1978) conducted comparative studies on the influence of ball

distributor and porous plate distributor in bubble behavior. They observed that a very

homogenous fluidization could be achieved with ball type distributor. The distributor

pressure drop was very small and the permeability to dust transported by the gas stream

was high. But any unexpected fluidization of the balls will destroy the distributor.

The pressure drop ratio which is defined as the ratio of the pressure drop across the

distributor plate to the pressure drop across the bed is an important parameter that

affects the design of distributors. The quality of fluidization is often related to the value

of pressure drop ratio. The pressure drop ratio was found to increase rapidly with

increase in fluidization velocity. The value of this ratio at minimum fluidization was

found to be dependent on bed height and its degree depends on distributor design.

It is found that many beds operate successfully with values of R as low as 0.1 or less. It

is desirable to obtain a value for the critical pressure drop ratio, Re for stable operation

under different operating conditions. For deep beds or of high density materials,

Agarwal et al. (1962) recommended a minimum value of 0.10 for 'R'. But a minimum

distributor pressure drop of 350 mm of water is recommended for shallow beds.

Siegel (1976) developed a mathematical model to determine the value of Re and found

that for smaller particles, having Re < 10 gives a value of Re = 0.72. In a theoretical
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paper on stability, Medlin and Jackson (1975) showed that for a porous distributor, bed

diameter 'D' has a significant effect on the pressure drop ratio. They showed that small

beds (D < O.lm) could be stable for values of R as low as 0.01, but when R > 0.15,

stability was independent of diameter. Hiby (1967) suggested a minimum value of R =

0.3 for a porous plate, to have uniform fluidization. He also reported that the value of

Re increased moderately with particle size. It is quite evident from the literature that

different investigators propose different values of Re.

Otero and Munoz (1974) conducted studies on the fluidization quality, pressure drop

and solids flow back through the bubble cap type plate distributor. On the basis of these

studies they reported that the solids flow back is due to the bed pulsations and depends

on the particle size and the diameter and inclination of the holes in the cap.

Industries often employ multi-orifice type distributors. Experimental investigations on

multi orifice type distributors revealed that the number of operating orifices is

determined by the gas flow rate, bed height, type of bed material and the free area of

the distributor.

Sathyamoorthy and Rao (1984) suggested the following equation to determine the

superficial gas velocity at which all the orifices of a distributor in a uniformly fluidized

bedbecome operative.

UM = Umf {2.65 + 1.24 log w(Ut / Umf)}

The pressure ratio can be calculated from Umf and UM using the equation

i1Pd / i1Pb = C (Umf / UM _Umf )c
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The value of constant C = 2.

A more precise relationship for the above equation was obtained using experimental

correlation as

~Pd / ~Pb = 2.7 (Umf / UM _Umf ) 2 ..32 (2.4)

If 'N' is the total number of orifices present in a plate and n is the number of operating

orifices at any gas flow rate for a given system, the ratio n/N can be given by the

equation

In (1- n/N) = - K (U -Umcl Umr) (2.5)

The proportionality constant 'K' may be expressed as a function of the pressure drop

ratio. Experiments were done by Sathiyamoorthy and Rao (1977) using +type and Y

type distributors and revealed that for a particular bed material the value of 'K'

decreases with increase in bed height and also with increase in the number of orifices in

the distributor. It was also observed that at a certain gas velocity, orifices near to central

region of the distributor operate first, and with a subsequent increase in the gas flow

rate orifices towards the outer periphery of the distributor operate. This is due to the

reason that the resistance to the flow of gas increases as the distance of an orifice from

the centre of the distributor increases. When all the orifices become operative the flow

in each orifice is almost the same.

Whitehead et al. (1971) conducted studies on operation of multi-orifice plate

distributors. Detailed investigations were carried out to determine the minimum gas

velocity at which all the orifices become operative. Fakhimi et al. (1971) proposed a
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mathematical model to predict the number of active orifices at any given flow rate.

They found that the ratio (~Pd min / ~Pb) is a function of the orifice spacing, overall

bed height, mean particle diameter and incipient fluidizing velocity at which all the

orifices are operative. Kassim (1972) noted certain discrepancies between the

observations of Whitehead and the calculated values using Fakhimi's relationship,

whenworking with materials which had a low minimwn fluidizing velocity.

Experiments were conducted by Upadhyay (1981) using multijet tuyere distributors in

a square fluidized bed of size 0.305 m* 0.305 m. Distributors having different number

of slits and slit width were investigated and the distributor pressure drop was correlated

in terms of tuyere gas velocity. Based upon the experimental investigations they

developed the following relationship to predict the distributor pressure drop.

(2.6)

The constants C and n will depend upon the slit width.

Investigations were done by Wen et a1. (1978) on dead zone heights near the distributor

plate in two dimensional and three dimensional fluidized beds. The results from two

dimensional beds indicate that the dead zone height is dependent on gas velocity,

distributor type, orifice pitch, and orifice diameter and particle size. The results from

three dimensional beds confirm the importance of orifice pitch and indicate that the

behavior of the two dimensional bed cannot be readily extrapolated quantitatively to

threedimensional cases.

To eliminate severe agglomeration problems in a process for reactive modification of a

polymer in an industrial fluidized bed Brik et a1. (1990) designed a distributor with
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horizontal jets and inclined surfaces (HIIS). This distributor design produced sufficient

mixing of the gas and the particles to eliminate both the mass and heat transfer

problems. In this design of the distributor two factors prevented the solid polymer

particles to remain stagnant on the exposed surfaces of the gas distributor. First the

inclined surfaces or tents utilized gravity and the angle of repose of the particles to

prevent stagnation of polymers above those areas. Second there was no stagnation in

the other flat areas between those tents due to the sweeping action of the horizontal jets

before they dissipated and the gas entered the bulk of the bed to fluidize the particles.

They developed a design procedure and equations to determine the size and location of

the tents and their orifices to produce uniformly active jets that could prevent powder

stagnationand gas distributor blockages.

Hiby suggested that the pressure drop through the distributor should be at least 30% of

that through the bed to prevent uniform fluidization. Agarwal et al. (1962)

recommended a pressure drop across the distributor of 10% of the bed pressure drop

when the bed is deep or of high density material. For shallow beds of low density

material, it is recommended that the pressure drop through the distributor should not

fall below 3.45 kN/m2
•

Michael Wormsbecker and Todd Pugsley (2007) conducted experimental investigations

on the influence of distributor design on the hydrodynamic of a fluidized bed. Three

types of distributor designs viz. Dutch weave mesh distributor, Perforated plate

distributor and Punched plate distributor were investigated for bed weight varying from

1 kg to 3 kg at superficial velocities of 1.5 rn/s and 3 m/so The punched plate showed

improved performance over the other designs.
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2.4 BED PRESSURE DROP

The pressure drop across the bed is one of the most frequently measured variables in

the studies of the properties of fluidized beds. It is a measure of the quality of

fluidization. A rise in bed pressure drop with increase in gas flow over the fluidized bed

region indicates slugging whereas a decrease in pressure drop suggests channeling. The

pressure drop across the bed depends on the type and the quantity of bed materials and

generally it is considered equal to the weight of the bed material per unit cross sectional

areaof the bed.

Investigations were done by J.H de Groot et a1. (1967) and reported that for tall beds,

the actual pressure drop across the fluidized bed is lower than that calculated on the bed

weight per unit area basis while for shallow beds it is equal to the calculated value.

J.H Shing Yang et a1. (1987) developed a mathematical model for predicting the

pressure drop ratio in shallow fluidized beds ( ie. the ratio of bed pressure drop to static

bed pressure) and correlated by experiments. Static bed pressure drop represents the

total weight of the fluidized particles divided by the cross sectional area of the bed.

The relationship for pressure drop ratio is given by

PR (pressure- drop ratio) = Pb/{pp(l-€s)Hs} (2.7)

They further observed that the pressure drop ratio generally increases with increasing

particle size for large bed heights. But for shallow beds of fine particles, the pressure

drop ratio was independent of fluidization conditions such as superficial gas velocity.

Luca Mazzei and Paola Lettieri (2007) developed a mathematical equation to predict
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the drag force developed on spherical particles in uniformly fluidized systems. The

equation is based on the empirical correlation by Richardson and Zaki. In order to

validate the equation its predictions were compared with experimental data obtained of

spherical particles based on the work by Happe1 and Epstein (1954), Richardson and

Zaki (1954), Rumpf and Gupte (1971) and Wilhelm and Kwauk (1948). A good

agreement was found between theoretical results and experimental values.

Investigations on the variation of bed pressure drop with superficial velocity were

conducted by Botterill et al. (1982), Mathur et al. (1986), Nakamura et al. (1985) and

Saxena et al. (1990). The influence of different parameters such as type of distributor,

bed geometry, particle size and size distribution, bed temperature and bed pressure

was studied. They reported that the bed pressure drop is constant at a gas velocity

greater than the minimum fluidizing velocity.

Aspect ratio (R) is defined as the ratio of bed height, 'H' to the diameter ofthe bed 'D'.

The bed height of a fluidizing bed is usually taken at the minimum fluidizing velocity.

If the aspect ratio is more than unity, the bed is usually considered to be a tall or deep

bed. A shallow bed is the one that has aspect ratio equal to or less than unity.

D Sathiyamoorthy et al. (2003) conducted experiments using two types of multi-orifice

distributors and three bed materials having their particle size in the range 70-160 urn in

an air fluidized bed. Based upon the experimental investigations they concluded that

aspect ratio has a significant effect on the quality of fluidization. There is a critical

value of aspect ratio where the quality of fluidization is maximum. They further

observed that this critical aspect ratio is influenced by operating velocity and the type

of the distributor.
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Experimental study on the bed hydrodynamics of gas solid turbulent fluidized beds was

conducted by N. Ellias et al. (2004). The flow dynamics were investigated by means of

pressure transducers, optical probes and capacitance probes. The superficial gas

velocity-Uc, at which the turbulent flow regime occurs, was found to depend on the

aspect ratio. According to Bouratoua et al. (1993), the lower pressure drop after

minimum fluidizing velocity is due to the existence of an additional force along the

walls, contributing to support the fluidized solids. This force can be due to the wall

friction exerted on particles flowing down along the walls which compensates the

upflow of particles in the wake of bubbles. Upadhyay et al. (1981) noticed that there is

15-20%reduction in bed pressure drop than the static bed pressure. They found that this

difference is due to partially fluidized bed and pointed out that 15-20% of the bed was

not fluidized. According to Sutherland (1964) in a conventional fluidized bed, a rise in

pressure drop with increasing gas flow over the fluidizing region is an indication of

slugging, whereas a decrease in the pressure drop leads to channeling.

D.G.Kroger et al. (1979) developed mathematical equation for predicting the pressure

drop across the bed in rotating fluidized beds. They continued the validity of the

analytic models by conducting experiments over a wide range of operating conditions

usingdifferent bed materials. According to them

Due to the rotation of the bed a vortex formation occurred in the bed and ri & ro were

the inner radius and outer radius of the bed respectively at the same vertical distance.

They observed that fluidization commenced at the lower edge of the bed where ri has
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its smallest value and centrifugal forces are less than that at any other point. It was also

noticed that due to the decrease in ri, for an increase in bed mass, fluidization occurred

earlier in deep rotating bed than in a shallow rotating bed.

Gelperin et al. (1960) conducted investigations in a centrifugal fluidized bed and

proposed the following relation to determine the maximum pressure drop across the bed

which usually occurs at minimum fluidizing velocity.

~Pbmax = Woc00
2121tL (2.9)

Teruo Takahashi et al. (1983) conducted experiments in a bed rotating horizontally with

speeds ranging from 400 to 800 rpm. Glass beads, magnesia, clinker, silica sand and

polyethylene powder were used as the bed materials. They observed that the

experimental values of maximum bed pressure drop almost agree with those of

calculated values.

B. Sreenivasan et al. (2000) developed the following mathematical model to predict the

pressure drop across the bed in swirling fluidized bed.

~Pb = kMb/am + \jIc0
2 (2.10)

They confirmed the model prediction by conducting pressure drop studies in a swirling

fluidized bed using two different sizes of spherical particles.

Experiments were conducted by J.M.Valverde et al. (2006) to determine the effect of

bed inclination on fluidization and sedimentation behaviour. The experiment was

performed using 4.42 cm diameter polycarbonated cylinder. A controlled flow of

nitrogen was supplied from below. It was found that the inclination promotes
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fluidization heterogeneity. It was also observed that bubbling occurs at superficial

velocity lower than that in the case of vertical bed. Y.K. Mohanty et al. (2007) studied

theeffect of co-axial rod, disk and blade promoters on bed fluctuation and expansion in

a gas-solid fluidized bed with varying distributor open areas. Experimentation was

conducted with four different bed materials viz. dolomite, sand, refractory brick and

coal. It was found that mass velocity has a larger effect on fluctuation ratio than static

bed height, particle density and size. It was also observed that the fluctuation ratio

increases with increasing static bed height upto about twice minimum fluidizing

velocity and then reduces at somewhat higher velocities.

2.5 MINIMUM FLUIDIZING VELOCITY

Minimum fluidizing velocity (Umf) can be determined from the graph of bed pressure

drop versus superficial velocity. When the gas is made to flow through the bed of

particles, during the initial stages the bed pressure drop increases linearly with increase

in superficial velocity and reaches a maximum. This occurs in the packed bed region.

At this point the bed is said to be incipiently fluidized. Any further increase in

superficial velocity does not make any change in bed pressure drop. This occurs in the

fluidized bed region. Then the intersection of the sloping fixed bed and the horizontal

fluidized bed give the minimum fluidization velocity. Estimation of minimum

fluidization velocity is a necessary step in the design and operation of fluidized beds.

Kawabata et al. (1981) conducted experimental investigations to determine the

minimum fluidizing velocity in conventional fluidized beds. They observed that their

results were in good agreement with the predicted values obtained from empirical
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relations formulated by Wen and Yu (1966) for pressures upto 0.8 MPa at ambient

temperature. Masaaki Nakamura et al. (1985) conducted experimental investigations to

study the variation of minimum fluidizing velocity with temperature and pressure in

conventional bed. The experiments were conducted with uniformly sized glass beads

having diameters between 0.2 mm and 4 mm in beds ranging in diameter from 30 to 50

mm. Nitrogen was used as the fluidizing gas and minimum fluidizing velocity

measurements were made at temperatures upto 800° K and pressures upto 5 MPa. The

experimental results revealed that the minimum fluidization velocity decreased

gradually with pressure in the low pressure region but decreased more rapidly in the

high pressure region. It was also observed that the minimum fluidization velocity

decreased steadily with increasing temperature for 0.19 mm particles. But in the case of

particles with 2 mm diameter the minimum fluidizing velocity was found to be

independent of temperature change. When particles much larger than 2 mm diameter

were used it was observed that the minimum fluidizing velocity increased with

temperature.

J S M Botteril et al. (1982) conducted experimental investigations in hot fluidized bed

contained within a 188 mm diameter stainless steel cylinder. Operating temperature

varied from 250°C to 700°C. Sand, ash and alumina falling within the categories of

Geldart's Groups B and D were used as the bed materials. The minimum fluidizing

velocity was found to decrease with increase in the operating temperature for group B

materials. But in the case of Group D materials, the minimum fluidizing velocity

increased with increase in operating temperature. A transition between behavior

characteristics of Group B and D type materials was observed around a Reynolds
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numberof 12.5 and Archimedes number of 26000.

Wen and Yu (1966) correlated the following expression for predicting the minimum

fluidizing velocity in conventional fluidized beds.

(2.11)

J. Shu et al. (2000) conducted hydrodynamic studies in a toroidal fluidized bed reactor.

The reactor was provided with a distributor consisting of blades inclined at an angle e

of 25° to 30° to the horizontal held in an annular ring at the reactor bottom. Experiments

were conducted using both fine alumina having a mean diameter of 0.4 mm and coarse

alwnina having a mean diameter of 3 mm. It was observed that regarding the transition

from fixed bed to minimum fluidization, there was no significant difference between a

toroidal fluidized bed and a conventional fluidized bed. They further observed that the

minimumfluidizing velocity in a tore bed can be calculated as

Umf, Torebed == Umf/Sin e (2.12)

Binod Srenivasan et al. (2000) conducted hydrodynamic studies in swirling fluidized

bed. Experiments were conducted with spherical PVC particles of sizes 3.5 mm and

2.5 mm. It was observed that the correlation for minimum fluidizing velocity

recommended by Chitester et al. for coarse particles in a conventional bed given below

compare well with the minimum bubbling

Rep.mf= [28.72 + 0.0494 Ar]o.s. 28.7 (2.13)

velocity values in swirling fluidized bed. R Moreno et al. (2002) conducted

experimental study on saw dust particle drying in vibro ~ fluidized bed. It was noted
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that the minimum fluidization velocity was reduced upto three times compared to those

in a non vibrated bed. M. H.Shi et al. (2000) conducted an experimental study on the

heat and mass transfer characteristics of wet materials in a drying process in a

centrifugal fluidized bed dryer. The rotating speed ranged from 300 to 500 rpm. Wet

sand, glass beads and sliced food products were used as the testing materials. It was

observed that minimum fluidizing can be achieved at any gas flow rate by changing the

rotating speed of the bed. It was also observed that by using a strong centrifugal field

much greater than gravity, the bed was able to withstand a large gas flow rate without

the formation of large bubbles.

Sobrin C et al. (2007) performed experiments to study the influence of rotational speed

of the distributor plate on the hydrodynamic behaviour of the fluidized bed. A

perforated plate with 2 mm diameter holes was adopted as the rotating distributor. The

distributor plate was rotated at different speeds upto 100 rpm. It was observed that the

minimum fluidizing velocity decreased with increase in rotational speed.

2.6 CENTRIFUGAL FLUIDIZED BED

A centrifugal fluidized bed is a relatively new concept that is introduced for special

purposes like coal combustion, zinc roasting etc. where large amount of aeration is

required. A centrifugal fluidized bed is a cylindrical bucket rotating about its axis of

symmetry. The particles are fluidized by introducing aeration in the inward direction of

the radius. The body force in a centrifugal bed is determined by the rotation speed and

bucket radius. By using a strong centrifugal field considerably greater than gravity, the

particle bed is able to withstand a large amount of aeration without considerable
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formation of large bubbles. Thus the gas - solid contact at a high aeration rate is

improved.

In conventional fluidized bed, introduction of large amount of aeration leads to the

formation large bubbles or slugging and particle elutriation. In such cases, gas solid

contact becomes rather poor. Hence in processes where high superficial velocity is

required, conventional fluidized bed is insufficient and led to the concept of centrifugal

fluidized bed.

Farkas et al. (1969) proposed that the pressure drop across a centrifugal fluidized bed

could be predicted by the overall balance of the centrifugal force and the drag force of

the fluid. Brown et al. (1972) and Hanni et al. (1970) suggested a modified design for

centrifugal fluidized bed to reduce the pressure drop by using a cross flow

configuration. Various investigations were conducted by different scientists on the

variation of pressure drop with superficial velocity in centrifugal fluidized beds. The

investigations done by Howard et al. (1977) revealed that the pressure drop increased

linearly with superficial velocity in the initial stages and then it declined to a plateau as

the superficial velocity increased. But according to the investigations of Fan et al.

(1985) the pressure drop across the bed increases linearly with superficial velocity,

reaches a maximum and then decreases. The point of maximum pressure drop

corresponds to minimum fluidizing velocity.

Different models to predict the incipient fluidization condition of centrifugal fluidized

beds have been proposed. Levy et al. (1978) and Kroger et al. (1979) proposed an

approach based on the local force balance at the distributor. But this theory is
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applicable only to shallow beds.

Ye - Mon Chen (1987) conducted investigations to explore the fluidizing phenomenon

in a centrifugal fluidized bed. It was predicted that the centrifugal bed is fluidized layer

by layer from the inner surface to the outwards in a range of aeration rates. The span of

this range increases with the depth of the particle bed. Teruo Takahashi et al. (1984)

conducted experiments in a centrifugal fluidized bed which was rotated at speeds

ranging from 400 to 800 rpm. Experiments were conducted using glass beads, magnesia

clinker, and silica sand and polyethy1ene powder. It was observed that the pressure drop

in the centrifugal fluidized bed attains a maximum value at a certain fluidizing velocity

viz. minimum fluidizing velocity. A further increase in gas velocity beyond minimum

fluidization velocity resulted in a slight decrease in pressure drop.

Experimental Investigations were conducted by W.Y Wong et al. (1999) to optimize

the fluidization performance of the rotating fluidized bed. A small scale vertical axis

rotating fluidized bed was designed and fabricated with an internal diameter of 200 mm

and 50 mm height. The operating parameters viz. particle size, rotation speed and bed

height were optimized. A study on the flow field revealed the existence of two regimes

ie. the free vortex outer region and the forced vortex flow near the axis. This leads to

the generation of turbulence, which promotes mixing between particles and fluid.

M.H.Shi et al. (2000) conducted experiments in a cylindrical basket provided with 3

mm diameter holes on the side surface. The basket was 200 mm in diameter and 80 mm

in width. A variable speed motor was used to rotate this basket by means of a shaft

connected to the other end wall of the basket. Air was blown from a blower. Wet sand,
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glass beads and sliced food products were used as the bed materials. Experiments were

conducted at different rotating speeds. Observations were made on the variation of bed

pressure drop with superficial velocity. With sand it was found that the pressure drop

increased linearly with superficial velocity in the initial stages. After reaching the

critical point the pressure drop will be almost a constant. But in the case of glass and

sliced food it was observed that after reaching the critical point the pressure drop

decreased with superficial velocity.

2.7 SWIRLING FLUIDIZING BED

The swirling fluidized bed is similar to a Tore bed reactor. It consists of an annular bed

and the gas is injected through the distributor blades in an inclined manner .. This results

in a swirling motion of solid particles in a confined circular path. When a jet of gas

enters the bed at angle e to the horizontal, the vertical component of the velocity, v sin

ecauses fluidization and the tangential component v cos e in turn causes swirl motion

of the bed material. If the bed is sufficiently deep the horizontal momentum of the jet

deteriorates with the penetration of the jet into the bed and finally it ceases at a certain

height above the distributor. But in a shallow bed the velocity of the jet leaving the bed

will still have two components. In this case the bed will be swirling as a single mass.

There are a number of commercial applications based upon swirling fluidized bed. But

a very few literature is available on this subject.

Ouyang and Levenspiel (1986) designed a spiral distributor to achieve swirl motion.

This distributor was made of overlapping vanes, shaped as sectors of a circle provided

with a gap between the vanes. The gap between the adjacent vanes was maximum at the
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outer periphery and zero at the centre of the distributor. The vanes were arranged in a

manner so as to provide tangential exit of air from the gap of the vanes. It was observed

that the inclined jet emerging from the opening impart a swirling motion in a shallow

bed. But in a deep bed the swirling motion is restricted to the lower portion of the bed

and above that bubbling occurs. They also made a comparative study on the

characteristics of this distributor, such as pressure drop, quality of fluidization and heat

transfer coefficient with that of a sintered plate distributor. It was observed that for low

density solids, the sintered plate gives better fluidization at low superficial velocity. On

the other hand at high superficial velocities the performance is better in a spiral

distributor. But for high density solids better fluidization can be achieved with spiral

distributor at all gas velocities. It was also noticed that the pressure drop across the

spiraldistributor was lower than for the sintered plate distributor.

Binod and Raghavan (2000) conducted experiments in a swirling bed having vanes

inclined at an angle of 12° to the horizontal. The gap between the blades varied in

proportion to the radius creating a trapezoidal opening for air flow. A hollow metal

cone was located centrally at the base of the bed. Experiments were performed with

spherical PVC particles having sizes 3.5 mm and 2.5 mm. It was observed that the

pressure drop in the swirling regime is not constant but increased with gas flow rate.

Unlike in a conventional bed four regimes of operation could be observed in a swirling

fluidized bed viz. bubbling, wave motion with dume formation, two - layer fluidization

and stable swirling. It was also observed that as the angle of injection 'e' increased the

pressure drop in the fluidized regime decreased.

G Vikram et al. (2003) conducted hydrodynamic studies in a swirling fluidized bed. It
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was observed that the velocity of the swirling particles increased with radial distance. It

was also observed that there was a sharp decay of both gas and particle velocity with

height. Investigations were conducted by Paulose and Narayanan Nampoothiri (2004)

to compare the performance of different types of distributors in swirling fluidized bed.

Experiments were performed using three types of distributors viz. single- row vane type

distributor, three- row vane type distributor and inclined hole type distributor. It was

found that the percentage useful area was highest for the inclined hole type distributor.

But the distributor pressure drop was lowest for the single-row vane type distributor.

Paulose and Narayanan Nampoothiri (2005) conducted further hydrodynamic studies in

swirling fluidized bed. Single-row vane type distributors having vane angles 150 and

200 were adopted. Experimentation was conducted using coffee beans (Geldart D-type)

having an average diameter of 8.82 mm and relative density of 0.75. It was found that

the minimum fluidizing velocity is constant irrespective of the vane angle. The

experimental studies further revealed that the distributor pressure drop decreases with

increase in vane angle.

T. Madhiyanon et a1. (2007) developed a new cold model combustor named cyclonic

fluidized bed combustor which has the advantage features of both swirl flow and

fluidized bed flow. Primary air or vortexing air was injected into the top of the

combustor while secondary air or fluidized air was projected upward through a

perforated air distributor. They noticed the formation of vortex rings in the bed which

promoted fluidization by enhancing the upward axial flow velocity without increasing

the fluidizing air velocity. Parametric analysis of an analytical model of a swirling

fluidized bed was conducted by M. Kamil et a1. (2007). The influence of blade angle,
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gas density and particle density on the hydrodynamic characteristics' of swirling

fluidized bed was investigated. The results of the study revealed that the particle

density and gas density are the most influential parameters followed by blade angle and

superficial gas velocity.

The review of the literature presents an overall picture of the different types of

distributors developed for different processes. An optimum design of the distributor is

the one which ensures uniform distribution of air combined with rather low distributor

pressure drop. The pressure drop ratio is often considered as an important criterion in

the design of a distributor. This ratio is dependent upon the dimensions of the

distributor. For stable fluidization in deep fluidized bed, the minimum value of pressure

drop ratio ranges from 0.02 to 0.05. But Agarwal et al. recommended a minimum

distributor pressure drop of 350 mm of water for shallow conventional beds.

In the case of conventional fluidized bed, almost all researchers agree that the bed

pressure drop becomes constant at gas velocity greater than minimum fluidizing

velocity and variation in the pressure drop after fluidization is an indication of

undesirable characteristics such as slugging or channeling. But there is a difference of

opinion in the case of centrifugal fluidized bed. While Howard et al. (1977) reported a

constant bed pressure drop, Fan et al. (1985) reported a decrease in bed pressure drop

afterminimum fluidization. In the case of it was reported that there is an increase in the

bedpressure drop with superficial velocity in the swirl regime.

On the basis of experimental investigations conducted on multi-orifice type distributors

it was observed that the number of operating orifices is determined by the gas flow rate,
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bed height, type of bed material and the free area of the distributor. Fakhimi et al.

(1971) proposed a mathematical model to predict the number of active orifices at any

given flow rate. Whitehead (1971) conducted experimental investigations on this matter

and noticed certain discrepancies. Investigations conducted with porous plate

distributors revealed that the quality of fluidization is controlled by various

characteristics of the bubbles produced. D. Sathyamoorthy et al. (2003) conducted

experimental investigations and concluded that aspect ratio has a significant effect on

thequality of fluidization.

Various investigations were conducted by different scientists to study the variation of

minimum fluidization velocity with temperature. It was observed that the minimum

fluidizing velocity decreased steadily with increasing temperature for 0.19 mm

particles. But in the case of particles with 2 mm diameter the minimum fluidizing

velocity was found to be independent of temperature. With particles much larger than 2

mm in diameter it was observed that the minimum fluidizing velocity increased with

temperature.

Only a very few literature is available on swirling fluidized bed. Experiments were

conducted by Ouyang and Levenspiel (1986) on swirling fluidized bed and noticed that

the pressure drop decreased with increase in angle of injection. G. Vikram et al. (2003)

noticed that the velocity of swirling particles increased with radial distance. By

conducting experiments in swirling fluidized bed Paulose and Narayanan Nampoothiri

noticed that similar to conventional fluidized bed, minimum fluidizing velocity in

swirling fluidized bed is constant (2005). Analytical studies conducted by M. Kamil et

al. (2007) revealed that particle density and gas density are the most influential
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parameters in a swirling fluidized bed. Till date no experimental investigations has been

conducted on the effect of angle of air injection and particles on the hydrodynamic

characteristics of swirling fluidized bed.

2.8 OBJECTIVES OF THE PRESENT STUDY

Based upon the brief review of the available literature, the following objectives have

been proposed for the present study.

To study the basic the basic hydrodynamic characteristics of swirling fluidized bed

using large size particles and by varying the following major variables

1. Density of the particles

2. Size of the particles

3. Angle of air injection
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CHAPTER 3

DESIGN AND FABRlCATlON OF DISTRIBUTOR

3.1 INTRODUCTION

Distributor is the vital part in any fluidized bed. As the name indicates it distributes the

air uniformly to the bed. An effective distributor design is one in which distributes the

gas uniformly without excessive resistance to the gas flow. In a conventional fluidized

bed air is admitted vertically upwards to the bed, whereas in a swirling fluidized bed,

air enters the bed at an angle. This is achieved by providing slits inclined at an angle

with the radius of the distri butor. In conventional fluidized beds a distributor pressure

drop as high as 350 mm of water is required for good fluidization. However in a

swirling fluidized bed, effective fluidization can be achieved with a comparatively

lower distributor pressure drop. This chapter deals with the design and fabrication of

distributors.

3.2 DESIGN

Figure 3.1 Details of a distributor



The distributor has an outer diameter of 300 mm. A 40 mm diameter wooden cone was

provided at the centre of the distributor. The slits were arranged in four rows along four

concentric circles. A ridge having a width of 11 mm was provided in between each row,

which facilitated the pressure tappings to be conveniently located there. The length of

the slit can be determined from the following relation

length of the slit 'I'

where rd - radius of the distributor

= [rd - rc - (3xbr)]I nr

= 150 mm

(3.1)

re - radius of the cone at the centre == 20 mm

br - width of the ridge

nr - number of rows

Thus length of the slit '1'

= 11 mm

= 4

= [150 - 20 - (3xl1)]/ 4 == 24 mm

The inner radius of each row of slits can be determined from the relation

The inner radius of the row 'ri' = re + (ns - 1) x [1 + br]

=20 + (ns - 1) x [24 + 11]

where ns - position of the row starting from the centre

The inner radius of each row is given in table 3.2.1

Table 3.2.1 Inner radius of each row of slits

Inner radius of the row
SI Position of the 'ri' =

No. row'ns' 20+(ns- l)x [24 + 11]
(mm)

1 1 20

2 2 55

3 3 90

4 4 125
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Figure 3.2 Geometry of slits in distributor

The number of slits in each row can be found out from the following relation

Cos 0 = 1- (c2/2 ri2
) = (2 ri2

- c2
)/ 2 ri2

= Cos'\ [(2 ri2
- c2

) / 2 ri2
]

where chord length 'c' =12mm

Number of slits in each row = 360/8

The number of slits in each row is given in table 3.2.2

Table 3.2.2 Number of slits in each row

(3.3)

SI. Position Inner Angle '8'= Number

No radius Cos" [(2 ri2
- c2

) / 2 of slits
of the row 'ri' ri2

] = 360°/
(mm) (8)

I 1 20 36 10

2 2 55 12.5 29

3 3 90 7.7 46

4 4 125 5.8 62
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Table 3.2.3 Design details of the distributor

SI. Particulars
No.

1 Minimum gap between slits (mm) 12

2 Length of the slit (mm) 24

3 Width of the slit (mm) 1.8

4 Area of opening of each slit 43.2

5 Total number of slits 147

6 Total area of opening (mm'') 6350.4

7 Percentage area of opening 9.15

8 Percentage useful area of distributor 99.5

Percentage area of opening (6350.4 x 100)ln(rd2
- rc2

)

= (6350.4 x 100)ln x 88400

Percentage useful area of distributor = [(rd2
- rc2

) x 100]1 rd2

3.3 FABRICATION

= 9.15

= 99.5

The slits of the distributor were sheared by pressworking. A 6 mm hole was drilled at

the centre of each distributor through which a bolt of the same size can be inserted. The

mating nut was suitably located inside the centre of the wooden cone. Thus the cone

could be conveniently attached to any distributor. Suitable holes were also drilled

outside the periphery of outermost row of slits for securing the distributor to the plenum
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Figure 3.3 Pbotograpb of. typical distributor

chamber by means of nuts and bolts. The die used for the fabrication of the distributor

is shown in figure 3.4

The bed materials were fabricated by injection moulding. The set of dies employed for

the production ofdifferent size bedmaterials is given in figure 3.5.
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Figure 3.4 Photograph of the die Ulodfor the fahricadon of the dlotrihutor

Figure 3.5 Photograph the set of dies employed for the producdon of dlffereut hod
materials
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3.4 CONCLUSION

Altogether four conidour type distributors having angle of air injection ($) 0°, 5°, 10°&

15° were designed and fabricated. The percentage area of opening and the percentage

useful area of all these distributors are 9.15 and 99.5 respectively. The design details of

the distributor and the method of fabrication of the distributor and the bed materials

have been explained.
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CHAPTER 4

EXPERIMENTATION

4.1 INTRODUCTION

The details of the experimental set up and procedure to determine the various

parameters is presented in this chapter. The procedure adopted for determination of

various physical properties of bed particles such as bed density, particle density and

voidage is described here. A detailed description of the procedure adopted to determine

the various characteristics viz. distributor pressure drop, bed pressure drop, bed height

andminimum fluidizing velocity is also presented in this chapter.

4.2 EXPERIMENTAL SET UP

A schematic diagram describing the main parts of the experimental set up is given in

figure 4.2.1 and the photograph of the complete view of the set up is presented in figure

4.2.2

The air required for fluidization was supplied by a single stage centrifugal type 7.5 HP

blower. The slightly compressed air was allowed to pass through a spiral case, before it

came out by the outlet. The air was supplied from the blower to the plenum chamber

through a 125 mm diameter G.I pipe. The rate of flow of air was controlled. by means of

the gate valve. The flow rate was measured with the help of a calibrated venturimeter

whose calibration equation is given by

Va= O.021-.JHa (4.1)

A differential U tube water column manometer connected to the venturimeter enabled

to measure the head causing flow in metres of water (Hw) from which head of air was

calculated from the equation.



Ha = Hw*pw/pa (4.2)

The venturimeter was fixed at a distance of 1000 mm away from the outlet of the

blower and the gate valve was located at 1000 mm downstream with respect to the

venturimeter. This arrangement ensured uniform flow in the venturimeter. In order to

avoid parallax error the readings on the manometer were measured by a pointer

attached to a rack and pinion arrangement. The air was made to enter the plenum

chamber in a tangential direction so as to have a clockwise air circulation within this

chamber. This was to reduce the pressure loss at entry to the distributor since the

inclined vane type distributors were also designed to have a clockwise entry of air into

the bed.

5

1. Blower 2. Differential Manometer 3. Venturimeter 4. Valve
5. Plenum Chamber 6. Distributer 7. Solid Cone 8. Bed Column
9. Micromanometer

Figure 4.2.1 Schematic diagram of the experimental set- up
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Figure 4.2.2 Pbotograpb of Ibe nperlmeDlal set- up

The plenum chamber was fabricated with mild steel and it has an internal diameter of

300 mm aod height of 600 mm. It was provided wilb a flange on the top for attaching

the bed column. The bed column was also cylindrical and has an internal diameter of

300 mm and a height of 600 mm. This was made from perspex to facilitate visual

observations while conducting experiments. It was also provided with a 10 mm thick

flange that enabled it to be joined to the plenum chamber by means of nuts and bolts.

The distributor was held in position by means of a distributor holder. This was made

from 12mm thick perspex square plate of 4SOmm.The same was provided with a

300mm diameter central opening and inner annular groove of lOmm depth and ISmm

widlb. The assembly was made airtight by providing rubber packing at top and bottom.

The temperature of air flowing through the pipe was measured by calibrated

temperature sensorof type K thermocouple (Alumel-Cbromelj provided inside the pipe

justbeforethe venturimeter. This temperature was measured to an accwacy orO.l° with

a digital temperature indicator.
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For measuring the distributor pressure drop three 0.8mm diameter pressure tappings,

equally spaced around the circumference of the plenum chamber were provided just

below the distributor. These tapings were connected to a piezometric ring which was in

turn connected to the positive terminal of the digital micrometer (FeD 520 air pro) and

the negative terminal was left open to the atmosphere. The digital micrometer has a

least count of O.Olmm of water and is capable of measuring a maximum pressure of

60mmofwater.

The pressure drop across the bed was measured along the radial direction at intervals of

30 mm. These measurements were made at distances of 60 mm, 90 mm, 120 mm and

150 mm from the centre of the distributor. Similar to distributor pressure drop

measurement, at each of these radial distance three points equally spaced around the

circumference of the distributor were located. These locations were then provided with

0.8mm diameter pressure tappings flush with the top surface of the distributor. The

pressure tappings at the same radial distance were connected through a piezometric ring

to the positive terminal of the digital micromanometer and the negative terminal was

leftopen to the atmosphere.

4.3 EXPERIMENTAL PROCEDURE

4.3.1 Determination of physical properties of bed particles.

The bed material is specified by determining the following physical properties of the

bedmaterial.

-mean particle size

-particle density

-bed density
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-bed voidage

4.3.1.1 Mean particle size

Since the bed materials were made by injection moulding with the help of suitable dies

having required openings their size need not be experimentally determined.

4.3.1.2 Particle density

The particle densities of the materials were determined with the help of a standard

pycnometer. Distilled water was employed as the liquid in the pycnometer for

determining the densities of acetal and nylon, whereas the density of HDPE was

determined using turpentine. The weight was measured using a digital weghing

machine having a least count of 0.1 gm. The details of the observations made for

determination of particle density in the case of acetal & nylon is presented in tables

4.3.1, while that of H D P E is presented in table 4.3.2. The relative density ofHDPE

with respect to water was then obtained by multiplying the relative density of HDPE

with respect to the turpentine by the relative density of turpentine which is 0.84.
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Table 4.3.2 Calculation of particle density of H D P E

Particle size (mm)
SI. No. Description

3.2 .5.5 7.4

1 Weight of pycnometer, p (gm) 464.9 464.2 464.5

2 Weight of pycnometer + particle, q (gm) 640.3 640.9 640.6

Weight of pycnometer + particle +
3 1171.2 1171.7 1169.0

turpentine, r (gm)

4 Weight of pycnometer + turpentine, s (gm) 1154.1 1153.0 1153.5

Particle density relative to turpentine
5 1.107 1.119 1.095

(r.d = 0.84), t ( q- p)/[(s - p) - (r - q)]

6 Relative density of particle, t*0.84 0.93 0.94 0.92

7 Average particle density 0.93

4.3.1.3 Bed density

The bed densities of the materials were determined using a calibrated container having

a capacity of three litres. The materials filling the container was weighed to an accuracy

of 0.1 gm.The details of the observations made for calibration of bed density is given in

table 4.3.4

4.3.1.4 Bed voidage

After determining the particle density and bed density of the materials, the bed

voidagetf') can be calculated from the relation.

€ = 1- pb/p,
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Table 4.3.3 Calculation of bed density and voidage

Bed density (gmllitre)

Particle SI. No For particle size (mm)

3.2 5.5 7.4

1 890 875 872

2 885 880 877

3 883 879 873
Acetal

Mean 886 878 874

Bed density (pb) 0.886 0.878 0.874

Particle density (pp) 1.47 1.47 1.47

Voidage (C) 0.397 0.403 0.410

1 636 631 619

2 632 627 624

3 637 629 620

Mean 635 629 621
Nylon

Bed density (pb) 0.635 0.629 0.621

Particle density (pp) 1.05 1.05 1.05

Voidage (C) 0.395 0.401 0.409

1 561 558 . 550

2 568 561 547

3 566 558 556
HDPE

Mean 565 559 551

Bed density (pb) 0.565 0.559 0.551

Particle density (pp) 0.93 0.93 0.93

Voidage (€) 0.393 0.399 0.408

Mean voidage (€) 0.395 0.401 0.409
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4.3.1.5 Particle specification

The various physical properties of acetal, nylon and HDPE can be noticed from tables

4.3.4

4.3.2 Determination of distributor pressure drop

Determination of distributor pressure drop is an important factor that influences the

quality of fluidization. The energy consumption in any fluidization process is very

much dependent on distributor pressure drop. The distributor pressure drop varies

directly with the superficial velocity [Saxena, 1979]. Distributor pressure drop can be

determined by observing the pressure difference across the distributor in an empty bed.

The distributor was screwed properly between the plenum chamber and bed column by

bolting them together. The joint was made leak proof with the aid of suitable packing

materials. Horizontality of the distributor was ensured with the help of a spirit level.

Pressure tapping from the bottom of the distributor was connected through a

piezometeric ring to the positive terminal of the digital micro manometer and the

negative terminal was left open to the atmosphere. The air flow rate through the pipe

was varied at regular intervals by regulating the gate valve. This was made possible by

regular variations in the differential Ll-tube water manometer connected to the

venturimeter provided in the pipe. For each value of the venturimeter reading

(venturimeter pressure drop, ~Pv) the distributor pressure drop (~ Pd) and temperature

of air (T) were observed. The measurements were made only after the readings were

stabilized.
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Thevolume flow rate of air (Q) was calculated by the equation

Q = 0.021 ~Pv X pw (273 +T) / pa X 273 (4.4)

The superficial velocity was then calculated from the volume flow rate by the equation

U=4XQ/(D2-D2c) (4.5)

Theexperiment was repeated for all the distributors.

4.3.3 Determination of bed pressure drop

The quality of fluidization was also assessed by the variation of bed pressure drop with

superficial velocity. The bed pressure drop was determined by observing the pressure

difference across the bed. The pressure difference across the bed was determined along

the radial direction at distances of 60 mm, 90 mm, 120 mm, and 150 mm from the

centre of the distributor.

The required distributor for the particular experiment was fixed in position as explained

in section 4.2. At each of these radial distances the three pressure tappings from the top

of the distributor was connected through a piezometric ring to the positive terminal of

the digital micro manometer and the negative terminal was left open to the atmosphere.

For each value of superficial velocity ten micro manometer readings were taken at

regular intervals of ten seconds. The average of these ten readings was considered as

the bed pressure drop (~Pb) for the present study. It was observed that beyond a weight

of 2.5 kg of the bed material two layer formation occurs in the bed. Hence the

experiments were conducted using 2.5 kg of bed material. The volume flow rate of air

was varied by regulating the gate valve. These variations were made at regular intervals

by making a difference of 2 mm between successive readings on one limb of the U-
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tube differential water manometer connected to the venturimeter. For each value of the

venturimeter reading the following observations were made, after the readings became

steady

-venturimeter pressure drop (~Pv)

-bed pressure drop (~Pb)

-temperature of air (T)

Volume flow rate of air and superficial velocity was calculated using equations (4.4)

and (4.5). The experiment was repeated with all the distributors using different bed

materials.

4.3.4 Determination of bed height

The bed height was measured by three symmetrical scales fixed on the outer periphery

of the bed column. The least count of these scales was 1.0 mm and the average of these

three readings on the scale, rounded to 1.0 mm accuracy was regarded as the bed

height. At higher values of superficial velocity there was considerable oscillation for

the top surface of the bed. Therefore a measurement of bed height at the higher values

of superficial velocity was not accurate.

4.3.5 Determination of minimum fluidizing velocity

Minimum fluidizing velocity has a vital role in the design of fluidized bed. It depends

on the physical properties of the particles.

The bed pressure drop was measured with a calibrated digital micro manometer. The

details of the same are given in appendix VI. The positive terminal of the manometer

was connected through a piezometric ring to three equidistant pressure tappings
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provided at the top of the distributor; at equal spacings around the circumference of the

distributor. The negative terminal was left open to the atmosphere. There was

considerable fluctuation in the bed pressure drop readings. For each value of the gate

valve opening ten readings were taken at equal intervals of ten seconds and the average

was considered as the bed pressure drop. The time interval was set correctly with the

help of a buzzer. 2.5 kg of bed material was placed in the bed column. The gate valve

was initially opened to such an extent that the bed fluidized vigorously and the

following observations were made.

-venturimeter reading (venturimeter pressure drop ~Pv)

-bed pressure drop (micro manometer readings)

-temperature of air

These observations were made only after the readings were stabilized. The experiment

was repeated for lower air flow rates by controlling the gate valve opening.

4.4 CONCLUSIONS

A description of the experimental set up and equipments is given above. The procedure

adopted to determine the various physical properties of the bed particles and the various

bed parameters is also described.
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CHAPTERS

RESULTS AND DISCUSSION

5.1 INTRODUCTION

This chapter deals with the results obtained and the discussions thereon based on the

experiments conducted using conidour type distributors having slits opening towards

theouter periphery of the distributor inclined with the radius ($) as mentioned below

1) at an angle <p = 0°

2) at an angle 4> = 5°

3) at an angle 4> = 10°

4) at an angle 4> = 15°

Particles of specifications as mentioned in section 4.3.1.5 were employed as the bed

materials.

The various hydrodynamic studies conducted are listed below.

1) Variation of distributor pressure drop (~Pd) with superficial velocity.

2) Minimum fluidizing velocity.

3) Variation of bed pressure drop (~Pb) with superficial velocity at different

radial positions of the above mentioned distributors using the various bed

materials of different sizes.

4) Variation of bed pressure drop (~Pb) with superficial velocity at different

radial positions for different particle size with distributor having 4> = 15°,

using different bed materials.



5) Variation of bed pressure drop (b-Pb) with superficial velocity at different

radial positions for different density materials with distributor having

cP = 15°using bed materials of different size.

6) Variation of bed pressure drop (b-Pb) with superficial velocity at different

radial positions for different angles of air injection using acetal of different

size as the bed material.

Based on the results of the experiments conducted and discussions, certain conclusions

werearrived at and it is also presented in this chapter.

5.2 DISTRIBUTOR PRESSURE DROP (APd)

Distributor pressure drop plays a predominant role on the energy consumption and

quality of fluidization. Energy consumption increases with distributor pressure drop.

But a minimum value of distributor pressure drop is required for uniform fluidization. It

has been reported that [Agarwal, 1962] that this value is 350 mm of water in a shallow

conventional bed. But in a swirling fluidized bed, uniform fluidization can be achieved

even with a comparatively low distributor pressure drop [Binod & Raghavan, 2002]. It

has been further reported that [Paulose M.M, 2006] distributor pressure drop decreases

with increase in percentage area of opening of the distributor.

The pressure drop across the distributor was measured for all the four distributors using

micromanometer. Figure 5.2.1 shows the variation of distributor pressure drop with

superficial velocity for different angles of air injection. It is quite evident from the

figure that the distributor pressure drop decreases with increase in angle of air injection

(I}». The velocity of the jet (v) emerging from the vanes of the distributor can be

resolved into tangential component VI and radial component v; The radial component of
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velocity is given by v sin c1J. With increase in angle of air injection (4J) the radial

component of velocity will increase. When the jet of air emerging from the vanes

strikes the walls of the bed column this radial component of velocity will vanish. This

in turn leads to the build up of pressure head above the distributor. This pressure head

which is proponional to the radial component of velocity increases with increase in

angle of air injection. Since the area of opening is the same for all these distributors the

pressure head below the distributors remain the same irrespective of the angle of air

injection . Hence the distributor pressure drop which is the difference between the

pressures below and above the distributor decreases with increase in angle of air

injection (cj» .
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5.3 MINIMUM FLUIDISING VELOCITY

The swirl motion of the particles can be achieved only by allowing the movement of the

particles. So the bed has to fluidize first and the particles have to unlock themselves to

overcome the interparticle friction. The minimum fluidizing velocity can be defined as

the minimum superficial velocity at which the pressure drop of the bed is equal to the

bed weight per unit cross section. Many empirical relations have been derived to

predict the minimum fluidizing velocity in a conventional bed [Wen & Vu, 1966],

[Kawabata et al., 1981] & [Masaki Nakamura et al., 1985], but no such relation is

available in a swirling bed. The minimum fluidizing velocity was determined

experimentally for all the four distributors. Spherical particles of acetal, nylon & HOPE

each of different size all coming under "0 - type" as per Geldarts classification

[Howard, 1985] were adopted for this study.

The minimum fluidizing velocity can be determined from a plot showing the variation

of bed pressure drop with superficial velocity and the methods ofdetermination of these

values are described in section 4.3.5. The minimum fluidizing velocity is the superficial

velocity corresponding to the intersection of two straight lines drawn appropriately on

the above plot. A horizontal line is drawn connecting constant bed pressure drop values

after fluidization. Another straight line is drawn by connecting the last few points

before fluidization (in the packed region). Since the shape of the curve in the packed

region is not a straight line only the last few points are considered to draw the second

line. It has been reported that for "0 - type" particles, the graph in the packed region

will be non - linear as the flow of the gas in the interstices is more laminar [Howard,

1985] and the same behavior was observed in the present study also.
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A typical graph depicting minimum fluidizing velocity with distributor having angle of

air injection t1l = 0° using 3.2 mm H D PEas bed material is presented in figure

5.3. l .The graphs showing the detennination of minimum fluidizing velocity for various

distributors using various bed materials of different is given figures from 5.3.2 to 5.3.24

(Appendix - I). The minimum fluidizing velocity employing four distributors using

acetal of different sizes is compared in table 5.3.1, while table 5.3.2 gives a comparison

of the minimum fluidizing velocity for various bed materials of different sizes

employing distributors having angle <It = 0° and angle <It = ISO
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TableS.3.t Minimum fluidizing velocity (m/s) of acetal particles of varying particle
size using distributors of different angles of air injection (t)

Vane Angle Particle size (mm)

(t) degree 3.2 5.5 7.4

0 1.190 1.319 1.575

5 1.337 1.480 1.720

10 1.337 1.538 1.810

15 1.392 1.546 1.846

It is evident from table 5.3.1 that the minimum fluidizing velocity increases with angle

of air injection. In conventional bed the jet of air emerging from the distributor is in the

vertical direction and strikes against the particles. On striking against the particles the

velocity of the jet is converted into pressure force acting vertically upwards. The

remaining part of the velocity flowing upwards through the interstices of the particles

exerts a drag force in the upward direction. These two forces together causes

fluidization. When the jet of air enters the bed at an angle, only its vertical component

contributes to lifting of particles or fluidization of particles. With increase in angle of

air injection (cl» this component decreases. Hence the minimum fluidiiing velocity

increases with increase in angle of air injection (cl». From table 5.3.2 it is clear that the

minimum fluidizing velocity increases with increase in particle density as well as

particle size.
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Table 5.3.2 Minimum fluidizing velocity (mts) for different particles of varying
size using distributors having angles of air injection (~), 0° & 15°

Vane Particle size (mm)
Angle Material Relative
(~) density 3.2 5.5 7.4

de2ree

HDPE 0.93 0.989 1.100 1.282

0 Nylon 1.05 1.066 1.294 1.426

Acetal 1.47 1.190 1.319 1.575

HDPE 0.93 1.178 1.285 1.463

15 Nylon 1.05 1.180 1.301 1.516

Acetal 1.47 1.392 1.546 1.846

5.4 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY

Bed pressure drop (~Pb) is a crucial factor that gives a measure of the quality of

fluidization. Experiments were conducted by [Botteril et al., 1982], [Mathur et aI.,

1986], [Nakamura et aI., 1985] & [Saxena et al., 1990] in swirling fluidized bed and

found that the behaviour of a swirling fluidized bed is determined mainly by the factors

such as swirl velocity, relative velocity of particles, lateral mixing of particles and

torroidal motion. But till date no experimental data is available on the influence of these

parameters. In this experiment an attempt has been made to study the influence of some

of these parameters.

The variation of bed pressure drop with superficial velocity was determined using all
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the four distributors. Acetal, nylon and high density polyethylene having particle size of

3.2 mm, 5.5 mm & 7.4 mm each were used as the bed materials. The bed weight in all

the cases was 2.5 kg. Measurements of pressure drop across the bed were made at radial

positions of 60 mm, 90 mm, 120 mm & 150 mm (the outermost periphery) from the

centre of the distributor.

5.4.1 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DISTRIBUTOR (4- = 0°)

The variation of bed pressure drop with superficial velocity for distributor having angle

4J = 00 using acetal having particle size of 5.5 mm, 3.2 mm & 7.4 mm is given in figures

5.4.1,5.4.2 & 5.4.3 respectively. 2.5 kg of bed material was used in all the cases.

It can be seen from the figure 5.4.1, that at a radial position of 60 mm from the centre

of the distributor the bed pressure drop increases almost linearly upto a superficial

velocity of 1.39 m/s, then it remains more or less the same till a superficial velocity of

1.97 m/s is attained, after which the bed pressure drop declines suddenly. At a radial

position of 90 mm from the distributor centre the bed pressure drop varies almost

linearly upto a superficial velocity of 1.39 m/s, thereafter it remains almost constant till

a superficial velocity of 1.97 m/s is attained, after which it decreases slowly. At a radial

position of 120 mm from the centre of the distributor the bed pressure drop increases

almost linearly till a superficial velocity of 1.5 m/s is attained, thereafter it increases

slowly upto a superficial velocity of 1.97 m/s, beyond which the rate of increase in bed

pressure drop with superficial velocity is considerably more. At a radial position of 150

mm from the centre of the distributor more or less linear variation of bed pressure drop
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Figure 5.4.1 Variation of bed pressure drop with superficial velocity for
distributor having angle of air injection(<I» = 0°, using 5.5 mm acetal

with superficial velocity exists upto 1.27 m/s, thereafter it increases slowly till a

superficial velocity of 1.87 m/s is attained, beyond which it increases sharply. It can

also be noticed from the figure that, for the same superficial velocity the bed pressure

drop increases as the distance from the centre of the distributor increases.

It is evident from the figure that during the initial stages the bed pressure drop increases

almost linearly with the superficial velocity. This is due to the reason that the bed is not

fluidized (packed bed) during these stages. After increasing the bed pressure drop

remains almost constant for a period of 0.48 m/s of superficial velocity. It is due to the

reason that after achieving the minimum fluidizing velocity the bed pressure drop

remains almost constant. It can be noticed from the figure that after this stage, at a

radial position of 60 mm from the centre of the distributor there is a sharp decrease in

bed pressure drop, whereas there is a sharp increase corresponding to radial positions of

120 mm and 150 mm from the distributor centre .It can be further noticed that both
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these phenomenon occur almost at the same value of superficial velocity. This is due to

the reason that a parabolic shape will be formed at the surface of the bed as a result of

vortex formation in the bed. When this happens bubbling starts through the annular

space. In addition to this, at the outer periphery of the distributor the wall friction also

contributes to increase in bed pressure drop. It may also be noticed from the figure that,

after achieving the minimum fluidizing velocity, the bed pressure drop at the radial

position of 90 mm from the centre of the distributor remains almost constant. This is

due to the reason that during vortex formation there is no change in the height of the

bed at this position of the distributor.

While conducting the experiments it was observed that at a superficial velocity of 1.13

m/s very few particles started vibrating. When the superficial velocity reached 1.39 m/s

more particles were seen to vibrate and bubbling was also observed. This velocity

corresponds to the end of linear variation for bed pressure drop at radial positions of 90

mm, 120 mm & 150 mm from the centre of the distributor. The particles started swirling

slowly when the velocity reached 1.5 m/s. This velocity corresponds to the end of linear

variation for bed pressure drop for particles at a radial position of 120 mm from the

centre of the distributor. When the superficial velocity reached 2.41 m/s, the particles

were completely separated from the cone. It can be noticed from figure 5.4.1 that this

velocity fall within the declining regions of bed pressure drop at radial positions of 60

mm & 90 mm from the distributor centre, whereas these come within the increasing

regions of bed pressure drop at radial positions of 120 mm & 150 mm from the

distributor centre. When the superficial velocity reaches 2.54 m/s, the depth of the

parabola formed at the surface of the bed due to vortex formation increases and the
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distributor plate is visible upto a radius of 60 mm from the centre. This velocity falls

within the region of sudden decline in pressure drop in the figure for bed materials at a

radial position 60 mm from the distributor centre. It can also be noticed from figure

5.4.1 that at this velocity the bed pressure drop is shooting downwards and beyond this

it is almost zero.

The results of the experiments conducted with the same distributor having particle sizes

of 3.2 mm & 7.4 mm are given in figures 5.4.2 & 5.4.3(Appendix - II). It can be

observed that these results are similar to that of particles having 5.5 mm size.

5.4.2 VARIAnON OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DISTRIBUTOR (<<\I = 5°)

Figures 5.4.4, 5.4.5 & 5.4.6 reveal the variation of bed pressure drop with superficial

velocity for distributor having angle ljJ = 5°, employing 2.5 kg of acetal having particle

sizes of5.5 mm, 3.2 mm & 7.4 mm respectively as the bed material.

It can be seen from figure 5.4.4 that, at a radial position of 60 mm from the centre of

the distributor the bed pressure drop varies almost linearly upto a superficial velocity of

1.39 m/s, thereafter it decreases very slowly till a superficial velocity of 2.05 m/s is

reached, beyond which it decreases suddenly. At a radial position of 90 mm from the

distributor centre, more or less linear variation of distributor pressure drop prevails upto

a superficial velocity of 1.5 rn/s, thereafter it remains almost constant. It is quite evident

from the figure that at a radial position of 120 mm from the centre ofthe distributor, the

bed pressure drop increases almost linearly upto a superficial velocity of 1.61 m/s,

thereafter it remains almost the same, beyond which it increases suddenly. At a radial

position of 150 mm from the distributor centre it can be noticed from the figure that
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Figure 5.4.4 Variation of bed pressure drop with superficial velocity for having
angle of air injection (CP) = So. using 5.5 mm acetal

almost linear variation of bed pressure drop occurs upto 8 superficial velocity of 1.7rnJs,

after which it increases slowly till superficial velocity attains 1.9 m/s, thereafter it

increases sharply (at a faster rate than that in the case of 120 mm from the distributor

centre).

This is due to the reason that in addition to the increased bed height the fluidizing gas

has to overcome the wall friction also. It can also be noticed from the figure that,

similar to the previous case (section 5.4.1). for the same superficial velocity the bed

pressure drop increases as the distance from the centre of the distributor increases.

Thus it -is quit e clear that the variation of bed pressure drop with superficia l velocity is

almost similar as ment ioned in section 5.4. 1. Hence the reasons for these variations are

also the same as that for the distributor having angle 41 = 0°. But it may be noticed here

that the superficia l velocity at the beginning and end of various regimes (linea r

variat ion of bed pressure drop, constant bed pressure drop, sudden decrease or sudden
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increase of bed pressure drop) get delayed compared to the distributor having angle

ll> = 0°.

While conducting the experiments it was observed that few particles started vibrating

when the superficial velocity reached 1.27 m/s. It can be noticed from the figure 4.5

that this velocity very well falls within the region of linear variation of bed pressure

drop. When the superficial velocity reached 1.5 m/s the particles started swirling

slowly. It is evident from the figure that this velocity corresponds to the end of linear

variation of bed pressure drop for particles at a radial position of 90 mm from the

distributor centre. The particles started separating from the cone at a superficial velocity

of 2.48 m/s. It can be seen from the figure that similar to the previous case this velocity

fall within the region of sudden decrease or sudden increase in bed pressure drop in the

figure depending upon the distance of the radial position from the centre of the

distributor. At a superficial velocity 2.6 m/s the depth ofthe parabola at the bed surface

increased to such an extend to make the distributor plate visible upto a radius of 60 mm

from the distributor centre. This velocity falls within the region of sudden decline in

pressure drop in the figure for bed materials at a radial position 60 mm from the

distributor centre. It is well evident from the figure that, at this velocity the bed pressure

drop is shooting downwards and beyond which the bed pressure drop is al!TI0st zero. It

is clear from the above observations that the superficial velocity required for the

starting of various bed phenomena such as swirl motion & separation of particles from

the centre cone get delayed when compared with the distributor having angle ll> = 0°.

The results of the experiments conducted with the same distributor using acetal having

particle size of3.2 mm and 7.4 mm are depicted in figures 5.4.5 & 5.4.6 respectively
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(Appendix - 11). This is almost similar to the results presented in figure 5.4.4.

5.4.3 VARIAnON OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DISTRIBUTOR (41 = 10')

Experiments were also conducted to determine the variation of bed pressure drop with

superficial velocity for distributor having angle ~ = 10°. 2.5 kg of acetal having

particle sizes of 5.5 mm, 3.2 mm & 7.4 mm were employed as the bed materials and the

results of these experiments are depicted in figures 5.4.7, 5.4.8 & 5.4.9 respectively. It

is quite clear from figure 5.4.7, that at a radial position of6O mm from the centre of the

distributor the bed pressure drop varies almost linearly upto a superficial velocity of 1.5

_ 150 mm from centre
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_ 90 mm from centre
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Figure 5.4.7 Variation of bed pressure drop with superficial velocity for distributor
having angle of air injection (en) = lOG, using 5.S mm acetal

mls, thereafter it decreases slowly till a superficial velocity of 1.97 mls is attained , after

which it decreases suddenly. At a radial position of 90 mm from the distributor centre

more or less linear variation of bed pressure drop prevails till a superficial velocity of
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1.5 m/s is attained, thereafter it increases slowly upto a superficial velocity of 1.89 m/s,

beyond which it decreases slowly. At a radial position of 120 mm from the distributor

centre, the bed pressure drop varies almost linearly upto a superficial velocity of 1.61

m/s, after which it increases slowly till a superficial velocity of 1.97 m/s is reached,

beyond which it increases at a faster rate. At a radial position of 150 mm from the

centre of the distributor the bed pressure drop increases almost linearly upto a

superficial velocity of 1.61 m/s, thereafter it increases slowly till a superficial velocity

of 1.97 m/s is attained, beyond which it increases suddenly. It is also quite evident from

the figure that, similar to the previous cases (section 5.4.1 & section 5.4.2) for the same

superficial velocity the bed pressure drop increases as the distance from the centre of

the distributor increases.

Thus it is quite clear that the variation of bed pressure drop with superficial velocity is

almost similar to that mentioned in section 5 4.1 & section 5.4.2. Hence the reasons for

these variations are also the same as that for the distributors mentioned in the above

sections. But it may be noticed here that the superficial velocity at the beginning and

end of various regimes (linear variation of bed pressure drop, constant change bed

pressure drop, sudden decrease or sudden increase in bed pressure drop) get delayed

compared to the distributors having angle <p :;0 0°& angle <p = 5°.

The following observations were made while conducting the experiments. When the

superficial velocity reached 1.27 m!s, few particles were seen to start vibrating. It can

be noticed from figure 5.4.7 that this velocity very well comes under the linear

variation of bed pressure drop. When the superficial velocity reached 1.61 m/s, particles

started swirling. From the figure it can be seen that this velocity corresponds to the end

65



of linear variation of bed pressure drop for particles at a radial position of 120 mm from

the distributor centre. It was observed that the particles were completely separated from

the cone at the centre at a superficial velocity of 2.48 m/so This velocity fall within the

region of sudden decrease in bed pressure drop for particles at a radial position of 60

mm from the distributor centre and simultaneously the region of sudden increase in bed

pressure drop for particles at radial positions of 120 mm & 150 mm from the distributor

centre. When the superficial velocity reached 2.6 rn/s the depth of the parabola at the

bed surface increased to a value high enough to make the distributor plate visible upto a

radius of 60 mm from the distributor centre. From the figure it can be seen that

corresponding to this velocity the bed pressure drop is shooting downwards. From the

above observations it is evident that the superficial velocity required for initiating

various bed phenomena are comparatively higher than that of the distributor having

angle 4> = 50.

The results of the experiments conducted with the same distributor using acetal having

particle size of 3.2 mm and 7.4 mm which are given in figures 5.4.8 & 5.4.9

respectively (Appendix - 11) are also similar to that conducted with the same distributor

using acetal of particle size 5.5 mm.

5.4.4 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DISTRIBUTOR (cl- =15°)

The variation of bed pressure drop with superficial velocity for distributor having angle

ll> = 15° using acetal having particle sizes of 5.5 mm, 3.2 mm & 7.4 mm is given in

figures 5.4.10, 5.4.11 & 5.4.12 respectively. The bed weight adopted in at! these cases

was 2.5 kg.
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Figure 5.4.10 Va riation of bed pressure drop with supe rficia l velocity for
dist ributor having ang le of air injection «(1) = 15°, using 5.S mm aceta l

It can be seen from figure 5.4. 10 that. at a radial position of 60 mm from the cen tre of

the distributor the bed pressure drop increases almost linearly upto a superficial

velocity of 1.5 rn/s, after that it increases slowly till 8 superficial velocity of 1.88 mfs is

reached. after which it decreases suddenly. At a radial position of 90 mm from the

distributorcentre the bed pressure drop increases more or less linearly till a superfic ial

velocity of 1.6 mls is attained, where after it decreases slowly. At 8 radial position of

120 mm from the centre of the distr ibutor an approx imate linear variation of bed

pressure drop exists upto a superficia l velocity of 1.6 mls, thereafter it rema ins constant

till a superficial velocity of 1.8 mls is reached, beyond wh ich it increases suddenly. AI a

radial position of J50 mm from the distr ibutor centre bed pressure drop varies almost

linearly upto a superficial velocity of 1.6 mls, after which it remains unchanged till a

superficial velocity of 1.8 m/s is attained, afterwhich it increases suddenly. It can also
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be noticed from the figure that, similar to the previous cases for the same superficial

velocity the bed pressure drop increases as the distance from the centre of the

distributor increases.

It is quite clear from figure 5.4.10 and the above discussions that the variation of bed

pressure drop with superficial velocity is almost the same as in the previous cases.

Hence the reasons for these variations of bed pressure drop with superficial velocity

explained in the previous sections hold good here also.

While conducting the experiments the following observations were made. Few particles

started vibrating at a superficial velocity of 1.27 m/s. It can be seen from figure 5.4.10

that this velocity falls within the region of linear variation of bed pressure drop at all

radial positions. Swirl motion of the particles was observed at a superficial velocity of

1.7 m/s. It can be noticed from the figure that this velocity falls after the region oflinear

variation of particles at all radial positions from the distributor centre. The particles

were completely separated from the centre at a superficial velocity of 2.48 m/s. It is

quite clear from the figure that this point fall within the region of sudden decrease in

bed pressure drop for particles at a radial position of 60 mm from the distributor centre

and simultaneously the region of sudden increase in bed pressure drop for particles at

radial positions of 120 mm & 150 mm from the distributor centre. When the superficial

velocity reached 2.6 m/s, the depth of the parabola formed at the bed surface increased

to a value high enough to make the distributor plate visible upto a radius of 60 mm

from the centre. It can be seen from the figure that corresponding to this velocity the

bed pressure drop is shooting downwards and almost approaching zero. It is evident

from the above observations that the superficial velocity required for the starting of
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various bed phenomena such as swirl motion & separation of particles from the centre

cone is slightly more when compared with distributor having angle <p = 10°.

The results of the experiments conducted with the same distributor using acetal having

particle sizes of 3.2 mm & 7.4 mm which are given in figures 5.4.10 & 5.4.12

(Appendix - 11) respectively are found to be similar to the results given in figure

5.4.10.Experiments on the variation of bed pressure drop with superficial velocity were

also conducted with the same distributor using 3.2 mm diameter, 5.5 mm diameter &

7.4 mm diameter high density polyethylene and nylon. The results of the experiments

conducted using high density polyethylene are given in figures from 5.4.13 to 5.4.15

(Appendix - 11) and the results of the experiments conducted using nylon are depicted

in figures from 5.4.16 to 5.4.18 (Appendix - II). These figures reveal that results of

these experiments are similar to that of acetal.

Based on these experimental results the following conclusions can be made. The bed

pressure drop increases as the distance from the distributor centre increases. At a radial

position of 90 mm from the distributor centre, after attaining minimum fluidizing

velocity the bed pressure drop remains constant irrespective of superficial velocity.

5.5 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT PARTICLE SIZE

Bed pressure drop being a crucial factor in fluidization process, an attempt is made to

determine the effect of particle size on the variation bed pressure drop with superficial

velocity. Till date no experimental data is available on the effect of particle size on the

variation of bed pressure drop with superficial velocity in swirling fluidized bed.
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On the basis of experiments conducted to determine the variation of distributor pressure

drop with superficial velocity, it was found that the distributor pressure drop was

minimum for the distributor having angle III "" 15° (section 2). Hence to determine the

effect of particle size on the variation bed pressure drop with superficial velocity,

experiments were conducted with the same distributor. The bed pressure drop

measurements were made at radial positions of 60 mm, 90 mm, 120 mm & 150 mm

from the centre of the distributor using micromanometer. Experiments were conducted

using acetal, high density polyethylene and nylon having particle sizes of 3.2 mm, 5.5

mm & 7.4 mm as the bed material.

5.5.1 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT PARTICLE SIZE USING HDPE

AS THE BED MATERIAL

The variation of bed pressure drop with superficial velocity for different particle size at

radial positions of 90 mm, 60 mm, 120 mm & 150 mm from the centre of the

distributor is given in figure 5.5.1, 5.5.2, 5.5.3 & 5.5.4 respectively. The experiment

was conducted with distributor having angle <p = 15° and using 2.5 kg of high density

polyethylene having relative density of 0.93 as the bed material. It may be noticed from

figure 5.5.1 that at a radial position of 90 mm from the centre of the distributor, after

attaining minimum fluidization velocity the bed pressure drop remains unchanged since

there is no change in the height of the bed at this position of the distributor. It is quite

evident from figure 5.5.1 that, for the same superficial velocity the bed pressure drop

decreases with increase in particle size. It is due to the reason that the voidage

decreases with decrease in particle size (table 4.3.4). So the velocity of gas flow
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through the interstices of the bed will be comparatively more for smaller size particles.

In addition to this the surface area of the bed panicles also will increase as the size of

the particles decreases. Hence the frictional resistance offered by these particles to the

gas flow will becomparatively more.

- 7.4 mm diametre

__ ' .'mmdiametre

_ J .2 mmdiamdle

60.0 rr::::::;;=:;=::::;------ - - - - - - -i...
~

; so.o
'0
E 40.0s

20.0

10.0

0.0 l-....;;;;;;:~~- - _J
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.1 2.0 2.2 2.4 2.6 2.8

Superldal velodty (mll)

Figure 5.5.1 Varladon of bed pressure drop witb superficial velocity for different
particle size at 90 mm from the ceotre of the distributor(~ 15j, using HDPE

This in turn leads to an increase in bed pressure drop for smaller size particles. 1t can

also beobserved that after swirl motion vortex fonnation occur in the bed. This leads to

the fonnation ofa parabolic shape at the surface of the bed.

It is quite evident from figure 5.5.1 that the minimum fluidizing velocity increases with

increase in particle size. It may also be noticed from table 5.5.1 that the superficial

velocity required for initiating various bed phenomena such as swirl motion &

separation of particles from the cone at the centre increases with increase in particle

size. This is due to the reason that the drag force decreases when the particle size

increases .
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Table 5.5.1 Bed phenomena of blgb deoolty pelyethylene plrtldes

Snperflclll velocity at the

Plrtlde beginning of (mI.)

.Ize Swirl MpnadoD
(mm) modon (romcODt

3.2 1.39 2.13

S.S 1.4S 2.20

7.4 I.S1 2.28

00.01-;:=~=~=~------------------1..
~ _ ] 2 mm dilmetre
•.. ~o.o _ '05 rrnI diImelre-c - 1.4 mnldilmetre

2.82.'2.4222.01.1I.'1.4121.00.80.'0.40.2
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E 40.0
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~

Super8daJ velocity (mll)

Figure 5.5.2 Variation of bed pressure drop with superflelal velocity for different
particle size at 60 mm from tbe centre of the distributor (cJ):= 15;, using HDPE
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The results of the experiments regarding the effect of particle size on the variation of

bed pressure drop with superficial velocity conducted with the same distributor using

the same bed materials at a radial position of 60 mm from the distributor centre is

presented in figure 5.5.2. It can be seen from the figure that the variation of bed

pressure drop with superficial velocity is almost similar 10that in figure 5.5.1. It may be

noticed here that the bed pressure drop dCClC8llCS suddenly after a superficial velocity of

1.6 rnIs.

_ 3.2mm diame'ln:

_ 5.' mmdilmdte

_ 7.• mmdiamdre

lO.O

a
a 40.0-

'i:' 60.0 r-;:=====:::;------------------,::•
~•

2.6 2.82.'211.8 2.01.6I.'111.00.6 0.80.'01
0.0 !-_;;;;;;;;~~~-~~~~~~~-._J

0.0

30.0

20.0

..•~...
:•:
~..~

10.0...
III

Suporlldal velod". (mI.)

FIgure 5.5.3 Varladon ofbed pr...ure drop with superficial velocity for different
particle size at 120 mm from tbe centre of the distributor (cIP 15"), using HDPE

The results of the same experiments conducted with the same distributor and the same

bed materials at a radial position of 120 mm from the centre of the distributor is

depicted in figure 5.5.3. A similar behaviour of bed pressure drop can be experienced
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here also. It can be noticed here that after a superficial velocity of 1.6 mls there is an

increase in bed pressure drop.

Figure 5.5.4 reveals the results of these experiments at a radial position of 150 mm

from the distributor centre. It is quite evident from the figure that the variation of bed

pressure drop is similar as in the previous cases. But it maybe noticed here that the bed

pressure drop increases suddenly after a superficial velocity of 1.6 m/s. This radial

position corresponds to the outermost region of the distributor. In addition to the

resistance due to increase in bed height wall friction also will heexperienced here.

0.0 l-....;;;,;;;;~~- - --J
M ~ M M U I~ 12 lA I~ IJ W U 2A U 18

- 3.2 mm dimx:l: re
_ , ., mm diameu'f
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20.0
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50.0
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e,
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e•••
~
Co...
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~•
B
B-

Superllclal velocity (mfl)

Figure 5.5.4 Variation of bed pressure drop with superficial velocity for different
particle size at ISO mm from the centre of the distributor (<<1>= 15~, using HDPE

These lead to sharp Increase In bed pressure drop at this radial position of the

distributor.
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5.5.2 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT PARTICLE SIZE USING ACETAL

AS THE BED MATERIAL

Experiments were conducted to determine the effect of particle size on the variation of

bed pressure drop with superficial velocity employing distributor having angle cl» = 15°.

2.5 kg of acetal having relative density of 1.47 and panicle sizes of 3.2 mm. 5.5 mm &

7.4 mm were used as the bed material. Bed pressure drop measurements were made at

radial positions of 60 mm, 90 mm, 120 mm & 150 mm from the centre of the

distributor. The results of these experiments are depicted in figure 5.5.5 and figures

fiom 5.5.6 to 5.5.8 (Appendix -Ill). The various bed pbenomena for these particles are

given in table 5.5.2.
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Figure S.S.S Variadon of bed pressure drop with superficial velocity (or different
particle size at 60 mm from tbe centre of the distributor (~ IS~, using acetal
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It is quite clear from these figures that in the case of acetal also the minimum fluidizing

velocity increases with increase in particle size. It may also be noticed from table 5.5.2

that the superficial velocity required for initiating various bed phenomena such as swirl

motion & separation of particles from the cone at the centre increases with increase in

particle size. The reasons for this behaviour have been already explained in the

previous section. It is also evident from these figures that the variation of bed pressure

drop with superficial velocity is similar to that for high density polyethylene. It may be

noticed from figure 5.5.5 that the sudden drop in bed pressure drop in the case of acetal

occur at a later stage compared with that of HDPE. This is due to the reason that the

relative density of acetal is more than that of HDPE.

Table 5.5.2 Bed phenomena of acetal particles

Particle
Superficial velocity at the

size
beginning of (m/s)

(mm) Swirl Seperation

motion from cone

3.2 1.548 2.405

5.5 1.747 2.598

7.4 1.898 2.951

It may also be observed from the figure that after a superficial velocity 2.2 m1s there is

a sudden drop in bed pressure drop for 3.2 mm particles and 5.5 mm particles whereas

the drop in bed pressure drop corresponding to the same point is rather slow for 7.4 m

particles. It is clear from the figure that beyond a superficial velocity of 2.2 m1s the bed
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pressure drop increases with increase in panicle size. This point corresponding to

superficial velocity falls in the region of separation of panicles from the distributor

centre. The drag force decreases with increase in particle size. So the increase in the

depth of the parabola fonned at the surface of the depth as a result of vortex fonnation

will be delayed as the particle size increases. Hence beyond a superficial velocity of 2.2

mls the bed pressure drop increases with increase in particle size. A similar pattern of

behaviour was noticed at radial positions of 90 mm. 120 mm & 150 mm from the centre

of the distributor which are given in figurers 5.5.6, 5.5.7 & 5.5.8 respectively

(Appendix - Ill).

5.5.3 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT PARTICLE SIZE USING

NYLON AS TIlE BED MATERIAL

- 3.2 mmdiametre
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Figure 5.5.9 Variation of bed pressure drop with superficial velocity (or different
particle size at 60 mm from the centre of the distributor (etJ= 15~, using nylon
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As an attempt to determine the effect of particle size on the variation of bed pressure

drop with superficial velocity using nylon particles, experiments were conducted with

distributor having angle !p = 150. 2.5 kg of nylon having relative density of 1.05 and

particle sizes of 3.2 mm, 5.5 mm & 7.4 mm were used as the bed materials. Similar to

the previous cases measurements of bed pressure drop were made at radial positions of

60 mm, 90 mm, 120 mm & 150 mm from the distributor centre and the results of these

experiments are given in figure 5.5.9 and figures 5.5.10, 5.5.11 & 5.5.12 respectively

(Appendix - Ill). The various bed phenomena for these particles are given in

table 5.5.3.

It may also be noticed from table 5.5.3 that in the case of nylon particles also the

superficial velocity required for initiating various bed phenomena such as swirl motion

& separation of particles from the cone at the centre increases with increase in particle

size. The reasons for this behaviour have been already explained in section 5.5.1. It can

be noticed from these figures that the variation of bed pressure drop with superficial

velocity is similar to that for high density polyethylene and acetal. It is evident from

Table 5.5.3 Bed phenomena of nylon particles

Particle
Superficial velocity at the

size
beginning of (rn/s)

(mm) Swirl motion Seperation
from
cone

3.2 1.41 2.17

5.5 1.48 2.35

7.4 1.55 2.42
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figure 5.5.9 that the sudden decrease in bed pressure drop occur at a superficial velocity

higher than that of high density polyethylene, but lower than that of acetal. This is due

to the reason that nylon has a relative density higher than that of high density

polyethylene, but lesser than that of acetal. It is also evident from the figure that the

sudden fall in bed pressure drop occurs at a superficial velocity of 1.9 m/s, which is

lower than that for acetal particles at the same radial position of the distributor. It may

be further observed that after a superficial velocity of 1.9 m/s the variation of bed

pressure drop with superficial velocity for different particle size is just the opposite

compared with that before a superficial velocity of 1.9 m/s, similar to that of acetal

particles, ie. after a superficial velocity of 1.9 m/s the bed pressure drop decreases with

decrease in particle size. The reason for this change in variation has been already

explained in section 5.5.2.

The variations of bed phenomena for the different particles are given in table 5.5.4. It

can be noticed from this table that the rate of change of superficial velocity/unit size

requiredfor various bed phenomena increases with particle density.

The experiments conducted and the results lead to the following conclusions. The bed

pressure drop increases with decrease in particle size for constant bed weight. The

superficial velocity required for initiating various bed phenomena such as swirl motion

& separation of particles from the cone at the centre increases with increase in particle

size.

The superficial velocity required for various regimes such as linear variation of bed

pressure drop, constant bed pressure drop and sudden increase or decrease in bed
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pressure drop increases with increase in particle size. The rate of change of superficial

velocity per unit size required for required for various bed phenomena increases with

increase in particle density.
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5.6 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT DENSITY MATERIALS

This is a venture to determine the effect of particle density on the variation of pressure

drop across the bed with superficial velocity. Till date no experimental data is available

on the variation of bed pressure drop with superficial velocity for different density

materials in swirling fluidized bed.

Similar to that mentioned in section 5.5, experiments were conducted with the

distributor having angle <p = 15°. Measurements of pressure drop across the bed were

made at radial positions of 60 mm, 90 mm, 120 mm & 150 mm from the centre of the

distributor using micromanometer. Experiments were conducted using 2.5 kg of high

density polyethylene, nylon and acetal (having relative densities of 0.93, 1.05 and 1.47

respectively) as the bed materials. Particles having diameters 3.2 mm, 5.5 mm & 7.4

mm each of these materials were utilized for the experiment.

5.6.1 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT DENSITY MATERIALS USING

3.2 MM SIZE PARTICLES AS THE BED MATERIAL

The variation of bed pressure drop with superficial velocity for different density

materials using 3.2 mm particles at radial positions of60 mm, 90 mm, 120 mm & 150

mm from the distributor centre is given in figures 5.6.1, 5.6.2, 5.6.3 & 5.6.4

respectively. It is quite evident from figure 5.6.3 that, for the same superficial velocity

the pressure drop across the bed increases with decrease in particle density. It is due to

the reason that, for constant bed weights the height of the bed increases with decrease

in particle density. This increases the distance to be traversed by the fluidizing gas
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through the bed. Therefore the resistance offered to the flow of gas through the bed

increases with decrease in particle density. It can be observed from the figure that

during the initial stages upto a superficial velocity of 1.2 m/s the bed pressure drop

increases almost linearly. The bed is in a packed condition till this value of superficial

velocity. Therefore the variation of bed pressure drop with superficial velocity will be

similar to that of packed bed. After that the bed pressure drop remains almost constant

till a superficial velocity of 1.8 m/s is reached. This is due to the reason that eventhough

swirl motion has just started there; there is no change in bed height. But a sharp rise in
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Figure 5.6.3 Variation of bed pressure drop with superficial velocity for different
density materials of 3.2 mm diameter, at 120 mm from the centre of the
distributor (<I>- ISj

bed pressure drop can be observed beyond a superficial velocity of 1.8 m/s. This

velocity comes after swirl motion and hence vortex motion of the bed materials occurs

in this region. As a result of this the bed materials from the inner periphery of the

distributor (at radial positions of 60 mm & 90 mm from the distributor centre) get
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shifted towards the outer periphery of the distributor (at radial positions of 120 mm &

150 mm from the distributor centre). This is quite evident from figure 5.6.1 & figure

5.6.2 (Appendix-IV) which corresponds to the variation of bed pressur.e drop with

superficial velocity for different density materials using particles of the same size at

radial positions of 60 mm & 90 mm from the distributor centre respectively.

From figure 5.6.4 (which corresponds to the variation of bed pressure drop with

superficial velocity for different density materials using particles of the same size at a

radial position of 150 mm from the distributor centre) - (Appendix-IV) it may be

observed that beyond a superficial velocity of 1.8 m/s, the increase in bed pressure drop

with superficial velocity is more sharp. This is due to the effect of wall friction.

Table 5.6.1 Bed phenomena of 3.2 mm particles

Superficial velocity at

Relative
the beginning of (m/s)

Particle
density Swirl Seperation

motion from cone

HOPE 0.93 1.390 2.130

Nylon 1.05 1.410 2.170

Acetal 1.47 1.548 2.405

The superficial velocity required for the starting of various bed phenomena such as

swirl motion and separation of particles from the cone was observed while conducting

the experiments and it is given in table 5.6.1.1t is quite evident that the superficial
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velocity required for initiating these phenomena increases with increase in particle

density.

5.6.2 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT DENSITY MATERIALS USING

5.5 MM SIZE PARTICLES AS THE BED MATERIAL

The variation of bed pressure drop with superficial velocity for different density

materials using 5.5 mm particles at radial positions of60 mm, 90 mm, 120 mm and 150

mm from the distributor centre are given in figures 5.6.5, 5.6.6, 5.6.7 & 5.6.8

respectively. Table 5.6.2 gives the bed phenomena for these particles. It is evident from

these figures that the effect of particle density on the variation of bed pressure drop

with superficial velocity for 5.5 mm particles is similar to that of 3.2 mm particles.

It is clear from figure 5.6.5 that at a radial position of 60 mm from the distributor

centre, the bed pressure drop varies almost linearly with superficial velocity upto 1.3

m/s, thereafter it decreases slowly till a superficial velocity of 1.9 m/s is reached,

beyond which it decreases suddenly. At a radial position of 90 mm from the distributor

centre it can be seen from figure 5.6.6 that the bed pressure drop increases almost

linearly with superficial velocity upto 1.3 m Is, where after it decreases slowly. The

variation of bed pressure drop with superficial velocity at a radial position of 120 mm

from the distributor centre is given in figure 5.6.7. It may be noticed from this figure

that the bed pressure drop increases almost linearly with superficial velocity till 1.3 m/s,

then it remains constant upto a superficial velocity of 1.9 m/s, after which it increases

slowly.
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Table 5.6.2 Bed pbenomena of 5.5 mm particles

Superficial veloclly at

Relative
the beginning nf (mls)

Particle
density Swirl Seperation

motion from cone

HDP E 0.93 1.450 2.200

Nylon 1.05 1.480 2.350

Acetal 1.47 1.747 2.598
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Figure 5.6.5 Variation of bed pressure drop witb superficial velocity for different
density materials of 5.5 mm diameter, at 60 mm Crom the centre oC
the distributor (<1>= 15")
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Figure 5.6.6 Variation of bed pressure drop witb superficial velocity for different
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Figure 5.6.8 VariatioD of bed pressure drop with superficial velocity for different
density materials of S.S mm diameter, at ISO mm from the centre DC tbe
distributor (<1>= IS')

Figure 5.6.8 reveals the variation of bed pressure drop with superficial veloc ity at 8

radial position of 150 mm from the distributor centre. It can be observed from this

figure that the increase in bed pressure drop after a superficial velocity of 1.9 m/s is

sharper compared with the previous cases.

It is evident from these figures and the table, that the superficial velocity corresponding

to different regimes of operation as well as that required for the starting of various bed

phenomena such as swirl motion and separat ion of panicles from the cone at the centre

are comparatively more than that for 3.2 mm particles. This is due to the increased drag

force required when the particle size increases. It may be observed from figure 5.6.5,

that after a superficial velocity of 1.9 m1s the variation of bed pressure drop is just the

opposite to that before, ie. the bed pressure drop increases with increase in particle

density. This region falls after the vortex formation in the bed. It may also be noticed

that this position of the bed corresponds to the inner periphery of the distributor. The
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decrease in bed pressure drop occur in this portion of the bed after a superficial veloc ity

1.97 m/s due to vortex formation in the bed followed by shifting of particles from this

position of the distributor. The superficial velocity required for initiating this

phenomenon increases with increase in particle density. Hence, after a superficial

velocity of 1.9 m/s the bed pressure drop increases with increase in particle density.

5.6.3 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT DENSITY MATERIALS USING

7.4 MM DIAMETER SIZE PARTICLES AS THE BED MATERIAL
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Figure 5.6.9 Variation of bed pressure drop with superficial velocity for different
density materials of7.4 mm diameter, at 60 mm from the centre of tbe distr ibutor
(<1>= 15")

Figures from 5.6.9 to 5.6.12 reveal the variation of bed pressure drop with superficial

velocity for different density materials using 7.4 mm particles at radial positions of 60

mm, 90 mm, 120 mm and 150 mm from the distributor centre. The various bed

phenomena such as swirl motion and separation of particles from the cone at the centre
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for these particles are given in table 5.6.3. A phenomenon similar to that of 3.2 mm

particles and 5.5 mm particles can be observed in the case of7.4 mm particles also.

Figure 5.6.9 corresponds to the variation of bed pressure drop with superficial velocity

at a radial position of 60 mm from the distributor centre. It can be seen from this figure

that the bed pressure drop increases linearly upto a superficial velocity of 1.4 m/s, after

which it decreases slowly till a superficial velocity 2 m/s is reached. beyond which it

decreases suddenly. It is evident from figure 5.6.10, which depicts the variation of bed

pressure drop with superficial velocity at a radial position of 90 mm from the
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_ Ny lon

- Acetal
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Figure 5.6.10 Variation of bed pressure drop witb superficial velocity for different
density materials of 7.4 mm diameter, at 90 mm from the centre oftbe distributor
(<1>= IS")

distributor centre, that after the linear variation of bed pressure drop upto 1.4 m/s of

superficial velocity the bed pressure drop decreases gradually. The variation of bed

pressure drop with superficial velocity at a radial position of 120 mm from the

distributor centre is given in figure5.6.11. It may be noticed from this figure that after
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almost linear variation of bed pressure drop upto a superficial velocity of 1.4 m/s, it

increases gradually. Figure 5.6.12 reveals the variation of bed pressure drop with

superficial velocity at a radial position of 150 mm from the distributor centre. It is

evident from this figure that after the linear variation of bed pressure drop upto a

superficial velocity 1.4 m/s, the increase in bed pressure drop is sudden.

2.6 2.82.2 2.41.8 2.01.61.41.21.0

- HDPE

- Nylon

- Acetal

0.2 0.4 0.6 0.8

0.0 l-.,::::::;;;;;;;~~ -~~~_,___J

0.0

40.0

20.0

10.0

30.0

60.0 r-;:::=====:;-----------i
:50.0

Superfidal velocity (m1s)

Figure 5.6.11 Variation oC bed pressure drop with superficial velocity for different
density materials oC 7.4 mm diameter, at 120 mm from tbe centre of the
distributor (<1>= IS")
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Figure 5.6.12 Variation of bed pressure drop with superficial velocity for different
density materials of 7.4 mm diameter at, 156 mm from the ceotre of the
distributor (<1>= ISi

It can be noticed from these figures that the superficial velocity required for the various

regimes is comparatively higher than that required for 3.2 mm particles and 5.5 mm

particles. It may be further observed from table 5.6.3, that the superficial velocity

required for initiating various bed phenomena is relatively higher than that required for

3.2 mm panicles and 5.5 mm particles. The reason for this phenomenon is already

explained in section 5.6.2.1t may also be noticed from figure5.6.9 that, similar to that of

5.5 mm particles. after 8 superficial velocity of 2 m/s the variation of bed pressure drop

is just the opposite to that before. The reason for this change in pattern of behaviour is

already explained in section 5.6.2.

The variation of bed phenomena for particles having different sizes is given in table

5.6.4. It is quite evident from this table that the variation of bed phenomena such as the

rate of change of superficial velocity I unit density required for swirl motion and
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Table 5.6.3 Bed phenomena of 7.4 mm particles

Relative velocity at the

Particle Relative beginning of (m/s)
density

Swirl Seperation
motion from cone

HDPE 0.93 1.510 2.280

Nylon 1.05 1.510 2.420

Acetal 1.47 1.898 2.951

separation of particles from the cone at the centre increases with particle size. On the

basis of experimental results and observations made while conducting the experiments

the following conclusions can be made. The bed pressure drop increases with decrease

in particle density. Further the superficial velocity required for initiating various bed

phenomena such as swirl motion and separation of particles from the cone at the centre

increases with increase in particle density. The superficial velocity required for various

regimes such as linear variation of bed pressure drop, constant bed pressure drop and

sudden increase or decrease in bed pressure drop increases with increase in particle

density. The rate of change of superficial velocity per unit size required for required for

various bed phenomena increases with increase in particle size.
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5.7 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT ANGLES OF AIR INJECTION (cIJ)

From the experiments conducted on the variation of distributor pressure drop with

superficial velocity it was found that the distributor pressure drop decreases with

increase in angle of air injection (tP). However no experimental data is available on the

on the effect of angle of air injection on the variation of bed pressure drop with

superficial velocity in swirling fluidized bed. Hence an attempt is made to determine

the variation of bed pressure drop with superficial velocity for different angles of air

injection. Experiments were conducted with distributors having angle ofair injection

(<}» 0°, 5°,10° & 15°. 2.5 kg of acetal (relative density 1.47) having particle sizes 3.2

mm, 5.5 mm & 7.4 mm were used as the bed materials. Measurements of pressure drop

across the bed were made by digital micromanometer at radial positions of 60 mm, 90

mm, 120 mm & 150 mm from the distributor centre.

5.7.1 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT ANGLES OF AIR INJECTION (cl»)

USING 3.2 MM PARTICLES

The variation of bed pressure drop with superficial velocity for different angles of air

injection (cP) for 3.2 mm particles at radial positions of 60 mm, 90 mm, 120 mm & 150

mm from the distributor centre is depicted in figure 5.7.1 and figures 5.7.2, 5.7.3 &

5.7.4 respectively (Appendix -V). It is evident from these figures that for the same

superficial velocity the bed pressure drop decreases with increase in angle of air

injection. The reason for this is the same as that for distributor pressure drop variation

which is explained in section 5.2.
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While conducting the experiments observations were made regarding the superficial

velocity requ ired to initiate various bed phenomena such as swirl motion and separation

of part icles from the cone at the centre. These observations are given in table 5.7.1.11

can be noticed that the superficial velocity requi red for initiating these bed phenomena

increases with increase in angle of air inj ection. The tangential component ofvelocity VI

which is given by v cos 41 is responsible for initiating these various bed phenomena.

With increase in angle of air injection (CP), the tangential component decreases. Hence

the superficial velocity required for initiating these parameters increases with increase

in angle ofair injection.

- 60.0••-• - O"'w«
~ 50.0
~ - ''''w«e
E 40.0 _ IOdqrcc
E -15~
~...

30.0e•'C
•

/• 20.0•

"
••• 10.0•e,
'C

~ 0.0

0.0 0.2 0.' D.' 0.' 1.0 1.2 I.' I.' 1.1 2.0 2.2 lA 2.' 2.'

Superficial ve locity (mls)

Figure 5.7.1 Variation of bed pressure drop with superficial velocity for differe nt
ang les of air injection using 3.2 mm diameter acetal, at 60 mm from
tbe distributor centre
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Table 5.7.1 Bed phenomena for 3.2 mm acetal particles
for different angles of air injection

Angle of air
Superficial velocity at the

beginning of (m/s)
injection

(ell) degree
Swirl motion Seperation

from cone

0 1.386 I 2.71,,
;

5 1.441 i 2.306
I
I

10 1.495 2.341

15 1.548 2.405
I

5.7.2 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT ANGLES OF AIR INJECTION (tIJ)

USING 5.5 MM PARTICLES

Figure 5.7.5 and figures 5.7.6, 5.7.7 & 5.7.8 (Appendix -V) reveal the variation of bed

pressure drop with superficial velocity for different angles of air injection (<I» for 5.5

mm particles at radial positions of 60 mm, 90 mm, 120 mm & 150 mm respectively

from the centre of the distributor. It can be observed here also that bed pressure drop

decreases with increase in angle of air injection. The reason for this is already explained

in section 5.7.1.

The various bed phenomena for these particles are given in table 5.7.2. Here also it may

be noticed that superficial velocity required for initiating various bed phenomena
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increases with increase in angle of air injection. The reason for this is also explained in

section 5.7.1.

2.82.62.'2.22.01.81.6I. '1.21.00.80.60.4
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Supe rficial ve locity (mls )

Figure 5.7.5 Variati on of bed pressure drop with super ficial velocity for different
angles of air injection using 5.5mm d iameter aceta l, at 60 mm from
the distributor centre

Table 5.7.2 Bed phenomena for S.5 mm acetal particles
for different angles of air injection

Superficial velocity at th e

Angle of air
beginning of (rn/s)

injection
(<1» degree Swirl motion Seperation from

cone

0 1.502 2.405

5 1.606 2.539

10 1.698 2.57\

15 1.706 2.598
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From table 5.7.2 it can also be observed that the superficial velocity required for

init iating various bed phenomena are relati vely more than that for 3.2 mm panicles.

5.7.3 VARIATION OF BED PRESSURE DROP WITH SUPERFICIAL

VELOCITY FOR DIFFERENT ANGLES OF AIR INJECTION (1jI)

USING 7.4 MM PARTICLES
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~
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Figure 5.7.9 Variation oChed pressure drop with superficial vel()(ity for different
angles of air injectio n using 7.4 mm diameter aceta l, at 60 mm from
the dist rib utor centre

The variation of bed pressure drop with superficial velocity for different angles of air

inject ion (ell) for 7.4 mm panicles at rad ial pos itions of60 mm, 90 mm, 120 mm & 150

mm from the distributor centre is depicted in figure 5.7.9 and figures 5.7.10, 5.7.11 &

5.7.12 respectively (Appendix - V).
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Table 5.7.3 Bed phenomena for 7.4 mm acetal particles
for different angles of air injection

2.462

2.348

2.421

2.502

peration from
cone

ocity at the
of (m/s)

---

Angle of air
Superficial vel

beginning
injection

<rlI> degree
Swirl moti~~T~~

0 1.575

---

5 1.720

._--

10 1.810

15 1.846

The various bed phenomena for these particles are given in table 5.7.3. A variation

similar to the previous cases can be observed here also. It may be noticed from the

table, that the superficial velocity required for initiating various bed phenomena are

relatively higher than that for 3.2 mm & 5.5 mill particles, The variation of bed

phenomena for different angles of air injection is given in table 5.7.4.

In the table the variations of acetal particles of different sizes are given. It is evident

from the table that the rate of change of superficial velocity per angle of air injection

required for various bed phenomena such as swirl motion and separation from the cone

decreases with increase in angle of air injection.
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Table 5.7.4 Variation of bed phenomena for different angles of air injection

--_.-

Rate of change of superficial
Particle Range of velocity/angle of air injection

size angle of air required for(m/s/degree)
mm injection (cIJ)

degree Swirl motion ; Seperation
From cone,

0-5 Cl.Ol1 () 0.0192
_.._--

5 - 10 0.0108 0.0070
3.2 -----_.

10- 15 0.0106 0.0128

.--'._- -1- ..

0- 5 0.0208 !
0.0268i,

---.- .. --+--
5 - 10 0.0184

i
0.0064i

I

5.5 ,.-_._'. .-..__.- -t--
,

10- 15 0.0016 i 0.0054
._.

l0- 5 0,0290 0.0146

5- 10 0.0 ISO 0.0082I
7.4

r10- 15 0.0072 0.008
.L

Based on the experiments conducted it can be concluded that the bed pressure drop

decreases with increase in angle of air injection (q»). f Iowcver the superficial velocity

required for initiating various bed phenomena such as swirl motion and separation of

particles from the cone at the centre increases with increase in angle of air injection (<1».

The various regimes such as linear variation of bed pressure drop, constant bed pressure

drop, sudden increase or decrease in bed pressure drop also increases with increase in

angle of air injection (<1». However the rate of change of superficial velocity/angle of
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air injection required for various bed phenomena decreases with increase in angle of air

injection (q.).

5.8 CONCLUSIONS

Based on the hydrodynamic studies conducted and the above discussions, the following

conclusions are made.

5.8.1 Distributor pressure drop

1. Distributor pressure drop decreases with increase in angle of air injection (q.).

5.8.2 Minimum fluidizing velocity

1. Minimum fluidizing velocity increases with increase in angle of air injection ($).

2. Minimum fluidizing velocity increases with increase in particle size.

3. Minimum fluidizing velocity increases with increase in particle density.

5.8.3 Bed pressure drop

1. After attaining minimum fluidizing velocity, the bed pressure drop increases

along the radial direction of the distributor.

2. Bed pressure drop increases with decrease in particle size for constant bed weight.

3. Bed pressure drop increases with decrease in particle density.

4. After attaining minimum fluidizing velocity, the bed pressure drop IS almost

constant at a radial position of 90 mm from the centre of the distributor.

5.8.4 Bed Behaviour

1. The superficial velocity required for initiating various bed phenomena such as

swirl motion & separation of particles from the cone at the centre increases with

increase in particle size.
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2. The superficial velocity required for initiating these bed phenomena increases

with increase in particle density.

3. The superficial velocity required for various regimes such as linear variation of

bed pressure drop, constant bed pressure drop and sudden increase or decrease in

bed drop increases with increase in particle size.

4. The superficial velocity required for these regimes increases with increase 111

particle density.

5. The rate of change of superficial velocity/unit size required for initiating various

bed phenomena such as swirl motion & separation of particles from the cone at

the centre increases with increase in particle density.

6. The rate of change of superficial velocity/unit density required for initiating these

bed phenomena increases with increase in particle size.

5.8.5 Angle of air injection (~)

1. The bed pressure drop decreases with increase in angle of air injection for the

same bed weight.

2. The superficial velocity required for initiating various bed phenomena increases

with increase in angle of air injection.

3. The superficial velocity required for various regimes such as linear variation of

bed pressure drop, constant bed pressure drop and sudden increase or decrease in

bed drop increases with increase in angle of air injection.

4. The rate of change of superficial velocity/ angle of air injection required for

initiating various bed phenomena decreases with increase in angle of air

injection (<p).
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CHAPTER 6

CONCLUSIONS

Conidour type distributors having angle of air injection (<1» - 0°, 5°, 10° &15° were

designed and fabricated. The percentage area of opening and the percentage useful area

of opening was the same for all these distributors.

Spherical particles having sizes 3.2 mm, 5.5 mm & 7.4 mm (Geldart 0 type) were

selected for the hydrodynamic study. Particles having these sizes were moulded from

high density polyethylene, nylon and acetal.

Basic hydrodynamic studies were conducted with these distributors and using the

various bed materials. The major variables considered for the present study include

particle size, particle density and angle ofair injection.

This chapter reveals the major conclusions obtained from the present investigation.

6.1 CONCLUSIONS

1. The distributor pressure drop decreases with increase in angle of air injection.

2. The pressure head above the distributor increases with increase in angle of air

injection.

3. Since the area of opening is independent of angle of air injection, the pressure

below the distributor is independent of angle of air injection.

4. The hydrodynamic characteristics of the swirling fluidized bed are quite different

from that of a conventional bed.

5. The sequence of bed phenomena in conidour type swirling fluidized bed are

packed bed, fluidized bed, swirl motion and vortex motion.



6. It was observed that the minimum fluidizing velocity increases with increase in

angle of air injection.

7. In a swirling fluidized bed it was observed that the particle size as well as particle

density directly influence the minimum fluidizing velocity.

8. It could be observed that, after attaining minimum fluidizing velocity the bed

pressure drop increases along the radial direction.

9. The sequence of variation of bed pressure drop with superficial velocity are linear

increase, no change followed by sudden increase or sudden decrease.

10. At a radial position of 90 mm from the distributor centre, the bed height remains

unchanged irrespective of superficial velocity. Hence after attaining minimum

fluidizing velocity, the bed pressure drop at this location of the distributor remains

almost constant.

11. Vortex formation in the bed leads to increase in wall friction.

12. The frictional resistance between gas- solid interface increase with decrease in

particle size. As a result of this the bed pressure drop increases with decrease in

particle size.

13. For any constant weight of the bed the height of the bed increases with decrease

in particle density. So the bed pressure drop increases with decrease in particle

density.

14. The fluid drag exerted on the materials decreases with increase in particle size.

Hence the superficial velocity required for initiating various bed phenomena

increase with increase in particle size.
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15. Since the drag resistance offered by the materials increases with increase in

particle density, the superficial velocity required for initiating various bed

phenomena increase with increase in particle density.

16. The superficial velocity required for various regimes of operation increases with

increase in particle size as well as particle density.

17. The radial component of velocity increases with angle of air injection, whereas

the tangential component decreases. Since the tangential component is responsible

for swirl motion, the superficial velocity required for initiating various bed

phenomena increases with angle of air injection.

18. The bed pressure drop is found to decrease with increase in angle of air injection

for any constant weight of the bed.

6.2 SUGGESTIONS FOR FUTURE WORK

The distributors adopted for the present study were designed to have the same angle of

air injection from the slits in all the four rows. It is expected that by increasing the

angle of air injection progressively from the inner rows towards the outer, the vortex

formation in the bed can be delayed without affecting swirl motion. An investigation

can be conducted in this aspect.

Every experiment was conducted using a particular size of the particle made from the

same material. A detailed hydrodynamic study may be conducted by intermixing these

particles ofdifferent sizes and relative densities in varying predetermined proportion.

An investigation may be conducted to determine the effect of angle of emergence of the

jet with the horizontal (8) in combination with angle of air injection (!P).
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Flgure 5.3.8 Minimum Duldizlug ••IDdty with distributor havlug augl. of
air InJection. - O· Ind using 5.5 mm acetal •• bed material.

- 00.0
~
~-•
~ "'.0

w•
E 40.0
E-..
• 30.0
~...
~
~• 20.0••~
~.. 10.0-e
ill

0.0

0.0 0.2 0.' 0.' 0.'

.
:~

1.0 12 1.4 1.6 1.8 2.0 21 2." 2.6 2.8

Superficial ve locity (m1I)

Figure 5.3.9 Mlulmum Duldlzlug veleelty with distributor havlng angle of
air Injection. - 0° and using 7.4 mm acetal as bed material.

110



60.0-•
:l• "'.0l
~•e 40.0

e-:- lO.O
.l;
t 20.0

!
i 10.0...d! 0.0 ~~-=;=:;"" 4 __~~ ~---l

0.0 0.2 0.4 0.6 0.8

Figure 5.3.10 Minimum Ouldlzlug velocity wllb dI.tributor bovlug angle of
air InJection. - SO and Dimg 3.1 mm acetal u bed material.

- 60.0•:l•l 50.0-•e 40.0S-...
~/ .-• 30.0•...

•• 20.0••• :p••... 10.0...•= 0.0

0.0 0.2 0.' 0.' 0.8 1.0 11 I.' I.' 1.8 2.0 2~ 2.' 2.' 2.8

Superlidol velodty (mI. )

Figure 5.3.11 Minimum flu idizing veloc ity with distributor baving angle of

air Injection ' = S° and using S5 mm acetal 8 5 bed material.

I 11



2.82.62.'212.01.81.61.00.80.60.2 0.4

30.0

20.0

40.0

CL
o•-e
•••••:
a. 10.0
."•=

a
a-

~ 60.0 ,-- - - - - - - - - - - - ------------...,
:l•! SO.O
o

Super1lclal veloclty (mill

Figure 5.3.12 MInImum Duldlzlng velodty with distributor bavlng angle of
air loJectloo. - S· aod ullog 7.4 mm acetalal bed material.

- 60.0
••-• so.o•-0
a 40.0
e-Cl. 30.0
e
."
w 20.0••••
~ 10.0
CL

~ 0.0 !--;=::=:;==::::=--:..-~-~~:::::::;:-~-~-~-~~--J
U Q2 M ~ U I~ 12 lA I~ 1.8 2~ U U 2~ U

Superficial velocity (mlsl
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Figure 5.4.2 Variation of bed pressure drop with superficial velocity for distributor
having angle of air injedion(CI») = 0', using 3.2 mm acetal
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Figure 5.4.3 Variation of bed pressure drop with superficial velocity for distributor
baving angle of air injection (cD) = 0', using 7.4 mm acetal
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Figure 5.4.6 Variadon of bed pressure drop with superficial velocity for distributor
having angle of air injection (ep) = So, using 7.4 mm acetal
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Figure 5.4.11 Variation of bed pressure drop witb superficial velocity for distributor
baving angle of air injection (<<1» = 15°, using 3.2 mm acetal
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Figure 5.4.12 Variation of bed pressure drop with superfi cial velocity for distributor
hav ing a ngle of a ir injection (<<D) = ISO, using 7.4 mm acetal
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Figure 5.4.13 Variation of bed pressure drop with superficial velocity for distributor
baving angle of air injection (C!) = ISO, using 3.2 mm HDPE
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Figure 5.4.14 Variation of bed pressure drop with superficial velocity for distributor
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123



60.0 ,-- - - - - - - - - - - - - - - - - - - - --,

2.82.62.42.22.01.81.61.41.21.00.80.60.40.2

- 150 mm from centre

_ 120 mm from centre

_ 90 mm from centre

- 60 mm from centre

0.0 '-....,.-.....=";;:::...~-~~-~~-~-~~~~....,.-_I

0.0

20.0

10.0

l 30.0

~

i...
ill

".!i; 50.0oS 40.0

!

Superficial velocity (mlt)

Figure 5.4.15 Variation of bed pressure drop with superficial velocity for dIstributor
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Figure 5.4.16 Variation of bed pressure drop witb superficial velocity for distributor
ha ving angle of a ir injection (<1») = lSD, using 3.2 mm nylon
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Figure 5.4.17 Variation of bed pressure drop with superficial velocity for distributor
baving angle of air injection (<<P) = IS· , using 5.5 mm nylon
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Figure 5.4.18 Variation of bed pressure drop with superficial velocity (or distributor
having angle of air injection (et» = 15°, using 7.4 mm nylon
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Figure 5.5.6 Variation of bed pressure drop with superficial velocity for different
particle size at 90 mm from tbe centre of tbe distributor (cp:. lS~,
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Figure 5.5.7 Variation of bed pressure drop with superficial velocity for different
particle size at 120 mm from the centre of the distributor (C1"= ISo),
using acetal
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Figure 5.5.8 Variation of bed pressure drop with superficial velocity (or different
particle size at 150 mm from tbe centre of tbe distributor (ep: lS~,
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Figure 5.S.10 Variation of bed pressure drop witb superficial velocity for different
particle size at 90 mm from the centre of tbe distributor (~ lS~,

usin g nylon
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Figure 5.5.11 Variation of bed pressure drop with superficial velocity for dIfferent
particle size at 120 mm from tbe centre of tbe distributor (cJ)= l Sj,
using nylon
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Figure 5.5.12 Variation of bed pressure drop with superficial velocity for differen t
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Figure 5.6.1 Variation of bed pressure drop with superficial velocity for different
density material s of 3.2 mm diameter, at 60 mm from the centre of
tbe distri buto r (~ IS")
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Figu re 5.6.2 Variation of bed pressure drop witb superficial velocity for different
density materials of 3.2 mm diameter, at 90 mm from the cent re of
tbe distributo r (~ IS")
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Figure 5.6.4 Variation of bed pressure drop with superficial velocity for different
density materials of 3.2 mm diameter, at 150 mm from tbe centre of
tbe distributor (<1>= 15')
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Figure 5.7.2 Variation oCbed pressure drop with superficial velocity for different
angles of air injection using 3.2 mm diameter acetal, at 90 mm from
the distributor centre
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Figure 5.7.3 Variation oCbed pres sure drop with superficial velocity for different
angles of air injection using 3.2 mm diam eter acetal, at 120 mm from
the distributor centre

131



-

-- Od~

_ S d~

_ IOdegrc:e

_ IS dqvee

10.0

30.0

20.0

50.0

60.0 r;:=::;:=::;---------- - - i

40.0

0.0 l-_""l!=e::::-~-~ ~-.-----J

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Superficial velocity (mlS)

Figure 5.7.4 Variation oChed pressure drop with superficial velocity for different
angles of air injection using 3.2 mm diameter acetal, at 150 mm from
the distributor centre

-- O d~
_ Sdegree

_ IOdegree

- ISdtgtCC

50.0

40.0

'i:' 60.0 T~==;::::=:;_-------------------I::J
;
~

o
E
!

2.'2.62.42.22.01..1.61.41.21.00.'0.60.40.2

0.0 L....-...~=---~~~
0.0

20.0

10.0

0-
~ 30.0

Superficial velocity (mls)

Figure 5.7.6 Variation oCbed pressure drop with superficial velocity for different
angles of air injection using S.S mm diameter acetal, at 90 mm from
the distributor centre

132



_ Odegn:e

_ S degree

_ 10 degree

- IS degree

-""

/
~0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 lA 1.6 1.8 2.0 2.2 2.4 2.6 2.8

- 60.0
"•-•
~ 50.0-•
E 40.0E-Q.• 30.0.a
•" 20.0••••"Q. 10.0
-e
ill

Superfic:lal Velocity (m/I)

Figure 5.7.7 Variation of bed pressure drop with superficial velocity for different
angles of air injection using S.s mm diameter acetal, at 120 mm from
the distributor centre

0.0 !--==~~~~-~~~~-~~~~--<
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

- 60.0
"•- - Il degree•
~ 50.0- _ ' degree•
E 40.0

_ IOdegree

E -1 5~-Q.

~
• 30.0
"-e

~: :•"• 20.0•••"Q. 10.0

"•
"'

Superficial velocity (m/s)

Figure 5.7.8 Variation of bed pressure drop with superficial velocity for differen t
angles of air injection using S.S mm diameter acetal, at 150 mm from
the distributor centre

133



... 60.0

•-•
~ 50.0-0
B 40.0
B-Co

~ 30.0

~ 20.0•
~
!l.

10.0'C

III

- O d~ee

- SdClJec
_ IOdegree

- IS degrec

~r

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Superficial velocity (m1s)
2.4 2.6 2.8

Figure 5.7.10 Variation of bed pressure drop with superficial velocity for different
angles of air injection using 7.4 mm diameter acetal, at 90 mm from
the distributor centre

- 60.0"~•
~ 50.0-0
E 40.0E-Co
0 30.0
"'C•• 20.00•••"Co 10.0
'C

III

- Ddegree

_ S d~

_ IOdegree

- I Sdegree

~
0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Superficial velocity (m/s)

Figure 5.7.11 Vari ation of bed pressure drop with superficial velocity for differen t
angles of air Injection using 7.4 mm diam eter acetal, at 120 mm from
tbe distributor centre

134



- 0 """,,

- '''''"''_ IOdc:gree

- 15 dqvee

-'

.~~

~0.0
0.0 0.2 0.4 0.6 0.11 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Superficial velodty (m1I)

- 60.0••~•
~ 50.0-•e 40.0e
~

Q,

• 30.0oil
~ 20.0••••Q, ioo-e

olI

Figure 5.7.12 Variation of bed pressu re drop with superficial velocity for different
angles of air Injection using 7.4 mm diam eter acetal at ISO mm from
the distributor centre

135



APPENDIX - VI

CALIBRATION CERTIFICATE OF MICRO-MANOMETER

The calculation details of digital micro-manometer are presented below.

F~Cc~4~
CERTIFICATE OF CALIBRATION

Page",..,t I oages

Date'"] ~.A~,\, 1c.<',o.i

Cert!ilcate
Numt>erC-~.e; 2.., \

L..- .. __ ~

This is to certify that the followmg Instrument has been test~:l 1!1 accordance with the standards laid down and
adhered to by Furness Controls Ltd .. Bexnill, England 11 W3S calibrated uSing staocarcs whose car.brat.on IS
traceable to European standards. Ambient temperature was 20 ±2 cC, Dry air was used for pressure calibration Tl),5

certificate IS issued by Furness Controls Limited which holds ISO 9002 certification for the adrmr-istration of Its quality
management system. The Instrument is I i!H>&l' within the manufacturer's specification ('delete as apcropnate i

Sales Order No
Customer :
Instrument :
Instrument type:
Supply voltage
Serial No :

36018
SARTECH INTERNATIONAL
AIRPRO
FC0520
Battery
0402176

Pressure range : -600 to 600 Pa

0.00
0.12
0.00

-0.04
-0.17

Reference
Pressure

Pa
600.130
480.197
359.757
239.623
120.239

0.000
120.2Q2
240.049
360.113
480.758
601. 539

Instrument
Display

Pa
-599.7
-480.0
-360.2
-240.0
-120.4

0.0
120.2
240.3
360.1
480.6
600.5

calibrated
deviation

o % of R
-0.4 -0.07
-0.2 -0.04
0.4 0.11
0.4 0.17
0.2 0.17
0.0

-0.0
0.3

-0.0
-0.2.
-1.0

Reference instruments used to C3.ry out calibration of the above unit.

Pressure standard: FRS4HR serial number (FCPS017), RS36, Calibration
uncertainty better than 0.01% of reading + 0.002 Pa

Electrical multimeter : Thurlby 1905a - fCL ref. number WS96
. Calibration accuracy O.Ol%r + Idigit.

~pproved sign. ; G Thorogood sign: ..c;~g~....
History of traceability to National Standards and a list of approved
signatories are available from Furness Controls Ltd.

The uncertainties are for a confidence level of not less than 95%
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ERRATUM I
i. Units of all the tenus given in the nomenclature have to be added I
2. The notations should have followed a uniform pattern. For example R is used for I

aspect ratio, the same R is used for critical pressure drop ratio by denoting it as
Rp, such overlappings have to be changed. Again, for pressure drop ratio, another
notation viz. P.R is used.

3. For certain variables suitable subscripts have to be used. For example, ri. r.; re may
be denoted using subscripts, now, they are not so.

The nomenclature is modified incorporating the above suggestions. The necessary
modifications are made in the related equations too.

NOMENCLATURE

Ar
am
br

o
c
d
dp
g
Ha
HDPE
Hw
I-Is
Ht
K
k
L
I
Mh

l1

l1r
p

Pc
Q
R
Rc
Re

Archimedes number
Mean area of the bed in mnr'
Width of the ridge in mm
Bed diameter in mm
Chord length in mm
Orifice diameter in mm
Mean particle diameter in mm
Acceleration due to gravity in m/s2

Head of air in metres
High density polyethylene
Head causing flow in metres of water
Static bed height in mm
Overall bed height in mm
Proportionality constant
Fraction of bed weight supported by fluidizing gas
Effective width of the distributor in mm
Length of the slit in mm
Mass of the bed in gms.
Radial mass flow rate per unit of bed height in kg/s per unit mm
Total number of orifices in a distributor plate
Number of operating orifices
Number of rows in the distributor
Pressure drop ratio
Critical pressure drop ratio
Volume flow rate in m3/s

Aspect ratio
Critical aspect ratio
Reynolds number
Inner radius of the bed in mm
Outer radius of the bed in mm
Radius of the distributor cone in mm
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S
T
t

U
Uo
UIIlI'

Va
i1Pb
i1Pbmax
i1Pd

i1Pdmin
i1Pv
c
es
e
Ill'
Pa
Pb
pr
pw
Pr
<P
~I

Orifice spacing
Temperature of air in °e
Distributor plate thickness in mm
Superficial gas velocity in m/s
Tuyere gas velocity in m/s
Minimum fluidizing velocity in mis
Actual volume of air discharged in m3/s

Bed pressure drop in mm of water
Maximum bed pressure drop in mm of water
Distributor pressure drop in mm of water
Minimum distributor pressure drop in mm of water
Venturimeter pressure drop in mm of water
Voidage
Static voidage
Inclination of the slit with the horizontal in degrees
Dynamic viscosity of fluid in poise
Density of air in gram/cm'
Bed density in gram/cm:'
Density of fluid in gram/cm'
Density of water in gram/cm:'
Density of fluidized particle in gram/cm''
Inclination of the slit with the radius of the distributor in degrees
Proportionality constant
Angular velocity in rad/s

4. In the first sentence of the introduction, the word "them" has to be changed by
stating its meaning.

The process of imparting fluid like properties to solid particles by forcing them to
suspend in a fluid; either gas or liquid is termed as fluidization.

5. All the equations and variables have to be written using an equation editor. Now,
equations have been written using text editor, which convey wrong meanings at
several locations. For example, the equation 2.7 in page no. t 5 seems to be
inconsistent.

All the equations and variables rewritten using equation editor are given below.

Page 9 i1P = 1.04 (~)J~ V0
2

(2.1)
d t 2g

Page 1 t lJM =: u., /2.65 +1.24Iog,o(lV, )) (2.2)
\ Jml

Page 11 i1Pd= e ( V mf )C (2.3)
~Pb V M - Vmf

2_._---------------------------------'



Page 12 "'P, =2.7 ( u., J3l (2.4)
~Pb UM - U lTl f

Page 12 10'(1_~)= _K(U~~mr] (2.5)

Page 13 ~Pd =c U~ (2.6)

P
Page 15 P(pressurc - drop raio) = ( b ) (2.7)

Pp (I-cs) u,

L1Pb =

[150(H:)\'rmfu log( ~)]
Page 17

[1.75(1-&)m~ {~__l }]
(2.8)

[ 3 2J n ro
2rrpf&' dp + [2 3 J

4rr PI'S dp

Page 18 f,Pb Woco~
(2.9)=max 2nL

Page 18
kMb 1

(2.10)~Pb =' --+ \jIco-
am

! 2 3 r
Page 21

~l'lJmf Pg "1 (33.7) -t{).0408 dp Pg{Ps-Pg)g -33.7
(2.11)

~ ~2

Page 21
U.

(2.]2)U ..Torebed=---!!2L
rnl .' sine

Page 21 Rep.mf='[28.7 2 +0.494 ArTs -28.7 (2.13)

Page 32
(r -r-[3xb])

length of the slit 'R.' = d c r (3.1 )
n r

Page 32 The inner radius of the row 'rj , = re + [n, -1) X (£+br ) (3.2)

=20 +(n s- l)x(24 +11)
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Page 33

Page 33

(

Cl J (2r2
_C

2
)

COS £5 = 1- -2 = I .~
2r, 2r,-

<: -1 (2r;2-. c
2

)u =COS
2r 2

I

Number of slits in each row
360

s
(3.3)

Page 34
6350.4 x 100

Percentage area of opening = --;----,-----
n( r~ -r})

_ (6350Ax 100)

1t x 88400
= 9.15

Page 38

Page 39

Page 44

Page 48

Page 48

([ r~ - rc
2Jx 100)

Percentage useful area of distributor = )
r
d

=
( 1502-202)X 100
~--~-- = 99.5

150

v, = 0.021%:

H = Hw xp~
a

Pa

1-Ph
£=--

Pp

Q = g.021 tiPv ~_p-,-w---,-(2_7_3+_T---,-)
Pa x 273

(4.1 )

(4.2)

(4.3)

(4.4)

(4.5)

6. Lot of results have been presented in the form of graphs and the nature variations
have been explained. However, it is difficult to extract some useful information by
looking from several curves. The conclusions are giving only a qualitative nature of
variations. No typical values are given in the conclusions. The candidate has to
make a data analysis to present relevant parameters of interest. In my opinion,
correlations of bed pressure drop and minimum fluidizing velocity may be obtained
in terms or appropriate variables.
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The conclusions are revised as per suggestion. Typical values arc given wherever
possible. Correlations of bed pressure drop and minimum fluidizing velocity are
given below in terms of appropriate variables.

CONCLUSIONS

1. The distributor pressure drop decreases with increase in angle of air injection. (At
a superficial velocity of 3.8 m/s the rate of decrease is 5.2 mm of water per unit
degree in the range of 0° to 5° ; 4.6 mm of water per unit degree in the range of
5° to 10° and 1.42 mm of water per unit degree in the range of 10° to 15° .

2. The pressure head above the distributor increases with increase in angle of air
injection.

3. Since the area of opening is independent of angle of air injection, the pressure
below the distributor is independent of angle of air injection.

4. The hydrodynamic characteristics of the swirling fluidized bed are quite di fferent
from that ofa conventional bed.

5. The sequence of bed phenomena in conidour type swirling fluidized bed are
packed bed, fluidized bed, swirl motion and vortex motion. (In the case of 7.4 mm
acetal particles using 15°distributor, fluidization starts at a superficial velocity of
1.846 m/s; swirl motion at 1.898 m/s and vortex motion at 2.951 m/s.)

6. It was observed that the minimum fluidizing velocity increases with increase in
angle of air injection. (In the case of 7.4 mm acetal particles the rate of increase
is 0.029 rn/s per unit degree in the range of 0° to 5° ; 0.018 m/s per unit degree in
the range of SO to 10° and 0.007 m/s per unit degree in the range of 10° to 15°)

7. In a swirling fluidized bed it was observed that the particle size as well as particle
density directly influences the minimum fluidizing velocity.

8. On the basis of experimental results the relationship of minimum fluidizing
velocity can be expressed as

Umf=Jg x d
p

£8.32( Pp )2.31 r/JO.39[ ,~ Jo.65
Pf V2 d3/2

Pp gl P

9. It could be observed that, after attaining minimum fluidizing velocity the bed
pressure drop increases along the radial direction. (In the case of 7.4 mm acetal
particles using 15()distributor, the rate of increase is 0.115 mm of water per unit
mm along the radial distance from 60 mm to 90 mm; 0.005 mm of water per unit
mm along the radial distance from 90 mm to 120 mm and 0.044 mm of water per
unit mm along the radial distance from120 mm to 150 mm.)

10. The sequence of variation of bed pressure drop with superficial velocity is linear
increase, no change followed by sudden increase or sudden decrease. ( In the case
of 7.4 mm acetal particles using lSodistributor, the bed pressure drop increases
linearly upto a superficial velocity of 1.798m/s; afterwhich it remains almost
constant till a superficial velocity of 2.206m/s is reached and thereafter there is a
sudden decrease.)
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\- 11. At a radial position of 90 mm from the distributor centre, the bed height remains
I unchanged irrespective of superficial velocity. Hence after attaining minimum
I fluidizing velocity, the bed pressure drop at this location of the distributor remains
I almost constant.( In the case of 7.4 mm acetal particles using] SOdistributor this
I value of bed pressure drop is 22.5 mm of water)
. 12. Vortex formation in the bed leads to increase in wall friction.

13. The frictional resistance between gas- solid interface increase with decrease in
particle size. As a result of this the bed pressure drop increases with decrease in
particle size.

14. For any constant weight of the bed the height of the bed increases with decrease
in particle density. So the bed pressure drop increases with decrease in particle
density.

15. The experimental results lead to the following relationship for bed pressure drop

L\P = cl (!9-)20.71 (!)6.45 (pp)50.29 /8.74 [ llf ]123.05

b P dp £ Pf Pp gl/2 d~2

16. The fluid drag exerted on the materials decreases with increase in particle size.
Hence the superficial velocity required for initiating various bed phenomena
increase with increase in particle size. ( In the case of acetal particles using
IS0distributor, the superficial velocity required to initiate swirl motion for 3.2 mm
particles is 1.548 m/s; for 5.5 mm particles it is 1.747 m/s and for 7.4 mm
particles it is 1.898 m/s)

17. Since the drag resistance offered by the materials increases with increase in
particle density, the superficial velocity required for initiating various bed
phenomena increase with increase in particle density. ( In the case of 7.4 mm
particles using 15°distributor, the superficial velocity required to initiate swirl
motion for HDPE particles is 1.510 m/s; for nylon particles it is 1.516 m/s and for
acetal particles it is 1.898 m/s)

18. The superficial velocity required for various regimes of operation increases with
increase in particle size as well as particle density.

19. The radial component of velocity increases with angle of air injection, whereas
the tangential component decreases. Since the tangential component is responsible
for swirl motion, the superficial velocity required for initiating various bed
phenomena increases with angle of air injection. (In the case of 7.4 mm acetal
particles, the superficial velocity required to initiate swirl motion for distributor
having angle of air injection 0° is 1.575 m/s; for distributor having angle of air
injection 5° it is 1.72 m/s; for distributor having angle of air injection 10° it is
] .810 m/s and for distributor having angle of air injection 15° it is ] .846 m/s)

7. In chapter 3 on design, the reasons for selecting the dimensions such as outer
diameter, ridge width etc may have to be justified or the reasons for fixing such I
dimensions may be explained. I

6

Survey of the literature reveals that the size of the distributor to obtain uniform air
distribution in a swirling fluidized bed is limited to 400 mm. All the previous
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experimental studies in this area of research were conducted using distributors
having diameters of 300 mm. Hence the outer diameter of the distributor was fixed
as 300 mm. The width of the ridge was selected as 11 mm for conveniently
providing the pressure tappings.
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