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ABSTRACT

Thorough knowledge of the hydrodynamic properties of gas fluidized beds is a prerequisite

for complete mastery of fluidization as a process technology. Detailed analyses require

prohibitively large quantities of computer time and effort. Only limited bubble size and velocity

distribution data are available in the literature. Invariably, mean bubble properties are tabulated,

reducing the quantity of data available for model fitting and calculation of bed performance.

The aim of this investigation was to develop a technique capable of quick, simple and inexpensive

measuring of the distribution of bubble sizes and velocities in a gas fluidized bed. An extensive

tabulation of measured bubble characteristics is provided.

Tests were conducted in a 23 cm diameter gas fluidized bed. Constn¡ction in perspex

enabled visual observation of the fluidization process. AB Glass ballotini served as the bed

material with air as the fluidizing medium. A dual tipped capacitance probe was employed to

measure the local variations in bed porosity. Unique computer software enabled the elimination

of many complex ha¡dware components previously employed in this type of study. All data

collection and analysis was performed in real-time by the computer softwa¡e.

Comparison of the collected data with a population balance model proposed by Agarwal

(1986) was performed. The model predictions were in good agreement with the experimental

bubble vertical dimensions but significant depar:tures from the bubble rise velocities were noted.

The median bubble characteristics derived from the experimental data and correlations were
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contrasted with predicted average values. The average bubble characteristics were greater than

the median values. A significant contribution from small bubbles may be neglected when an

average characteristic is employed.

Figures detailing the distributions of bubble vertical dimensions and rise velocities are

presented. As bed height increases the bubbles conglomerate towards the centre of the bed and

as a consequence bubble size and rise velocity increase in the centre of the bed.

This investigation should be of great benefit to future studies linking bed hydrodynamics

to fluidized bed performance and any study where high speed data acquisition is necessary given

the improvement in the ease of measurement.



CHAPTER I

INTRODUCTIOI\

In 1926 the first large-scale, commercially significant fluidized bed commenced smooth

operation. The process, known as the Winkler gas generator, involved the gasification of

powdered coal. By today's standa¡ds the V/inkler gas generator may be considered inefficient

because of its high oxygen consumption and its large carbon loss through entrainment.

The application of fluidized bed technology to commercial processes has gtown

phenomenally over the decades since the Winkler gas generator was state-of-the-art. Examples

of present-day commercial apptications a¡e in the production of ethylene, alkyl chloride, phthalic

anhydride and polypropylene. Processes using fluidized bed technology include fluid catalytic

cracking, catalytic reforming and coking, coal gasification and liquefaction, calcination and

nuclear fuel preparation.

Fluidized beds a¡e unsurpassed in maximising both gas-solid contact and solids mixing.

The dynamics of the bubbles, the mechanisms of bubble formation and growth, the spatial

distribution of bubbles within the bed and the bubble-particle interactions play dominant roles

in the extent of heat transfer, mass transfer and solid catalysed chemical reactions in a fluidized

b€d. Athoroughknowledgeofbubbledynamicsisnecessaryforcompletemasteryoffluidization

as a process technology. Despite industry's wide usage, the dynamics of fluidization is poorly

cha¡acterised and as such modelling and design of fluidized beds is diffrcult.
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Experimental techniques have therefore been applied to the study of bubble behaviour

throughout the bed. Investigations of bubble properties and dynamics have been performed by

many workers and their results are well represented amongst the voluminous literature dealing

with fluidization.

Within the literature, studies may be found which present data which is, at least in part,

contrad.ictory" While measurements caried out in a two dimensional bed are of only limited

interest, as in most commercial situations a three dimensional bed is employed.

Investigations carried out to characterise the bubble hydrodynamics in three dimensional

gas-solid fluidized beds involve numerous measurements of local bubble velocity and size, as

functions of fluidizing gas velocity and location in the bed. As pointed out by Yoshida et. al.

(1978b), detailed analyses require almost prohibitively large amounts of computer time and

effort. Figures showing the variations in local bubbte velocity and local bubble size are limited

within the literature. The quantity of data collected is almost invariably reduced by averaging

the measured bubble velocity and size. An array of fîgures exhibiting the variation of local mean

bubble velocity and local mean bubble size throughout the bed, with different fluidizing gas

velocities, is the usual method of demonsrating the fluidized bed bubble hydrodynamics.

This in many ways diminishes the value of the data collected, as a lot of detail becomes

"hidden" by the averaging process. It is probable that a signihcant amount of information could

be derived from analysis of the distributions of local bubble rise velocity and local bubble size.

Certainly a data base would be provided from which many descriptive parameters could be

derived for comparison with fluidized bed models.

The first goal of this investigation was to develop a miniature capacitance probe linked to

a high speed data acquisition system capable of collecting local measurements, with minimum

disturbance to the state of fluidization. The probe response yields bubble pulse duration, number

of bubbles detected by the probe per unit time and bubble rise time.
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The second aim was to evaluate from the collected data those parameters which further

characterise the local state of fluidization. These parameters include, bubble pierced length,

bubble volume fraction, gas flow passing as bubbles and bubble rise velocity - all as local values.

Finally, figures fully representative of the collected data would be presented. Including,

probabiliry density functions and cumulative distributions of bubble vertical dimension and rise

velocity for various superf,rcial gas velocities, at many locations throughout the bed. A

comparison with a population balance model for predicting bubble characteristics, as detailed

by Agarwal (1985, 1986), would also be made. Also presented would be the variation of bubble

frequency, volume fraction and gas flow throughout the bed.
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CHAPTER II

LITERATURE REVIE\ry

2.1 Experimental Methods For Studying Gas-Solid Fluidized Beds

Investigators have applied avarietyof techniques to obtain datarepresentative of thebubble

behaviour, solid-particle mixing and heat and mass transfer properties of gas-solid fluidized

beds. A detailed review of experimental methods for studying gas-solid fluidized beds is

presented in Cheremisinoff (1986). In this chapter a critique of the techniques for studying

gas-solid fluidized beds, in particular bubble hydrodynamics, is presented. The methods

reviewed include:

a) Photographic and X-Ray Techniques,

b) Light Transmission Techniques,

c) Pressure Fluctuations,

d) Electromagnetic and Acoustical Wave Transmission,

e) Thermal Techniques and

f) Electroresistivity Measurements.

a) Photographic and X-Ray Techniques:

Generally, photographic methods are restricted to the study of two-dimensional fluidized

beds, or when wall-controlled phenomenon is of interest. A shortcoming of these methods are

their inability to reproduce meaningful statistical properties of the bubble, as in most commercial

situations a three-dimensional bed is employed.
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Studies of two-dimensional beds have been conducted by Upson and Pyle (L973). These

workers analysed, frame-by-frame, a cinephotography film to determine the frequency of bubbie

splitting as a function of bubble size, in an air-fluidized bed. Geldart (L970nD measured the

diameter and frequency of bubbles bursting at the surface of two-dimensional and

three-dimensional gas-fluidized beds from a cine film record. Kunii and Levenspiel (1977)

recorded bubbles rising in a two-dimensional gas-fluidized bed with a cine-camera, in order to

study the effects of bed temperature on the bubble size and velocity. Backmixing phenomenon

in a rwo-dimensional bed was studied by Fryer and Potter (1973). Data on eruption diameters

were used in the evaluation of various backmixing models.

In commercial fluidized beds, where the application of photographic methods is severely

limited, direct observation of bubble characteristics can be made using X-rays. Rowe and

Partridge (1965), Rowe and Matsumo (1971), Rowe (1971), Hager and Thompson (1973) and

Judd and Dixon (1978) have employed X-rays for measuring the size and shape of bubbles.

Difficulties encountered with this technique include limited transmission through thick-walled

vessels and poor resolution of individual bubbles under profuse bubbling conditions. Rowe and

Masson (1980, 19Sl) used a combination of X-ray and cinephotography in a three-dimensional

bed, to study the disturbance to bubbles caused by various probe types. They compared the

bubble velocity and height as measured by each probe with that recorded on the cine or X-ray

film. A quantitative analysis of the disturbance caused by each probe to the passage of the bubble

was made.
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Banholzer et. al. (1987) studied the time averaged flow pattern in a gas fluidized bed using

X-ray computed tomography (CT). The CT technique has revolutionised medical imaging

diagnostics (Maylotte et. aJ.1982). The technique produces images taken as a two-dimensional

slice through the object, rather than as a projecúon of a three-dimensional object onto a plane.

A scan of the bed took nine seconds, thus events occuming in less than nine seconds were

unresolved. Individual bubble motions could notbeviewed, rather an average densiry overnine

seconds was determined. (CT machines with millisecond capability do exist.) The CT technique

is complementary to the X-ray method, the former emphasising spatial resolution, the latter

stressing temporal resolution.

b) Light Transmission Techniques:

Light scattering and fibre optic probes have been successfully employed to measure local

bubble size distributions. The local bubble size distribution is expressed by a representative

bubble cha¡acteristic such as the radius.

The experimental detection of the bubble size using the light scattering technique, is based

on the interaction between a horizontal light beam and the fluidized solids. rWhen the fluidized

solids are present within the beam, light is scattered with consequent attenuation. However, if

only gas is present, no attenuation of the focused light occurs. The technique provides a local

measurementof the numberof bubblespassing theprobeperunittime andthecumulativedensity

function of the bubble size. The signal resolution is affected by bubble passage through the line

of light transmission. Hence, measurement resolution is adversely effected when the detector

and transmitter are far apart.
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Many orher workers including, Put et. al. (1973), Yasui and Johanson (1958), Kilkis et.

al. (1973) Yoshida et. al. (1978a,b), Yong et. al. (1980), Valenzuela and Glicksman (1984) and

Sung and Burgess (1987) have utilised light scattering.

Fibre optic probes provide in-situ localised measurements (Lockett and Safekourdi (1977),

Coulaloglou er. al. (1976),Ohki and Shirai (1978), Burns and Roe Corp. (1982)). Simultaneous

measurement of the bubble rise velocity, frequency and size are possible. Ohki et. aJ. (1977)

and Ohki and Shirai (1978) used fibre optic probes to simultaneously measure local particle

movement and bubble phenomenon. They found that the particle rise velocity was proportional

to the local bubble velocity. Fibre optic probes have been widely employed for the measurement

of solid particle velocities, Ishida et. al. (1980), Patrose and Caram (1982), Muramoto et. al.

(1e8s).

Dutta and V/en (1979) described the procedure for the application of fibre optic probes

for measuring bubble characteristics. The behaviour of bubbles in fluidized beds where differing

fluidizing gases were employed in turn, was studied by Kai et. al. (1987). They used both a hot

wire and fibre optic probe and made comparisons of the measur€ments collected from each.

Yamazaki er. al. (1986) and Yang et. al. (1987) measured the distribution of the porosity of the

emulsion-phase. Bubble properties from large particle fluidized beds were presented by

Glicksman er. al. (1937). Bem¡ti et. al. (1988) measured the residence time distribution of low

density solids in a fluidized b€d reactor of sand particles.

c) Pressure Fluctuations:

Transducers located along the height of a fluidized bed provide information on the dense

bed behaviour and bed expansion. Several investigators have applied this technique to studying

fluidization quality namely, Broadhurst and Becker (1976), Fan et. at. (1981' 1983) and Taylor
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et. al. (1913). Chan et. al. (1987) utilised pressure probes to study the effect of increasing bed

pressure on bubble characteristics. Bubble size was found to decrease with pressure while bubble

frequency increased.

Drahos et. al. (1988) utilised a pressure probe to measure local pressure drop fluctuations

in a freely bubbling fluidized bed, the fluctuations were used to cha¡acterise the axial stability

of fluidized beds. The amplitude of local pressure drop fluctuations was found to be a linea¡

function of gas velocity in the broad range of fluidizing gas temperatures used.

d) Electromagnetic and Acoustical Wave Transmission:

The basis of the gamma-ray detector technique is the interaction of the radiation with the

detection device. Measurement of the numberof interactions is indicative of the bubble frequency

whilst measurement of the total effect of radiation can be related to bed voidage.

Gamma-ray detectors have been exploited successfully by Orcutt and Carpenter (1971)

who applied gamma-ray transmission todetect the presence of bubbles andWeimeret. al. (1985),

who employed gamma radiation to quantify the characteristics of bubbles. rü/eimer measured

expanded bed height, dense phase voidage, bubble size and bubble frequency.

A microwave signal can be transmitted down onto the surface of the bed and the reflected

signal is shifted in a frequency proportional to the bed surface velocity. Surface rise velocity

will give an indication of the average bubble rise velocity, which in turn is proportional to the

size of the bubbles present (Cheremisinoff and Cheremisinoff (1984), Kunii and Levenspiel

(L977)). A serious disadvantage with this method is the restriction of the region of study to the

upper portion of the bed. Therefore, deep beds pose a problem, as the surface behaviour need

not reflect the true average bubble size.
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In an operating system, a sonic wave is generated and di¡ected into the flow, where it is

scattered by particles. A second transducer picks up the scattered energy and the signal once

analysed should be able to detect differences between regions of high and low solids

concentration. Yosefet.al.(1975)appliedaDopplervelocitimeterformeasuringthegasbubble

size distribution. Poor resolution between bubble sizes made it difficult to obtain meaningful

quantitative data. Krautkramer and Krautkramer (1983) provide a detailed discussion on the

application of ultrasonics.

e) Thermal Techniques:

Thermal and constant temperature anemometry techniques have so far been applied to

indirectly detect bubbles in fluidized beds. Wen et. al. (1978) constn¡cted a miniature probe

comprised of a self-heating thermistor to sense the presence of bubbles. When in the emulsion,

the probe's temperature decreases as the probe's heat transfer coeffrcient is significantly greater

in the emulsion compared to the bubble-phase. Techniques for similar measurements are

described by Hiraki et. al. (1968/69), Bernis et. al. (1973), Goosens and Hellinckx (1973), and

Bashakov et. al. (1973).

f) Electroresistivity Measurements:

Measurable differences between air and a packed bed of solid granulates form the basis

for this technique. Point measurcments of conductivity, capacitance, resistance/impedance, or

inductance are related to the local state of fluidization. Forexample, closely packed coke particles

have a measurable resistance/impedance in the order of several hundred ohms, by contrast, the

resistance of air is practically infinite. The resistance of the solids is a function of the packing

arrangements of the particles. Thus, the response of an appropriately designed sensor located

in the bed will be comprised of information on both the bubble-phase and local porosity

fluctuations of the solids.
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An analysis of these responses yields bubble pulse duration, number of bubbles striking

the probe per unit time and local bubble rise velocity. From these parameters, pierced length of

the bubble, local bubble volume fraction and local bubble gas flow can be derived.

Cairns and prausnitz (1960) studied macroscopic mixing in a liquid fluidized bed- A salt

solution was injected from a point source and electrical conductivity cells measured the time

averaged and fluctuating salt concentrations at various points. The mixing data for the central

porrion of the bed yielded radial-eddy diffusivities plus scales and intensities of turbulence.

An electroresistivity probe measuring the mixing of two dissimilar coke particles was

described by Hayakawa er. al. (1964). Data obtained was presented to illustrate its utility. Park

er. al. (1969) employed an elecrroresistivity probe ro measure the bubble characteristics in a bed

of conducting particles. Figures indicating bubble frequency, volume fraction, average size, rise

velocity and size distribution as a function of particle size, bed position and fluidizing velocity

were presented.

Burgess and Calderbank (1975a) evaluated an electroresistivity probe with

bubble-orientation signal processing capacity. Only bubbles central to the probe axis were

accepted. Measurements of bubble velocities, size and shape were conducted. Experimental

data was compared to that of Johnson (1970) and found to be consistent. In a further study,

Burgess and Calderbank (1975b) employed an electroresistivity probe in abed of carbonparticles

to measure the bubble rise velocity, distribution of bubble size and bed void fraction for one

fluidizing gas velocity. Figures presented data at the centerline and one radial position for various

heights in the bed. Bubble velocities were compared with the expression given by Nicklin (1962a,

b) and were found to be in good agreement. Bubble shapes and sizes were similar to those

observed by Rowe and Partridge (1965). It was concluded that emulsion-phase circulation had

a marked effect on the bubble properties and gas flow in the bed.
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The bubble parameters of a fluidized-bed gasifier were measured by Lowry and Barrett

(1979) and (1980). The behaviour of gasifiers at elevated temperatures was studied. Matsui et.

al. (1987) studied coal char gasifrcation using an electroresistivity probe. The bubble size under

gasification conditions was measured. This was then used in a modified bubbling bed model to

predict char and CO, conversion.

Choi et. al. (1986,1988) utilised an electroresistivity probe to measure bubble parameters

in a square gas fluidized bed, for comparison with a model for mean bubble sizes. It was concluded

that the model represented the data on bubble size well.

V/erther and Molerus (1973a) measured the parameters characterising the local state of

fluidization in beds of arbinary size with a capacitance probe. They noted that other workers'

(Morse and Ballou (1951), Bakker (1958), Fukuda, Asaki and Kondo (1967), Kunii, Yoshida

and Hiraki (1967) and Geldart and Kelsey (L972>) capacitance probes did not gain general

acceptance due to the probe shape, which in many cases caused destn¡ction of the rising bubbles

rather than determination of the local state of fluidization. They developed a miniature probe

which caused minimum disturbance.

A statistical analysis of the signal, yielded mean bubble pulse duration, number of bubbles

striking the probe per unit time and local mean bubble rise velocity. From these parameters,

local mean pierced length of the bubble,local bubblevolume fraction and local bubble gas flow

were derived.

An investigation of the spatial distributionof bubbles in gas fluidized beds of va¡ious sizes

was undertaken by Werther and Molerus (1973b). A comparison of bubble-phase flow data was

made with that of a study of flow profiles carried out by V/hitehead et. al. (1970) and general

agreement was obtained.
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'Werther (I97aù employed a capacitance probe to study the disribution of bubble pulse

durations. A distribution of pierced lengths was deduced and this in turn was used to construct

a local bubble size distribution by means of geometric probability theory. Data from various

sized beds showed that the bubble size distribution could be approximated by a log-normal

distribution.

The influence of bed diameter on the hydrodynamics of fluidized beds was studied (Werther

(1974b)) by gathering parameters characterising the state of fluidization. The results showed

that for laboratory scale fluid beds diameter had a strong influence on the bed hydrodynamics.

Werther (1976) predicted quantitative convective solids transport occurring in large

diameter fluid beds on the basis of measured properties of the bubble-phase. Based on the

fundamentals of Rowe et. al. (1971) an equation was derived from measurements of bubble

development in large fluid beds (>l m) which related solids transport in the bubble wakes to

determinable parameters. Predictions of this relationship were found to be in good agreement

with direct meas¡rements of convective solids transport by Schmalfeld (1973) on pilot scale

semi-cylindrical beds.

Bubble chain formation in large diameter fluidized beds was studied by V/erther (1977,

1978a). A capacitance probe collected information for processing into local bubble size

distributions and local average bubble shapes, he found evidence of the formation of bubble

chains, i.e., the non-random rise of bubbles. He concluded that this phenomenon had a deleterious

effect upon gas-solid contacting, as demonstrated by Askins et. al. (1951).
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Lanneau (1960) investigated gas-solid contacting parameters in a fluidized bed using a

capacitance probe. The parameters studied included : distribution of solids between the bubble

and emulsion-phases, gas back-mixing and interchange between the bubble and emulsion-phases.

A mathematical model was developed to describe the kinetics of first order irreversible chemical

reactions in fluid beds. Theresults demonstrated the importance of fluidizing conditions on the

efhciency and selectivity of chemical reactions in a fluidized bed.

Numerous workers have also employed capacitance probes for the study of gas-solid

fluidization. Yoshida and Kunii (1968) used a capacitance probe to measure bubble frequency

in a fluidized bed. From the bubble frequency the residence time distribution of the fluidizing

gas rwas calculated. Experimental results were in good agreement with model predictions.

Geldart and Kelsey (1972) described the procedure for calibration of a capacitance probe in a

fluidized bed via the use of a cine-camera.

Haines et. al. (1972) utitised a combination of capacitance probe and radioisotope probe

to measure bubble characteristics in a fluidized bed. These later supplemented a study of solids

mixing. Tomita and Adachi ( 1973) measured bubble frequency and volume fraction in a fluidized

bed using a capacitance probe. Data was presented for various fluidizing gas velocities, and bed

locations.

A simulation model to predict the performance of a fluidized bed reactor was derived by

Tone et. aJ. (1974) from the observed bubble behaviour. The results confirmed the applicability

of themodelforpredictingtheperfonnanceof amethylcyclohexanecracker. Otakeet. al. (1975)

measured the changes in the size and rise velocity of bubbles in a fluidized bed at elevated

temperatures with a capacitance probe. The bubble frequency increased with rising temperature.
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Homsy (1981) discussed the development of a capacitance probe to study bubble

characteristics in a fluid bed. In addition, he detailed interest in the measurement of particle

velocities or particle momentum via an optical fibre probe. An "oversized" capacitance probe

to measure bed levels, density and "dynamics" in a high temperature fluidized bed reactor, with

a view to industrial applications was developed by Fasching et. al. (1982). Yutani et. al. (1983a,

1983b, 19S6) measured bubble frequency and its stochastic variation in a gas-solid fluidized

bed. A stochastic model was proposed and appeared to predict the experimental data well.

Gunn and Al-Doori (1985) described the calibration of a capacitance probe in a

two-dimensional fluid bed by means of a cine-camera. Jet instability and bubble frequency in

a single orifice two-dimensional fluidized bed, with a capacitance probe was studied by Zhang

et.al.(1987). Amodelwhichaccountedforparticlesize,particledensity,probeverticallocation

and jet flow rate predicted bubble frequency adequately. Hilligardt and Werther (1986) studied

the bubble throughflow velocities and dense phase gas velocities in a freely bubbling

three-dimensional bed, with the combination of a capacitance probe and a pressure probe. It

was concluded that gas flow in and a¡ound bubbles exerted a significant influence on bubble

growth. A coalescence model for bubble growth was proposed which included the influence of

the measured parameters, i.e., bubble throughflow and dense phase gas velocities.

In characterising the bubble hydrodynamics in gas-solid fluidized beds workers have

measu¡ed large quantities of local bubble velocity and size as functions of fluidizing gas velocity

and location in the bed. Investigators usually reduced the quantity of data by averaging bubble

velocity and size, and presenting the variation of locat mean bubble velocity and local mean

bubble size throughout the bed, with different fluidizing gas velocities. Figures showing the

va¡iations in local bubble velocity and local bubble size are in most cases very limited.
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Table 2.1 Summary of Experimental Methods For Studying Gas-Solid Fluidized Beds

General Detailed
Measurement Measurement
Technique Technique

Single
Bubbles
Counted

Distribution
of Mean

Reference for
Detailed

Information

Photographic Still
Photography

Yes No Rowe, 1971

Upson and Pyle, 1973
Geldart, I970nL

Kunii and Levenspiel, 1977
Fryer and Potter, 1973

Rowe and Partridge, 1965
Rowe and Matsumo, 1971

Rowe, 1971
Hager and Thompson, 1973

Judd and Dixon, 1978
Rowe and Masson, 1980, 1981

Banholzer et. al., 1987

Put et. al., L973
Yasui and Johanson, 1958

Kilkis et. al., 1973
Yoshida et. al., 1978a, b

Yong et. al., 1980
Valenzuela and Glicksman,

1984
Sung and Burgess, 1987

Ohki et. aJ.,1977
Ohki and Shirai, 1978

Ishida et. al., 1980
Patrose and Caram,1982
Muramoto et. al., 1985
Dutta and \il/en, 1979

Kai et. al., 1987
Yamazaki et. al., 1986

Yang et. al., 1987
Glicksman et. al., 1987

Bemrti et. al., 1988

X-Ray

Optical

X-Ray CT No No

Cine
Photography

X-Ray
detection

Light
Obscuration

Fibre
Optics

Yes (Size, shape,
rise velocity)

Yes (Size and
shape)

Yes (Size and
rise velocity)

Yes (Size and
rise velocity)

Yes

Yes

Yes

Yes
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General
Measurement

Technique

Detailed
Measurement

Technique

Distribution
of Mean

Reference for
Detailed

InformationCounted

Pressure
Fluctuation

Electro-
magnetic
Waves

Thermal
Techniques

Electro-
resistivity
Properties

Uses Pressure
Difference
Between

Bubble and
Emulsion
-phases

Gamma-Ray
Transmission

Microwaves

Yes

Yes

Slugging
Beds

Yes (Size and
rise velocity)

No (Mean bed
voidage)

No (Mean bed
voidage)

Ultrasonics Yes

Thermister
Probe

Yes

Resistance
Probe

Yes

No (Mean bed
voidage)

Yes (Rise
velocity)

Yes (Pierced
length, bubble

slze, nse
velocity)

Broadhurst and Becker, I97 6
Fan et. a1., 1981, 1983

Taylor et. al.,1973
Chan et. al., 1987

Drahos et. al., 1988

Orcutt and Carpenter, 797 7

V/eimer et. al., 1985

Cheremisinoff and
Cheremisinoff, 1984

Kunii and Levenspiel, 1977

Yosef et. al., 1975

Wen et. al., 1978
Hiraki et. al., 1968169

Bemis et. al., 1973
Goosens and Hellincloç., I97 3

Bashakov et. 
^I.,1973

Cairns and Prausnitz, 1960
Hayakawa et. al., 1964

Park et. al., 1969
Burgess and Calderbank,

l975a,b
Lowry and Barren, L979

Matsui er al., 1987
Choi et. al., 1986, 1988
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General
Measurement

Technique

Detailed
Measurement

Technique

Single
Bubbles
Counted

Distribution
of Mean

Reference for
Detailed

Information

Capacitance
Probe

Yes (Pierced
length, bubble

$ze, nse
velocity)

Yes V/erther and Molerus, 1973a, b
Morse and Ballou, L95I

Bakker, 1958
Fukuda et. aJ.,1967
Kunii et. a1.,1967

Geldart and Kelsey, 1972
Werther, l974a,b

Werther, 1976
V/erther, 1977
Vy'erther, 1978a
Lanneau, 1960

Yoshida and Kunii, 1968
Haines et. al.,1972

Tomita and Adachi,1973
Tone et. aL.,1974
Otake et. al., 1975

Homsy, 1981
Fasching et. aJ.,1982

Gunn and Al-Doori, 1985
Yutani et. al., 1983a, b, 1986

Zhanget. al., 1987
Hilligardt and V/erther, 1986
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CHAPTER III

EXPERIMENTAL SYSTEM

This chapter details the experimental system employed for collecting the bubble

characteristics. Several unique aspects are examined and explained including an original method

of data collecúon and processing.

3.1 Capacitance Probe Design Criteria

The attributes of a capacitance probe capable of detecting local non-steady variations of

porosity, i.e. the bubble hydrodynamics, in gas fluidized beds, were detailed by Werther (1973a).

The probe should:

a) disturb the state of fluidization as little as possible;

b) measure local variables;

c) detect rapid variations in porosity;

d) possess adequate mechanical strength;

e) be capable of relocation within the bed.

Based upon thesecriteriacoupled with adetailedevaluation of previous capacitance probe

designs, a preliminary probe was designed and fabricated for testing and appraisal. It lacked

sufficient mechanical strength andconsequentlyitsresponse to porositychanges was ambiguous.

A modified single tip design with increased strength was constn¡cted and tested successfully.

Results are summarized in Section 3.3. The same design guide-lines were employed in the

constn¡ction of a double tipped capacitance probe. A photograph of the capacitance probes used

in this study is presented in Figure 3.1.



t9

Fígure 3.1 Detaíl of Capacítance Probes used ín thís study
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3.2 Data Collection System

The probe forms part of a high frequency oscillator circuit. The temporal variations of the

porosity at the capacitor cause a change in the capacitance resulting in a proportional d.c. voltage

change. The protruding stainless-steel needle is one pole, whilst the enclosing stainless-steel

tube forms the other pole of the capacitor. 'When the probe-contact is in the conducting particulate

phase the circuit is closed, allowing curent to flow. However, when the probe-contact is in a

bubble (high capacitance phase) the circuit opens and current ceases flowing. The change in

capacitance from bubble-phase to emulsion and back to bubble produces a voltage pulse which

can be converted into digital form by a Analogue/Digital (A/D) converter and used by a digital

computer for the calculation of bubble rise velocity and pierced length.

A schematic detailing the logic of the data collection system employed for use with the

single and dual tipped capacitance probes is illustrated in Figure 3.2. Data collection systems

of previous investigators were comprised mainly of hardware components. A novel approach

was adopted in this study. Advanced software was written eliminating all of the complex and

costly hardwa¡e previously employed. Probe signal amplifrcation, filtering, a¡¿ separation into

bubble and emulsion-phase components all formed part of the data collection softwa¡e. An

integrated circuit (IC) driven by the data collection program supplied the input signal to the

probe, rather than the previously used function generator or oscillator. The IC and other circuitry

associated with the probe were placed in an aluminium circuit box located directly on top of the

probe. This had not been done previously but was considered necessary to eliminate noise, as

flexing of any electrical connections produces eroneous capacitance changes. The probe signal

was received by an A/D interface which linked with an IBM-AT compatible computer. One of

the computer motherboa¡d slots held an AID converter circuit board, which receivéd the probe

signal from the AID interface.

Theprobe signal passed to the datacollection progmm where the signal could be modiñed

using a detailed options list (see Section 3.5) to obtain the desired separaúon of bubble and
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emulsion-phase components. The modif,red signal was then displayed on the computer terminal

and stored to hard disk, along with the raw data signal, for future analysis. The extensive use

of computer software was a new and novel feature of this type of study. The need for expensive

hardware was eliminated. Modifications in the data collection system were achieved simply

and economically by rewriting the program code, rather than the purchase of new equipment.

The program employed a menu system for interfacing with the user, providing logical and

efficient operation. The collected and modified data was displayed in real-time allowing quick

observation of changes made via the Process List functions. This permitted accurate

discrimination of the bubble and emulsion-phase components. A large quantity of computer

memory was required for data storage, as the volume of data collected became formidable.

However, a "crunching and squeezing" program was employed to make the data more

manageable. The ever diminishing cost of computer memory means that this is a minor irritant.

A major advantage of this type of software is the envisaged application to any study where high

speed data acquisition is essential.

A/D lnterface

IBM-AT Computer

Circuit Box

Probe in Bubbling Bed

Mf

Hard Disk

Data Collection

A/D Converter

Display

Fígure 3.2 DataCollectíon System
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3.3 Data Collection Program Calibration

3.3.1 Experimental System for Calibration

A single tipped capacitance probe was developed and employed to calibrate the data

collection software. The probe was placed in a two dimensional gas fluidized bed with

backtighting. A video carnera and recorder were employed to film bubbles striking the probe

tip. Included in the camera's frame of vision was a stopwatch and light emitting diode, which

flashed at the instant the computer cornmenced data collection. Therefore, given the rate of data

sampling by the computer, synchronisation of the video record and probe data collected by the

computer was possible, over the duration of the experiment. Figure 3.3 outlines the experimental

system used to calibrate the data collection progam.

A/D lnterface

Circuit Box \r.

Power lnput

Single Tip Probe
Stopwatch

Light Source LED

Air Supply Video Recorder

Camera
@

¡BM-AT Computer

Tnr

Fígure 3.3 Experímental System for Døtn Collectíon Program Calíbratíon
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3.3.3 Signal Interpretation - Real Bubble

In the case of real bubbles, the situation is more complex. For a rising real bubble, the

recorded probe output is influenced by any emulsion-phase porosity variations, experienced by

the probe. This emulsion-phase signal must be identified and removed before the bubble data

can be utilised to derive the fundamental bubble hydrodynamics.

A typical probe output as recorded from the single tipped capacitance probe operating over

one second is shown in Figure 3.5. The equivalent section of the video record was deterrrined

by observation of the flashing LED and the time record as displayed on the stopwatch, in

comparison with the rate of data collection. Once the equivalent section of video record was

found, slow motion and freeze-frame replay of the video frlm allowed pinpointing the position

of the bubble's leading and trailing edges relative to the probe needle and enclosing tube at any

instant.

Figure 3.6 shows the synchronised computer record. Clear identificaúon of the passage

of the bubbles relative to the prob tip was possible. Deviations caused by bubbles and

emulsion-phase porosity variations were easily separated into their respective sections on the

computer record. Some one hundred bubbles were identified from the video record, thus

providing the necessary reliability of the probe and allowing calibration of the data collection

progam. Having identified the presence and position of bubbles on the computer record the

calibrated software provides details of bubble pierced length, rise velocity and additional

information on the bubble hydrodynamics in conjunction with the dual tipped capacitance probe.
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Fìgure 3.5 Ouþut from Síngle Típ Capacítance Probe
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Fígure 3.6 Calíbrated Outputfrom Síngle Típ Capacítance Probe
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3.4 Dual Tip Capacitance Probe

This probe was constructed entirety of staintess steel. It was designed to measure bubble

hydrodynamics at any point in the bed. Total probe length was 800 mm. The probe wires and

enclosing metal tubes were inserted within a 6.3 mm diameter tube, so that buffeting by the

bubbles did not cause longitudinal bending of the probe. Spacers held the probe wires in place

and kept them separate, over the entire tube length. The probe and circuit box containing

associated circuitry are sketched in Figure 3.7.

SignalOutput Power I nput

\

Circuit Box

800 mm

Probe Stem

Probe Wires

and Enclosing Tubes

,

Probe Stem Cross-Section

6.3 mm

Figure 3.7 Dual Capacítance Probe



The dimensions of the dual capacitance probe tip are shown in Figure 3.8.

1.5 mm

I
2mm

2.81 mm

1.25 mm

t
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1mm

0.5 mm

Fígure 3.8 Dual Capacitance Probe Típ Dímensíons
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3.5 Data Analysis

The data collection software was written in TURBO PASCAL and was highly

comprehensive. Upon receipt of the probe signal, the collection program performed a real-time

analysis which converted therawprobe outputdatainto a modifiedform and displayedtheresults

on the terminal screen. The modifications performed on the raw data were assigned by the

operator f¡om a choice of menus. Five menus were available and each of these contained a

process list which could be tailored for specific purposes. Figure 3.9 is a digitised image of the

data collection program graphics, captured from the terminal display, while the program was

running. In the bordered area, which is the terminal display area for the collected probe data,

the process list of the fifth menu is presented. The modifications performed on a sample of raw

data and a surlìmary of their consequences are presented in Table 3.1.

Duration i øøi2B:60 Gain=16
Rate! 2ø48/S Cô:3 3
oscI
.Ioin onloff
6rid onloff
Update
Setup
Holil plot
Do scans
I(eep in f iI
Load, d.ata
Iean/sl¡ip
Fi lter
Xpanil frane
Analgse Fl
Cutoff del
Process i
Instruct

Quit
cn

Dual- AI':3 3
ct:3 3

11

Spans! L+
Slcip plot

16t Frane 3
C.Spans:16+ PL$:5

pl
o
t
I

dataup

d¡gsl
reEt.

e9o ?
dat

lor,t trr¡u
rtod

rl9
tn9

cuen¡t

Fìgure 3.9 Process Líst choíces of Data Collectíon Program
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Table 3.1 Summary of Data Cotlection Program Process List

Process
Number

Process Function

I
2

3

4

5

6

7

8

9

l0

Invert

Backup Data

Filter

Expand

Spectnrm
Analysis

Modal Level
Chop

Unfinished
Bubble Chop

Short Bubble
Chop

Split By
Slope

Cutoffl¿vcl
Chop

Bubble Pair
Marching

Analyse

Record Raw

Record
Modifred Data

Record
Analysis

ClearPlot
Ar€a

PlotRaw Daø

PlotSpectrum

PlotModihed
Data

WaitFor Key

Inverts probe signal.

Stores Raw probe ouPut to RAM.

Filters probe ouçut signal.

Expands collected datâ to fill terminal display area.

Calculates fhe concentration of the probe data horizontally and ses
a Modal lævel.

From the Spectnrm Analysis all data above the Modal Iævel sct to
the Modal Level.

Anv bubbles not completely recorded, e.g. data collection ceases as

a búUUle is being recórded, are set to the Modal [¡vel.

Any "spikes" in the recorded data are set to the Modal l-evel.

The collected record is split where a slope change, as specified by
thc user, in the daø is found. The point at which the split is set is
s¡ored for later use.

the

'ä
thc

Modal Level.

A sea¡ch is conducted across both data channels to pair the recorded
bubbles, as each bubble recorded by one probemust also be recorded
by the other in order to calculate the bubble rise velocity.

Sea¡ctres inside that part of the record designated as bubbles, in both
channels, for any uñmatched bubbles and sets them to the Modal
I-evel.

Calculaæs the pierced length, rise velocity and number of bubbles
recorded, from tt¡e modilted daø

Raw Daø stor€d on hard disk

Modified Data, tlnt is, data processed by tt¡e user chosen Process

List and separated into bubblê and emulsion-phases, stored on hard
disk
Calculated bubble pierced lenglhs, rise velocities and number sorcd
on hard disk
The ærminal display area is clcared.

Raw Data plotæd on terminal display area

Sæcral Analysis plotæd on ærminal display area

Modified Daø plotæd on terminal display area

ll

t2

l3

Split By
lvfaæhing

t4
l5

l6

t7

r8

l9
20

2L Pause
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Figures 3.10(a) - (c) detail avariety of the features of the data collection process list as

performed on a single channel of data, sampled over one second (c.f. Figure 3.5). In Figure

3. 10(a) the Modal Level as calculated by the Spectral Analysis can be seen. This level is computed

by counting the data points appearing at each horizontal level in the record, the horizontal level

with the most data occrurences defînes the Modal Level. The bubble Cut-off Level is set by the

user to provide a threshold and thence to denote those peaks that the program must recognize as

bubbles" All peaks passing below this line are regarded by the program as bubble peaks and

remain in the modified data.

Bubble peaks in the data are more defined than porosity variations. From a consideration

of the changing slope of the datarecord, determination of the bubble's leading and trailing edges

is straight forward. Figure 3.10(b) shows the Split By Slope modification. The program splits

the data record at points where the magnitude of the slope changes by an amount specified by

the operator. The split points are set to the Modal l-evel and are recorded for future use.

Those segments of the data record which lie between the recorded Split By Slope points

and possess a peak passing below the Cuçoff l-evel are designated as bubbles. The sections of

the dau record which lie outside these points are regarded as emulsion-phase porosity variations

and a¡e set to the Modal Level. Figure 3.10(c) illustrates the modified data in its final form. The

bubble and emulsion-phases are separated for analysis. Analysis consists of calculating the

difference beween the recorded bubble finish time and start time (the bubble pierced time, r¡)

and in the case of a dual channel data record the difference between the bubble start times for

the same bubble as recorded in each channel (the bubble rise time, r).



Modal l-evel from Spectral Analysis

Cut-off Iævel

(r¡
N

Fígure 3.10(a) Probe Data Modíficatíon wíth Process Zisf
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Figure 3.10(b) Probe Data ModÍficatíon witJt Process Líst
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Fígure 3.10(c) Probe Data Modíficatíon wíth Process.Lrsú



35

The signal received from the dual capacitance probe in response to the rise of a single

bubble, once modified, is shown in Figure 3.11.

too

B

St

tot
t,

B

A

A+

t

L

Fígure 3.II ModÍlíed Probe Signal when Dual Típ Probe hít by rísíng bubble

From the modified dual signal the single bubble rise velocity and pierced length can be

calculated from the bubble pierced time and bubble rise time as follows :

t
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The rise velocity of a single bubble can be expressed as:

...(3.1)

Calculation of the pierced length of the bubble can be expressed as:

lo=ttr,- too (3.2)

or

lo = Itr,. tr" (3.3)

3.6 Experimental Apparatus

The gas fluidized bed system used in the experiment is illustrated in Figure 3.12. The

column was constn¡cted of perspex thereby enabling visual observation of both the state of

fluidization and unifonnity of gas distribution. The bed column was 800 mm high and had an

inside diameter of 230 mm. Compressed air served as the fluidizing gas. It entered the bed

through a 300 mm high calming section, filled with 5 mm diameter glass beads. This ensured

the absence of channelling and enhanced the unifomrity of gas distribution across the distributor.

A sintered-bronze porous plate was employed as the distributor. Thc flow of fluidizing gas was

monitored by a47 A rotameter. Figure 3.13 shows the dimensions of the experimental system.

The bed was filled to a height of 360 mm with glass ballotini (size range: AB -210 pm to

+297 pm; p=2470 kg *'). Minimum fluidization velocity of the ballotini beads was 6.43 cm/s

(see Figure 3.14).

.Í¡,r,=l
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Figure 3.12 Experímental SYstem
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Fígure 3.13 Experìmental System Dímensíons
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3.7 Experimental Procedure

It was envisaged that the bubble hydrodynamics throughout the bed would be recorded.

To achieve this, it was necessary to position the probe at many points throughout the bed. The

bed was divided equally into eight radii over which the probe could be manoeuwed. In the first

instance, it was assumed that the fluidized bed exhibited similar bubble hydrodynamics at

symmetrical radü throughout the bed. Experiments were, therefore, conducted atvarious heights

for only one of the possible radial positions. The validity of this assumption was checked by

repeating experiments at other radii from that used in the experiment. The probe tip was

positioned by use of accurate measuring instruments. The tip was positioned according to the

ratio of probe tip height in the bed to unexpanded solids height (llL) and the ratio of probe tip

radial position to bed radius (r/R). Values chosen were 0.0, 0.1, 0.2, 0.3, 0.4, - 0.9. Radius 1

was used in the experiment. Figure 3.15 shows the layout of probe positions used.

At each probe position in the bed five superficial gas velocities were employed 7.52,8.75,

10.03, 11.39 and 12.64 cm/s. Or, expressed as the ratio of uJu.r 1.17, 1.36, 1.56, 1.77, 1.97

and2.l7. An experimental run consisted of positioning the probe and recording data at each

superf,rcial velocity over a period of approximately 15 minutes.

Experiments v/ere also conducted to test the reproducibility of data samples. The probe

was located at several positions used in the original experimental runs, i.e. various heights

throughout radius 1. Experiments were repeated at all previously employed superficial gas

velocities but the time over which the data sample was recorded was extended to 60 minutes or

insomecasesl20minutes. Also,theprobewaslocatedatvariousheightsinotherradialpositions,

e.g. radii 3, 5 and 7, to test the symmetry assumption of the bubble hydrodynamics.
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CHAPTER IV

COMPARISON OF EXPERIMENTAL DATA

WITH BUBBLE HYDRODYNAMIC MODEL

This chapter presents a comparison of the population balance model for bubble

characteristics proposed by Agarwal (1985, 1986) and the experimental data collected in this

study. A complete comparison was prohibitive in light of the quantity of data collected. An

adequate comparison was made of bubble vertical dimension and rise velocity distributions, at

various heights, radial positions and fluidizing velocities.

4.1 Bubble Characteristic Model

The modelling of various fluidized bed phenomena would be greatly facilitated by the

availability of analytical expressions for describing the bubble characteristics. It has been

recognised that the coalescence and growth of the bubble swÍums rising from the distributor give

rise to lateral as well as vertical distributions of bubble properties. Agarwal (1986) detailed the

population balance approach for obtaining these distributions. The coalescence kernel was

assumed to depend on the velocity as well as the location of the bubble in the bed. The effect

of finite bubble size at the distributor was taken into account. The model equations include the

constraining effect of the bed diameter which results in radial position dependent distributions

of bubble sizes.
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4.1.1 Bubble Characteristic Model Equations

A program was written to predict the bubble cha¡acteristics in a gas fluidized bed (See

Appendix B). The equation for the probability density function of the bubble diameter was given

by Agarwal (1986) as :

f@0,)

ñ+l

'-*'"*r[-tffi]å;]

^td*

...(4.1)

..(4.2)

..(4.3)

...(4.4)

...(4.s)

..(4.6)

..(4.7)

yn+2 d6,lf(m + l) -^¡(m + I,a)f

y = çt[[-.,[a*¡where

and

a= f(ln+l x
f(rn - 1) D,(l - rlR)-

ã;=d*-#r{Ç+(*"ï#-

The Gamma function is defined as :

f(rn+ D= 
Ir- 

f exp(-p)dp

and the incomplete Gamma function is defined as :

lm+L,a)=f(rn+1) exp(1

The expression for the cumulative distribution of the bubble diameter was given as :

Dt,t \_l(m+l)-lm+L,b)' \Øbil - f(m + l) -7(m + l,a)
...(4.8)
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...(4.e)

...(4.10)

..(4.11)

...(4.t2)

...(4.r4)

x
where

du,= x2

where

The equation for the average bubble diameter was given as :

f(m + 1) f(rn - 1) - y(m - I,a)
l(m - 1) f(m + L) -y(m + l, a)

From the expression proposed by Miwa et. al. (1972) and fundamental considerations an

equation was derived for predicting the diameter of a bubble formed at a porous plate distributor:

dø = 0.003761u"- (l + ?s,r)ua)z

llo - U^!

Following the derivation presented by Agarwal (1985), the equation for the probability

density function of the bubble rise velocity 'was obtained as :

mn*t@' - u¿o)^*r exp (uu- u¡o)
...(4.13)

a(l,-u¿o)

f(ut) = (ut-uu) *' [f(ln + l)-ím+l,a')f

_m@' - üu)

llb^ *- llbo
where a'



u b ^^* 
= uo - u n{ + 22.26 { db ^*

db^,*= D,(7 - r/R)

ku=-
m

r

ubo = uo - u,,¡*22.26 {db.

The cumulative distribution of the bubble rise velocity was derived as

i'=i * uu

45

...(4.15)

...(4.16)

...(4.r7)

...(4.18)

.(4.1e)

...(4.20)

and

^, , f(m +l)-"y{m +l,b')f \tta) = f@ + l) _^f@ + ll)

where b
m@'-uo")

...(4.2r)u*-uu

4.1.2 Bubble Characteristic Model Parameters

The model presented by Agarwal (1986) contains three adjustable parameters k, m and s,

which have no fundamental significance. These parameters were varied in order to understand

the effect the adjusunent of each had on the predicted bubble characteristic distributions. After

observing the modifications in the predicted bubble characteristic distributions, it was considered

that, in the first instance, the criteria for the choice of k, m and s should be to match the position

of the peak in the experimental data. Values of k, m and s were chosen for the comparison of

the model with the experimental data. Time constraints did not permit detailed statistical fining.

Figures 4.1 to 4.6 show the effect of varying each parameter in turn. The distributions drawn

with a solid line represent those predictions made using the values of k, m and s chosen for use

in the comparison.
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4.2 Processing the Experimental Data

4.2.I Local Bubble Rise Velocity and Pierced Length

As previously explained, the data collection softwa¡e separates the raw probe output into

bubble phase and emulsion phase porosity variations. The rise time (r) and pierced time (rr) of

the bubbles present in the modif,red data are stored on hard disk. This information must be

recovered and converted into a form which is suitable for further processing into the rise velocity

and pierced length of the bubbles. Once recovered and converted into ASCII format the bubble

rise times and pierced times appeil as in Table 4.1.

Table 4.1 Bubble Analysis as stored by Data Collection Program

Channel Bubble Column I Column 2 Column 3 Column 4 Column 5 Column 6

I I

2

3

I

2

3

1119

3r32
334s

1075

3092

3272

t220

3194

3418

1 196

3r64
33s0

l 180

3166

3377

1175

3151

329r

101

62

73

t2l

72

78

5

15

86

-5

-15

-86

1075

3092

3272

1l 19

3r32
3345

2

The data was stored chronologically as a position in the modified data record, according

to the rate of data collection. For example, Table 4.1 shows three bubble events, recorded by

each channel sequentially to the hard disk. Column 1 contains those positions identified as the

start of a bubble. Column 2 records the end of the bubble, Column 3 the minimum point in the

bubble peak.
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Column 4 records the start of the bubble in the other channel. The bubble start position

indicated in Column 1 of Channel 1, i.e. the bordered position, matches with the bordered position

in Column 4 of Channel 2, thus these two records refer to the same bubble as recorded by each

channel. Column 5 contains the bubble pierced time, which is the diffe¡ence between the end

ahd sta¡t positions of the bubble (Column 2 -Column 1). Column 6 contains the bubble rise

time, which is the difference between the minimum points of the identical bubble as recorded

by both channels, in Column 3.

Software was developed (coded in TURBO PASCAL) to read the recorded information

from the hard disk and convert it into the required bubble characteristics (See Appendix B). The

program calculated the individual bubble rise velocity and pierced length as well as mean

ensemble bubble characteristics, such as the average bubble rise velocity, average pierced length,

the bubble frequency and volume fraction.

The bubble pierced time was recorded by both channels from each probe tip, as can be

seen in Table 4.1 Column 5. Thus, two measurements were available for conversion to the

bubble pierced length. Ideally the pierced times were identical, however, some inconsistency

in the pierced times recorded by each channel occurred due to the horizontal and vertical

separation of the probe tips. Lateral movement of the bubble, bubble splitting and coalescence

all had a marked effect. The conversion program was designed to calculate the mean value of

pierced time for each individual bubble from the two recorded pierced times. The mean pierced

times approached the ideal more closely, as can be seen in Figure 4.7, where the average pierced

times for one hund¡ed bubbles are presented.
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4.2.2 Local Bubble Size Distribution

The ideal bubble sketched in Figure 3.4 is seldom encountered in a real fluidized bed.

Over a period of time bubbles of quite different sizes and shapes will pass through a given

horizontal control surface containing the probe as one of its points. Information about the size

distribution of such an array of bubbles will provide a valuable insight into the bed

hydrodynamics.

Werther (I97aù presented a methd of deducing the local bubble size distribution by

means of geometric probability theory, from the number density distribution of bubble pierced

lengths. A comparison was made with particle size analysis. In the first instance, the array of

particles are classified according to a dispersion cha¡acteristic, in sieve analysis, for example,

the mesh width. Subsequently, by means of an appropriate model, it is possible to deduce a

distribution of geometric equivalent dimensions. The distribution of geometric equivalent

dimensions provides a measure of the size distribution of the particle array under investigation,

as obtained f¡om the measured distribution of the dispersion characteristic.

In the case of bubble size analysis the pierced length is adopted as the dispersion

characteristic. A classification of the pierced length is the first step in analysing the bubble alray.

The pierced length is not uniquely related to the bubble size, there exiss merely a correspondence

between the distribution of pierced lengths and bubble sizes. The real array of bubbles is replaced

by a model array consisting of geometrically equivalent elements in order to derive this

correspondence. An ellipsoid is employed as the model bubble equivalent shape. It is

characterised by a horizontal and vertical dimension (diameter or size), d^ and d, respectively,

as displayed in Figure 4.8.
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dn

du

Figure 4.8 Characterístic Bubble Dímensíons

Anexpression fortheevaluation of thecumulativebubble sizedistribution from the number

density distribution of pierced lengths was proposed by V/erther :

...(4.22)

where

d"^^3 lo 3d"^r*

The conversion program written included a subroutine for calculating the number density

distribution of the bubble pierced length and the transformation of this distribuúon to the

cumulative distribution of the equivalent bubble vertical dimension. To convert the cumulative

distribution of the bubble vertical dimension, or bubble size, to the probability density function

F(d")='-[#][-r]
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of the bubble size, was a simple exercise. The difference between the magnitude of successive

intervals was divided by the interval size to obtain the probability density function of the bubble

vertical dimension.

The number density distribution of the bubble pierced lengths as calculated from the

experimental data is a discrete distribution. Therefore some intervals in the pierced length

distribution may contain many bubbles, while previous and subsequent intervals may contain

very few. This fact was manifested when each of the intervals were transformed into intervals

in the cumulative distribution of the bubble size, using Equation (4.22). For an interval containing

fewbubbles rheprodu" [gr,-J [T] was low, thusF(4) + l. If thenextintervalcontained

more bubbles the product was higher and F(4) + 0. Thus, the definition in Equation (4.22)

produced a "dip" in the cumulative distribution. The difference between the interval with many

bubbles and the previous interval containing a few was negative. Hence, the interval took a

negative value when presented in the probability density function of the bubble size, the

occturence of this can be seen in various plots of probabiliry density functions of bubble size.

A possible solution was to group the bubble pierced lengths into fewer intervals, of greater

magnitude. This had the effect of conglomerating intervals with a few bubbles with those

containing many, thus a more continuous distribution was obtained. However, two intervals

containing many bubbles may also be grouped together, hence,less inforrnation is retained from

the original data. While some negative values were present in the probability density functions

of the bubble size, an interval of 0.4 cm was found to maximise the retention of original data.

The negative values should be regarded as relics of the method of obtaining the bubble size

distribution.
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4.3 Comparison of Experimental Data with Bubble Hydrodynamic Model

Figures 4.9 to 4.18 provide a comparison of the experimental bubble vertical dimension

and that predicted by the model as a function of radial position, height and fluidizing velocity.

The model prediction of the probability density function appears more reliable in the upper half

of the fluidized bed. Moving down the bed, the position of the peak in the model prediction

deviates from the peak in the experimental data. The model under predicts the peak in the

experimental data at the top of the bed and over predicts it near the distributor. The prediction

of the cumulative distribution of the bubble vertical diameter is reasonably reliable. However,

the vertical diameter is under predicted near the top of the bed and over predicted near the bottom,

in simila¡ fashion to the probability density functions.

A comparison of the experimental bubble rise velocity with the model predictions

(Equations 4.13 and 4.20) is presented in Figures 4.t9 to 4.28. In all instances, the experimental

bubble rise velocities are evenly distributed between the maximum and minimum possible. The

predicted velocities depart significantly from the experimental data.

Figures 4.29 to4.33 provide sketches of the variation in the local bubble rise velocity with

the corresponding local bubble pierced length. The graph includes a well known correlation for

the locat bubble rise velocity. The expression for the velocity of a bubble rising in a fluidized

bed was fint proposed by Davidson and Harrison (1963) as :

ub, = llo - u** u6- ..(4.23)

where

uu=22.26{tto, ...(4.24)

In general, the correlation passes through the middle of the experimental data. It must be

rembmbered that the correlated values of the local bubble rise velocities are calculated from the
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experiment¿l values of the local bubble pierced lengths and not the local bubble diameters, as

the correlation calls for. There is a considerable range of values for the bubble rise velocity.

Some scatter is attributable to the displacement of the bubble centre line from the probe axis.

Thepiercedlength of abubblerisingquickly offcentrefromtheprobe axis, will bemisinterpreted.

Its pierced length will be underpredicted. The predominant influence causing the measured

velocity to differ is the proximity of one bubble to another. As previous workers have shown

(Harrison and Leung (L962)),when two bubbles are rising in close vertical proximity, the trailing

bubble is affected by the leading bubble and has a substantially higher velocity. Figure 4.34

presents data as collected by Glicksman et. al. (1987). The variation of the experimental data

as compared to the correlated single bubble rise velocity for an isolated bubble (Equation (4.24))

can be seen. The error bars represent the departure of the data from the bubble rise velocity

calculated from Equation (4.23). The data behaves in much the same v/ay as that presented in

this work.
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A correlation was proposed by Werther (1978b) to predict the size of bubbles in gas

fluidized beds :

du = 0.853 IL +0.2721u. - u,o))'. [1 + 0.068 4 (l + I' - do)f''" -. .(4.25)

where

I' - duo=0

'When performing calculations designed to provide an insight into the nature and quality

of fluidization, it is normal to employ average bed characteristics. However, other bubble

cha¡acteristics may convey more meaning. Table 4.2 presents a comparison of bubble

cha¡acteristics as derived from the experimental data and correlations.

Table 4.2 Comparison of Bubble Characteristics

rlR ltL uo

(cm/s)

d,,.*olr14¡=o., du,,n l"1rr,¡=0,

(cm) (cm)

d r, Itou(o.to)

(cm)

dr,lrnn<o.ol

(cm)

0.2

0.6

0.0

0.8

0.3

0.9

o.7

0.5

0.3

0.1

8.75

10.03

1r.39

12.64

L2.&

t.2

1.5

0.s8

1.34

1.68

r.66

t.79

0.58

1.16

o.52

2.6548

2.2r4
1.905

1.3695

0.6863

4.098

3.577

2.977

2.307

1.540

ubr,up lrlrr¡=0,
(cm/s)

It*,t lrgr,¡=o.s

(cm/s)

Il er løqul..zt)

(cmls)

Uer leq,ln.æ¡

(cm/s)

0.2

0.6

0.0

0.8

0.3

0.9

o.7

0.5

0.3

0.1

8.75

10.03

11.39

12.64

t2.64

38.0

21.4

22.1

L2.l

38.7

33.9

33.9

32.t

30.0

22.6

38.60

36.72

3s.68

32.26

24.65

47.4

45.7

43.4

40.0

33.8
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There is no di¡ect relationship between the average bubble characteristics and the 50Vo

undersize characteristics and hence a quantitative comparison is not possible. Howeveq both

types of bubble characterisúcs can be used in calculations of fluidized bed performance and as

such a qualitative comparison can be made.

In general, the average bubble characteristics are greater than the corresponding 50Vo

undersize (or med.ian) characteristics taken from the cumulative distribution f,rgures presented.

For example, the average bubble diameter calculated from Equation (4.10) and the bubble size

predicted by Equation (4.25) at rtR4.2 and llL4.9 are signifrcantly greater than the median

bubble vertical dimension and median bubble diameter taken from Figure 4.10.

When an average bubbte characteristic is employed in fluidized bed performance

calculations an associated standard deviation is almost never quoted. Clearly, the mean bubble

characteristic alone may be insufficient to adequately characterise the fluidization process. A

fewlarge, fastbubblesmay dominatemany smaller, slowerbubblespresentin an arrayof bubbles.

Consequent overprediction of mean bubble diameter and rise velocity is possible. There may

exist a significant effect due to the presence of the smaller bubbles which is underestimated.

In summary, a knowledge of the distributor type, superhcial gas velocity and minimum

fluidizationvelocity can be used topredictvalues of the bubble sizeandvelocity at the distributor.

These may be regarded as the minimum values of these quantities. If the medians of the bubble

size and velocity distributions at various positions in the bed are specified, a qualitative estimate

of the maximum bubble sizes and velocities of the array of bubbles can then be made. Providing

a greater perception of the fluidization process. Of course knowledge of the actual distribution

provides the maximum information.
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CHAPTER V

EXPERIMENTAL RESULTS

This chapter details the results collected in this study. Figures are presented which illustrate

the Cumulative Distributions and Probability Density Functions (PDF) of the bubble vertical

dimension and bubble rise velocity. Experiments conducted to test the reproducibility of the

data a¡e presented, as well as figures illustrating overall bed characteristics.

5.1 Distribution of Bubble Vertical Dimension

A comprehensive study of the distribution of bubble vertical dimensions was undertaken.

The probe positions employed are illustrated in Figure 3.15. Figures 5.1 to 5.44 present

distributions of the bubble vertical dimensions measured in this study. Inspection of the figures

yields the distribution of bubble vertical dimensions, at numerous points in the bed for various

fluidizing gas velocities. As IlLinqeases, the bubbles conglomerate and increase in size towards

the centre of the bed.
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5.2 Distributions of Bubble Rise Velocity

The bubble rise velocity at each probe position was also measured. Figures 5.45 to 5.88

illustrate disributions of the bubble rise velocities. As llL inc;reases, the bubble rise velocity

increases towa¡ds the centre of the bed, as expected from observation of the distributions of

bubble vertical dimensions.
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5.3 Replicate ExPeriments

Experiments rwere repeated at va¡ious points throughout the bed. Figures 5.89 to 5.100

detail the resulting aistriuutions of bubble vertical d.imensions and rise velocities arising from

these measurements. They were conducted over an increased duration in order to test data

reproducibility. Atl figures show good agreement between original and replicate experiments'

Figures 5.101 to 5.108 present experimental data measured at other radii, in order to test

the symmetry assumption of bed characteristics. The figures represent measurements at various

bed heights, radial positions and fluidizing gas velocities and are all in good agleement'
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5.4 Overall Bed Characteristics

Overall bed characteristics can be calculated from the measured bubble parameters. The

frequency of bubbles detected by the probe can be calculated from the following equation :

f = ntT ...(5.1)

The local bubble volume fraction is given by :

i=fit ...(s.2)

And the local bubble gas flow can be calculated as follows :

Vr=f trur, ...(5.3)

Near the distributor, the frequency of bubbles detected by the probe is higher near the wall

than the centre. As llL increases, the frequency increases in the centre of the bed and decreases

nea¡ the wall. Figures 5.109 to 5.1 12 display the frequency of bubbles detected by the probe at

va¡ious fluidizing gas velocities.

Figures 5.113 to 5.116 illustrate the measured local bubble volume fraction at various

fluidizing gas velocities. As is the case for bubble frequency, the local bubble volume fraction

is higher nea¡ the wall in the region of the distributor. As llL increases, the volume fraction

increases toward the centre of the bed and decreases near the wall.

At low fluidizing gas velocities, near the distributor, local bubble gas flow is higher near

the wall than in the centre of the bed. Towards the top of the bed, the local bubble gas flow is

greater at the centre. The distribution of local bubbte gas flow becomes more uniform as fluidizing

gas velocity increases. At the highest fluidizing gas velocity local bubble gas flow is uniform

over the entire bed height, low near the wall and higher at the centre. Figures 5.117 to 5.120

present the variation in local bubble gas flow.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The importance of fluid.ization as a process technology is well documented. The studies

of previous investigators present very limited quantities of measured bubble characteristics' In

most instances, mean bubble characteristics are presented, whilst a convenient method of

surnmary, these shroud the true bed hydrodynamics. This study outlines a novel method which

significantly reduces the task of collecting and processing bubble characteristics: The quantity

of bed hydrodynamic data presented is more extensive than any study in the previously available

literature.

The capacitance probe employed in this study was modelled on previous designs but

significant improvements and advances have been detailed. First, the placement of associated

probe circuitry directly on top of the probe stem aided in improving the signal to noise ratio'

Elimination of complex hardware previously required in this type of investigation' was a

significant advance. Advanced software replaced the requirement for expensive and complex

hardware. Any changes in the experimental data collection system were achieved simply and

quickly by rewriting the program code rather than the detailed physical adjustrnens necessary

in previous studies. Data collection was vastly simptifred as all data acquisition functions and

settings, e.g. sampling rate, experiment duration, signal amplification and filtering, were installed

via the set-up menu in the data collection program. The discrimination beween emulsion-phase

and bubble-phase signals was achieved by real-time analysis. The data collection program

processed the measured data according to the operator specified conditions. Processing options

were chosen from those available in the program Process List menus. The data was then displayed
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and stored for later analysis. This system proved very efficient and allowed accurate separation

of the bubble and emulsion-phases. Quantities of bubble data, previously considered

prohibitively large, could be collected simply and quickly and analysed immediately.

The collected bubble characteristic data was converted to cumulative distributions and

probability density functions of the bubble vertical dimension and rise velocity. The quantity

of data collected was formidable. Given the time constraints a limited comparison with the

bubble characteristic model proposed by Agarwal ( 1936) was conducted. The model predictions

of the probability density functions of the bubble vertical dimension were more reliable in the

upper half of the fluidized bed. Closer to the distributor, the position of the peak predicted by

the model deviated from that in the experimental data. The model under predicted the peak in

the experimental data at the top of the bed and over predicted it near the bottom. The prediction

of the cumulative distribution of the bubble vertical diameter was reasonably reliable. The

experimental bubble rise velocities were evenly distributed between the mæ<imum and minimum

possible. Unfortunately, the model predictions departed significantly from the experimental

data. Clearly, rhe model requires some modification in the light of these findings.

The variation in local bubble rise velocity was compared with that predicted from the

Davidson and Harrison (1963) correlation. Good agreement with the correlation was observed.

The bubble characteristic data measured by Glicksman et. al. (1987) exhibited similar behaviour

to that collected in this study.

Both average and median bubble characteristics may be employed in calculations of

fluidized bed performance. A comparison of median bubble characteristics, derived from

correlations and experimental data, with predicted average values was undertaken. Generally,

the average bubble characteristics were greater than the corresponding median (or 50Vo undersize)

characteristics taken from the cumulative distributions. This may have been caused by the

presence of a few large, fast bubbles which dominated the smaller, slower bubbles present in

,
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the array of bubbles, leading to a distortion of the rrrean bubble diametcr and risc vclocity. Thcre

may have been a significant effect due to the presence of the smaller bubbles which was

underestimated in the mean characteristics.

Figuresdetaitingthe distributionof bubblevertical dimensions andrisevelociúes measured

inthisinvestigationwerepresented. Fromexamination,anumberofconclusionscouldbedrawn:

I) As llL increased, the bubbles conglomerated and increased in size towards the centre

of the bed.

2) As IlLincreaseÀ. the bubble rise velocity increased towards the centre of the bed.

Replicate experiments were conducted at various points throughout the bed. They were

conducted over an increased duration in order to test data reproducibility. All figures showed

good agreement betìween the original and repeat experiments. Data was measured at other radii,

in order to test the symmetry assumption of bed characteristics. Measurements were conducted

at various bed heights, radial positions and fluidizing gas velocities and were in good agreement

with those measured at radial position one.

Overall bed cha¡acteristics were calculaæd in order to gain additional insight into the

fluidization process. Near the distributor, the frequency of bubbles detected by the probe was

higher near the wall and lower in the centre. As IIL increased, the frequency increased in the

centre of the bed and decreased near the walt. The locat bubble volume fraction was higher near

the wall, closer to the distributor. As llL increased, the volume fraction increased toward the

centre of the bed and decreased near the wall. For low fluidizing gas velocities, near the

distributor, local bubble gas flow was higher near the wall and lower in the centre. Higher in

the bed local bubble gas flow rwas greater at the centre. The distribution of local bubble gas flow

became more uniform as fluidizing gas velocity increased. At the highest fluidizing gas velocity

local bubble gas flow was uniform over the entire bed height,lower near the wall and higher at

the centre.
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Figure 6. 1 illustrates the variations in bubble characteristics and overall bed hydrodynamics

observed in this study.

d, , ilb, ,f , Et and,V u increase
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Figure 6.1 Varíntíons in Overall Bed Characterístics
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The possible uses to which the dat¿ presented in this study may be put include :

1) The incorporation in any study linking bubble hydrodynamics with performance of

fluidized bed reactors.

2) Comparison with data collected from bubble hydrodynamic studies of larger beds, for

the purpose of scale-up.

3) Studies of fluidized beds of large particles are of significant interest. A comparison

with data collected from such studies may be made.

The new and novel features of this study allow vast quantities of bubble characteristics to

be simply and quickly gathered and analysed. Future studies in the a¡ea of bed hydrodynamics

would benefit greatly from employing features developed in this investigation. Investigations

of the kinetics of gas reactions, multþhase fluidization, the temperature of crude distillation,

solids flow in bins and numerous others, are studies to which the curent data collertion software

could be profrtably applied with little modification. Additions to the program, such as a fast

fourier transform, spline f,rtting or other data fitting routine would greatly improve flexibility

and data utilisation.
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NOMENCLATURE

a dummy variable defined by Equation (4.3)

a' dummy variable defined by Equation (4.14)

A, cross-sectional area of bed

b dummy variable defined by Equation (4.9)

b' dummy va¡iable defined by Equation(4-21)

ã u' average bubble diameter with effect of distributor taken into account

du^^* maximum bubble diameter

dro diameter of bubble formed at a porous plate distributor

dr, bubble diameter

dr, average of bubble diameter distribution

dh bubble equivalent horizontal dimension

D, fluidized bed diameter

d" bubble equivalent vertical dimension

d",oo l"r4l-0.5 experimental bubble vertical dimension atF(ù) -0.5

du,,¡lr(¿ù=us theoretical bubble diameter at F (db) =0.5

du,r-,

dt 
^in

f
Í(du)

F(du)

Í(d")

F(d")

maximum bubble vertical dimension

minimum bubble vertical dimension

frequency of bubbles detected by probe

probability density : function of bubble diameter

cumulative distribution of bubble diameter

probability density function of bubble vertical dimension

cumulative distribution of bubble vertical dimension

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm'

cm

cm

seil

c¡ril

cm-t
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f(uo)

F(u')

oô

S@",r)

s(lr)

i

k

kr

k2

k3

I

I,

L

ltL

lP

m

n

p

Qa

Q"

8,

Qøøt

r

R

rlR

s

.tr

t

probability density function of bubble rise velocity

cumulative distribution of bubble rise velocity

acceleration due to gravitY

number density distribution of bubble pierced length at dv min

number density distribution of bubble pierced lengths

integer

adjustable parameter

adjusøble parameter

adjustable parameter

adjustable parameter

probe tip height, measured from distributor

expanded bed height

unexpanded solids height

ratio of probe tip height to unexpanded solids height

bubble pierced length

adjustable parameter

number of bubbles detected by probe over duration of experiment

dummy variable

volumetric gas flow in bubble phase

volumetric gas flow in emulsion phase

volumetric gas through flow

total volumetric gas flow in fluidized bed

probe tip radial position, measured from bed centre line

bed radius

ratio of probe tip radial position to bed radius

adjustable pÍìrameter

vertical distance between probe tips

time

s cm-t

cms
n

cm'sec-t

cm'sec-t

cm'sec-t

cm'sec-t

cm

cm

cm

cm

cm

cm

cm

sec
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duration of experiment

bubble pierced time

average bubble pierced time

bubble rise time

average of the velocity density function

average bubble velocity with effect of distributor taken into account

maximum bubble rise velocity

velocity corresponding to initial bubble diameter at distributor

bubble rise velocity

average bubble rise velocity

16.,oo þs,¡=o-s experimental bubble rise velocity at F (ur,) = Q.J

uø,,n lrlun¡=o.s theoretical bubble rise velocity at F (uu) = Q.J

T

tb

tb

t,

u

u'

sec

sec

sec

sec

cmsl

cm s-t

cm s-t

cm s-t

cm s-t

cm s-'

cmsl

cm s-t

cm s-t

cm s-t

cm s-t

cm3 cm-2 sec-t

kg --'

ub^r,

übo

Ub,

Ub,

Ut-

uú

uo

vb

single bubble rise velocity for an isolated bubble

minimum fl uidization velocity

fluidizing gas (superficial) velocity

local bubble gas flow

x dummy va¡iable defrned by Equation (a.4)

Y dummy variable defined by Equation(4.2)

Greek Symbols

E6 local bubble volume fraction

p density of bed particles
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Appendix A

Derivation of Bubble Diameter formed at the Distributor

There a¡e three components of gas flow in a fluidized bed ; gas flow in the dense phase,

gas flow in the bubble phase and gas through flow. The continuity equation can be expressed

as

Qo,ot= Q"+ Qt* Q, ...(4.1)

where

Thus

Qro,ot=Aruo

Q,= A,(l -et)kru*

Q5 = A,erur,

Q,= Arerkrk u*

Qa = Q^a- Q"- Q,

= A,üo - A, (l - er) kru* - A,erkrþu*

...(A.2)

...(4.3)

...(4.4)

...(A.s)

...(A.6)

Assuming thc Dayidson model for an isolated bubble (Davidson and Harrison (1963)) :

kt=L and kz=3



Thus

Now

hence

Thus

Qo-- A,fu.- (I -e)u*-eu3u]

= A,ÍIto - u,r¡* Etu,ri-3eru*l

= A,fuo- u,,ll+bu)]

Qr=A,erur,

A,erur,= A,fuo- rd<l +bt)l

t Etua,- uo uJl +24)

+ ebubt+?tru*= Ito- ur{

+ eb(ub,+zu,{)= uo-un{

Uo - Urn!+et=Ç2v*

Itb,= Ltb= uo uú+22.26{db

228

..(4.7)

(4.8)

(A.e)

Now Miwa et. aI. (1972) proposed that the diameter of a bubble formed at the distributor

is given by the expression :

dc"=0.003761u.- uJ2 ...(4.10)
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We replace uo-uo,Í in the Miwa equation by uo- (7+2e)u^t to obtain :

du = 0.0037 6fu"- (1 + 2e)u]2 ..(A.11)

Equations (4.9) and (4.11) are solved by trial and error to obtain the bubble diameter

formed at the distributor.
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Appendix B

Computer Programs

This pr bubble Pierced lengti and
rise velociry. disribution of the bubble
pierced length umber density distribution
and from this calculated, as outlined by
Vy'erther (1974a). Overall bed characæristics are also calculated.

program ublpave;

uses turbo3prg
type real=exænde4

var
ber,enr¡n inr,cbrdlrawrdtrawrdlmod dveln Jpmin,dbv,dbvd,

,dmlvy ,dlraw:real;

s,r,n Jn,p,q,nmÐ( Jnmar(,sumvlnc,
svinc ¡ um linc,sl inc,a,b,c d,e,
prefram e,linesdone : integer;
vtestJtest,avetesuhlean;
vinc:array[0..2 I 00] of real;
linc:array[0..2000] of real;
s50,f50

ans¡ans:char;

procedure iniq

begin
nmax:=Q
mmax:=o;
forr:=l to2100do

bcgin
vinc[r]:4;
end;

for s:=l to 2000 do
bcgin
lincIs]:=0;
end;

end;

procedure freq;

begin
vtesü=false;
læsr=false;
n:=0;
m:4;
repeat
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n:=n+l;
dveln:=dvel*n;
if velcdveln then
begin
vinc[n]:=vinc[n]+1;
vtesL=true;
if n>nmax then

begin
nmax:=n;
end;

end;
unúl vtest=truei
repeat.
m:=m+1;
dlpm:=dlp*m;
if lpcdlpm then
begin
linc[m]:=linclml+1;
Itesu=tn¡e;
if m>mmax then

begin
mmax:=m;
end;

end;
until ltest=tn¡e;
end;

procedure pdf;

begin
lpmin:=1000;
cusvet=0;
cuslp:{);
sumlinc:=O;
sumvinc:{;
wriæln(q2dtpdfEt_file,' ubr ',' f(ubr) ',' F(ubr) ','n vinc(n) ','
forp:=l to nmax do

begin

ndubr');

dvelp:=(dvel*p¡-(dvelZ) ;
pdvel :=(vinc [p]/totalnbr)/dvel;
ndvel :=vinc [p]/toølnbc
cusvel: =cusvel+ndvel ;
svinc : =¡ound(vinc [p]) ;.
SUmvlnc:=SUm vrnc+Svl¡rc ;
wriæln(q2dtpdfut-filedvelp:10:6,pdvel: l0:6,cusvel l0:6,p:5,vinclpl:5:O,ndvel:10:6);
end;

wriæln(q2dtpdfxt_file,
wri æln(q2dlpdfnt_h le,
for q:=l ûo mmax do

bcgin

'ùotal vel records (# bubbles) =',sumvinc:5);' lpr ',' fQpÐ ',' FQpr) ',' n linc(n) ',' ndlpr');

if qdlp>O then (pdf lp may be zero)
begin
if (dlpqclpmin) and (dlpq>=O.+[ =dvmin)) then

bcgin
lpmin:dlpq;
qdlpmin:=qdlp;
end;

end;

wriæln(q2dlpdftxt_frledlpq:10:6,qdlp:10:6,cuslp:10:6,q:5Jinc[q]:5:0,ndlp:10:6);
end;

wriæln(qZdlpdfat-fi le,'fotal lp records (# bubbles) =',sumlinc:5);
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end;

close(q2dtpdfxt_file) ;

close(q2dlpdftxt_file) ;

procedure qzerodv;

begin
writeln(q2qdvgçr-file,' dv"-ddv"12',' dv" ',' dv ',' Qodv'):
as s þ(q2dlpdf or t_f,rle,h5 0) ;
reset(q2dlpdftxt_fi le) ;
readln(q2dlpd for t_fi le) ;
for q:=l to mmax do

begin
readln(q2dlpdfort_hledlpq,qdlp) ;
(include shape factor ie. /0.8)
if dlPq>=lP¡¡in then

begin
qdv:= 1-((qdlp/qdlpmin)* (lpmiry'dlpÐ);
end

else
begin
qdv:=0;
wriæln('qdv=0');
end;

dbv:=dlpq0.8;
6þyd;=(dbv{lpll.6);
( dv"-ddv"/2 = dbv-dIplo.82)
wriæln(q2qdvtxt_file,dbvd: l0:6dbv: l0:6,dlpq: l0:6,qdv: l0:6);
end;
close(q2qdvut_frle);
end;

procedure oonvert;

begin
svel:{;

preframe:4;
linesdone:=0;
wriæln('Enter numbcr of frames o bc processcd');
wriæln('and raæ of data collection.');
readln(nf¡aæ);
wriæln('Enær uo, r/R (from centre), umf and dt in cgs units.');
readln(uo¡r,umfdt):
wriæln('Enler range over which to calculaæ velocity pdf (min4.2 cm/s)');
readln(dvel);
writeln('Enær range over which o calculate pierced length pdf (min{.01 cm)');
readln(dlp);
wriæln(q2dtdltxt_hle,' lp ',' ub ',' tb '):
for i:=l o nf do

slp:=0;
sdlmod:=0;
toølnbn=0;

begin
readln(q2ut_frle¡br¡by) ;
for j:=l to nbrdo

begin
avetesü=false;
readln(q2txt_file,ber,enr,minr,cbrdlrawr,dtrawr) ;
if dtrawp0 thcn (clse do nothing)

begtn
if (nbo=nby) and (i<=nby) then

begin
e:=nbr-l;
for a:=l to e do

readln(q2ort_filc);
b:=nby_ji
forc:=0obdo

begin
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reädln(q2txt_fi le,bey,eny,rniny,cby,tlhaw y,tlt¡¿wy) ;
if avetest=false then

begin
if (-dtrawY=drawr) then

begin
6ç¿yy ;= (dlrawr+dlrawy)/2,;
dtraw:=dtrawr;
avetest:=true;
end;

end;
end;

end;
if avetesf,=false then

begin
dlraw:=dlrawr;
dtraw:=dtrawr;
end;

dlmod:=2*dlraw/rate;
dtmod:=dt¡aørate;
vel:=0.406/dtmod;
lp:=vel*dlmod;
lpmax:dt*(l-n);
u6rn¿¡¡ =(uo- umf) +22.26* sqrt(lpmax) ;
(if ub<=max and lp<=¡¡¿r1 then do the following else skip daø)
if (vel<=ubmax) and (lp<=lpmax) then

begin
totalnbr:=totalnbr+ I ;
svel:=svel+vel;
slp:=slprlp;
sdlmod:= sdlmod+dlrnod;
wriæln(q2dtdltxt_file,lp: I 0:6,vel: I 0:6,dlmod: l0:6);
freq;
end:

end;
linesdone:= I +j+preframe;
reset(q2txt_file);
for d:=l to linesdone do

readln(q2ut_file);
end;

for k=l to nby do
rcadln(q2ut_file);

preframc:= I +nby+nbr+prefram e:
end;

avevel:=weVtotalnbç
avelp:=slp/totalnbr;
avetb:=sdlmod/totalnbC
fn:=nf;
to¡üt¡s¡=(fnr 16384)tate; ( #frames.#spans.#samples/span.#channels )

b ubrreq:= oør "oør, uÍTÍhan 
nel )

bvolfrac :=bubfreq*avetb;
bgasflow:=bubfreq+avetb*a
pdf;
qzerodv;
wriæln(q2dtdltxLfile,
wriæln(q2dtdl txt_file,
wri æln (q2dtd I txt_fi le,
wriæln(q2dtdltxt_file,
wriæln (q2dtdltxt_file,
wriæln(q2dtd ltx¡file,
wriæln(q2dtdltxt_file,
wri æln(q2d tdl tx Lfi le,
wri æln(q2dtdltxt_file,
wriæln (q2dtdltxt_f i le,
wri æln(q2dtdltxt_f ile,
wri æln (q2dtdltxt_file,
writeln(q2dtdltxt_file,
wri æln(q2dtdltxt_f ile,
wriæln(q2dtdltxt_file,

vevel;

# frames =',[f,' rate =',rate:10:6);
total number of bubblcs');
in this series =',totalnbr);
gg =',uo: l0:6,'cm/s');

' g¡¡f =',umfl l0:6,'cm/s');
'dt ="dg l0:6,'cm');
'lpmax =',lpmax: 10:6);
'ubmax =',ubmax: 10:6);
'ave bubble ub =',avevel:10:O;
'ave pierced length =',avelp: 10:6);
'ave bubble picrced time (tb ave)='avetb:10:O;
'total time of experimen¡ =',1oûaltime: 10:6);
'bubble frequency =',bubfreq: 10:6);
' bubble volume fraction =',bvolfrac: 10:6);
'bubble gas flow =',bgasflow: 10:6);
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'dvmin =0.4 cm');
'min lp =',lpmin: 10:6);
'pdfQpmin) =',qdlpmin: I0:O

end;

end;

procedure sd;

begin
sound(2100);
delay(200);
nosound;
delay(100);
sound(2100);
delay(200);
nosound;

begin
clrscr:
wriæln('This program calculaæs bubble velocity, pierced length,');
wriæln('pdf and cumulaúve of bubblcs from the output text files');
wriæln('of experiments collecæd using q2.');
wriæln('This program uses cgs unis.');
repeat
wriæ('Do a calculation? (y/n)');
ans:=readkey;wriæln;
if ans in['y'.'Y'] then
begin
wriæln('Enter file that contains daø from q2.');
wriæ(' [Filename.txt] :');
readln(s50);
assign(q2ut_filcs50);
reset(q2txt_fúe);
wriæln('Enter name of file to slorc velocity and lp data in:');
readln(f50);
assign(q2dtdltxt_file,f50) ;
rewriæ(q2dtdlut_fi le) :
writeln('Enter name of f-rle to s¡ore velocity pdf data in:');

name !o stJore lppdf daø in:');

name to store F (dv) data in:');

init;
convel;
sd;
wriæln('All DONE !');
close(q2ut_file);

end
else if ans in['n','N'] then
bcgin
wriæ('Are you sure you want to quit? (V/n)'¡;
nans:==readkey ; writeln ;
if næs in['y','Y'] then
begin
wriæln('Goodbye until next time!');
end
else
ans:='y'i
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elìd
else

begin
writeln('Answer yes or no.');
ans:='y';

end;
unúl not (ans in['y','Y']);
end.
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This program predicts the cumulative disribution and probability dcnsity function of thc bubblc diamctcr
from the model proposed by Agarwal (1986).

program dvdboad;

uses turbo3,crt
typ€ reål=extended;

var
s,k3, uo,umfdt¿uf,rh,n¿¡dbo,ubodbx,
dbd,a,x,gmp,gm m,ingma,kk,ll,av,fac i,pa,
insum,ptb,ptadbmax,ubmaxdv,yt divd,
ptl,pt2,pt3,pt4,pt5,pt6,pt7,pt8,pt9,pt10,
pdf ,vb,fdv,ingmb,b,sum,ingmam in,in gmam,
gm,pl,p2,p3,p4,dbrbardeltadvdeltandeltao,
delüad:real;
P,m d,tv,i,mv j : integer;
f50:string[50];
q2dvpdfort_firle:æxq
ans,nans:cha¡;
etest dæsthleån;

function powerft ,l :real):real ;

begin
if l{ then

begin
Power:=l;
end

else if l<0 then
begin
if k4 then

begin
power:{;
end

else if k<0 then
begin
if fracQ)=0 then

begin
if odd(trurrcO) then

begin
power: =-expQt ln(abs(k))) ;
end

else
begin
powec=exp(l* ln(abs(k))) ;
end;

end
else if fracQ)o0 then

begin
writeln('Power not possible: -k* +fracúon.');
power:4;
end;

end
else if lo0 tlpn

begin
powen=exp(l*ln(k));
end;

end
else if Þ0 then

begin
if k4 then

begin
POwer:=0;
end

else ifk<0 then
begin
if frac(l)=O ttrcn
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end;

begin
if odd(trunc(l)) then

begin
power: =-exp(l* ln(absft))) ;
end

else
begin
power: --exp(l * ln (abs(k))) ;
end;

end
else if frac(l)<>O then

begin
wriæln('Power not possible: -k**fraction.');
Power:==0;
end;

end
else if I>0 then

begin
power:=exp(l*ln(k));
end;

end:

function factorial(p: inæger):real;

begin
if p{ then

begin
b:=l;
end

else
b:=l;
for d:=l to p do
begin
b:=b*4
end;

factorial:=b;

function ingamma(mv: integeçav:real):real;

begin
insum:=0;
for i:=0 ûo mv-l do

begtn
faci:=facorial(i);
pæ=power(avj);
divd:=?afaci;
insum:=insum+divd;

proccdure input;

begin
wriæln(' Enær superficial velocity, min fl uidisation vel.,');
wriæln('bed diameter, height of unfluidiscd bed and k,m,s.');
readln(uo,umfdtøuf,k3,m S);
witeln('Enter position in bed that pdf of Dv is to be generated,');
writeln('give ratio of height abve distributor and');
writeln('FROM CENTRE OF BED (NB: r¡R=O).');
readln(rh¡r);
end;

end;

t
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procedure consts;

begin
dtesfi=false;
deltao:=0;
z:=zuf*dl; {no ajustment for z as zo-0 for a porous plaæJ
r:=(d12)*rr;
dbmax:--dt*(1-n);
ub max -(uo- umí) + (22.26* sqrt(db max)) ;
repeat

dbo:=0.003 76* sqr(uo-(( 1+(2* deltao))* um l)) ;
deltan :=(uG.um Ð/(uo-um f+(22.26*sqrt(dbo))+ (2* um f)) ;
deltad:=Abs(deløn-deløo);
if deltad<0.0001then

dtest=tn¡e;
deltao:=deltan;

until (dæst=tnre);
uþ; =(uo- um f ¡ +{22.26* qn(dbo)) ;
dM:=dtro+(ß3/(1 1. f 3* m))*power(z,s)*sqrt(dbo)
¡ ;=(sqrt(dbd-(dbo/m)))-(sqrt(((m - I )+ dbo)/m)) ;
gmp:=factorial(m);
gmm:=facorial(m-2);

F(sqr(k322.26)*sqr(power(z,s))/(m* (m- 1))) ;

gm:=factorial(m-l);
4 =(sqrt(gmp/gm m)* x)/((sqrt(d 0*sqrt( I
ingma:=ingamma(m+l ¡);
ingmamin:=ingamma(m- 1,a);

pl

end;

procedure fd;

begin
etesu=false;
SUm:=0;
j:=o;
writeln(q2dvpdf8t_file,' dbr','
delødv:=(dbmax-dbo)/l 00;
repeat
j:=j+l;
dy;=j*deltadv;
if dpdbo tlpn

-n))-sqn(dbo));

f(db| ',' F(dbr) ',' sum nd');

(from dbo adjusted to dbmax)

¡ =pr¡wer(yt¡n+2)*sqrt(dv);pt?
p18
p0
prl

begin
yr=sqrt(dvlsqn(dbo);
ptl:=gmp/gmm;
po.:=(m+l)12;
p13 :4.5tpowe(pt I,p0) ;
pt4:aowe(x,m+l);
pt5 :=exp(-(sqrt(gmp/gmm)* (lyt))) ;
pt6:=pt4+pt5;

sum:=sum+(pdf*delødv);
vþ;=(sqrt(gmp/emm)tx)/(sqrt(dv)-sqrt(dbo)) ;
ingmb:=ingamma(m+l,vb);
fdv :-(gmp-ingmb)/(gmpingma);
wriæln(q2dvpdftxt_file,(dv-(deltadvp)): l0:6,pdf:10:6,fdv: l0:6,sum: 10:6);
if dpdbmaxdelødv then

etesu=true;
if fdçl then

etesu=true;

a:

pdf:=pB+pt10;
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end;
until (etest=true);
end;

procedure ouÞuq

begin
wri æln (q2dçdf ort_fi le,
wriæln (q2dvpdfx t_fi le,
wriæln(q2dçdfxt_fi1e,
wri teln (q2dvpdfort_fi le,
wri æln(q2dvpdfx t_fi le,
writeln (q2dvpdfor t_[rle,
wri æln (q2dvpdfÞct_file,
wd teln (q2dvpdfÞrt_hle,
wriæln (q2dvpdftxt_file,
writeln(q2dvpdfut_fi le,
wri æln (q2dvpdfx t_[rle,
wri æ ln (q2dvpdfxt_fi le,
writcln (q2dvpdfÞrt_fi le,
wri æln (q2dvpdfort_hle,

'uo=',uo:10:6);
'umf--',umf:10:6);
'dt='dc10:6);
'zuf='¿uf: 10:6)i
'rh='Jh:10:6);
'¡¡='¡r:10:Q;
'z=',2:10:6);
'e'¡:10:6);
'dbmax='dbmax: l0:6);
'dbo (dbo adjustcd) =',dbo:10:6);
'ubmax-',ubmax: l0:6);
'ubo=',ubo: l0:6);
'¿6¡6¿¡=' dbrbar: I 0:O;
'k3,m ¡=',k3 : 3,m: 3,s:5:3);

end;

procedure sd;

begin
sound(2100);
delay(200);
nosound;

nosound;
end:

begin
clrscç
wriæln('This program calculates the pdf and cumulative of the');
writcln('vertical dimension of bubbles from thc Agarwal equaúon.');
wriæln('This progfitm uses cgs unis throughout.');
wriæln('This program uses the adjusted Miwa dbo correlation.');
repeat
wriæ('Do a calculation? (yh)');
ans:=readkey;wriæln;
if ans in['y','Y'] then
begtn
wriæln('Enær name of file ûo put data in:');
readln(f50);
assign(q2dvpdfnt_file,f50) ;
rewriæ(q2dvpdfnt_hle);
lnput;
consts;
fd;
outpul;
sd;
$,riteln('Al-l- DONE !');
close(q2dvpdfut_fiþ;

end
else if ans in['n','N'] then
begin
wriæ('Are you sure you want to quit? (y/n)');
nans: =rcadkey;wriæln;
if nans in['y','Y'] then
begin
wdteln('Goodbye until next time!');
end
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else
ans:='y';

end
else

begin
wriæln('Answer yes or no.');
anS:='y';

end;
until not (ans in['y','Y']);
end.
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This program predics the cumulativc distribution and probability density fun_ction of the bubble risc vclocity
from equatións derived from consideration of the model proposed by Agarwal (1986).

program w;

uses turbo3,cl;
type real=extended;

var
s,k3,uo,umfdt¿uf,rh,rr,z ¡dbo,ubodbx,
dbd,a,gmp,gmm,ingma¿v,faci,pa,
insum,ptbBtadbmax,ubmax,dw,yt divd,
ptl,p0,pt3,pt4,pt5,pt6,pt7,pt8 Bt9,
pdf,vb,fw,ingmb,b,sum,ingmam in,in gmam,
gm,pl,p2,p3,p4,ubbard,ubbardeltavr,deltan,deltao,
deltad:real;
p,m d,rtr,i,mv j: integer;
f50:string[50];
q2dvpdfort_file:texq
ans¡ans:char;
etest dþsrhlean;

function powerft ,l : real) :real;

begin
if l=0 then

begin
Power:=l;
end

else if l<0 then
begin
if k4 then

begin
powen4;
end

else if k<0 then
begin
if frac(l)=Q Ú¡s¡

begin
if odd(truncQ)) then

bcgin
powen ={,xp(l+ ln(abs(k))) ;
end

else
begin
powec=exp(l* ln(absft)));
end;

end
else if fracQ)o0 then

begin
wriæln('Power not possible: -ki tfraction.' 

) ;
powec4;
end;

end
else if lo0 then

begin
powen=exp(l*ln(k));
end;

end
else if Þ0 then

begin
if k{ then

begin
power:4;
end

clse if k<O then
begin
if frac(l)=O then
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begin
ifodd(trunc(l)) then

begin
power: =-exp(l* ln(abs(k))) ;
end

else
begin
power: =exp(l* ln(abs(k))) ;
end;

end
else if frac(l)<>O then

begin
writeln('Power not possible: -k* *fraction.');

POwer:=0;
end;

end
else if Io0 then

begin
powen=exp(l*ln(k));
end;

end;
end;

function facorialþ:inæger):real;

begin
if p={ then

bcgin
b:=l;
end

else
b:=1;
for d:=l to p do
begin
b:=btd;
end;

facorial:=b;
end;

function ingamma(mv: inægeçav:real): rcal;

begin
insum:=0;
for i:=0 lo mv-l do

begin
fæi:=facorial(i);
pa=powe(avj);
divd:=palfaci;
insum:=insumrdivd;
end;

ptb: = l -(exp(-av)* insum) ;
pfa:=factorial(mv- I )*ptb;
lngamme=pt4
end;

procedure input;

begin
wriæln('Enær supcrfi cial velocity, m in fluidisation vel.,' );
wriæln('bcd diameter, height of unfluidised bcd and k, m, s.');
readln(uo,umtdt¿uf*3 ¡n S);
wriæln('Enær position in bcd that pdf of ubr is to be generated,');
writeln('give ratio of height above disributor and');
writeln('FROM CENTRE OF BED (NB: r¡R=O).');
readln(rh¡);
end;
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procedure consts;

begin
dtesc=false;
deltao:=0;
z:=zufxrh; (no adjustment for z as zo-0 for a porous plate)
r:=(dt2)*n;
dbmax:=dt*(1-rr);
u6,o¿¡ ; =(uo- umf ) + (22.26* sqrt(db max) ) ;
repeat

tlbo:=0.003 76* sqr(uo-(( I +(2*deltao))* umf)) ;
deltan:=(uG'umÐ/(uo'umf+(22.26*sqrt(dbo))+(2*umQ);
deltad:=Abs(del tan-deltao) ;
if deltad<0.0001 then

dtest:=true;
deltao:=deløn;

until (dæst=tnre);

u66¿¡¡=ft3/m

gmp:=factorial(m);
gmm:=factorial(m-2);
gm:=factorial(m-1);
a: =(m 

* (ubbard-ubo))/(ubmax-ubo
ingma:=ingamma(m+l ¡);
ingmamin:=ingamma(m- l,a);
ingmam:=ingamma(m¿);
end;

procedure fu;

begin
etest=false;
Sum:=0;
j:=o;
wriæln(q2dvpdfat_hle,' ubr',' f(ubr)
¿s¡tavr:=(ubmax-ubo)/l 0û
repcat

j:=j+l;
dvc=júdeltavr; (from ubo to ubmax)
if dvpubo then

F(ubr) ',' sum nd');

begin
ptl:=power(m¡n+
pt2:=ubbard-ubo;
pB:=powe(pt2¡n+l);
pt4:dw-ubo;

if
I 0:6,pdf: l0:6,fvr: l0:6,sum: 10:6);

l);

)));

l,vb);

then
etesu=true;

if fvpl then
etesu=true;

end;
until (etest=true);
end;

procedure outpuq
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begin
wri æln (q2dvpdf xt_h le,
*ti ærnidzãui¿rxt-¡t re,
wri æln (q2dvpdftxt_file,
wri æln (q2dvpdfo<t_fi le,
wri æln (q2dvpdfoc t_fi le,
wriæln(q2dvpdfxt_hle,
wriæln (q2dvpdfx t_file,
wri æln (q2dçdfxt_f,rle,
wri æln(q2dvpdfÞrt_fi le,
wri æln (q2dvpdfurt_fi le,
wriæln(q2dvpdfort_file,
wri æln(q2dvpdfxt_fi le,
wri æln (q2dvpdfo< t_file,

'uo=',uo:10:6);
'umf=',umf: l0:6);
'dt=',dt: l0:6);
'zuf=',zuf:10:6);
'rh='Jh:10:6)i
'¡p',¡r:10:6);
'z=',z:I0:6)i
'e'¡:10:6);
'dbo (dbo adjusted) =
'ubo=',ubo:10:6);
'¡lþ¡¡4¡=',dbmÍlxl
'¡þ¡¡¿¡=',ubmax:

',dbo:10:6);

l0:6);
l0:6);

uþþard=',ubbard: l0:6);
end;

procedure sd;

begin
sound(2100);
delay(200);
nosound;

nosound;

bcgin
clrscç
wriæln('This program calculatcs the pdf and cumulative');
writeln('of bubbles from the Agarwal equation.');
wriæln('This program uses cgs unis throughout.');
wriæln('This prog¡am uses tl¡e adjusted Miwa dbo corrclation.');
rcpcat
write('Do a calculation? (yft)');
ans:=readkey;wriæln;
if ans in['y','Y'] then
begin
wriæln('Enær nameof f¡le to putdatå in:');
readln(f50);
as sign(q2dvpdftxt_file,f50) ;
rewri æ(q2dvpdfat_fi le) ;
input;
consts;
fu;
ouFuq
sd;
wriæln('AlL DONE l');
close(q2dvpdftx t_file) ;

end
else if ans in['n','N'] then
begin
r¡/rite('Are you sure you want to quit? (v/n¡'¡,
nans:=readkey;wriæln ;
if nans in['y','Y'] then
begin
wriæln('Goodbye until next time!');
end
else
ans:='y';

end
else

begin
wriæln('Answer yes or no.');
ans:='y';

end;
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end;
until not (ans in['y','Y']);
end.




