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SUMMARY

The work is a logical continuation of research started at Aston some years ago when
studies were conducted on fermentations in bubble columns. The present work
highlights typical design and operating problems that could arise in such systems as
waste water, chemical, biochemical and petroleum operations involving three-phase,
gas-liquid-solid fluidisation; such systems are in increasing use. It is believed that
this is one of few studies concerned with "true" three-phase, gas-liquid-solid
fluidised systems, and that this work will contribute significantly to closing some of
the gaps in knowledge in this area.

The research work was mainly experimentally based and involved studies of the
hydrodynamic parameters, phase holdups (gas and solid), particle mixing and
segregation, and phase flow dynamics (flow regime and circulation patterns). The
studies have focused particularly on the solid behaviour and the influence of properties
of solids present on the above parameters in three-phase, gas-liquid-solid fluidised
systems containing single particle components and those containing binary and ternary
mixtures of particles. All particles were near spherical in shape and two particle sizes
and total concentration levels were used. Experiments were carried out in two- and
three-dimensional bubble columns.

Quantitative results are presented in graphical form and are supported by qualitative
results from visual studies which are also shown as schematic diagrams and in
photographic form. Gas and solid holdup results are compared for air-water
containing single, binary and ternary component particle mixtures. It should be noted
that the criteria for selection of the materials used are very important if true three-phase
fluidisation is to be achieved: this is very evident when comparing the results with
those in the literature. The fluid flow and circulation patterns observed were assessed
for validation of the generally accepted patterns, and the author believes that the
present work provides more accurate insight into the modelling of liquid circulation in
bubble columns. The characteristic bubbly flow at low gas velocity in a two-phase
system is suppressed in the three-phase system. The degree of mixing within the
system is found to be dependent on flow regime, liquid circulation and the ratio of
solid phase physical properties.

KEY WORDS: Three-Phase Fluidisation, Gas Holdup, Solid Holdup, Mixing
Index, Segregation, Flow Dynamics, Liquid Circulation
Models, Solid Circulation Pattterns
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NOTATIONS

dBmax
dp
Fw

g

Hrf

P/VL
(dP/dz)
R

Ugo
Us
Usg
UsL

ug

ul

NOMENCLATURE

MEANING

cross-sectional area of bubble column (cm2)
feed concentration (g/cmS)

total concentration (g cm3)
concentration at any point along column length
column diameter (cm)

axial solids dispersion coefficient (cm2/s)
bubble size (lm or mm)

maximum bubble size (mm)

particle size (pm)

frictional force between fluids and wall
acceleration due to gravity ( g/em?2)
tluidised bed height (cm)

initial or unfluidised bed height

aspect ratio

column length (¢m )

mixing index (v/v)

empirical constant

pressure of three phase bed system

power input per unit volume of liquid (watt/cm3)
pressure gradient

dimensionless parameter (eg Ug, /(1-eg)Usg
bubble terminal rise velocity (cnmy/s)

slip velocity (em/s )

superficial gas velocity (cm/s)
superficial liquid velocity (cm/s)

bubble nse velocity  (cm/s)

linear liquid velocity (cm/s)

linear convective velocity of solids (cm/s)
liquid volume (cm3)

solid settling velocity (cny/s)

weight of solids particles

normalised column length
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8g, €], Eg

=

M T Q

gas, liquid, solid holdups
viscocity (g/emd)

surface tension (dynes/cm)
density (g/cm3)

summation sign

14



CHAPTER ONE

INTRODUCTION

15



1.1 PREVIEW OF WORK AT ASTON

Research into multi-phase fluidised system in bubble columns has been carried out at
the University of Aston since the early 1970's. The initial group of reseachers,
consisting of chemical engineers headed by Dr. E.L Smith and microbiologists
supervised by Dr. R.N Greenshields, carried out work on bubble columns used for
beer and alcohol fermentations, and biomass and metabolite production using moulds
and bacteria. The engineering aspects (design, scaleup,and operation) for the bubble
column fermenters for both aerobic and anaerobic processes were carried out by the
chemical engineering group. Over the years, a number of studies has been carried out
(Smith et al 1974, 1977, 1978, 1986), and the author's programme of research is a
logical extension of this work.

1.2 SCOPE OF WORK

The purpose of this research work is described in terms of two main objectives,
although both are inter-related. These are:

* to carry out a quantitative and qualitative investigation of the behaviour
of bubble columns under "true" three-phase heterogeneous fluidisation
conditions, with emphasis on phase holdups, mixing and segregation,

and flow and circulation patterns, and,

* to integrate the knowledge of both two- and three-phase fluidised

systems.

A comprehensive literature review of all parameters studied was carried out. The
individual phase holdups in air-water and air-water-solids systems have been studied
over a wide range of superficial gas velocities and for systems containing single,
binary, and ternary particle mixtures. Both qualitative and quantitative analysis of the
mixing and segregation were carried out. The influence of solids on these
hydrodynamic parameters including bubble characteristics was examined using four
types of solids (Ballotini, Styrocell, Diakon and Amberlite resin); of two sizes 600um
and 1200um: particular attention was given to the effects of size, density,
concentration, and "wettability”. In the case of binary and ternary particle mixtures,

the effect of the ratios of these variables was also investigated.




Experiments were performed in two- and three-dimensional bubble columns and

standard techniques of measurement were adopted, with some modifications where
necessary.

Conclusions have been drawn from a detailed analysis of the experimental data
presented in graphical form, supported by visual observations and photographic
evidence.

1.3 GENERAL INTRODUCTION

1.3.1 TWO - PHASE SYSTEM

A considerable amount of work has been reported in the literature covering
investigations of various parameters affecting the design and operation of bubble
columns using two-phase, gas-liquid (particularly air-water) fluidised systems. Also
available in the literature are design data for complex two-phase systems to which

solutes (e.g electrolyte) have been added.

The well studied air-water system was used in the author's work for preliminary tests
and as a reference system for experimental data obtained from more complex three-

phase systems.

1.3.2 THREE - PHASE SYSTEMS

The present work concentrated more on the three-phase gas- liquid-solid fluidised
systems, using mono-sized particles of regular shape, which are easily fluidised. The
reason for this is that many industrial processes consist of three or more phases. There
are reports of research work in the literature concerning the hydrodynamic properties of
such systems. However, the author has doubts about the fluidisability of particles used
in some of these studies. Indeed, it was clear from the author's preliminary work that
a proportion of the solids in certain systems may act as a "secondary distributor” for the
dispersed gas because of the formation of a packed section of the solids at the bottom of
the column. Moreover, a more definite pattern of the effects becomes apparent when
higher concentration of the solids are present in the system: solids constituting up to

20% v/v of the total system were used in the present work.




1.3.3 COMPLEX THREE-PHASE SYSTEMS

Gas-liquid- solid systems containing two and three particle components were used for
the experimental investigations. In some industrial processes, the systems contain
more than a single solid and the solid particles may vary in size, shape and density.
These properties often determine the fluidisability of the particle and could be expected

to give rise, on occasion, to non-uniform mixing or segregation phenomena.
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CHAPTER TWO

FUNDAMENTALS, CONCEPTS AND BACKGROUND THEORY
OF THREE-PHASE HETEROGENOUS FLUIDISED BUBBLE
COLUMNS
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2.1 INTRODUCTION

Three-phase systems consist of gas, liquid, and solids which do not mix on a
molecular scale. These systems are frequently used for processes where the aim is to

contact two or more phases in order to carry out a chemical reaction or physical
change.

The fundamental behaviour of three-phase heterogenous fluidised systems is primarily
determined by the interaction between the phases. These interactions greatly affect the
state of the dispersed phases, in general the gas phase and the solids, and make it
difficult to predict parameters such as phase holdups and mixing. Furthermore, the
occurence of agglomeration or coalescence of the dispersed phases and segregation in

the case of solids, may not always be desirable from a processing point of view.

The selection of mathematical models and the formulation of empirical equations is
another problem area. Related to this is the difficulty of evaluating parameters, such as
phase holdups, required for these equations. The correlations used in the present

work are discussed later in this chapter.

Visual observations constitute an important part of the studies of three-phase fluidised
bubble columns. They provide insight into the fluid-dynamic phenomena associated

with such systems, and aid in developing models .

2.2 PROCESS APPLICATIONS OF BUBBLE COLUMNS

Bubble columns are geometrically simple and provide a versatile way for conducting a
variety of gas-liquid-solid operations with or without chemical reaction. They are also

easy to operate and incur relatively low investment and maintenance costs.

Bubble column reactors provide process flexibility since they can be operated in both
semi-batch and continous modes of operation, over a wide range of process
temperature and pressure. Because there are no mechanically moving parts (e.g
stirrers), and, hence, no sealing problems, they are especially suited for reactions
involving aggressive gases as well as for high pressure and high temperature
processes, €.g Fischer-Tropsch process: Saxena et al (1986), Stern et al (1985),
Deckwer et al (1980, 1982). Additional advantages in such processes include: (a) a
reduced rate of catalyst deactivation due to the washing effect of the liquid on the
catalyst, and (b) high thermal capacity and reasonably constant bed temperature due to
liquid circulation and liquid backmixing phenomena. Liquid backmixing is not studied
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in the present work; further information can be obtained from Krishna (1981), Baird
and Rice (1975), Shahetal (1978).

In many bio-technological processes, floculated cells play an important role. The
suspension of the cells is usually achieved in a three-phase bubble column by aerating
at relatively low gas velocities because of the fragile nature of some microbial cells;
Smith et al (1986), Smith and Greenshield (1971, 1974), Schiigerl et al (1977, 1978).

Bubble columns have been modified in many ways to suit particular applications. Loop
reactions are exemplified by the ICI pressure cycle fermenter and its deep shaft
modification ( Hine 1978 ); a horizontally sparged bubble column has been used for
air oxidations of organic and inorganic component where high gas component
conversion is not required and low pressure is desirable ( Joshi and Sharma 1976 );
and a sectionalised bubble column has been used for continuous, single-cell protein
fermentation processes where low back mixing is required ( Schiigerl et al, 1978 ).

2.3 MODES OF FLOW

Figure 2.1 according to Epstein (1981), describes the fundamental distinctions
between the various modes of operation of gas-liquid-solid fluidised beds, primarily in

terms of the relative direction of the gas and liquid flows.

Modes of flow for three-phase fluidised beds have also been studied from the point of
view of the behaviour of the gas phase. Alternative approaches for determining the
operational mode have been based on studies of the axial concentration distribution of
the particles in suspension bubble columns ( Kojima 1981, Kojima et al 1981 ) and of
axial variations of the pressure drop in solid-liquid fluidised beds into which bubbles
have been injected. Therefore, the essential determinant of the mode of flow in a three
phase fluidised bed appears to be the mutual interaction between the flow of the

bubbles and the concentration and flow behaviour of the particles.

A comprehensive review of the various contacting mechanisms has been given by
Muroyama and Fan (1985). Co-current upward flow of liquid and gas, with liquid as

the continuous phase, was the mode used in the author's research.
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Figure 2.1 : Taxonomy of Gas-Liquid-Solid Fluidised Beds ( Epstein, 1981)

THREE PHASE FLUIDISATION

s

re

CO-CURRENT

(Gas-Liquid Fluidisation)

BUBBLE TRICKLE
FLOW FLOW

/

LIQUID- BUBBLE -
SUPPORTED SUPPORTED
SOLIDS SOLIDS

COUNTER-CURRENT

TRICKLE BUBBLE
FLOW FLOW
(Turbulent bed

contactor)

BUBBLE- LIQUID-
SUPPORTED SUPPORTED
SOLIDS SOLIDS

(Inverse 3-phase
fluidisation)

STATIONARY LIQUID
(BUBBLE SUPPORTED SOLIDS)

22




2.4 BUBBLE COLUMN FLUID DYNAMICS

When gas is dispersed into a liquid-solid bubble column to create a three-phase
fluidised state, the gas will leave the distributor, at low flow rates, as individual
bubbles of similar size and shape. Jetting will occur at higher gas velocities with the
jets breaking up into bubbles of various sizes up the column. Bubble behaviour can
often be used to characterise the fluid dynamic states in bubble columns.

2.4.1 FLOW REGIMES

Flow regimes are normally used to classify the fluid dynamic behaviour of gas-liquid
and gas-liquid-solid fluidised beds, in conjuction with visual observations of the

behaviour.

Three basic flow regimes exist, on the basis of the bubble flow behaviour, according
to the classification of Wallis (1969) :

dispersed bubbly flow , which is characterised by homogeneous
distribution of almost identical, small bubbles

churn-turbulent flow, where large bubbles move with high velocities
among small bubbles, and

slug flow, when large bubbles occupy the whole section of the column.
Figure 2.2 provides a schematic presentation of these flow regimes.

Govier and Aziz (1972) have indicated that at a gas holdup of 10% bubbles will only
be about one bubble diameter apart. Therefore, bubble interactions even at a gas
velocity as low as about 3cm/s can be expected and are observed. Bubble sizes will
usually range from 2mm to 6émm in diameter, and shape will approximate to that of
oblate ellipsoidal; the rise velocity of such bubbles is typically between 20 and 30
cm/s. At superficial gas velocities greater than Scm/s, the formation of both groups of

bubbles, bubble clusters and slug-like bubbles means that churn-turbulent flow

eventually replaces the bubbly flow regime.

The following relationship is frequently used to account for the interaction between

bubbles within the column
Us=Upo(1-€¢g)n 2.1

where, Us is the slip velocity, given by equation 2.2 for cocurrent gas and liquid flow
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Figure 2.2: Flow regimes in a bubble column ( Wallis 1969)
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Us = Usg/€g - Usl/(1-gg) 2.2

and where, Ug( is the bubble terminal rise velocity which can be estimated from the
graphical correlations of Grace (1973). Quoted values of the empirical constant, n,
have varied from -1 to 2 [Govier and Aziz (1972), Lockett and Kirkpatrick (1975)].

For bubbly flow, n =1 is often recommended and equation 2.3 1is used for first
design purposes:

Us =Ugyg 2.3

Smith et al (1986) indicated that a suitable value for URp is ~ 25cm/s for air-water
systems.

2.4.2 BUBBLE BREAKUP AND COALESCENCE

At high superficial gas velocities, the nature and apparently chaotic changes in flow
patterns in fluidised three phase bubble columns inevitably lead to bubble breakup and
coalescence. The loss of interfacial area brought about by such coalecsence has an
effect on mass transfer. Also, the coalescence-dependent transition between the bubbly

and churn-turbulent flow regimes can be important in flow in pipes.

The size of bubbles leaving a sparger, dg, has been found to depend on the design of
the sparger used, operating conditions and physical properties of the liquid / slurry
phase Smith et al (1986). For perforated plates, bubble sizes of the order of 4 - 6mm
are common and can grow to several ‘'ems' in size depending on the operating

conditions.

The maximum bubble size can be estimated by considering bubble breakup

quantitatively using the relationship below :

dgmax = 000/ (P/V)04p 02 2.4
and the expression

P/VL=pL g Usg 2.5

It has been suggested that if dg # dpmax bubble breakup or coalescence must be

expected downstream from the sparger.

Recently, Chen and Fan (1989) proposed that a particle can penetrate a bubble when

the value

dp (ps -pL)g/OL(1+ dp/2R)>6 2.6
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2.5 PHASE HOLDUPS

Evaluation of the axial holdups of gas, liquid, and solid phases in a three phase
fluidised bed is usually performed by determining one axial phase holdup and obtaining
the others by solving equations 2.7, and 2.8 simultaneously.

gg +€] +& =1 2.7

and

-dp/dz = {{PgEg +PIEl +Pseslg + { PgEub (dup/dz)
+ P1 €u] (du] /dz)
+ Ps€sug(dug/dz) } - Fw 2.8

where € €] and €g are the axial phase holdups (i.e volume fractions) of gas,
liquid,and solid respectively. The equations are based on one-dimensional steady state
mass and momentum balances. At steady state, when the phase holdups are invariant
with respect to axial position, the convective momentum term vanishes. The frictional

loss due to fluid-wall interaction can also be taken to be negligible. Hence,
-dp/dZ= {pggg +p1 €] +p585}g 2.9

Direct measurements of gas and solid holdups are discussed in chapters 4 and 5.
Extension of these relationships for systems containing binary and ternary particle

mixtures are dealt with in chapters 6 and 7.

THE CORRELATIONS OF EXPERIMENTAL DATA

Correlations of experimental data for average gas holdups in bubble columns are
numerous. However most are empirical 1n form and do not take account of the

phenomena occuring in the column.

Gas holdup depends on the superficial gas velocity and can be sensitive to the physical

properties of the liquid and solids present.

For air-water systems, employing perforated plate distributors a simple correlation
gg = 0.079 Ugg 04 2.10
holds, with Usg in cm/s.

This correlation is applicable at high gas and liquid through puts for both 2-D and 3-D

columns, the average error being * 5%.
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Fan et al (1985) and Shah et al (1982) have provided summaries of earlier correlations
for the prediction of phase holdups in two- and three-phase systems. Four general
correlations have been selected for comparison within the present work. These
particular correlations were selected because they represent data covering wide ranges
of values of system properties, and because two of them have been published
relatively recently and make reference to the solids phase.

Begovich and Watson (1973)

£g = 1.15 Usg 0- 692 4,0.107 p -0.037 2.11

For air-water-glass beads (4.6 and 6.2mm), aluminium silicate (1.9mm) and plexiglas
(6.3mm)

Ugg: 0-17.3cm/s, Ugl: 0 - 1.2em/s and
Dc:7.6cmand 15.2cm, and H: 2.2 - 4.5cm

Razumov et al (1973)

For the range Ug] = 1.25 - 5.0 cm/s and Ugg = 1.0 - 9.0 cm/s, using sand and slag
beads (49 - 1270um).

Reilly et al (1986)

gg = 0.296 Usg 0-44 p -098 5 -0.16 o, 0.19 40,009 2.13

For air-water-( varsol and trichloroethylene liquids) containing microbeads (420 - 1190

m) at solids loadings up to 10% by volume.

Matsumoto et al (1989)

€g=Usg (1-R)/[029(1+25€5085)+1.8Ugg (1-R)] 2.14

Where R is a dimensionless parameter [E€gUs] /(1-€g) Usg] and €g 1s the solids
holdup, assumed to be constant throughout the column. The above equation holds for
Usg: 1.0 - 30 cm/s, Usp = 0 - 1.5 cm/s, €5 = 0-30% and dp = 66 - 1300pum.

It is the first equation to the author's knowledge to show the dependence of gas holdup

on solids holdup.
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2.6 LIQUID CIRCULATION PATTERNS

When a gas is sparged into a bubble column, the gas fraction is measurably highest at
the centre, but relatively higher at the walls compared with liquid fraction particularly
in the churn-turbulent regime. The radial density gradient arising from the variation in
the gas holdup induces a buoyancy driven circulation, with upflow in the core and
down flow in the outer annulus. This is a commonly encountered phenomenon and can
therefore be said to be caused by the non-uniform holdup profile.

When there is ideal bubbly flow and no liquid feed, it is usually assumed that gross
liquid circulation is absent. However, in reality, liquid mixing must take place as a
result of the displacement of liquid by bubble movement and entrainment and exchange
of liquid in bubble wakes. Where necessary, liquid circulation can be induced by non-

uniform aeration, although usually at the cost of a reduction in the overall gas holdup.

The phenomenon of overall circulation in bubble columns is analogous to the occurence
of convection motion in a fluid layer which is heated from below (Bernard cells).
However, an important difference between the two phenomena is that there is a vertical
density gradient in the case of a fluid heated from below : also the liquid properties will
be changed at the same time. By contrast, liquid phase properties normally remain

unchanged in the case of bubble columns.

Liquid circulation is considered to be primarily responsible for liquid mixing and has an
important role in the distribution of solid particles in a three phase system. For systems
containing two or more different types of particle, the liquid circulation has more

complex effects, as will be discussed later in chapter &.

Theoretical models have been put forward by several workers to describe circulation in
bubble columns. Some researchers have accounted for liquid circulation by modelling
overall holdup of gas in the column (Deckwer et al 1974, Shah et al 1982), but this
approach is not general and cannot be used to indicate the actual fluid velocity in the
column. Hills (1974) offered a model that used a force balance; Miyauchi (1981)
suggested one that involves simplifying assumptions about the relationship between
shear stress and velocity; and Clark (1987) developed a model for the distribution of
axial velocity at half the height of the column. Models that take into account the visual

observation of circulation in bubble column are listed on Table 2.1.
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TABLE 2. 1:

MODEL

Laminar liquid circulation and
bubble chain model

Laminar liquid circulation and
bubble street model

"Gulf - stream" model

"Circulation flow model"

Liquid circulation model

Energy balance method

Circulation cell model

Recirculation model

29

MODELS FOR LIQUID CIRCULATION IN BUBBLE COLUMNS

AUTHOR

Crabtree &Bridgwater (1969 )

Rietema & Ottengraph (1969,
1970)

Freedman & Davidson (1969)

Miyauchi et al (1979)

Bhavraju et al (1978)

Whalley & Davidson (1974)

Joshi and Sharma (1979)

Joshi (1980)




2.7 SOLID MIXING

Quantitative descriptions of the axial solids distribution in a three-phase fluidised
bubble column have been based mainly on the axial dispersion -sedimentation model.
This model takes account of a Fickian-type solids dispersion flux coupled with a solid

flux due to the difference in the gravitational settling ( sedimentation) and the
convective slurry flux.

Many investigators have successfully used an equation of the form:

Cx / Cf = Exp. ( -mLx) 2. 15

for batch systems, where the model parameter, m, is defined as (m = Vp/Ds); and

x =z/L, the dimensionless column length.

The solid settling velocity, Vp, has been interpreted as either the particle terminal
velocity or the hindered settling of a particle swarm relative to the liquid, the slurry or
the column. Ds is the axial solids dispersion coefficient,which must be obtained

experimentally; Cf is the feed concentration and Cy is the concentration at any point,

x along the column length.

de Bruign et al (1989) recommended that the top concentration CT must be used as a
boundary condition rather than the feed concentration, Cf. If one takes the

concentration at the top of the column as reference, then equation 2.15 becomes
Cx/Ct=Exp.| Vp(L-x)/Dsl 2.16

The model assumes no net flow of solids and constant gas holdup.

MIXING INDEX

Rowe et al (1972) introduced a mixing index, M, as a measure of the degree of solids

mixing in a binary system. Accordingly, the mixing index 1s defined as:

M=w/w 2.17

where W , is the weight fraction of large particles in the upper section of the bed, and w
is the weight fraction of the particles in the entire bed. M will vary from , O, for the

completely segregated state to 1, for the case of complete mixing.
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The value of M will, of course, depend on the defined volume of the upper portion
of the bed. In the present work, the upper section of the bed was defined as the
volume occupied by the top 25% of the total bed working volume.

The concept of a mixing index was thus adopted on a volume / volume percent basis
to indicate the degree of mixing of the particle components within the system, described

in chapter 9.
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CHAPTER THREE

SURVEY OF LITERATURE
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3.1 INTRODUCTION

The literature on bubble columns is extensive, and experimental data on parameters
such as phase holdups (particularly gas holdup), gas and liquid mass transfer, effective
interfacial area, backmixing, heat transfer and power consumption have been reported.
Earlier works in these areas includes that of Sharma and Mashelkar (1968), Deckwer et
al (1974) and Baird and Rice (1975). Shah et al (1982), Muroyama and Fan (1986) and
Olajuyigbe (1986) have provided reviews of the more relevant research, particularly
that concerned with two phase, gas-liquid fluidised bubble columns. A selective

review of literature relevant to the work is presented below.

3.2 REVIEW OF STUDIES OF PHASE HOLDUPS

The literature survey revealed that, despite the large number of theoretical and
experimental studies made, important aspects of gas-liquid-solid fluidised bubble

column have not been fully explored.

In the conventional study of individual phase holdups, overall values are often obtained
through bed expansion measurements, and/or the pressure profile along the fluidised
bubble column, the total amount of solid particles, and the continuity of the three
phases,as exemplified in the publications of Akita and Yoshida (1973), Giopal and
Sharma (1983), Kara et al (1982), Nottenkemper et al (1983), Jean and Fan (1986),
Fan et al (1987), Olajuyibge (1986). These two techniques have been found to
compare very well. Often, phase holdups are assumed to be uniform throughout the
bed. However, information about local phase holdups can be, and have been, obtained
by "in situ" measuring probes which have been used in many studies, in conjunction
with pressure profiles ( the manometric methods): see for example, Begovich and
Watson (1978), Morooka et al (1982), Nottenkamper et al (1983), and Lee and de Lasa
(1987). Nottenkamper et al (1983), in their measurements with an optical probe,
obtained holdup measurement that were about 10% lower than those obtained from
pressure measurements. However, it is inevitable that the hydrodynamics of a
fluidised bed are somewhat disturbed by the use of probes despite attempts to minimise
such effects. Generally, measurements using probes have indicated that there are
variations in the phase holdups in both axial and radial directions in a three-phase
fluidised bed. A gas disengagement technique has provided easier access to
information on overall holdup structure especially for systems operated in the bubbly

flow regime: Franz et al (1980); Vermeer and Krishna (1981), Godbole et al (1984)

and Schumpe and Grund (1986), Patel et al (1987).
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Olajuyigbe (1986) gave a comprehensive review of works concerning gas holdup

characteristics in two-phase, gas - liquid fluidised bubble columns.

3.2.1 GAS HOLDUP

Earlier research includes that of Kato (1963), Ostergaard (1964,1965), Stewart and
Davidson (1964), Adlington and Thompson (1965), Viswanathan et al (1965), Turner
(1966) and Ostergaard and Theisen (1966). They all showed, as expected, that gas
holdup increases with increasing gas velocity.

Various studies show that the gas holdup can be considerably lower in a gas-liquid-
solid fluidised bed when compared with that in a solids-free gas-liquid system. Kato et
al (1972), Ying et al (1980) and Vasalos et al (1980) investigated the effect of solids
concentration and concluded that an increase in solids concentration generally decreases
the gas holdup, although this effect becomes insignificant at high gas velocity
(>10cm/s). Most work has involved relatively low concentration of solids, typically,

less than 10% volume/volume concentration.

Quicker and Deckwer (1981) found that the decrease in gas holdup increased with the
solids loading. Yang et al (1980) found that increasing the solids concentration from
15.7 to 45 wt % did not reduce the gas holdup any further. Kara et al (1982) reported
that the gas holdup decreased with increasing solids concentration, but that the effect

become less at higher solids concentrations and higher gas rates.

Kato (1963), in his studies of the effect of the solid particle size, density and amount
of solids on gas holdup, reported a decrease in gas holdup with increasing particle
size and amount of solids in the bed. Adlington and Thompson (1965) found that at
higher gas velocities the presence of solids caused a decrease in gas holdups but this

was independent of solid particle size.

Kelkar et al (1984) reported an effect of particle wettability on gas holdup: they found
hydrophilic particles increased the bubble coalescence. Bhatia et al (1972) and
Armstrong et al (1976), in their studies of the effect of solid wettability quantitatively
described the role of wakes and bubbles in such systems. Kim et al (1975) indicated
the existence of two distinct types of three-phase fluidisation: bubble-coalescencing
and bubble- disintegrating fluidisation. The former occurs when the particles are
smaller than some critical size, and the latter occurs when they are larger. Koide et al
(1984) found the effect of solids on gas holdup to be larger in the transition region
from bubbly to churn-turbulent flow than in the churn-turbulent flow region.

Yasunishi et al (1986) reported that the presence of solids causes earlier coalescence of
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gas bubbles and postulated that this could account for the apparent absence of the zone

of coalescence readily observed with two- phase systems.

A large number of correlations for gas holdup have been proposed in the literature

particularly for two phase systems, see, for example, Muroyama and Fan (1985),
Shah et al (1982). The various correlations show large scatter which has been
attributed to the extreme sensitivity of holdup to the materials in the system: differences
in easily measurable physical properties, such as density, viscosity and surface
tension, do not provide sufficient explanation for the scatter. This problem prevents
the use of a single universal correlation for gas hold-up.

Only a few correlations are based on a large number of experimental data. Begovich
and Watson (1978) combined available gas hold-up points in three-phase systems and
proposed an empirical correlation (See section 2.5 ). Their equation was restricted to
batch liquid and solid systems. Ting et al (1980) applied the correlation proposed by
Akita and Yoshida (1973) to their data and concluded that the correlation of Akita and
Yoshida is equally adequate for three-phase systems.

The correlations used in the present studies, for comparison purposes, are more

recent, and have been discussed in chapter two.

3.2.2 SOLID HOLDUP AND SOLIDS CONCENTRATION
DISTRIBUTION

The axial variation of solids and solid holdup in a three-phase fluidised bubble column
is often studied to provide information about solid distribution characteristics in
systems containing single component particles, or solids mixing (or segregation) in
those containing two or more particle mixtures. Earlier workers have included Cova
(1966), Imafuku et al (1968), Farkas and Leblond (1969) and Kato et al (1972).

Kato et al (1972) measured the longitudinal concentration of solid particles and liquid
mixing in 6.6, 12.2 and 21.4 ¢m diameter bubble columns using a diffusion model.
The longitudinal dispersion coefficients of the solid particles and liquid based on the
actual mean slurry velocity of solid particles and concentration of solid particles at the

top of the column were correlated with dimensionless groups.

Kojima et al (1984) measured solids holdup in bubble columns with suspended solid
particles. Air-water-glass beads in two columns of diameter 55 and 95cm were used.

Their experimental results agreed well with the prediction made on the basis of the one-

dimensional dispersion model.
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Kelkar et al (1984) studied the hydrodynamics and mixing properties of gas, liquid,
and solid flowing cocurrently upwards in a column. The effects of gas and slurry
velocities, solids physical properties, particle size and solids concentration, interfacial
tension, and slurry viscosity on phase holdups and axial dispersion coefficients were
examined. The phase holdups as well as axial dispersion coefficients were not affected
significantly by particle size, solids concentrations, and slurry velocities. However they
suggested that wetting of the solids enhanced coalescence and decreased the axial

dispersion coefficient when compared to the results for water.

Juma and Richardson (1983) successtully accounted for solids mixing for the case of
liquid fluidised particle mixtures. Fan et al (1987) extended the idea of Juma and
Richardson. Close examination of the solids concentration distributions in a three-
phase fluidised bed containing two sizes of particles with similar density at superficial
gas velocities > 0.9cm/s revealed the following distinct regions:

Region A : constant large and small particle concentration region, located at
the top of the bed

Region B : constant large and small particle concentration region, located at
the bottom of the beds, and

Region C: variable concentration region of large and small particles, located
between region A and B

This classification is used in the present work to account for solids mixing within

systems containing binary and ternary particle mixtures.

By far the most widely used representation of the solids concentration variation in the
axial direction has been the "axial dispersion-sedimentation " model, first put forward
by Cova (1966) and by Suganuma and Yamanishi (1966). The model requires two
parameters - a solid axial dispersion coefficient and a particle settling velocity. Using
experimentally measured axial concentration profiles, several workers have defined

and obtained numerical values for these two parameters.

Smith et al (1986) proposed a modified dispersion-sedimentation model describing
axial concentration distributions in a slurry bubble column. Their model has been used
mainly to study the effect of polydispersed solids on axial solids concentration and
particle size distribution.  From their experimentally obtained axial solids concentration
distributions for binary and ternary mixtures, they concluded that changes in gas
velocity have only a small effect on the axial solids concentration distribution of
completely suspended solid particles, and for polydispersed particles a greater variance
in axial solids concentration distribution occurred even when having the same mean
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particle diameter as monodispersed particles. The axial particle size distribution for
polydispersed particles indicated that significant segregation occurs for particle size
ratios greater than two. These researchers also pointed out that a more uniform and
larger specific interfacial area arises with monodispersed solids when compared with

the case of polydispersed particles for a given mean particle diameter due to the effect
of segregation.

A recent publication by Jean et al (1989) summarises various forms of dispersion-
sedimentation model which have been used. These authors also concluded that the
resulting numerical values of the model parameters are often not physically reasonable,
especially for low slurry (liquid / solid) velocities.

Murray and Fan (1989) proposed a mechanistic model to explain solids dispersion in
bubble columns. The model assumes solids dispersion can be explained by entrainment
and detrainment processes in the wakes of rising bubbles. Their model leads to a
functional relationship very similar to those obtained with the sedimentation-dispersion
model.

Reilly et al (1990) obtained experimental measurements of axial solids concentration
profiles over a wide range of solid and liquid flowrates normally encountered in bubble
column reactors. They concluded that the axial dispersion-sedimentation model does
not yield values of the two basic parameters of the model. They proposed a simplified
model for the axial solids profile in three-phase bubble columns which requires only
one experimental parameter. The model was justified through measurements of the

settling velocities of particles in bubbly gas-liquid mixtures.

3.3 REVIEW OF STUDIES OF FLOW REGIMES IN BUBBLE
COLUMNS

Flow regimes have been widely investigated, particularly in gas-liquid, two-phase
fluidised bubble columns: Olajuyigbe (1986) has given a comprehensive review of
literature in this area. The theory of bubbly flow ( chapter 2) was developed by
Lapidus and Elgin (1957 ), Richardson and Zaki (1954), and Wallis (1962). Their
approaches give satisfactory correlations of gas-liquid flow only if bubbles are

uniformly distributed over the cross-sectional area.

Characterisation of heterogeneous flow ( i.e the churn-turbulent regime) has been
studied by Hills and Darton (1976), Miller (1980), Shah (1982 ). They characterised
the churn-turbulent regime as large bubbles moving with high rise velocity in the
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presence of small bubbles with the large bubbles taking the form of spherical caps with
a mobile and flexible interface.

Kawagoe et al (1976) studied gas holdup as a function of flow regime and found a
linear relationship with gas velocity in the bubbly regime, and that gas holdup was
almost independent of gas velocity in the churn -turbulent regime. Bubbly flow may
seem the most desirable regime since the bubbles are smaller and therefore interfacial
area is comparatively greater ( Guy et al 1986). However high gas flowrates often

occur in industrial applications so that the churn- turbulent regime is reached (Bach
and Pilhofer 1978).

The behaviour of a single bubble in a solid -liquid system was first investigated by
Massimilla et al (1961 ). They measured the rise velocity of a single bubble of known
volume injected into a 3.5cm 1D cylindrical liquid fluidised bed of solid particles:
0.22mm silica sand, 1.09mm glass beads and 0.2mm iron sand were the solids used;
water and air were employed as the fluids. They concluded that the relationship
between the rise velocity and bubble size was essentially dependent upon the bed

expansion and was relatively insensitive to the particle size.

In their experiments to characterise bubble swarms by measuring the size distribution
of the bubbles emerging from the top of freely bubbly three-phase beds, they found
that the mean bubble diameter increased with gas flowrate, the distance from the
distributor, decreasing bed height. The latter parameter was found to be dominant, and
they developed an empirical correlation which related bubble size to the distance above
the distributor, the initial bubble size and the fractional expansion of the column. The

qualitative results of Ostergaard (1966) support these findings.

Bubble coalescence and bubble breakup have been of particular interest as both occur
simultaneously. Aldington and Thompson (1965) observed considerable bubble
coalescence taking place in a three -phase fluidised bed containing different sizes of
alumina particles. Lee (1965) reported that bubbles breakup in three-phase fluidised
system when the size of the particles is comparable to that of the bubbles. Lee,
Sharrard and Buckley (1974) postulated that bubbles split when they are penetrated by

a solid particle. They claimed this occured when the Weber number , We, exceeded

three (i.e psUpdp/O).

Recently, Chen and Fan (1989) proposed a mechanistic model to predict the bubble
breaking criteria between a single particle and a single bubble in a liquid medium. For
bubble breakage the penetrating particle diameter should be larger than the height of the

doughnut- shaped bubble. Also according to their criteria , a particle can penetrate a
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bubble when the value of | (dp(ps-p1)g/lo1(1- dp/2R)] } is greater than 6,

where R is the radius of the bubble. Kim and Kim (1990) found that, in may
practical systems, the value of this expression was about 26.

Kimetal (1975) reported the existence of a critical particle size which separates the
bubbly flow regime and the churn-turbulent regime. The critical size for particles with
density similar to that of glass was reported o be 2.5mm in diameter for air-water
systems. Studies carried out by Muroyama et al (1981) and Fan et al (1982) indicate
that besides the particle size, flow regimes also strongly depend on the liquid and gas
velocities in the system.

3.4 REVIEW OF STUDIES OF FLOW CIRCULATION
PATTERNS

Liquid circulation has been modelled as a one-dimensional process using momentum
and a single phase "mixing length" by Ueyama and Miyaannchi (1979), Clark et al
(1987), and Von Karman's hypothesis (1912) by Anderson and Rice (1989). Also,
see Lockett and Kirkpartrick (1975), Shah et al (1982), Deckwer (1974). The
applicability of these models can only be accurately assessed when the qualitative
nature of circulation is better understood. Freedman and Davidson (1969) developed a
liquid circulation model exhibiting a "gulf-stream” effect (also see chapter 8). They
analysed their model mathematically by considering inviscid motion and sinusoidal
distribution of vorticity. Field and Davidson (1980) improved further the vortex- pair
model and proposed an explicit equation for the circulation velocity. Joshi and Sharma
(1979) proposed multiple circulation cells in tall bubble columns, with cell height
equal to

column diameter, without confirming their existence in the manner presented. More
recently, Chen et al (1989) carried out a visual study of the effect of liquid depth on
circulation in bubble columns. They observed a pattern of two rows of staggered
circulation cells similar to the vortices shed behind circular cylinders studied by Von

Karman (1912). The work of Chen and his co-workers shows similarities with that of
the present study.

Devanathan et al (1990) have made the first attempt at tracing the liquid flow pattern in
bubble columns by application of non-invasive, radioactive particle tracking (CARPT) .

They monitored the motion of a single neutrally bouyant radioactive particle by an array
of scintillation detectors and on-line computer to map the field. A more detailed
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discussion of some of the flow models that have been put forward by these researchers
1s presented in chapter 8 of the thesis.

3.5 REVIEW OF STUDIES OF PARTICLE MIXING AND
SEGREGATION

Little work has been done on solids mixing in three-phase fluidised bubble columns.
An experimental investigation to assess the rates of motion of the solid and liquid
phases in a gas-liquid-solid fluidised system has been carried out by Evstropeva et al
(1972); they measured average velocities and mean square values of the fluctuating
velocity components for the rate of motion of light and heavy trace particles used to
simulate the motion of the liquid and the fluidised particles. Criteria for the onset of
stratification in the gas-liquid-liquid and gas-liquid-solid particle mixtures were defined
experimentally by Epstein et al (1981). The incipient mixing ( or segregation ) process
was viewed as a quasi-static balance of body forces.

A qualitative investigation based on visual observation of solid mixing in cocurrent
three-phase fluidised beds containing a binary mixiture of glass beads was conducted
by Fanet al (1984). They reported that the "complete " mixing state occurs largely in
the coalesced bubble flow regime and slug regime and to a slight extent in the transition
flow regime. The partial intermixing state occurs largely in the dispersed bubble flow
regime and the transition flow regime, and slightly in the coalesced bubble flow
regime. The complete segregation state occurs solely in the dispersed bubble flow

regime.

Extensive effort has been made to model solids mixing in liquid-solid fluidised beds
e.g Kennedy and Bretton (1966); Juma and Richardson (1983); and Patwardhan and
Tein (1984). Fan et al (1987) modified the phenomenological model of Juma and
Richardson to describe solids mixing behaviour and particle concentration distributions
in the variable particle concentration region of a gas-liquid-solid fluidised bed ( see
section chapter 9). They characterised solids mixing by a mixing coefficient, and
solids segregation, by a segregation velocity. Their approach was based on the
empirical relationship developed by Jean and Fan (1986) between liquid velocity in the
three phase system and the "equivalent" liquid velocity in the two phase, liquid-solid

system.
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CHAPTER FOUR

DESIGN OF EXPERIMENTS, EQUIPMENT AND EXPERIMENTATION
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4.1 INTRODUCTION

To successfully achieve the objective of a research programme, careful design of the

experiments, and consequently, the experimentation is a very important step. It is

necessary to have a clear idea in advance, of exactly what is to be studied (i.e problem

definition), what data are to be collected (i.e experimentation) and an understandin gof

how data will be analysed (i.e analysis).

Experimental design and experimenitation for this work were carried out by considering
the following:

(1 recognition and definition of the problem

(2) choice of factors (independent variables such as operating parameters)
3) selection of the response (dependent variable - design paramaters)

4) designing the experiments - materials selection, multi-phase systems, and
suitable mode of operation.

(5) experimentation - including measurement techniques
(6) data analysis - results and their interpretation
(7 preparation of conclusions and recommendations

The final step, i.e the preparation of conclusion and recommendations, also involved
the justification and comparison of results from analysed experimental data with

relevant correlations and results obtained by previous researchers.

4.2 CHOICE OF MATERIALS

The choice of materials used in the experiments was based primarily on simulation of
typical processes in which bubble columns are used in the biochemical, and chemical
industries, the need to cover a range of physical properties, and constraints imposed by

the hydrodynamic parameters investigated.

SOLID PHASE

Regular shaped, near spherical particle were used. The properties of the solids

considered were:
. wettability - particle surface property, in terms
of angle of contact with liquid.

. particle size uniformity, and

472




- particle density.

The solids used were

Ballotini and Styrocell - "non- wettable" solids
Diakon and Amberlite resin - "wettable" solids

For the experiments carried out in the two-dimensional bubble column, two particle
sizes were investigated, 600um and 1200pm, giving a particle size ratio of 1:1 or 1: 2
for the various particle mixtures. The exact particle sizes were obtained by using only
those particles which blinded the required sieve size. This approach also ensured
uniformity in the particle size. Non-uniformity in the particle size was simulated by
mixing particles of different sizes in the desired ratio. Particle density variation was
inevitable because of the choice of materials. It should be noted that the four chosen

materials, especially ballotini, have been used in many previous experimental studies.

LIQUID PHASE

Tap water supplied from the mains was used as the liquid medium, which was also the

continuous phase of the system.

GAS PHASE

Compressed air, available from the mains at 50psig, was used. The pressure was

regulated before the gas entered the bubble columns as the dispersed phase.

4.3 CHOICE OF OPERATING PARAMETERS

The preliminary studies, mainly visual, of the behaviour of the bubble columns under
varying superficial gas and liquid velocities led to the selection of the range of flow
velocities best suited for the systems used. Also considered were the limits on the
extent of bed expansion in the bubble columns and the pressure resistance of the
material of construction of the bubble columns. The importance of flow regimes was
also reflected in the choice of fluid velocities. The identification of different flow
regimes is important to industrial applications and also helped in integrating knowledge
obtained from visualisation studies in the present work with that from simpler systems

previously studied by other workers.
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4.3.1 SUPERFICIAL GAS VELOCITY

In biochemical processes, a high gas flowrate is not always desireable, Jamialahmadi
(1982). The turbulent movement of bubbles or slugs may break up microbial flocs and
have an adverse effect on shear-sensitive cells.

embrace the bubbly-flow regime. For t}

Consequently, experiments must
1€ two fluids, i.e air and water, used in the
present work, the literature survey revealed that departure from the bubbly-flow regime
usually occurs at superficial gas velocities greater than about 4cm/s. The range of
superficial gas velocity used in the present work was 0 < Usg < 19.21cm/s in the
two-dimensional bubble column; and 0 < Usg < 35cm/s for the three-dimensional
bubble column. These ranges of the gas flowrate covered the flow regimes believed to
be of importance in industrial application. Previous Aston research workers, Shayegan

Salek (1976), Jamialhamadi (1982) used relatively low values of superficial gas
velocities, e.g Usg < lé6emys.

4.3.2 SUPERFICIAL LIQUID VELOCITY

Essentially, the systems were operated in the batch condition. Some studies were
carried out to simulate a semi batch operation at superficial liquid velocity less than
lem/s. The liquid flow rate is a very important parameter. It directly controls the
output of the column and affects characteristics such as the concentration and residence
time. Many biochemical reactions are relatively slow, and, in "once-through"
processes, long residence time may be involved. High liquid velocities may lead to

elutriation, and so create difficulties in maintaining high microbial concentrations inside

the column.

4.3.3 TEMPERATURE

All experiments were performed at 249C with a variation of about 20C.
Measurements of the physical properties of all the materials used were also taken at
room temperature. The measurements of particles density using the specific gravity

bottle method (see section 4.6.1) were performed at a temperature of 20°C using a

water bath to control the temperature.

Jamialhamadi (1982), reported that liquid phase temperature has a significant effect on
the gas holdup and bubble coalescence. However, very little has been presented about
the subject in the literature. The effect of temperature was not investigated in the

present work.
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4.3.4 COLUMN DESIGN

All experiments were performed in two g
dimensional bubble col

eometrically different column. The two-
umn, figure 4.1, permitted detailed visualisation studies of

systems behaviour and column hydrodynamics to be made. Such observations were

essential to a clear understanding of complex phenomena such as mixing, segregation

and phase circulation patterns. The two- dimensional bubble column also allowed a
more accurate estimate to be made of the expanded bed height and hence of phase
holdup. However, the marked wall effects associated with using two-dimensional
columns mean that such studies must be complemented by work with three-
dimensional systems, normally columns. Different sizes of three-dimensional bubble

columns are commonly used. Details of the columns used by the author are given in
section 4.4

4.3.5 PHASE PROPERTIES

Alr and water were used as the fluids: their various properties are recorded in table 4.1.

The physical properties of the solids are presented in table 4.2.

4.4 EXPERIMENTAL EQUIPMENT

All experiments were performed in the two- and/or three-dimensional bubble columns,
which have rectangular and circular cross-sections respectively. Visual studies were

mostly carried out in the two-dimensional bubble column.

4.4.1 THE TWO-DIMENSIONAL (2-D) BUBBLE COLUMN

Visualisation studies are an essential part of the present work. The two-dimensional
bubble column was used because it enables clear visual and photographic observation
to be made. The 2-D bubble column is of dimensions 1.3cm by 15.3cm by 143cm,
constructed from perspex. The distributor section and the bed section were bolted
together using flanges. A support screen was placed between the flanges inside a
rubber gasket onto which was placed the distributor plate. This arrangement provided

an appropriate free area and excellent gas distribution. The detailed design is as

follows:

* g (.2cm thick copper plate drilled with 0.1cm hole on a 0.6cm square
pitch (figure 4.2)

* a 100 mesh wire gauze




TABLE 4.1: EXPERIMENTAL CONDITIONS FOR GAS—LIQUID—SOLID

SYSTEMS

PARAMETER

RANGE

Liquid Phase
Water

(Gas Phase:
Air

Solid Phase

Wettable solidsl:
Diakon
"Amberlite Resin"

Non-Wettable solids:
Ballotini
Styrocell

Column

two-dimensional (2-D)
bubble column

Three-dimensional (3-D)
bubble column

Operating conditions
Superficial Gas Velocity

Superficial Liquid Velocity

Temperature
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pL = 0.9917g/cm3
1 =0.010 g/cms (=poise)

o =72.6 103 dynes/cm

Pg= 0.0013 g/cm?

(Air mains pressure 50 psig)

dp = 600um and 1200pm
dp = 600um and 12001m

dp = 600pum and 1200um
dp = 600pm and 1200pum

Width = 1.3 cm
Length = 15.3cm
Height = 143cm

Diameter = 15.2 cm
Height = Variable

0<Usg £19.21cm/s (2D column)
0< Usg <32cm/s (3D column)

0< Usg < lcm/s

Room temperature:
220C< T £260C




TABLE 4.2:

PHYSICAL PROPERTIES OF SOLID PARTICLES

Solid Chemical
Particle composition

Particle

size

(m)

Particle
density

(g/cm3)

Packed :
bed
voudage, €p

Ballotini glass

Styrocell polystyrene

Diakon perspex

Amberlite ion
resin exchange
IRA-400CI  resin

600
1200

600
1200

600

1200

600
1200

2.84
292

1.11
1.23

1.28

1.11

1.20
1.13

0.5
0.5

0.43
0.43

0.5

0.5

0.4
0.4
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Figures 4.1 and 4.2 show schematic diagrams of the two- dimensional bubble

column rig and the distributor plate arrangement at the bottom section respectively.

Water from the mains supply |

1] was introduced into the column through valve A using
rotameter m-series type 7s). The mains compressed air [2] was available
at 50psig and was reduced, using a pressure regulator, to Spsig. Air was then passed
nto the column through rotameter R2 (type 10A). The rotameter was calibrated by

installing a turbine flow meter in the air line. This was compared with estimates using

rotameter R1 (

the manufacturers' calibrated rotamenter flow conversion charts. Facilities were
available for measuring pressure drop along the side of the column. Eight tapping
points were located at the side of the column and these were connected to a common
junction. Tappings could be isolated using clips such that only one was in use at any
one time. Also, on the other side of the column were five sampling points protruding in
to the column to avoid wall effect.

4.4.2 THE THREE-DIMENSIONAL (3-D) BUBBLE COLUMN

The three-dimensional bubble column is a vertical, cylindrical column of variable height

and of 15.2cm internal diameter. The 3-D bubble column was constructed from
standard lengths of QVF 0.152m bore pipe. The lowest section comprised an unequal
"T" piece with 3.8cm bore side arm for introducing liquid. The top section comprised a

top gas outlet and a side outlet for the liquid- solid mixture.

Figures 4.3 and 4.4 show the layouts of the 3-D bubble column rig. Water was

introduced into the column from the mains supply [1] by opening valve D: rotameter

R3 (type 10s) was used for metering the flow. The gas supply was obtained from a
compressed air service main [2], fed through a pressure regulator to the metering
section via a control valve E. The pressure was measured by calibrated pressure gauge,
P. The metering section consisted of two rotameters, R4 and RS (types 14A and24A):
Rotameter charts were used for conversion of the experimental readings. The gas
distributor consisted of a circular plastic plate of the same diameter as that of the

column and drilled with 61 holes of 0.75mm diameter on a 17.4mm triangular pitch .

4.5 EXPERIMENTAL PROGRAMME

When carrying out experimental studies on three-phase gas-liquid-solid fluidised

systems, it is very important that all parameters which may have an effect should be

considered carefully.
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Figure 4.2 : Schematic diagram of the distributor design
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Beca?se of Fhe complexity of the study and to develop a systematic approach to
experimentation, the experimental programme was divided into two parts:

¢y ;}rlii quantitative experimental studies of the hydrodynamic design parameters,

(2) the qualitative experimental studies of these parameters.

The latter involved visualisation studies, aided by the use of photographic and video
techniques. However, these latter two are inter-related, and provided a clear and more
accurate overall record of system behaviour.

The experimental programme commenced with work being carried out with the simple
air-water system. These experiments were undertaken to investigate the effects of
operating parameters, and system design on phase holdup (gas holdup only for the air-
water system), flow regime and bubble dynamics.

The second stage of the experimental programme involved an extensive study of the
phase holdups (gas and solid holdups), solid mixing phenomena, flow and circulation
patterns in three-phase, gas-liquid-solid heterogeneous fluidised systems containing a
single solid particle component. Again, the influence of operating parameters, system
design, and physical properties of the solid phase was examined.

The third stage was concerned with the more complex three phase gas-liquid-solid
heterogeneous fluidised systems containing binary and ternary particle mixtures.
Additional operating parameters, such as solid mixture ratio, density ratio, and size

ratio, and their effects on mixing and segregation phenomena were investigated.

Finally, visualisation studies were carried out on the systems investigated, as

described later in chapter 8. Overlaps occurred with all the stages of the experiments,

and this is reflected in the discussions.

4.6 EXPERIMENTAL MEASUREMENT TECHNIQUES

4.6.1 PHYSICAL PROPERTIES

Standard techniques of measurement were adopted as described below. All the methods

used gave good reproducibility. The results reported are an average of three repeat

experiments.

53




SOLID PARTICLE SIZE

As p sievi . .
standard sieving method was employed. For precise particle sizing, only the particles

that blinded the required sieve size were collected and used

. _ . For average sizes, used
particularly in t}

1€ three-dimensional bubble column to make up the required amount in
some cases, the size range between two sieves was used.

SOLID PARTICLE DENSITY

The densities were determined by a displacement technique using a standard specific

gravity method.

PARTICLE TERMINAL VELOCITY

This was determined by measurements of the time taken for free fall through a known
height in a liquid medium (i.e water in this case) .

4.6.2 HYDRODYNAMIC PARAMETERS -MEASUREMENT
TECHNIQUES

AERATED OR EXPANDED BED HEIGHT

Reliability in phase holdup values depends on the accurate estimation of the aerated or
expanded bed height under the fluidisation conditions, especially at high superficial
fluid velocity when the system is highly turbulent. Two methods were used to estimate

this parameter.

The first method was by simple visual measurement of the expanded bed height
following introduction of the gas, i.e the bed expansion method. For accuracy
and consistency in the readings, three levels of the fluctuating bed position were
recorded and the average was taken as the expanded bed height at that superficial gas

velocity. A diagramatic illustration of the technique is given in figure 4.5.

The second technique was used mainly as a check. It was based on the measurement

of the pressure gradient over the height of the column i.e the manometric method. Air

was introduced into the column containing either liquid or a liquid-solid mixture at the

desired superficial gas velocities. When steady state was reached (about 2 minutes was

allowed for each measurement), the pressure profile up the entire height of the column

was measured through the water manometer. The expanded bed height at the set

superficial
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Figure 4.5:
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Diagrammatic illustration of aerated bed height, Hf. measured by bed
expansion method

A -Expanded bed level at maximum fluctuanon
B -Expanded bed level at intlermediate fluctuauon
C -Expanded bed level at minimum fluctuauon
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as veloci as taken as S .
& ty was taken as the point at which 4 change in the slope of the plot was

observed, i.e the intersection point of t}

1€ lines obtained from the pressure profile in
the bed and the free-board region. Prob]

. ems with fluctuation in the liquid level inside
the manometer were encountered with this method. The fluctuations were dampened

by pinching the tubing connecting the manometers to the column. Castros et al (1985)
have used a photographic method to obtain simultaneous measurements of the levels of

the undamped manoneters: their results for both damped and undamped systems agreed
to within 5%.

SOLID CONCENTRATION

The concentrations were determined by withdrawing samples of the fluidised
suspension into a 250cm3 graduated standard bottle. Solid particles were then
separated from the liquid and allowed to dry: the volume of the randomly packed dry
particles was then determined. For multi-component particle mixtures, the individual
particle components were separated and measured. The solids concentration was

expressed in grams of the packed dry particles per cm3 of the fluidised suspension.

GAS FLOW-RATE MEASUREMENTS

Superficial gas velocity was determined from the volumetric flowrate through the
column, and the cross-sectional area of the column. Correction for the actual volumetric
flowrate was accounted for by incorporating line pressure in the estimation: Appendix

A provides the layout of the calculation procedure.

Moreover, the flow through a turbine gas flowmeter, installed in the compressed air
main, was measured over a period of ten minutes at a fixed rotameter reading. The
equivalent flowrate taken from the manufacturers conversion chart was also recorded.

The two readings were compared, and the maximum deviation between the readings

was approximately 3% .
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CHAPTER FIVE

PHASE HOLDUP IN THREE-PHASE FLUIDISED SYSTEMS
CONTAINING ONE PARTICLE COMPONENT
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5.1 INTRODUCTI()N
Gas and solid holdups of gas-liquid-sol

‘ ! id fluidised beds, containing particles of the
same size and material, have been me

asured over a wide range of superficial gas

‘ . ut in the two- and three-dimensional bubble
columns, details of which have been presented in chapter 4

velocities. Experiments were carried o

THE SOLID PHASE

Eight sets of particles, comprising four different materials either 600um or 1200pm in

size were used: particle densities ranged from 1.11 to 2.92 g/cm3. These sizes and

densities were deliberate choices based on the author's awareness of the range of

particles described in the literature, preliminary experimental studies and a review of
process applications. The difficulty of fluidising large, and dense particles and their
tendency to form a packed bed in the bottom section of the columns provided one
practical limit. Interest in the use of bubble columns as fermenters in which the
biologically active particles are typically from 500pum to 5000pum in size and have a

density close to that of the liquid medium also influenced the choice of materials.

The properties of these solids and detailed experimental conditions have been discussed

in section 4.3 and summaries are provided in tables 4.1 and 4.2.

5.2 EXPERIMENTAL PROCEDURE

A. OPERATING PARAMETERS

(1) The range of superficial gas velocity , Usg:

The values used were as follows:
Usg: 0-19.2lcm/s [ 2D bubble column]
Usg: 0- 35cm/s [ 3D bubble column]

Pressure corrections were carried out on each measurement of superficial gas velocity

taken from the rotameter tube, as discussed in chapter4, and outlined in appendix A.

(i1) The range of superficial liquid velocity, Usl, used was <lcm/s.

Essentially, experiments were performed under batch conditions i.e

Ugl = Ocm/s.
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B.  SYSTEMS

The literature survey indicated the need to use a variety of solids. Ballotini has been

used, and in a few papers reference is made to the use of polystyrene. Besides these
two materials, particles of high density

such as lead shot have been employed by some
researchers.

The three-phase heterogeneous Systems used in this part of the overall programme

WCETC!

* air - water - Ballotini
* air - water- Styrocell
* air - water - Diakon

* air - water - Amberlite

C. PHASE HOLDUPS

By employing bed expansion and manometric techniques, as discussed earlier in
chapter 4 the bed height and, hence, the individual phase holdup were determined as
follows:

From the bed expansion technique,

gas holdup €g, was obtained directly by the following equation:

€g = Hf - Ho/ Hf 5.1
where, Ho and Hf are the bed height of the stagnant bed and fluidised bed respectively.
The solids holdup, € was calculated using
€ = Ws/psAcs Hf 5.2

where Wy is the weight of the particles in the system and ps and Acg are the particle

density and cross-sectional area of the bubble column respectively, in consistent units.

ariation of the solids holdup in the bubble column was obtained by
the length of the column. The dry concentration of solids

The axial v

withdrawing samples along . s
in these samples were compared with the total dry concentration of the solid in the

system at the start of the experiment. This method was also used to verify the results

obtained using equation 5.2.
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The sum of the individual phase holdups must equal to unity

le €g + €+ & =1 53

Additionally, the experimental static pressure gradient is given by

-dP/dH = [EgPg + EIP] +E5pg ] g 5.4

and this provides a check on phase holdups, and was used in the case of gas holdup.

The holdup measurements were taken within two minutes of the start of the operation.

This was sufficient to reach steady-state and to provide accurate and reproducible
results by avoiding the accummulation of small bubbles, which may make a significant

contribution to the gas holdup after lengthy aeration ( Schugerl, 1981), especially at
lower gas velocities.

5.3 EXPERIMENTAL RESULTS

The results from which the graphical relationships were obtained have been tabulated in

appendix B1 - B&.

5.3.1 GAS HOLDUP

Generally, the gas holdup, €g, increased with increasing gas velocity, and the
presence of solid particles reduced the gas holdup when compared with the solid-free

system.

In the bubbly flow regime, typically for Usg values < 5cm/s, a nearly linear
relationship was obtained with the increase in gas holdup being relatively rapid. The

gradient tended to level off at the higher superficial gas velocities.

For Usg values >10cm/s, ie the coalescence and churn-turbulent regime, the

characteristics of the gas holdup were found to be strongly dependent and more
sensitive to several interacting factors; these are presented in the sub-sections that
follow.

ow of liquid with gas in the columns caused a decrease in gas holdup.
ht decrease 1n gas

Simultaneous fl !
Also, as the liquid superficial velocity was increased a further slig

holdup was realised. Figures 51A and B show results for the systems air-water-

amberlite and air-water-Styrocell respectively, in both bubble columns.
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EFFECT OF SOLID CONCENTRATION

Results using solid concentrati
g tranons of 10% and 20% volume/volume (i.e packed

volume) of the total system are presented here, Figures 5.2A to F and Figure 5.3 show

typical results obtained for Systems containing Styrocell, Diakon and

) . ) Amberlite, of two
different sizes in the 2-D col

| | umn, and for Ballotini in the 3-D column. Experimental
data are listed in appendices B2 and B3 respectively.

Gas holdup decreased with increasing solids concentration. A strong dependence was

noted up to concentrations of 15% v/v, the result for which often overlapped with those
at 10% v/v. Above 15% v/v, the dependency tended to diminish and hold-up
approached that for the air-water system at high values of the superficial gas velocity;
this 1s particularly noticeable with 600pm particles. The exception was Ballotini; in this
case, there was a further decrease at the 20% v/v concentration for both sizes. Figure
5.3 shows the result obtained for this system in a three-dimensional bubble column.

EFFECT OF SOLID SIZE

Using two chosen sizes, (600pm and 1200pum), the effect of solids sizes on phase
holdup was investigated for all the solids. Figures 5.4 A to D illustrate typical results
obtained by the direct measurement of gas holdup, detailed data being listed in

appendix B, table B4

For air-water-Ballotini and air-water-Styrocell systems, a reducing effect on gas hold-
up was produced with the effect more pronounced in the latter case. Similar results to
those for Styrocell were obtained using Diakon and Amberlite: for details see table B2

in appendix B4.

EFFECT OF SOLID DENSITY

From Figure 5.5A to F, based on data in appendix B5, it can be deduced that

increasing the solid density reduces the gas hold-up. The density ratio of Ballotini to

Styrocell is approximately 2 4:1 and 2.6:1 for particles respectively 1200pum and

600um in size. For Styrocell and Diakon (1200pm particles), the densities are very

close at 1.23 and 1.11 g/cm reSpectivel)g;
(600um particles) at 1.20 and 1.28 g/em-.

the same is true for Amberlite and Diakon
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GAS HOLDUP

Figure 5.3: Effect of solid concentration on gas holdup in a 3D column
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5.3.2 SOLID HOLDUP

The overall solid concentration distribution appeared hal
expected, holdup gradually decre

almost constant solid holdup v

ve at the onset of aeration; as
ased with an increase in superficial gas velocity to an
alue. Figure 5.6 shows typical plots of the solid holdup
otini (1200um) at nominally 10% v/v initial solid

concentration in 2D and 3D columns. The holdup of solid near the distributor (4cm
above distributor p

obtained for air-water-Ball

late) was found to be uncharacteristicall higher than in the rest of the
columns.

Overall solid holdup reduced with increasing superficial liquid velocity at any axial
position along the column length.

EFFECT OF SOLID CONCENTRATION

Figure 5.7 show typical results obtained for all the four particles in batch operation.
Experimental data are listed in appendix B7.

Increasing the initial concentration of the total system only produced a shift in the solid

holdup variation with superficial gas velocity.

EFFECT OF PARTICLE SIZE

Figure 5.8 shows the effect of particle size on the solid holdup. Very little effect was
observed for systems except the air-water-Diakon one, in which increasing the particle

size led to a noticeable increase in average solid holdup.

EFFECT OF PARTICLE DENSITY

Looking at figure 5.7 and 5.8 again, particles of similar densities have identical solid
holdup characteristics. When comparing systems containing Ballotini with those
containing Styrocell, higher solid holdup values were obtained with ballotini which

was of higher particle density.
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CHAPTER SIX

PHASE HOLDUP IN THREE-PHASE FLUIDISED
CONTAINING BINARY PARTICLE MIXTURES
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6.1 INTRODUCTION

Overall gas and solid holdup characteristics were investigated in cocurrent gas-liquid-
solid fluidised bubble columns containing binary particle mixtures. The binary mixtures
were made up of four basic types of near spherical particles differing in size and/or
density. The effect of the total mixture concentration, relative particle concentration,
particle size ratio and density ratio on the phase holdups are presented.

Very limited information is available in the literature regarding phase holdup
characteristics in three-phase heterogeneous fluidised beds with mixed size and/or
density particles. Binary particle mixtures of this nature are often used in the study of
mixing and segregation phenomena (see also chapter 9). For this reason, the review of
the literature relevant to this section was conducted in connection with that supporting

the mixing and segregation studies and as presented in chapter 3.

Axial variations of the holdups are discussed in chapter 9 in connection with the mixing
and segregation studies. Comparisons with the behaviour of two phase systems and
systems containing single component particles are reported in chapter 10.

6.2 EXPERIMENTAL PROCEDURE

Experiments were performed in the two- and three-dimensional bubble columns ( see
section 4.4.1 and 4.4.2). Binary particle mixture properties in terms of the three
volume ratios 1:1, 1:2, and 2:1 were investigated in a systematic order at two
concentration levels, 10% and 20% volume/volume. The physical properties of the
solid particles have been presented in Tables 4.1 and 4.2 in chapter 4. The binary
mixtures used in the studies are summarised in Table 6.1 below. Operating procedures
as discussed in chapter 4 were followed. The particle binary mixtures were pre-mixed

before introduction into the bubble columns.

The evaluation of the holdup of the individual phases was obtained from the

relationships discussed in chapter 2.

For a system containing a binary particle mixtures, the solid holdup was evaluated

from the relationships given below:

€ = (W1/Ps1 + W2/Ps2) /AcsHs 6.1

_dp/dz = [€G PG + EL PL + (Es1 Pst + &2 Ps2)] g 6.2
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Table 6.1: Description of binary mixture of particles uscvd
Mixture Description  Volume Size Wei i
: _ ght Density
Notation Ratio Ratio Ratio Ratio
(Large/small) (Heavy/ Light)
Mila Ballotini/Styrocell 1:1 1:1 2.9 26;24
1:2 1.4
2:1 5.4
Mib 1:1 1:2 2.9 2.3
1:2 1.4
2:1 5.4
Mlc 1:1 2:1 3.1 2.3
1:2 1.5
2:1 5.8
M2a Ballotini/Diakon 1:1 1:1 2.4 2.2
1:2 1.3
2:1
M2b 1:1 1:2 2.4 2.6
1:2 1.3
2:1
M?2c 1:1 2:1 2.6 2.6
1:2 1.3
2:1 5.2
M3a Ballotini/Amberlite ~ 1:1 1:1 2.85 24
1:2
2:1
1:1 1:2 1.4 2.5
M3b 12 55
2:1
1:1 2:1 1.1 2.5
M3c 1:2 1.4
71 5.4
Mda Styrocell/Diakon % % 1:1 115
2:1
1:1 1:2 1.00
M4b 1:2 1.96
21 1.60
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Table 6.1 continued

MA4c

Mb5a

Méba

M6b

Méc

Styrocell/Amberlite

Diakon/Amberlite

— N

..
— N —

e e
— N —

— N =

— NI —

—t N =t

— N =

2.2
2.03

2.75
2.01

1.03

1.8

1.97

1.00

1.08

1.02

1.02

1.07

1.13

1.13
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and

8g+8L+83:] 6.3

The overall gas holdup was evaluated from the expanded bed height as in the case of

air-water and systems containing single components using equation 5.1

(i.e., €g = HF - Ho/Hf)

A comparison and discussion of the results is given in chapter 10.

6.3 EXPERIMENTAL RESULTS

Tables of the experimental results from which the graphs were prepared are provided in
appendix C.

6.3.1 GAS HOLDUP

The gas holdup trends obtained were similar to those observed for air-water and three
phase systems containing single particles. However, the presence of a binary particle
mixture appeared to cause a greater reduction in gas holdup as the superficial gas
velocity increased. Unlike systems containing single particles, there was no condition

under which the gas hold-up approached that for air-water.

EFFECT OF BINARY MIXTURE CONCENTRATION
AND CONCENTRATION RATIO

(1) TOTAL CONCENTRATION

Two total binary mixture concentration levels were used -10% and 20% packed

volume/volume, of the total system. Figure 6.1 illustrates the results obtained for two

systems containing binary mixture particles -
2.4) and M6a (Diakon/Amberlite, density ratio 1.02) of equal size and binary
s typical of results obtained for other cases.

M1a (Ballotini/Styrocell, density ratio

concentration ratio. This wa

On increasing the total concentration of the binary particle mixture from 10% to 20%,
aused by the presence of the solids was diminished, particularly

the reducing effect ¢
lotini/Styrocell) at high superficial gas velocities.

with binary particle mixture M1a (Bal
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Figure 6.1:

binary particle mixture

Effect of concentration on gas holdup in a system containing

MIXTURE RATIO 1:1 (BY VOLUME)
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GAS HOLDUP

Figure 6.2: Effect of concentration ratio on gas holdup in a system
containing binary particle mixture

0.3 )
STYROCELL/DIAKON BINARY MIXTURES
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(Reversed case for both Parameters)
0.2 -
0.1
8 Md4b(1:2)
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0.0
' 10
0
Usg (cm/s)
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Comparing with air-water, the effect of concentration did not produce any diminishing
e‘ffect and trend towards that of air-water in either case.In contrast, systems containing
single particles (chapter 5) particularly for Diakon, Amberlite or Styrocell which have
densities close to that of water, showing identical trend, due to high degree of phase

interraction. Please notte that oncentration ratio and volume ratio are equivalent.

(2) CONCENTRATION RATIO

Figure 6.2 shows the effect of concentration ratio for the binary mixtures M4b and
M4c (Styrocell/Diakon). Individual particle components propertiess appeared to be
interrraction with each other and the system: this might be thought of as some sort of
"trade-off™ of properties. The effect is only apparent when the size and mixture ratio are
similar. When Styrocell particles were the major component, there was a clear
reduction in gas hold-up at high superficial gas velocities.

EFFECT OF SIZE AND SIZE RATIO

Figure 6.3 illustrates the effect of size and size ratio on the gas holdup for three binary
mixtures when present in equal proportion. Similar values were obtained for the size
ratios 1: 1 and 2 : 1: when the ratio was 1: 2 marginally higher gas hold-ups were
recorded. Looking back at figure 6.2, this was not surprising, as it highlights the
competing nature of the physical parameters of the solids when present in a mixture.

Tables C3 in the appendix C provide experimental data for other binary mixtures.

EFFECT OF DENSITY AND DENSITY RATIO

Tables C4 A and B in the appendix C provide lists of experimental data for the binary

systems. Gas holdup values are very similar for particles having similar densities in

the binary mixture.

Binary mixtures with different densities and density ratio brought about a noticeable

reduction in gas holdup when present in equal proportions (see fig 6.4b). By contrast,
Fig 6.4a shows plots illustrating

presence of particles with high density ratio.

that gas hold-up is not always strongly reduced in the
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Figure 6.3: Effect of size and size ratio on gas holdup in a system

containing binary particle mixtures
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6.3.2 SOLIDS HOLDUP

The overall solids holdup reduced with increasing superficial gas velocity at any axial

position urespective of the binary mixture concentration and size and density ratios (see
figure 6.5).

EFFECT OF
TOTAL CONCENTRATION AND CONCENTRATION RATIO

Figure 6.5 shows typical results obtained for all binary mixtures. Increasing the total
concentration of the mixture only produces a shift in the holdup variation similar to
those obtained from the systems containing single particles. However, the overall
holdup contribution from each solid in the binary system was dependent on the
concentration ratio, i.e individual concentration of each component of the binary
mixture (see figure 6.6a and b).

EFFECT OF SIZE AND SIZE RATIO

Figure 6.7a and b show the effect of size and size ratio on solid holdup. Also, figure
6.6 illustrates the effect. Results presented in figure 6.6a and b were typical for the

remaining binary mixtures.

EFFECT OF DENSITY AND DENSITY RATIO

From figures 6.5 and 6.6, the solid holdup is found to be sensitive to density and
density ratio. Higher holdup values were obtained with binary systems containing

Ballotini. Experimental values are listed in tables CS and C6 (appendix C).

86
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SOLID

Figure 6.5: Effect of total concentration on solid holdup in a system

containing binary particle mixture
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CHAPTER SEVEN

PHASE HOLDUP IN THREE-PHASE FLUIDISED SYSTEMS
CONTAINING TERNARY PARTICLE MIXTURES
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7.1  INTRODUCTION

Overall gas and solid holdup characteristics were investigated in,cocurrent complex
gas-liquid-solid fluidised bubble columns containing ternary particle mixtures. The
ternary mixtures were selected from the four basic types of near spherical particles, as
used in chapter 6, differing in size and/or density. Comparison of results with those
obtained in chapters 5 and 6 were made considering the total mixture concentration,
relative particle concentration, particle size ratio and density ratio on the phase holdups.
Because of small variations produced in the effects investigated, and, therefore to
prevent duplication of similar graphs, the tables of results are only used and provided
in the appendices, ( Appendix D).

To the author's knowledge, no information is available in the literature regarding phase
holdup characteristics in three-phase heterogeneous fluidised beds with mixed size
and/or density particles of this nature. Due to difficulties in analysis of the complex

system, experiments were limited to three mixtures at two concentration levels.

7.2 EXPERIMENTAL PROCEDURE

Experiments were performed in the two- and three-dimensional bubble columns ( see
section 4.4.1 and 4.4.2). Ternary particle mixture properties in terms of the three
volume ratios 1:1:1, 1:1: 2, and 2:2:1 were investigated in a systematic order at two
concentration levels, 10% and 20% volume/volume. The physical properties of the
solid particles have been presented in Tables 4.1 and 4.2 in chapter 4. The ternary
mixtures used in the studies are sumarised in Table 7.1 below. Operating procedures
as discussed in chapter 4 were followed. The ternary particle mixtures were pre-mixed

before introduction into the bubble columns.

As in chapter 6, the evaluation of the holdup of the individual phases was obtained

from the relationships discussed in chapters 4 and 5.

For a system containing a ternary particle mixture, the solid holdup was evaluated from

the relationships given below:

€ = (W1/Ps1 + W2/Ps2 + w3/Ps3 ) /AcsHf 7.1

-dp/dz = [€G PG + EL PL + (Es1 Ps1 + €0 Ps2 +€3 Ps3 ) 18 7.2
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Table 7.1 : Summary of the ternary particle mixtures used

Mixture Description Volume Size
Notation Ratio - Ratio
MT1 Ballotini /Styrocell /Amberlite 1:1:1 1:1:1
MT2 Styrocell/Diakon/Amberlite 1:1:2 2:2:1
MT3 Ballotini/Styrocell/ Diakon 2:2:1 01:2
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and

8g+8L+85=1

7.3

The overall gas holdup was evaluated from the expanded bed height as in the case of

air-water and systems containing single and binary components particle using equation
5.1 (e, €g=(Hf- Ho) /Hf).

A comparison and discussion of the results is given in chapter 10.

7.3 EXPERIMENTAL RESULTS

Tables of the experimental results are provided in appendix D.

7.3.1 GAS HOLDUP

The trends obtained were similar to those observed for three phase systems containing
single component and a binary mixtures of particles. However, further decreasing,

but very small, effect on gas holdup was produced by the presence ternary mixture

EFFECT OF TERNARY MIXTURE CONCENTRATION
AND CONCENTRATION RATIO.

(1) TOTAL CONCENTRATION

Two total binary mixture concentration levels were used - 10% and 20% packed
volume/volume, of the total system. Table D1 in appendix D gives the results for

ternary mixture MT1 ( Ballotini/Styrocell/Amberlite) of equal size and concentration
ratio.
On increasing the total concentration of the ternary particle mixture from 10% to 20%,

the reducing effect caused by the presence of the additional solid compoment was

diminished, particularly at high gas velocities, and results were close to those obtained

for air-water-( Ballotini/Styrocell binary mixture).
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(2) CONCENTRATION RATIO

Table D2 in appendix D shows the effect of concentration ratio for all the ternary
mixtures used. Again, as suggested in chapter 6, individual particle components
appeared to be in competition, demonstrating yet again a strong "trade-off" of
properties. Generally , the combination of Ballotini and Styrocell produce a clear
reduction in gas hold-up at high superficial gas velocities.

EFFECT OF SIZE AND SIZE RATIO

For ternary mixtures MT1 and MT3 , Ballotini and Styrocell were in reversed size
ratio. From Table D3 in appendix D, marginally higher holdups (up to 2.5% up) were
recorded for MT1 ( compare table D3 and table C3) . There were no difference
between MT3 and M1b, size ratio 2:1.

EFFECT OF DENSITY AND DENSITY RATIO

The results are given in Table D4 in appendix D, for ternary mixtures MT1 and MT3.
Gas holdup values for MT1 (Balotini/Styrocell/Amberlite) agrees reasonally well with
MM la (Ballotini/Styrocell) binary mixture.But the results are higher for systems
MT3, Ballotini/Styrocell ?Diakon.

7.3.2 SOLID HOLDUP

The overall solids holdup reduced with increasing superficial gas velocity at any axial

position irrespective of the ternary mixture concentration and size and density ratios .

EFFECT OF CONCENTRATION AND CONCENTRATION RATIO

Table DS in appendix D gives the results obtained for all ternary mixtures. Increasing

the total concentration of the mixture only produces shifts in the holdup variation

similar to those obtained from the systems containing binary particles. However, the

overall holdup contribution from each solid in the ternary systém was dependent on the

concentration ratio, amongst other parameters.
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EFFECT OF SIZE AND SIZE RATIO

Table D6 in appendix D shows the effect of size and size ratio on solid holdup of MT1
and MT2. Results presented in the table were typical for MT3.

EFFECT OF DENSITY AND DENSITY RATIO

The solid holdup is found to be sensitive to density , but not to density ratio. . Tables

of experimental values are listed in Table D6 and D7 in the appendix D show very
little difference.
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CHAPTER EIGHT

FLOW VISUALISATION STUDY
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8.1 INTRODUCTION

The flow regimes and liquid circulation patterns that existed under the experimental
conditions of the present work are presented in this chapter. Visual observations were

in good agreement with the generally accepted flow characteristics described in the
literature.

The results are presented in a format based on the effects of operating parameters: solid
size, concentration, density and nature of the solids. The effect of the ratio of these
parameters is assessed in the case of systems containing binary particle mixtures. A
qualitative analysis of mixing and the flow patterns in three-phase fluidised beds

containing the binary mixtures is also given.

The characteristics of a flow regime (section 2.4) depend on various parameters. Of
these characteristics, one of the most important is the size of the bubbles; this parameter
along with the gas holdup determines the surface area available for mass and heat
transfer in gas- liquid and gas-liquid-solid fluidised operations. Of equal importance
are the bubble rise velocity, bubble size distribution and liquid and bubble velocity
profiles: all have direct bearing on the problems associated with the design of bubble

column reactors.

Liquid circulation is a prominent feature of flow in the churn-tubulent regime in a
bubble column. Large bubbles and slugs are driven towards the central region, and
large liquid eddies (circulation cells) in orderly patterns can frequently be observed. In
the most common type of circulation, called "gulf-streaming”, liquid carrying a high
concentration of gas bubbles rises upward near the center of the column; liquid
carrying fewer bubbles flows back downward near the walls of the column. The central
gulf-stream serves to carry gas through the column more rapidly than is the case when
it is transported in the form of bubbles evenly distributed across the column diameter

(ie in the bubbly flow regime) and as a result, the efficiency of the column as a reactor

is altered.
Solid mixing in a gas-liquid-solid fluidised system is characterised by axial mixing,
wake phase and bulk phase exchange, segregation and bulk circulation; all are

influenced by bubble dynamics. In three-phase systems, the gas flow dominates the

liquid mixing and circulation and this in turn influences particle movement. The

consequence is that segregation of the solid components is suppressed.
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8.2 EXPERIMENTAL PROCEDURE

Experimental investigations were carried out in the two-dimensional bubble column
already described in chapter 4. The bubble column was well lit at the back. Air and
water were employed as the dispersed gas and fluidising liquid respectively. Ballotini

Styrocell, Amberlite, and Diakon were used to examine the effect of varying the
properties of the solid phase.

The experimental procedure was as described in chapter 4. Still photographs of the
column were taken, using a canon AEI programable camera. A JVC colour video
camera was also used to provide a permanent record of each experiment. This allowed
adequate checks to be made of the visual observations recorded during each experiment
in terms of bubble coalescence and break-up, liquid circulation and solid phase mixing
and segregation. Exact bubble, eddy and circulation cell sizes could not be obtained by
this method, but acceptable estimates were possible. The experimental set up 1s
illustrated in figure 8.1.

8.3 EXPERIMENTAL RESULTS

8.3.1 THE AIR-WATER SYSTEM

Because of the availability of adequate information on flow regimes and bubble
dynamics in two-phase, air-water systems in the literature (see chapter 3), this system
was employed for reference purposes when interpreting visual observations made with
the more complex three-phase systems. In particular, the classification proposed by
Wallis (1969) for upward movement of bubbles swarms in a bubble column was used

(see chapter 2).

Figure 8.2 shows the photographic results for the air-water system at diferent
superficial gas velocities and zero superficial liquid velocity. At a superficial gas
velocity, Usg = 3.10cm/s (figure8.2a), there was a relatively homogeneous distribution
of small bubbles of similar sizes (typically 3-5 mm). It will also be observed that there

is evidence of bubble coalescence and cluster formation at the centre of the column.

These features have previously been reported by Fair (1967). It should be noted that

similar behaviour was observed in the top and bottom sections of the column.

At higher gas velocities, a homogeneous gas dispersion could not be sustained and the
flow patterns became unstable. Large bubbles moving at high velocity within the

dispersion of small bubbles were observed. Rapid coalescence of bubbles was a
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particular feature of this regime, particularly near the top of the column and at the
upper

surface (see figure 8.2 b and ¢). As the superficial gas velocity was further increased
elongated, flattened slugs, centrally positioned dominated the scene. Under these

conditions bubble breakup and coalescence was violent, generating smaller bubbles
(see figure 8.2d).

8.3.2 AIR-WATER-SINGLE COMPONENT SOLIDS

EFFECT OF OPERATING PARAMETERS

Figures 8.3 to 8.5 illustrate the effect of operating parameters on the behaviour of air-
water systems containing each of the four solids used in this study. Bubbles / slug
sizes increased with increasing superficial gas velocity in all cases. The bubbly regime
(Usg < 3-5 cm/s) observed with air-water systems was entirely absent. The occurence
of bubble swarms appeared to have been suppressed by the presence of solids, and
large discrete bubbles with movement orientated centrally were observed. In the case of
air-water-Ballotini, the bubbles were approximately 2cm in size as they emerged from
the bed surface and increased up to approximately 4.5 cm at the top of the column,
(figure 8.3). The author attributes this to the fact that, for air-water-ballotini systems,
in which the bottom section behaves as a packed bed, mal-distribution of gas occurs.
Above a superficial gas velocity, of 3-5cm/s the flow regimes observed were more
similar to those observed for the air-water system. However important variations were

still apparent due to other factors, discussed below.

In general, the rate of bubble coalescence and bubble break-up was also a strong
function of superficial gas velocity. Coalescense occured most noticeably about the
middle of the column, while bubble breakup took place more readily near the top and at

the interface at the top of the column.

The amount of solids mixing within the liguid phase was a strong function of
superficial gas velocity, particularly for air-water-Ballotini. For other solids with

densities nearer to that of water, the mixing time was a stronger function of gas

velocity.

EFFECT OF SOLIDS CONCENTRATION

Figure 8.4 shows the typical effects produced by increasing solids concentration from

10% to 20% volume by volume of the total system before fluidisation, for air-water-
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figure 8. 4 contd.
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Styrocell and air-water-Amberlite. Deviations from | ubb‘ly» flow ’wer.é ébséfv edatall
gas velocities much less than 3-5cm/s. Increasing the solids .conc.entration_ '5180'vdc1'ayed '
the point at which the fully developed churn-turbulent state was attained. erWe_n

bubbles were present over the entire gas velocity range; also, bubble coalescence was

reduced in the presence of the Amberlite resin. Because mixing of these solids was
relatively easy, the axial concentration was constant.

EFFECT OF PARTICLE SIZE

Generally, no significant effect of particle size was apparent. However the development
of the churn-turbulent regime was somewhat delayed in the case of the air-water-

Ballotini system when using particles 1200ptm in size rather than those 600pm in size.

EFFECT OF SOLID DENSITY

The effect of solid density on the flow regime was significant when the behaviour of
systems containing ballotini (pp - 2.84 to 2.92 g/cm3) was compared with that of
other systems (pp - 1.11 to 1.28 g/cm3) at superficial gas velocities less than 3 -5
cm/s. However, when the results for air-water-Diakon were closely examined over
this gas velocity range, the gradual transition to full churn-turbulent flow could be due
to parameters other than solid density. Above this velocity, no significant effect of
density was noticed. Solid density does, of course, play an important role in the

fluidisability of the solid phase.

EFFECT OF THE NATURE OF THE SOLID PHASE

Previous reseachers at Aston have classified the four solids used in these experiments
into two groups based on their "wettability”. The author has not found this
classification to be helpful because of the significant differences observed for all the
systems: also, there was overlap in the observations with Amberlite and Diakon as

well as with the others. Therefore, the effect of the surface property is somewhat

unclear.

AIR-WATER-DIAKON

cal photographs of the air-water-Diakon system. Bubble
bly reduced with this system and also with the air-water-
e similar to homogeneous bubbly flow was observed at gas

Figure 8.5 shows typi
coalescence was noticea
Amberlite system. A regim

velocities < Scm/s. This feature was due to regeneration of identical smaller bubbles
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after bubble breakup at the top of the column. These ;;secondary'l bubbles. were k

recirculated throughout the system, an observation which was not made for Amberlite. .
Strong adhesion of the solids to the bubble envelope was a significant characteristic of
this system; and occurred more readily with the 600pm particles and on increasing the
solids concentration. Some solid adhesion to the bubbles was evident in the case of
the Styrocell particles and amberlite resins; this was short-lived and limited to low gas
velocities. Thus, there appears to be a "trade-off" or interraction between solids

density, the "wettability” , concentration and size properties of the solids.

8.3.3 AIR-WATER-BINARY MIXTURES OF SOLIDS

EFFECTS OF OPERATING PARAMETERS

Similar observations were made as with systems with single component solids on
increasing superficial gas velocity. However, large bubbles due to bubble coalescence
were observed with all systems used even at gas velocities < Scm/s. Figures 8.6 to
8.8 show the flow regimes observed for each system. Solids mixing was a strong

function of superficial gas velocity.

EFFECT OF SIZE RATIO

Figure 8.6 shows the results obtained for systems containing three different binary
mixtures of Ballotini / Styrocell, at 1:1, 1:2 and 2:1 size ratio at equal amount (all
binary mixture ratios are shown in table 6.1 ), and two total particle concentration
levels, 10% and 20% volume by volume. The results are typical of those made with
other systems containing binary mixtures except for systems containing Ballotini /
Diakon (see figure 8.8), which showed some differences. This system appeared to
divide into three sections: a packed section at the bottom containing essentially
ballotini, whatever the size ratio, followed by a thin clear region (<lcm in depth), and
a fluidised top section which contained essentially the lighter particles. Hence, the flow
regimes were identical to those recorded for the single, lighter particles. When the size
ratio was reversed (see figures 8.6b and c), this did not appear 1o have any marked

effect on the observed flow regimes. However, bubble coalescence and bubble breakup

were enhanced.

EFFECT OF CONCENTRATION RATIO

the effect of concentration ratio for

Figure 8.7 provides the photographic evidence of
h solid components were fully

Styrocell / Amberlite binary particle mixtures. Bot
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suspended in the three-phase system. Coalescence of bubbles was encouraged to give

flattened, large bubbles over the entire range of superficial gas velocity.

EFFECT OF DENSITY RATIO

Figure 8.8 provides a comparison of the results obtained using three binary mixtures:
Amberlite / Diakon (density ratio 1.06), Ballotini / Diakon (density ratio 2.21) and
Ballotini / Diakon (density ratio 2.63), all at equal concentration.

Bubble dynamics showed a significant variation at high gas velocities (ie > 5cm/s).
Bubble coalescence was promoted by increasing the density ratio: however, this
particular parameter was not thought to provide the only reason for this findings. The

high degree of interraction between other properties will contribute to the effect found.

EFFECT OF THE NATURE OF SOLID MIXTURE

The significance of the nature of the solid particles only showed up in mixtures
containing Diakon as one of the components. The flow characteristics observed were
similar to those recorded for systems containing Ballotini only (cf. figure 8.3 and 8.8).
All the Diakon particles were suspended, while only about one-third of the ballotini
particles were fluidised with the remainder forming a packed bed. The significant
generation of smaller bubbles over the gas velocity range was in agreement with

observations made for systems containing Diakon only (figure 8.5).
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8.4 CIRCULATION PATTERNS IN THREE PHASE FLUIDISED
SYSTEMS

Visualisation of the dynamic structure of flow was achieved by monitoring the liquid
pathway within the system. In the present work, for clear photographic evidence to be
obtained, dark coloured particles of ballotini 250um (navy blue) were suspended in the
system. Although the circulation patterns were clear to the naked eye when large
particles were employed, they did not show well photographically. Observations were

made easier in the case of low density particles if they were of large size.

The importance of liquid circulation has been previously recognised. Freedman and
Davidson(1969), Reitema and Ottengraf (1970) and Hills(1975) have developed
mathematical models to obtain liquid circulation velocities, which were later used by
Lewis et al (1982) and Sharma et al (1976, 1982, 1983) in their heat and mass transfer
models of bubble columns. A review of the relevant literature has been presented earlier

in chapter 3.

The development of the circulation cells and subsequent "stable" circulation patterns
was observed in the two-dimensional bubble column. The experimental arrangement

was as illustrated earlier in figure 8.1.
The following variables were investigated:
* total bed depth
* the superficial gas velocity
* solid properties

The circulation patterns were observed at three bed depths, H = 15, 30, 60 and 90cm
above the distributor plate, corresponding to an aspect ratio (H/D) of 0.98, 1.93, 3.90,
and 6.83 repectively. The results are presented as photographs, accompanied by
sketches of the circulation pathways. The results were interpreted by comparison and
integration with information reported in the literature, particularly the work of
Freedman and Davidson (1969), Joshi and Sharma (1978, 1979, 1982), Chen et al
(1989), and Davanathan et al (1990).

8.4.1 DEVELOPMENT OF CIRCULATION CELLS

The author regards the development of the circulation cells to be related to the effects
observed when the aspect ratio is less than or equal unity. Figure 8.9 shows the

photographic evidence obtained at this condition. The two-dimensional models of
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Figure 8.10 :  Two-dimensional model of freedman and Bavidson showing the
"gulf- stream" or "cooling tower" effect
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Freedman and Davidson showing the "gulf-stream" or "cooling tower" effect with two
vortex cells side by side, Figure 8.10, was observed. However, the pair of cells are
short-lived, appearing and disappearing rapidly with a tendency to give a single
circulation cell which alternated with the gulf-stream.

Chen et al (1989) provided photographic evidence for the existence of the two cells side
by side at aspect ratios less or equal to one (H/D<1). However, the material they used
to track the liquid pathways was stationary, fixed to the sides of the column. In the
author's work the suspended solids moved along the circulation pathways. Recently,
Devanathan et al (1990), using a non-invasive computer automated radioactive particle
tracking (CARPT) technique, observed a single recirculation cell with liquid ascending
along the column center and descending along the wall. They concluded that this was
the primary flow pattern, but found evidence of the existence of a small "secondary"
cell at certain velocities. They observed two recirculating cells at gas velocities less
than 5 cm/s.

8.4.2 MULTIPLE CIRCULATION CELLS

At higher aspect ratios, H/D>1, visual observations indicated a tendency towards a
multiple cell pattern of vortices, in an alternate arrangement (or "staggered"
arrangement - Chen et al 1989), in the axial direction. This arrangement was observed
to be the stable hydrodynamic state within the bubble column at all operating
conditions. The following typical characteristics were observed

* each circulation cell tended to position itself near the centre of the bubble
column
* each cell exhibited similar circulation pathways (ie liquid flow was

upward in the central direction and down ward near the column wall)

* the height of each cell in the axial direction was approximately the
column width

* each cell occupied between two-thirds and the full column width
when fully developed at high aspect ratios

* the number of the circulation cells increased with increasing bed
level (or increasing aspect ratio).

Figures 8.11 and 8.12 show the typical characteristics of multiple circulation cells in a
three-phase fluidised bubble column. The reader is also referred to figures 8.4 (ii) and
8.5.

Various multiple circulation cell models have been proposed by different workers, as

summarised below.
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Figure 8.11: Liquid circulation in a two-dimensional bubb
(high aspect ratio, H/D = 6.83)
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JOSHI AND SHARMA (1978, 1979, 1981)

They proposed that bubble columns contained multiple circulation cells in the axial
direction arranged in the manner illustrated in figures 8.13a and b: this flow pattern has
been criticised as being unrealistic by Van Der Akker and Rietema (1982). Zehner
(1986) and Chen et al (1989) did not observe the circulation patterns of Joshi and
Sharma: also, such patterns were not seen by the author in the present work.

CHEN ET AL (1989

The observations made by Chen and his co-workers were similar to the results
presented by the author. They observed a staggered arrangement of multiple circulation
cells and related their findings to the work of Von Karman (1912) and the vortices shed
behind cylinders (Karman vortex street). Von Karman showed that two infinite parallel
rows of vortices cannot be stable if arranged as proposed by Joshi and Sharma, the
only stable configuration being when the vortices are staggered, as observed in the

present work.

8.4.3 EFFECT OF BED DEPTH

The effect of the bed depth was examined by varying the bed aspect ratio, (H/D).
Generally, at high aspect ratios (H/D > 1), the circulation cells were stable, and there
was no tendency to form a single vortex. The number of circulation cells appeared to
increase with increasing aspect ratio, due to the occurence of secondary circulation
cells, causing the cells to take more central position, occupying the width of the
column.  Figure 8.11 shows the liquid circulation in the bubble column, ( high H/D ~
of 6.8).

8.4.4 EFFECT OF SUPERFICIAL GAS VELOCITY, Usg

Figure 8.12 shows the liquid circulation patterns observed at two gas velocities, Usg =
11.45 and 19.21 cm/s %tehn aspect ratio, (H/D >1). Earlier figure 8.9 gave a result for
(H/D) <1. No variation was observed in the fully developed pattern when the aspect
ratio was greater than unity. Each circulation cell characteristic remained the same. At
high gas velocities and high aspect ratios the small "secondary” circulation cells

occured occasionally, asindicated in figure 8.11.

The actual liquid circulation velocity increased, promoting the gulf stream when the

aspect ratio was less than unity.
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Figure 8.13: Multple Circulation Cells Flow Pattern of Joshi and Sharma

A - nteracting circulation cell model
B - non-interacting circulation cell model
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Figure 8.14 : Soli

air- water- ballotini ( 600pum; pp = 2.84 g/em? )
(a)

air-water-amberlite ( 600pm; pp = 1.20 g/em3 )

(c) (d)




CHAPTER NINE
MIXING AND SEGREGATION IN THREE-PHASE FLUIDISED

BUBBLE COLUMNS CONTAINING HIGH SOLID
CONCENTRATIONS
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9.1 INTRODUCTION

This chapter concerns the measurement of the degree of mixing in a three phase
fluidised system consisting of two or more solid components differing in size or
density or both, and examines the mechanism that gives rise to the steady state axial

distributions of the solid components.

A solids mixing index was used to describe the degree of axial solid mixing in the bed.
Furthermore, solid concentration and holdup profiles were used to predict the mixing
states under the experimental operating conditions. Qualitatively, the relationships to
flow regime and flow circulation pattern and associated physical mechanisms as

observed and recorded in chapter 8 were used to provide further explanations.

Four binary particle mixtures were used ( see Table 9.1). A general introduction and
basic concepts relevant to this chapter have been discussed in chapter 2 and a review of
the experimental studies can be found in chapter 3 (section 3.5). The equipment layout
and operating procedures are described in chapter 4. Overlaps occur frequently within
chapters 5, 6, 7 and 8, in the sections concerned with the discussion of experimental
results. However efforts have been made to limit this chapter to the subject covered by
the title.

The Mixing Index, (M)

The concept of the mixing index , M, first introduced by Rowe et al (1972) for liquid
fluidised systems and later used by Fan et al (1987) ( see chapter 2) has been re-

defined to suit the author's requirement. Hence
Mixing Index, M =V /v 9.1

where V is the volume of the "Measured Particle Component” in the sample taken over
the top 25% of the total working volume, and v - is the volume of the "Measured

Particle Component"” in the entire system at the start of the experiment.

"Measured Particle Component”

To determine the particle component of the binary solid mixing ,the following

guidelines were used:

1. If particle sizes are different but particle density is the same, the measured
particle component is the larger size particle.

2. If particle sizes are similar but densities differ, then the measured particle
1s the heavier particle.
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Table 9.1 Properties of binary solids mixtures used in this study

Binary Component 1 Component 2 Size Ratio *Density Ratio
Mixture small / large heavy / light
ml Ballotini Ballotini 1:2 1.03
m2 Styrocell Styrocell 1:2 1.11
m3 Amberlite Diakon 1:2 1.08
m4 Ballotini Styrocell 1:2 2.31

Refer to Table 4.2 for the actual particle densities of the solids.
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3. If both size and density differ, but the smaller particle is the heavier, then
guideline 2 is followed; if the reverse is the case, guideline 1 is followed.

These guidelines were set on the basis of results obtained from preliminary

experiments.

The Mixing Index, M, varies from O for the completely segregated state to 1 for the
completely mixed state.

9.2 EXEPRIMENTAL PROCEDURE

Experiments were carried out both in the 2D- and 3D- bubble columns, following the
operating procedures already described in cha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>