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SUMMARY |

The bubble colum is a device in which gas is bubbled through a
colum of liquid: it can be used to pramote the chemical or biochemical
transformation of matter through the action of catalysts or micro-
Oorganisms suspended in the liquid phase. The motion of such "solid"
phases often has a strong influence on the performance of a bubble
colum, and in particular, on mass transfer, diffusion and reaction
steps. Following a comprehensive literature review that highlighted
the need for a systematic study of such systems, experiments were
carried out in two and three dimensional bubble colums. The
experimental programme has been developed by considering what happens
on the molecular level in gas-liquid and gas-liquid-solid systems.
This approach has also been used when discussing the experimental data.

(a) Air-Water Systems

The effect of superficial gas and liquid velocity, liquid phase
temperature and liquid phase agitation on gas hold-up, bubble
coalescence and break-up have been analysed. Gas and liquid phase
flow patterns have been examined and, from these, the effect of colum
height and colum diameter on gas hold-up have been more fully understood.
A new kind of gas distributor for minimising bubble coalescence has
been developed.

(b) The Gas Phase

The effect of the physical properties of the gas phase on gas
hold-up have also been examined using the following gases: N,, 02, co
NH, and air; the results have been analysed by considering phase
properties at the molecular level.

2’

(c) Air-Water Systems with Various Additives

The effect of soluble alcohols (C1~C3) , non—-soluble alcchols (C4-C8) ;
inorganic salts (in particular KCl, NaCl and KI) and liquid phase
viscosity on gas hold-up and bubble coalescence have been experimentally
observed, and the results have been analysed by considering molecular
behaviour in the bulk phases and at interfaces between phases.

(d) Three-Phase Systems

The effects of particle size, density, wettability and concentration
on gas hold-up and bubble coalescence have been studied. Variations in
the solid phase concentrations in both the axial and radial directions
and liquid and solid phase dispersion coefficients have been measured.
As a result of these measurements, we now have a better understanding
of the behaviour of the solid phase in bubble columns.

(e) Four—-Phase Systems

Same experiments have been carried out in four—phase systems, and the
effects of superficial gas velocity and solids concentration on gas
hold-up have been determined.

(f) Single Slug .Velocity Measurements

Finally, in order to find out how different liquids and solid
suspensions affect the rise velocity of bubbles, the velocities of
single slugs in different systems have been studied.
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i Introduction

by Background to the Project

A research group at the University of Aston in
Birmingham has been concerned with what may be termed
"biotechnology" for a number of years. The group is
composed of chemical engineers headed by Dr. E.L. Smith
and microbiologists supervised by Dr. R.N. Greenshields.
The microbiologists in the group are mostly concerned
with the applications of bubble columns, in particular
for beer and alcohol fermentations, and biomass - and
metabolite - production using moulds and bacteria. The
engineering aspects of the research, that is to say
design, scale-up and operation of tower fermenters for
both aerobic and anaerobic processes, have been carried

out mainly in the author's department.

The overall engineering research programme has

been divided into the following sub-projects:

1. Properties of suspensions of mich—organisms;

2. behaviour of single bubbles in suspensions
of micro-organisms;

3. behaviour of bubble swarms in tower fermenters;

4. properties of microbial aggregates and their
behaviour in tower fermenters;

5. mass—and heat-transfer studies in gas-liquid
systems in towers, and

6. development of mathematical models to aid in
the design, scale up and operation of tower

fermenters.



The a 1
uthor's research has been concerned with

meeting some of the objectives of sub-project 4. The
behaviour of microbial aggregates in a gas-liquid

system has a strong influence on the performance of a

bubble column fermenter, and, in particular, mass-

transfer, diffusion and reaction steps are greatly

affected by microbial hydrodynamics. The original

objective of this work was to study the effect of micro-
bial aggregates on fermenter behaviour using small and

light plastic particles to simulate the solid (microbial)

phase.

It is well known that the study of two - or more -
phase systems in bubble columns is very complicated
because different phases with different properties and
flow patterns exist. Therefore, in order to avoid doing
experiments based only on a trial and error approach the
author, as in the case of many scientific and engineering
studies, developed the programme in the following way.
Firstly, a period of time was spent in making general
observations and accumulating facts relevant to each
individual phase before attempting to predict what would
happen when the different phases came into contact.

This was followed by a period of analysis of actual flow
mechanisms and developments in theoretical understanding.

iri i to have
The third stage, that of empirical correlation, was av

i
been started after a good understanding of the effect

of different parameters and physical properties on the |

behaviour of the system had been acquired: however,




becalseguan iy complexity of the system, this was not

completed.

At the outset, it was intended that initial
Studies with air-water systems (it should be noted that
the studies in this area have previously been undertaken
by Downie (1) and Shayegan Salek (2) in this University)
would be followed by research with air-water-solid
suspensions. After completing a series of gas hold-up
measurements over a wide range of superficial gas and
ligquid velocities (which was accompanied by a literature
review on gas-liquid systems) it became clear that the
behaviour of the apparently simple air-water system was
not easy to understand. 1In addition, an extensive
literature survey indicated that most investigators,
before fully understanding the effects of different
parameters and the physical properties of each phase on
the performance of the system had attempted to present
empirical éorrelations. Consequently, in spite of the
large number of such correlations to be found in the
literature, there was still a lack of consistent
information about the effects of the nature of the gas
phase, dissolved salts (which are usually part of a
fermentation culture medium), alcohols (which are
metabolic products), the physical properties of the
liquid phase and the column geometry on the performance
of bubble columns. Therefore, the original experimental
programme was expanded to include a systematic study of
(i) gas-liquid systems with and without liquid phase
additives (ii) the effect of the gas phase on gas hold-

up, - and {iid) gas-liquid-solid systems (some containing

“3




two liquid phases).

I B Scope of the Present Work

dodiad Air-Water Systems

In the first part of the work we analysed each
individual phase - air and water - on the molecular
scale and then we considered what happens when these
phases come into close contact. From these analyses
we found that heating, agitation and vibration are among
the main parameters which affect gas hold-up. The
effect of a wide range of water temperatures on gas hold-
up has been studied, and the effect of liquid-phase
agitation on gas hold-up has been elucidated by some
simple experiments and by analysing the results of other
researchers. The effect of vibration has also been
analysed using the findings of other researchers; the

author himself has not done any experiments in this area.

In order to get some idea about the liquid - and
gas - phase flow patterns, some mixing studies using an
unsteady-state tracer technique have been performed in the
ligquid phase, and, for the gas phase gqualitative
results were obtained from visual observations and high-
speed photography.

Finally, the effect of column diameter and column
height have been analysed. Based on the above results,

different methods for suppressing bubble coalescence have




been proposed. a new kind of gas distributor which

makes it possible to operate in the bubbly -flow regime

at superficial gas velocities up to 9 cm/s has been

developed.

Ji 259 The Effect of the Nature of the Gas Phase on

Gas Hold-up

In this part of the research programme, we
considered the interface between the gas and liquid
phases from the gas-side; different gases with different
levels of polarity have been used in experiments to show
the importance of the "compatability" of the gas and
liguid phases. Finally, the liquid phase (i.e. water)
was replaced by kerosine (which is totally non-polar),
and the effects of different gases on gas hold-up in this

new system were analysed.

1423 The Effect of Additives in the Liquid Phase

After completing work with gas-liquid systems,
a comprehensive study was carried out to find out how
organic materials with different physical properties
(i.e. solubility in water, polarity, surface tension and
viscosity) affect gas hold-up. Ionic salt solutions were

also used to clarify how the formation of strong adhesive




forces in the bulk of the liquid phase affects gas

hold- ;
d-up. Finally, gas hold-up was measured in concentrated

solutions of potassium chloride in order to see how the

bubble size, ang consequently gas hold-up, varies if the

surface tension at the interface between air and water

increases significantly above 72 dynes/cm (the figure

for pure water).

124 Three-Phase Systems

Three-phase fluidisation is a method in which
gas, liquid and solid phases can be brought into contact
by the upward cocurrent flow of the fluid phases through
a bed of solid particles. This operation, although of
recent origin, has found many industrial applications,
such as the H-coal process (3) for the conversion of
coal to liquid fuels, the Fischer-Tropsh synthesis (as
described by Benson et al. (4)), effluent treatment and
fermentation (5,6) and processes in the pétroleum
industry (7,8,9). A literature survey (see section 2.1)
revealed that despite a large number of theoretical and
experimental studies made in this area important aspects

of the gas-liquid fluidisation of solids are not fully
understood.
The objective of this section in the thesis is

to look in more detail at different aspects of three-phase

systems (especially those with light particles) and more



emphasis i : b
P than hitherto is given to solid-phase properties.

Investigations have been carried out with three-phase

SYStems in gl surface properties, densities and

sizes of the solid phase have been varied and using a

range of operational conditions.

Radial Non-Uniformity of the Solid Phase and

Mixing in Three Phase Systems

Researchers have generally assumed that solids
are uniformly distributed over the cross-section of a
column, and, in view of this, the author decided to assess
the relative magnitude of the solids concentration gradient
over the column cross-section prior to any study of
mixing. The unsteady state tracer technique was employed
to study mixing of the liquid and solid phases. We
obtained both qualitative results (based on visual
observations) and quantitative results evaluated from

the residencé time distribution (RTD) of tracers.

1552 06 Four-Phase Systems Study

In most fermentation processes, four phases are

present, these being gas, an organic ligquid, an aqueous

solution, and micro-organisms. Although the study of

four-phase systems 1is much more complex than of two-and



three-phase Systems, the author has carried out some

systematic investigations with four—phase systems

containing completely miscible, partly miscible, or

non-miscible liquids.

i 1 b Single Slug Velocity Measurements

In order to determine how different liquids or
solids with different physical properties affect the
rising velocity of a single slug, measurements have been
made with a variety of systems. The results are related

to those in earlier sections.
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. Blr-Water Systems

2T Literature Survez
2y Introduction
——=-Cuction

The volume of bubbleg retained within the gas-

liquid dispersion in a bubble column is referred to as

the -up: it 4 :
gas hold-up: it is an important parameter because

it is used with Other parameters for calculating mixing

coefficients, mass transfer coefficients and chemical
reaction rates. Average gas hold-up is obtained as the

volume fraction of gas within the total volume of the

system;

(Total volume) - (Ligquid volume at rest)
(Total volume)

Vior~Vy,)

V'Eot :

The point or local volumetric gas fraction is also used,
and this can be viewed as a time-averaged value at a

particular point in the flow field.

Because of the importance of gas hold-up in
bubble columns, an extensive amount of work by different
investigators has been published in the literature. The
aim of this chapter is to summarise the work on gas
hold-up and bubble coalescence. To aid understanding,
information is presented under the headings: effect of
operational parameters, effect of column geometry,

empirical correlations, bubble coalescence and liquid

phase mixing.

-12-



2e1.2 Effect of Operational Parameters

In this section the effect of superficial gas

and liquid velocity will be surveyed.

Effect of Superficial Gas Velocity, U

Sg

One of the correlations which is presented by
most investigators is that of gas hold-up as a function
of superficial gas velocity. 1In spite of the fact that
the results of various researchers are not always in
good agreement, it is well known that a swarm of bubbles
rises uniformly within a bubble column when the
superficial gas velocity is low (usually less than 3
to 4 cm/s) and when bubbles of uniform size are generated
at the gas distributor; this is the so called "bubbly-
flow regime". When the gas velocity is increased (above
3-4 cm/s) bubbly flow ceases to be uniform and so called
"turbulent flow" commences. In the bubbly flow regime
gas hold-up increases almost linearly with superficial
gas velocity and then tends to level off at higher
velocities as turbulent flow sets in. Yamashita and
Inoue (1) are some of the few workers to show that the
gas hold-up may pass through a maximum with increasing
gas flow rate: this peak, which appears to correspond
to the transition point from bubbly to turbulent flow,
has also been detected by Aoyama et al. (2) and

Deckwer et al. (3) for air-water systems.

Gas hold-ups have been measured by different

investigators under widely different conditions: these

are summarised in Table 2.1.

e



Table 2.1 - gxpirimental Data Available in the Literature for Air-Water
ystems.

Reference

Fair et al. (3)

Niklin et al.

Braulick et al.

(5)

Akita and
Yoshida (6)

Towell et al.
(7)

Hughmark (8)

Reith et al.
(9)

Van Dierendonck

et al. (10)

Aoyama et al.
(2)

Voyer and
Miller (11)

Freedman and
Davidson (12)

Runugita et al.

(13)

Rato & Nishiwaki

(14)

Type of Flow

Cocurrent

Cocurrent &

Countercurrent Ug] 200

Batchwise

Batchwise

Cocurrent

Cocurrent

Cocurrent &

Countercurrent

Cocurrent

Cocurrent

Cocurrent

Batchwise &

Cocurrent

Batchwise

Superficial
Velocities
an/s
Usg 10
Usl 0.5
g '« 4100
Usg 22
Ugl =
Usg 25
Usi =
Usg 30
U 30
gy 12
U 45
g
Ugl 2
Usg 40
Usl 3
Ug 8
Us% .623
10 Ugg 83
Ee5e ouey, 3
Ug 1.

Us% variable

Ugl =0

30

U
B Yol 1.5

Column
Diameter
cm

45.7 & 10.67

2.6

15;10

30.1:60

A o KSR
30.1;60

40.6;10.5

2.5:5.1;10

14;29;50.8

14; 60

5;10

140

23,61

21.4;12.2;
6.6

Column
Height
cm

305

579

152

90 to 350

152: 275

152 to 380

20.5 to 238

305;427

100

405; 200; 201



Akita & Yoshida
(15)

Deckwer et al,
(16)

Stanley et al.
(17)

Kastanek et al.
(18)

Yamashita et al.

(1)

Fissa and
Schugerl (19)

Pexidr and
Charpentier (20)

Kawagoe et al.
(21)

Koetsier et al.
(22)

Kumar et al. (23)

Todt et al. (24)

Schugerl & Lugke
(25)

Hsu et al. (26)
Hills (27)
Koide et al.

(28)

Hikita et al.
(29)

Botton, R. and
Cosserat (98)

Cocurrent g
Countercurrent

Cocurrent
Batchwise
Batchwise

Batchwise

Cocurrent &
Countercurrent

Countercurrent

Cocurrent

Batchwise

Batchwise

Cocurrent &
Countercurrent

Cocurrenﬁ
Cocurrent
Cocurrent
Batchwise
Batchwise

Cocurrent

0.5 Ug 42
Usl 10
U 30
g
Usl =0
Usg 30
Us1 =0
Usg 30
Us]1 =0
Ugy 1.4
U 4
sg
Usl l . 8
Uzl @ 3.9
Ug 10
Us? SR
. Ug 14
Usg =0
Odlaonla]r v 2.4
.349 Usg 3.46
.06 Ug  0.476
7 Ug 350
Usl g-?
Usl1 =0
4,2 Ugg 38
Ugy =0
Usg 1400
USl 5

15.2;30.1;
60

15;20

15;30

mey st il

15.9

10

10.5

Bsid.5: 10

14

14

7.6

15

550

10

2,7.5,25,

400

440;723

11

60 to 120

107

390

175

60

380; 440

400

1050

700

150

320



Effect of Superficial Liquid Velocity, U

sl

Wide discrepancies surround the experimental
results on the effect of liquid flow rate on gas hold-up.
Several workers W63 14,06023,25/30,31) ‘claim to Have
found no effect of liquid flow rate on gas hold-up,
while Towell et al. (7), Todt et al. (24) , Kim et al.
(32) and Kasturi ang Stepanek (34) found gas hold-up
increased with increasing liquid velocity. Shayegan
Salek (33) suggested that increases in liquid-phase
velocity cause a quicker wash-out of the gas phase with
@ consequent reduction in gas hold-up: Ostergaard and
Michelsen (35), Hills (27) and Downie (38) also reported
that an increase in liquid velocity caused a reduction

in gas hold-up.

2.1338 Effect of Column Geometry

Column Diameter

There are extensively reported studies in the
literature on the determination of gas hold-up in
columns ranging from 2.5 cm to 550 cm in diameter. This
parameter was included in the projects of Shayegan Salek
(33) and Downie (38) of this University; literature
surveys and references are fully detailed in their works.
They studied the effect of column diameter on gas hold-up
in four different columns (7.6, 15.2, 30.5 and 61 cm)
and concluded that as the column diameter increases the
up decreases at a fixed value of superficial

gas hold-

gas velocity.

-16-



The data reported by Ellis (36) indicated that
wall effects increase gas hold-up at diameters up to
7.5 cm and for diameters greater than 7.5 cm gas hold-up
is independent of the diameter; this has been confirmed
by Freedman and Davidson (12), but Fair et al. (3) and

Yoshida (6) found no effect of column diameter when

this exceeded 15 cm.

Reith et al. (9) observed much lower hold-ups
for larger columns, and Hills (27) also concluded that
the gas hold-up is dependent on the column diameter.
Recently, Koide et al. (28) have studied gas hold-up
in a large bubble column (550 cm): they concluded that
the influence of column diameter on average gas hold-up
was almost the same as that in a small sized bubble
column; this view has been confirmed by Kumar et al. (23)

and more recently by Hikita et al. (29).

The interested reader might also consult the
papers of Kato and Nishiwaki (14), Shulman and Molstad
(37), Argo and Cova (31) and Oki and Inoue (39). It is
clear that there is some confusion about the effect of
column diameter, and this highlights the need for a

deeper understanding of fluid flow and mixing within

bubble columns.

=17~



Effect of Column Height

Bridge et al. (40) reported a 12% increase in
gas hold-up at the top of a column operated counter-

currently, but Sideman et al. (41) observed no difference

when operating co-currently.

Yoshida and Akita (6) found that column height
does not have a marked effect on gas hold-up. However,
they suggested that for heights of less than 100 cm
end-effects might have an important influence on results.
This view is supported by Towell et al. (7), who reported
that columnsof different lengths exhibited the same

effects at the ends of the column but with an extended

middle section.

Fair et al. (3) concluded that, although the
local value of gas hold-up can vary somewhat with
height, the dependence of average gas hold-up on height
is not marked. This was confirmed by Bhaga and Weber

(578

Deckwer et al. (16), who carried out experimental
work on two tall columns (440 and 723 cm in height) ,

concluded that liquid height does not effect the hold-up.

The effect of the initial heights of clear
ligquid on gas hold-up was also studied by Kawagoe et al.
(21) : they observed gas hold-up to decrease when the

initial liguid height increased.



2.4 Empirical Correlations

Let us now consider some of the empirical

correlations and models which have been developed for

air-water systems. Prior to 1973, these were summarised

by Shayegan Salek (33) and Downie (38) of this University:
consequently, the following section is mainly restricted

to a review of work in the intervening period.

Bhaga and Weber (42) in the case of gas and

ligquid flow derived the following equation:

< BRI <U SRR
84 =e —=d Sl+l + KU 3.1
<gg><l—€g> = s X i

where:

<eg(Usg+Usl) >
c, = distribution parameter = —3 <U__+0_;>

K, = terminal velocity coefficient =

n+l
<e {l-€) >
g

< > <=2 > izl
g g

<> = average value
n = exponent which depends on the bubble size

and flow regime and can be determined

experimentally.

The equation of Bhaga and Weber is in a generalised form

and can be reduced to those of previous investigators by

-19-



neglecting the effect of non-uniform flow and concentration

profiles or assuming different values for n or both.

Lockett and Kirkpatrick (43) correlated their
results in terms of the Richardson-Zaki equation for
solid particles (44) multiplied by an empirical
correlation factor, f(€), to take account of bubble
deformation: the latter was assumed to increase with
bubble concentration. They reported that

B (Loel) ™ £e) (2.2)

where

£(g) = 1 L2085 Eg (2589

Yamashita and Inoue (1) have given the following
relationships between €g and USg for three and two-

dimensional bubble columns:

For three-dimensional columns
Bgr= + 1O 2.4
g Usg/(z.z Usg 043 lvged) ; ( )
and for two—dimensiohal columns:
Ea (2 > 0.4 (v g d (2:5)
g Usg/(Z 2 USg i d)

Here, 4. is the equivalent column diameter.
e



Hills (27) measured gas hold-up in a bubble
column 15 cm in diameter and 1050 cm in height at
superficial gas velocities of 7-350 cm/s and superficial
liguid velocities of 0-27 cm/s. After excluding end-
effects and correcting for liquid inertia and wall

friction, his results were correlated by the following

equations:

o 0.93
Usg/eg = 0.24 + 1.35 UT for Usl > 30 cm/s

(2.6)

and

e 7.2
Us =lolog 3T 0 for Usl < 30 cm/s k2. 7)

= - 3 . k
where UT USg Usl is total flow velocity

Ueyama and Miyauchi (45) recently extended the
work of Nicklin (99) and Yoshitome (68) for uniformly
rising bubbles to the turbulent or recirculating flow

regime and derived the following equation:

&g a’ g - ¥
where o = Us - B = lgzths with USl = {0

PRI LE I Bubble Coalescence

The loss of interfacial area caused by bubble

coalescence is important in mass transfer equipment

=21-



such as bubble columns, whilst the coélescence-dependent |-

transition between the bubbly and turbulent flow regimes
is important in two-phase flow in pipes. In spite of
considerable research, however, the mechanism of

bubble coalescence is still unclear.

Most previous studies can be classified into

the following broad categories.

(1) Coalescence in bubble columns where the gas

distributor has a dominant influence on coalescence,

large bubbles originating at the gas distributor.

)

The formation of large bubbles at the distributor
can occur by more than one mechanism. An increase in
gas flow rate, while the bubbles are forming in the
constant frequency regime, causes the bubble size to
increase (46). If the gas flow becomes turbulent
through the holes in the distributor, large bubblgs have
been observed which break up into a range of bubble sizes

just above the distributor.

Shulman and Molstad (37) found that, except at
low gas flowrates, there was no depenaence of bubble
diameter on pore diameter when operating with both
coarse and finé carbon distributors. They found that dy
increased from 0.3 to 0.5 cm as the superficial gas
velocity increased to 9 cm/s, at which point some
slugging was noted: as superficial gas velocity was

increased further, considerable slugging was observed

-22-



at the bottom of the column. Braulick et al. (47), when

working with large orifices (0.5 cm diameter) reported
an increase in bubble diameter as the gas flowrate was
increased, but Reith et al. (9) after examining several
types of air distributor - single tubes, finé gauzes
and perforated plates with different numbers of holes
of various diameters - reached the conclusion that the
gas hold-up remained unaffected by changes in orifice
geometry. Yoshida and Akita (6) also expressed the

view that fractional gas hold-up is not effected by

nozzle diameter.

- (2) Coalescence in bubble clouds in the main part of

of the column

Little is known about the formation of large
bubbles in the main part of a bubble column, well away
from the distributor, and, indeed, it is not clear
whether they form there at all. Moissis and Grifrith
.(48) observed that the agglomeratiﬁn of small bubbles to
form larger ones in slug-flow occurs in two stages.
First, the small bubbles come togethér and form a group
of bubbles whose shape is that of a la;ge one, and then
the separate bubble interfaces collapse and a single

large bubble is formed.

Kozokide et al. (49) found that bubbles which
have been generated from a porous plate are small and

equally sized, but sometimes (especially at higher gas

-23-



velocities) these small bubbles coalesce at a point
slightly removed from the gas distributor in pure water
and solvent. Marrucci et al. (50) also observed that
bubbles on detaching from porous plates are very small,
but since strong convective currents bring all the
streams very close to each other in a narrow and
confused region a few centimetres above the distributor,
much larger bubbles come out from this region. Towell
et al. (7) used high-speed cine films which were taken
at the wall of the column and also at a depth of 12.7 cm:
coalescence and break-up were observed from these films
and the coalescence involved all sizes of bubbles and
occurred in about 0.005s from the time of contact until
noticeable oscillations of the combined bubble

disappeared.

(31 Bubble wake coalescence

Crabtree and Bridgwater (51) concluded from
their coalescence experiments that the bubble wake plays
a vital part both in capturing non-aligned bubbles and
in the subsequent possible coalescence. Using vertically
aligned bubble pairs, each having volumes from 10 to
40 cm3, in a 67% solution of sucrose in water, they
demonstrated that bubbles up to initially 70 cm apart
can coalesce. They also concluded that more detailed
information about wake structure and the motion of
bubbles in such wakes is required before a full

explanation is possible.

o



Hills (52) has shown that coalescence does not
normally occur by direct collision of a bubble cap
with a bubble but by absorption of bubbles into the
wake following a cap or by formation of satellite caps

in the region of high voidage surrounding the main one.

(4) Theoretical descriptions of coalescence

These have been given by Lee and Hodgson (53),
Marrucci (54), and recently by Darton et al. (55) and

also in many papers listed above.

(5) Coalescence in agitated tanks

(6) Coalescence due to the effect of vibration

Parts (5) and (6) will be discussed and surveyed

in'Section® (26320,

Zadi6 Liguid Phase Mixing

Liguid circulation can occur in a bubble column
with or without liquid flow. The work to create the
circulation is supplied by expansion of the gas as it
rises through the liquid. The circulation generally
consists of ah upward-flow region, where liquid
relatively rich in entrained bubbles moves upwards, and
a compensating region, where liquid with a lower gas
hold-up moves downwards. Due to this, backmixing is
usually detrimental to the performance of a gas-liquid

reactor.

—J5—



Several models are used to characterise mixing
effects and non-ideal flow patterns in process vessels.
Among these models, the axially dispersed plug-flow

model is perhaps the most widely used one.

The Axially Dispersed Plug-Flow Model

This can be presented as a diffusion-type equation
in which a dispersion coefficient replaces the ordinary
molecular diffusivity. Levenspiel and Bischoff (76),
when reviewing the patterns of flow in chemical process
vessels, gave the following differential equation for

the general dispersion model including chemical reaction

and source terms:

aC .
E'E + UVC = V. (D-VC) =G N rc A (2.9)

Because of the difficulties of specifying velocity
profiles and limitations in experimental methods, the

above equation is often simplified by assuming that:

(a) bulk flow occurs in the axial direction only,
with radial symmetry;

(b) the dispersion coefficient is independent of
position;

(c) fluid flows at the mean velocity (plug-flow);

(d) there is no variation in properties in the

radial direction.
Then equation (2.9) can be written as:

2
SRCE. 8 C 2.10
Ol = Dy 32 R ( )

43
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Equation (2.10) is the model used by many investigators
when studying mixing in bubble columns and evaluating

dispersion coefficients.

The usual method of finding the dispersion
coefficient is to inject a suitable tracer at a point
or plane in the system and monitor the changes in
tracer concentration at one or more points; the
dispersion coefficient may then be found from an analysis
of the concentration data. In such stimulus-response
experiments chemical reactions do not occur and
e 5 0 in equation (2.9). When the injection point for
the tracer and the measuring points are sufficiently

far apart and when there is no flow of liquid through

the column equation (2.10) reduces to:
dE )
-l (231T)

Ohki and Inoue (39) assumed the following boundary

conditions:

oC

ZEs =n 0 g Bt =20 and x'= 1.,
90X

and the initial conditions

Ci(x;0)

Il

cO for Bilg XA

C({x,0) O o 2o ik

where ) is the height filled with tracer. They obtained

the following solution for the set of equations:

g



el B S
() n

Il 1 8

nm ; nf, 2
Cozi{-— - (=2
| Cos (T exp [ e .Dl.t] (2.12)
The graphical solution of equation (2.12) is shown in
C
Figure (2.1) as (EiE)) plotted against (%)Z.Dl.t -
()
with x/L as a parameter.
For steady-state conditions equation (2.10)

reduces to:

gias e _ac2:

9x e ¢ (2:13)

Integration of this equation with the boundary conditions:

cC = CO at X = 0 and C = 0 at x = ¥

leads to:
Elne e |
1n B D1X (2.14)
O i
U
il =l
where U = e

1f T%T is constant, a plot of 1n (C/Co) Vs.x gives a

straight line of slope-—%%.

Previous Studies on Liquid Phase Mixing

The mixing of a liquid by a rising bubble
current has been studied by numerous investigators
over the last few decades. Most of these investigations

have been carried out by using simple air-water systems.

<R
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|

Figure 2.1 - Graphical Solution to the Dispersion
Model (batch system)
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As a result, a lot of experimental and theoretical work
on liquid-phase mixing in two-phase flow systems has
been published. Shayegan Salek (33) , of this University,
has reviewed the literature priopitke 1973 information
concerning liquid phase mixing in bubble columns
published since then is summarised in Table (2.2).

Early reviews on this subject are given by Mashelkar

(77) , Bischoff (78), Pavlica and Olson (79Y , and
Badura et al. (80).

Towel and Ackerman (85) correlated their data

using the correlation:

e Vg b TR S (2.15)

sg

Deckwer et al. (16) re-examined the reported data

and suggested

Dp = 0.678 dl'4.Ung'3 (2.16)

Cova (82) found no effect of surface tension
and viscosity on the axial dispersion coefficient, but,
in small diameter columns, an increase in density
increased the dispersion coefficient. For a single
orifice, he proposed the relationship

(O] a3 0.07

D£ = 0.334 USg P,

(2.-27)

Hikita and Kikuawa (81) found the dispersion coefficient
to be dependent upon the fluid viscosity and proposed

the equation



Table 2.2 - Summary of Liquid-Phase Mixing Studies in Bubble Columns

Reference

Ohki and

Inoue (39)

Kato and
Nishiwaki
(14)

Deckwer et
al. (16)

Hikita and
Kikukawa
(81)

Shayegan

Salek (33)

Eissa and
Schugerl
(19)

Cova (82)

Alexander
and Shah
(83)

Ostergaard
(75)

Field and

Davidson
(84)

Since 1973.

System Flow Tracer System
Rate
cn/s
Air-Water Ugp = batch UN aqueous
Usg = 0-25 Kecl pulse
Pt electrical
conducitivty
cell
Air-Water Ug) = 0.5-1.5 1-1.5N KCl
Concurrent pulse
Pt electrical
conducitivity
cell
Air-Water Ug] = batch Dye, heat,
: electrolytes
Dirac pulse
Air-Water Ug) = batch Agq KCl
Air-Aqg MeOHUggq = 43-33.8 pulse
solutions Pt electrical
conductivity
cell
Air-Water Ug) = 0.41- KCl solution
2.28 steady-state
Ugg = 0-10.5 injection
conductivity
meter
Air-Water Ug] = 0.35- NaCl
1.4 steady state
Ugg = 0.2-6  injection
conductivity
meter
Np—Water Ugy = 0.2-0.87Heat
Np-Acetone Ugg = 5.1-17.3steady state
thermocouples
Alir-ag. Ugl = batch HpSO4, Pulse
glycerol Ugg = 0.7 Electrical
solutions conductivity
Air-ag. triton
DF 12
solutions
Air-Water Ug) = 1.9- gamma-ray-
13.5 emitting
Usg = 0.5-20 ammonium
bromide
solution
Air-Water Ug] = 3-3.5 Radioactive
Usg = 4-5.5 tracer
detectors
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Column Dispersion
Characteristics Studies
4 :
d=4,8,16 Axial
L = 20,25,30
d =6:6,12.2, Axial
21.4
L = 200,201,405
d = 15,20 Axial
L = 440,723
d = 10,19 Axial
L = 150,240
d = 15.2,30.5, Axial and
s Sl el : Radial
L = 247,247,
189
d = 15.9 Axial
L =3%
d =1.9,4.57 Axial
L = 116,122
d =6,15.2, Axial
J-+10X22 .9
rectangular
L = 124,308,112
d = 21.6 Axial
L = 700
d = 320 Axial
L = 18%0




O.l2
D, = (0.114 + 0.523 y_ 077y 41-25 1, (2.18)
sg K1
Alexander and Shah (83) reported that the axial

dispersion coefficient is independent of the surface

tension and viscosity of liquid.

Theoretical analyses of the backmixing coefficient
in a cylindrical, vertical bubble-column are given by
Baird and Rice (86), and, recently, by Ueyama and
Miyauchi (87) who measured backmixing in bubble columns
with diameters up to 60 cm and superficial gas
velocities up to 93 cm/s; the equation of motion for
two-phase flow within a bubble column, operated within
the circulation flow regime, has been solved and the
liquid velocity profile determined by Ueyama and

Miyauchi (45).

Although most of the data indicate that the
liquid phase axial dispersion coefficient is independent
of liquid flowrate, this is not the case for rectangular
bubble columns. Stiegel and Shah (88) showed that the
liquid phase dispersion coefficient in a rectangular
bubble column depends on the liquid flowrate: Alexander
and Shah (83) and Stiegel and Shah (88) also showed that
for a given gas velocity, dispersion is greater in a
réctangular bubble column than in a cylindrical column

of equivalent diameter.

=37~




Whalley and Davidson (89) have considered
various aspects of liquid circulation in bubble columns.
Joshi and Sharma (90) have subsequently correlated
liguid-phase axial dispersion coefficient data using
the average liquid circulation velocity, calculated on
the premise that multiple circulation cells exist
within the column. Most recently, Field and Davidson
(84) have measured both liquid and gas phase axial
dispersion coefficients for a 320 cm i.d. industrial
bubble column using radiocactive tracers. They reported

that, when USg is much greater than U the preferred

sit
correlation for D£ in-vertical bubble column is

1.8 173

(L{o,_, - £,8.)) (2.19)

B = o d
£ g g

For the gas-phase axial dispersion coefficient, they

give
U 3,86
D= 56.4:d 0 (=2 (2.20)
g €
g
Zad Experimental Programme

When examining gas hold-up and bubble coalescence,

all parameters which may have an effect should be
carefully considered. The most important factors

affecting gas hold-up and bubble coalescence may be

divided into the following categories:




(1) Operational conditions, i.e. liquid and
gas velocities.

(2) Liquid phase temperature.

(3) Mechanical agitation.

(4) Excitation of the water molecules by

vibration.
(5) Liquid phase mixing.
(6) Column geometry.

Each of these parameters will now be described further.

o i e Operational Conditions

Gas Flow-Rate

A high gas flow rate is not desirable in many
fermentation processes. Outside the bubbly flow regime,
coalescence occurs leading to a reduction in the gas-
liquid interfacial area and the formation of slugs, which
cause violent motion in the column. As was confirmed
by the author, in some cases the wild movement of bubbles
or slugs at higher air flows may break up microbial
flocs during fermentation and lead to "wash-out"
problems. Economy in the use of compressed air is also
an important factor in process design, and this means
tﬁat air flow-rates during fermentation must be kept
to a minimum. For these reasons, attention has been

concentratsd on the bubbly-flow regime, and efforts
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have been directed towards the design of gas distributors

which give maximum "bubbly flow" in the required range .

of gas velocities. 1In the case of air-water systems,

the literature survey reveals that departure from the
bubbly flow regime usually happens at superficial

gas velocities greater than 4 cm/s. However, in order

to reveal general trends and irregularities in bubble
column behaviour the author has studied superficial

gas velocities up to 16 cm/s and 12 cm/s in two-and three-

dimensional bubble columns respectively.

Liquid Flow Rate

Liquid flow rate directly controls the output
of the column and so it is a very important parameter;
as such, it is desirable to cover as wide a range of
flow rates as possible. However, there are certain
constraints which must be borne in mind. System
behaviour at low liquid flow rates (corresponding to
superficial liquid velocities < 1 cm/s)'is of most interest
as many biochemical reactions are relatively slow; in a
"once through" process, long residence times may be
involved. At relatively high liquid flow rates, micro-
organisms are readily elutriated and thus it is difficult
to maintain high microbial concentrations inside the
column. For these reasons, liquid velocities were

limited to a maximum figure of around 1 cm/s.
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| temperature on gas hold-

| 2. 3e2 The Effect of Liquid Temperature

Liquid phase temperature is an important parameter

having a significant effect on gas hold-up and bubble

coalescence; Up until now the effect of liquid phase

up has not been fully explored.

l
A wide range of liguid phase temperatures and superficial

gas velocities WQS used in order to determine trends

and the effect of this important parameter oOn gas hold-up-

23,3 The Effect of Mechanical Agitation

h isTa mechanical method for \
1

Agitation, whic

of a column to another,

transferring liguid from one part

has a significant effect on gas hold-up and the rate of
bubble coalescence and break-up. Numerous attempts
have been made to see how bubble coalescence and break-
up is affected by mechanical agitation and stirrer speed
in agitated tanks. Some work has also been published
as hold-up in

£ stirrer speed on 9

about the effect ©
In order to find

e continuous fermenters.

multi-stag
out how mechanical agitation effects gas hold-up and
bubble coalescence: some of these works have been
nd discussed; furthermore. some

performed py the author during which a

critically surveyed a

runs have been

erted in a pubble column.

simple agitator was ins
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2204 Effect of Vibration

Another factor which has a significant effect

on bubble coalescence is vibration. The use of pulsed

columns in liquid-liquid extraction has become an
established chemical engineering operation. It is,
therefore, understandable that a similar technique has
been tried in bubble columné. Despite the fact that the
use of vibration is not yet well developed in the bubble
column, there are some important reports, based on work
on a pilot plant scale, of the effect of vibration on
bubble coalescence. The author has attempted to collect
together such information and relate the results to

other work on bubble coalescence.

2ud+eb Liquid Phase Mixing

The gas bubbles, which are produced at the bottom
of the column by a distributing device, agitate the
ligquid phase and, especially at higher superficial gas
velocities, produce almost complete mixing. To
characterise the degree of mixing, the author has made
use of the axially dispersed plug-flow model (see

Section 2.1.6).

226 Column Geometry

The effect of column geometry on gas hold-up and
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liquid phase mixing for air water systems has already
been studied in depth by Shayegan Salek (33) of this
University. He determined how the geometry of the
column, particularly column diameter and gas distributor
design, affected gas hold-up and liquid phase mixing;

in the author's research programme, a more detailed

study has been made of the effect of column height on

gas hold-up since this parameter was largely ignored

by Shayegan Salek.

2.3 Measurement Technigues

2R3 Gas Hold-Up Measurements

The methods available for the measurement of
gas hold-up in bubble columns have been documented by
Shayegan-Salek (33). These techniques fall into four

categories, which may be summarised as follows:-

(1) bed expansion techniques
(2) manometric techniques
(3) measurements of bed resistivity

(4) radiation attenuation methods.

(1) Bed Expansion Techniques

This is the most common and simple of the
techniques mentioned above and has been widely used.
The method relies on the instantaneous isolation of

the experimental system for both liquid and gaseous feeds.
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This is achieved by the use of quick-action isolation

values on both inlets. The gas hold-up may be determined

by noting the volume of both phases after they have

separated. Figure (2.2) illustrates the different stages

of separation of the two phases.

(2) Manometric Techniques

This is another popular technique in which the
gas hold-up is determined by measuring the pressure at
one or several points in the column using a manometric
system. A and B in Figure (2.3) represent two manometers
positioned at arbitrary distances along the length of
the column. The difference in the manometer levels, h,
gives a direct indication of the hold-up in the section
contained between the two tappings. This is also true

for the case where more than two manometers are used.

By definition,

LS-L_S
®]

L
Average gas hold-up = eg= TR 1l - 3?

(2 3215
where LO = height of liquid in the tower if the gas were

excluded, L = height of areated liquid and

S = cross-sectional area.

The density of the gas/liquid mixture may also be
defined by:
k: LOSDL+S(L-LO)DG
e LS
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As DL>> DG equation (2.23) becomes

RS Sy (2.24)

Considering the pressures due to the hydrostatic head

in the system:
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Thus, comparing equations (2.24) and (2.25)
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With this simple technique gas hold-up can be measured

for any section as well as the whole length of the

column, provided there are a sufficient number of

manometers.

(3) Resistivity Measurements

This method measures local, rather than bulk,
void properties and these may be equated if the system
is isotropic. The technique, which has been used by
many investigators (91, 92, 93, 94), relies on the
difference of the conductivities of the two phases.
Since the current will only flow when the resistivity
probe is in the liquid, the hold-up at any point may be
found from the time fraction for which the current
flows. However, the experimental readings are not easy

to interpret.

(4) Radiation Attenuation Methods

This technique is based on the differential
absorption ofrradiation by the components of a system
due to differences in their densities. Previous
investigators have used y (95,96) and B(97) radiation.
The choice between y and B radiation depends on the
sensitivity required and the distance to be traversed
by the radiation, although in a system containing living
organisms the possibility of cell mutation (and even

death) must also be considered. Both Y and B‘radiation
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may cause mutation but this ig a function of the dose

and the complexity of the Organism. R radiation is

absorbed more readily than the Y radiation, and so

small density differences can be detected using g rays:
for the same reason 8 radiation can only be used to

traverse a short distance. This distance, or range,

depends on the material through which the radiation must

pass and the initial energy.

2. 852 Methods for Measuring Axial Dispersion Coefficients

Various types of tracer inputs: may be used to
find the effective axial dispersion coefficient using
unsteady-state injection of a tracer: the common inputs
are the pulse or delta function, the step function, and
periodic functions such as a sine wave. The tracer
concentration is then measured downstream from the
injection point. The modification of this input signal
by the system can then be related to the dispersion
coefficient, which characterises the intensity of axial
mixing in the system. Pulse methods are often preferable
from the point of view of simplicity of experimental

equipment and ease of mathematical analysis.

If a pulse of tracer is injected into a flowing

stream, this discontinuously spreads out as it moves
with the fluid past a downstream measurement point. For

a fixed distance between the injection point and
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measurement point, the amount of Spreading depends on
the intensity of dispersion in the system and can be

used to characterise quantitatively the dispersion

phenomenon.

Steady-State Methods

The principle of the method is simple, a steady
stream of tracer is usually injected at the top of the
column. The tracer travels downwards due to the liquid
circulation patterns and eventually the system reaches
a steady state, the concentration of tracer over the
length of the column remaining unchanged. Samples can
then be taken at different points over the length of
the column and analysed for tracer; alternatively, in-
line detectors can be used. Dispersion coefficients

are then evaluated using equation (2.14).

2.4 Experimental Equipment and Experimental Procedure

The experimental studies were conducted in a
two-dimensional bubble column of dimensions 1.3 cm x 15.3 cm

x 134 cm and a three-dimensional bubble column 15.2 cm

in diameter and of variable height.




28 b The Two-Dimensional Bubble Column

To allow clear visual and photographic

observations to be made, it is convenient to use two-

dimensional beds. For this work, the two-dimensional

bed was constructed from Perspex, and the opposite faces

were glued and bolted together. The distributor section

and bed section were bolted together using flanges., &
support screen was placed between these inside a rubber
gasket. The arrangement is shown in Figure (2.4) and

2SR N T e following distributor arrangements were

adopted:

(a) a 0.2 cm thick copper platé drilled with
0.1 cm holes on a 0.6 cm square pitch,

and (b) a 100 mesh wire gauze.

During preliminary work, it was found that a combination

of (a) and (b) gave excellent gas distribution.

A mains water supply (1) was available from a
nearby rig and this was tapped using a suitable valve
switching arrangement along with a bank of on-line water
rotameters (2). The water was pumped into the column
using a DCL micropump arrangement (3): for some tests
the liquid was obtained directly from the mains water
supply. The liquid entered the column through a 0.9 cm

diameter pipe drilled with 0.2 cm holes.
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Mains compressed air (4) was available at

SO'Rsig. b THLS was war e e working pressure fo
r

the P.V.C. air line £oiths iy il S the supply was

reduces HEiHd ARt et regulator, adjusted to 15 psig;

a safety valve (5) wasisice inesun Ba into the system

The air supply diverged into two Separately valved air

rotameters (6) (7A and 10a), before converging again
’

and passing into the coulpmenchie s e Nt Nl ey

An arrangement to measure pressure drop was also
available (7). Eight tappings were located in the sides of
the column and these were connected to a common junction
unit. Tappings were isolated using clips, such that
only one could be monitored at any one time. A tapping
just above the support screen constituted the other
arm of the manometer. 1In addition, in order to measure
solid composition inside the column, five sampling points
were drilled along the length of the column. A hole was
also drilled near to the gas distributor (8) for washing

out and removing solids from the column.

22452 The Three-Dimensional Bubble Column

Experimental studies were also carried out in a

vertical column of variable height, and of 15.2 cm diameter.

The general layout of the rig is shown in Figure (2.6).
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The column was mage Oof standarg length Q.v.r

15.2 cm bore pipe. The lowest section (1) comprised

ey !
an unequal 'T' piece with 3.8 cm bore side-arm which

was used for introducing the liquid. Top sections of
o

the column consisted of 3 top and side outlet, any excess

foam or solid was usually washed out through this

outlet.

The liquid was fed to the column by means of DCL
pump (2) when operating at liquid flow rates less than
0.1 cm/s; for higher liquid flow rates the mains water
supply was used direct. The water flow was metered by
a bank of rotameters (metric 7F and 10F both with

stainless steel floats), covering flows from O to 1 cm/s.

The gas supply (3) was obtained from a compressed
air service main via a 2.5 cm n.b. pipe system. This
was fed directly to the metering section via a control
valve (4) used to regulate the flow and pressure at the
meter. The metering pressure was measured by means of
a calibrated pressure gauge (5). The metering section
consisted of two rotameters (metric 14G and 24G, both
fitted with aluminium floats). The gas distributor
(6) consisted of a circular metallic plate of the same
diameter as that of the column and drilled with 55 holes
of 0.75 mm diameter on a 17.4 mm triangular pitch.

To measure the hold-up (based on the manometric
1.3 cm diameter

method) in any part of the column,

holes were drilled along the length of the columa:




The holes were supplied with fittings so that 3.9
. mm

o.d. stainless steel tubesg could easily be insert a
rte

into the column; these tubes wWere connected by me
ans

of, Elexible PiViE. tubing to vertical glass tubes

mounted at the top of the column (7). Besides each gla
ss

tube a self-adhesive downward scale was affixed: the

zeros of these scales were at the same level as the

water outlet.

In order to determine solid composition in any
part of the column 1.8 cm diameter holes were drilled
along the length on the wall of the column, and these
holes were supplied with suitable fittings and rubber
washers 1 cm i.d. so that stainless steel tubes could
easily be inserted into the column; these sampling tubes
were movable in a radial direction, thus allowing samples
to be taken at any desired position. A hole was also
drilled 1 cm above the gas distributor for washing out

and removing solids from the column.

2.4.3 Experimental Procedure

Measurement of Average Gas Hold-up

The manometric and bed expansion methods were

used for measuring the gas hold-up, as described below.
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The Manometric Method

Two manometers were used to Provide an indication
of the overall gas hold-up in air-water Systems. These
were each positioned about two column diameters away
from the top and bottom of the column to avoid end-effects.
It was found that the fluctuations of the liquid levels
in the manometers could be reduced markedly by using

a 1 mm diameter stainless steel sampling tube.

The Bed Expansion Method

This method was the main one used for measuring
gas hold-up, particularly at higher temperatures or when
using three-or four-phase systems. This method was
preferred because the manometers tended to become blocked

by the solid phase when studying multi-phase systems.

Dispersion Coefficient Measurement

The backmixing of the liquid phas_e.in air-water
systems was evaluated by the unsteady-state tracer
technique. This involved the injection of a 1% methylene
blue solution at the top of the column and the monitoring
of dye concentration as a function of time at the bottom
of the column. Air and tap water were used throughout

the mixing studies as the gas and liquid phases.

For each experiment, after setting the

ic ti was
appropriate gas flow rate, an automatiC s

i i i of the
switched on simultaneously with the introduction




liquid tracer at the top of the column. Samples
. were
then taken from the bottom of the column ang the ti
ime

at which samples were taken was recorded: the dye

concentration was measured by means of g Spectrophotometer

Randomisation and Replication

The experimental plan for each column was carried
out in a completely random fashion, and each experiment

was repeated at least twice.

AN, Experimental Results

205 L Effect of Operating Temperature

The effect of water temperature on gas hold-up
was studied using tap water as the liquid phase. A range
of temperatures from 20 °c to 70 °c was chosen because
this covers temperatures frequently used in fermentation
processes. Figure (2.7) shows the shape of slugs formed
at different temperatures between 35 "€ to 60 Cj these
pictures were taken using high-speed photography in the
two-dimensional bubble column. Figures (2.8) and (2.9)
show how the temperature affected gas hold-up for Us£=0
in the two-and three-dimensional bubble columns
respectively. Detailed information is presented in

Tables (1) and (2) of Appendix (A).

_54_




Figure 2.7 =
. Shape
P of Slugs at Higher T
emperatur
e

_55..







-4

® 20 c°

Xa 28 @°
o 25 ¢°
g oY
i | A | 1 |
0 ' .
4 < 8 12 16
Usg cm/s

Figure 2.8 - Typical influence of water temperature
on gas hold-up in two dimensional bubble
column and for Ugg=o0.

55




S

N

(&

o - k
+
(/)
()
Oz 1 1=
W,
B A 20 C2
s L 30 £°
o o 70 C°
] | I 1 F 1
0 4 8 12
Usg Cm/s

nfluence of water temperature

Figure 2.9 Typical i ,
1d-up in three dimensional bubble

on gas ho
column and for Ugp=0-

-57-



20522 Effect of Liquid Phase Agitation

Mechanical Agitation

o
© assess the effect of liguid phase agitation
on gas hold-up, consideration has been given to the work

which was done by Falch ang Gaden (69) in a multi-stage

tower fermenter. Figure (2.10) shows the results they

obtained when studying gas hold-up for the air-water
system. A liminited number of experiments have been
performed by the author with moderate mechanical agitation
in the two-and fhree—dimensional bubble columns. These
results are presented in Eigures (2.19) and (2.12): all

the data used to plot these graphs are given in Tables

(3) and (4) of Appendix (A).

Effect of Usg (i.e. Agitation due to the gas phase)

Figures (2.13) and (2.14) show the results of
gas hold-up measurements as a function of superficial gas
velocity, and with superficial liquid velocity as a
parameter, for air-water systems for the two-and three-
dimensional bubble columns respectively. The number of
data points in each graph has been reduced in most cases
because of their close proximity: for the same reason,
only a few lines have been included. All the data used

to plot these graphs are given in Tables (5) and (6) of

Appendix (A).
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IS Gas and Liquid Flowy Patterns

Figures (2.15) ang (2.16) show the gas flow
patterns in the bubbly ang slug flow regimes; these

have been derived from high-speed photography and visual

observations in the two-dimensional bubble column

Figure (2.17), which was taken in the two-dimensional

bubble column, shows how the slugs carry many bubbles

in their wakes.

Figure (2.18) and (2.19) show the effect of
superficial gas velocity on the liquid dispersion
coefficient (for Usl=O) in thertwo—and three-dimensional
bubble columns. All the data used to plot these two

graphs are given in Tables (7) to (22) of Appendix (A).

2.5.4 Effect of Column Height

The experiments to assess the effect of column
height on the average gas hold-up were carried out in
the tubular bubble column using two different heights
(110 cm and 175 cm). Figure (2.20) shows the results:
all the data which have been used to plot these graphs

are given in Appendix (A) Table 23.

AL Discussion

2061 Bubble Coalescence
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Figure 2.17 - Slugs with small bubbles in their wakes
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Introductory Comments

- ;
here is no doubt that coalescence plays an
important part in a number of chemical engineering

operations that involve liguid-liquid or gas-liquid

contacting, but this is not very well understood at the

present time. It is undoubtedly a complex phenomenon
and occurs in a wide variety of systems ranging from

liguid-liquid dispersions to foams.

The author wishes to suggest that interpretation
and understanding of the phenomenon of coalescence is

only possible if emphasis is given to the physical

'properties and chemical structure of the liguid and gas

phases. It is also believed that, by considering the
liquid phase and gas phase on the molecular scale,
insight will be gained not only about coalescence
phenomenon but also about other aspects of the behaviour

of two-phase and multi-phase systems.

Structure and Intermolecular Forces of Water

To help us understand this problem, let us turn

for a moment to inorganic chemistry and examine the

boiling point of a number of hydrogen compounds (Figure e BN BT

In general, we see that, within a family of the periodic

table, a decrease in molecular weight is accompanied by

a decrease in boiling point. @ e dphortant

: g g P14
exceptions to this rule: HF, H,O0 and NH, The boiling
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point decreases as we
bProceed from H_Te
2 to HZSe to HZS

but at i :
ut at H,0, which we might expect to boil at about -80°¢,

. 2 =
there is a jump to 100%, In the fourth family, however,

we find no j : i
O Jump: CH4 ( the lighter compound) boils at

airt e iH,
emperature lower than SlH4. To account for these

"abnormalities" and on the basis of many kinds of
evidence, hydrogen bonding has been proposed: in such
cases, a hydrogen atom serves as a bridge between two
electronegative atoms, holding one by a covalent bond

and the other by purely electrostatic forces. This
electrostatic bond has a strength of about 6 Kcal/mole.
Liguids whose molecules are held together by hydrogen
bonds are called associated liquids; their abnormally high
boiling points are due to the energy required to break

the hydrogen bond. Hydrogen bonding is generally

indicated in formulae by a broken line:

g+ &- 5+ &- S+ &- §+ §&-

— <] et () S e ERe S H et [0 e B 0
S+ H6+ HS* I;Is*

]

-t

For hydrogen bonding to be important, electronegative

atoms must come from the group: F, O, N. Only hydrogen

bonded to one of these three elements is positive enough,

and only these three elements are negative enough for the

necessary attraction to exist. These three elements owe

their special effectiveness to the concentrated negative

charge on their small atoms.
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Structure of the Gag Phase

Firiy i :
1T 1s a combination Of 21% oxygen and 793

nitrogen. i
g The pPolarity of gas molecules such as Ooxygen

and ni i
itrogen is Zero; therefore, they cannot make any kind

of physical bond with pPolar liquids such as water. As

a result, at the interface between water and air, the
molecules of water which are at the surface can only
form bonds (hydrogen bonds) with the interior water

molecules whilst their exterior sides are free and

unbonded. Thus the liquid surface behaves like a stretched

elastic skin, and this leads to the concept of surface

tension.

When air is bubbled through a pool of water, the
bubbles ascend to the top of the pool by(NﬂTGmna the
intermolecular forces of water. Furthermore, these
intermolecular forces (hydrogen bonds) seem to provide
the main resistance against bubble coalescence because,
when two bubbles do coalesce, they must first be able to

overcome the resistance which exists in the film of

water . between them. Therefore, for coalescence to happen

bubbles should have enough energy to break the barrier
between themselves; alternatively if the resistance
which exists between bubbles in some way becomes weak,

the chance of bubble coalescence occurring should
increase. Furthermore, as mentioned above, the main

resistance to the inter-mixing of water molecules and

air molecules arises from the attraction between water

molecules since this effectively limits
contact between water and air molecules.

=Th=




2. -
6.2 Methods for Promoting Coalescence

It would seem that if the hydrogen bond between
water molecules becomes relatively weak, then bubble
coalescence should increase; it should also be possible
to reach a higher level of inter-mixing between air and

water molecules by partially destroying these bridges

between water molecules. There are three main methods

which can be used to weaken or break bonds: these can be

classified under the following headings:

(1) heating the liquid;
(2) mechanical agitation;

(3) exciting the water molecules by vibration.

Effect of Heating

It is instructive to observe what happens when
the temperature of the fluids in a bubble column,
operating in the bubbly flow regime at low superficial
gas velocities (i.e. Usg = 2 cm/s) is slowly increased.
The bubbly flow regime slowly becomes turbulent and
bubbles coalesce and form slugs. When the temperature
reaches about 60-700C (with low gas velocity) the degree
of turbulence and back-mixing becomes very intense: some

bubbles appear to be almost stationary just above the

gas distributor whilst slugs appear to be very floppy

(see Figure (2.7)) and slow moving. T Fe b noting

here that in a small diameter tube the rise velocity of

slugs of about the same size decreases from about 32 cm/s




o
abn 208E
© 26 cm/s at 35°C and 22 cm/s at about 65°C

With i
a dJgreater €nergy input to the System, for

we have found that the slugs disappear and fewer visible

bubbles exist or form: these observations suggest that

water and air are mixed to some extent on the molecular

scale.

The effect of liquid-phase temperature on gas

hold-up in the two-dimensional column is shown in

Figure (2185 Figure (2.9) also shows the effect of
liquid phase temperature on gas hold-up in the three-
dimensional bubble column. These figures show that by
using a moderate energy input to water the intermolecular
forces between water molecules become weaker, and,
therefore, bubbles can easily coalesce‘resulting in a

reduction in gas hold-up.

Weakening the intermolecular forces (i.e.
hydrogen bonds) of water also causes a reduction in surface

tension and viscosity, because, as we mentioned in the

introduction, water (in contrast to HZS) is in the liquid

state at room temperature because of its intermolecular

forces So, if we continue to increase the temperature

of water, the intermolecular forces of water become

weaker and weaker; therefore, the similarity or

compatability between water molecules and the gas phase

molecules increases. When the temperature of water
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reaches a &
bout 70°C the column looks blurred, due in part

to the evaporation of water molecules into the gas

bubbles. i i
ubbles. At this stage, if we provide more energy to the

system, for example by increasing gas velocity, the slugs

disappear altogether and only small bubbles are seen

Ligquid Agitation

(1) Mechanical Agitation

The purpose of agitation is the transfer of
liquid particles from one part of the system to another.
Looked at another way, agitation_is a mechanical method
for breaking bonds. The idea is further illustrated by
considering what happens in a mechano-chemical reaction:
if a viscous solution of polymer, say a 1% solution of
natural rubber, is stirred vigorously, the molecular
weight of polymer will decrease, since the energy input

leads to the rupturing of bonds between polymer units.

Let us consider now the effect of mechanical

agitation on the behaviour of gas-liquid dispersions.

Although there is a lot of literature about gas hold-up,

interfacial areas and mass tran

tank reactors, most of it refers to experiments carried

out at relatively low superficial gas velocities

(U < 1 cm/s). However, it is necessary to study the
sg

research carried out at superficial gas velocities

i olumn
comparable with those used in bubble ¢

i to discover the
<5 cm/s) in order
reactors (1 % Usg

effect of agitation.

sfer coefficients in stirred




found that at low stirrer speed

<
(<10 revs/s), there Was no coalescence but, at higher

stirrer speeds, more bubbles were entrained and

recirculated before they left the vessel. Under these

later conditions, they observed bubble coalescence, and

for stirrer speeds >15 revs/s coalescence was complete.

Preen (67) concluded that practically all gas
disintegration takes place in the neighbourhood of the
impeller while in parts of the vessel away from the

agitator coalescence occurs.

Figure (2.10), based on the work of Falch and
Gaden (69), shows the effect of agitator speed on gas
hold-up. It illustrates how the bubble coalescence

increases when the agitator speed exceeds 300 rpm.

Figures (2.11) and (2.12) show the average gas
hold-up for two-and three-dimensional bubble columns
using moderate mechanical agitation. It appears that

coalescence is higher when agitation is employed.

(2) Agitation due to the Gas Phase: The effect of

Superficial Gas Velocity

When a gas is bubbled into a liquid through a

series of orifices, such as a perforated plate, the

i urposes:
pressure energy contained in the gas serves two purp




it is u i i
i sed in Creating gas bubbles and, at the same
time,

molecular forces in the liquid. The amount of agitation

of the liquid phase caused by bubbles depends on the super-

ficial gasivelosiyiiintcns bubbly flow regime, the

bubbles are able to clear a way in an axial direction
without any collisions or coalescence occurring.
Therefore, the column is uniform in appearance, and the
extent of liquid phase agitation is not significant.

On increasing the gas velocity, eventually a point will
be reached when the bubbles are able to overcome surface
tension forces and coalesce. Increasing the gas velocity
above this transition point leads to the formation of
many large bubbles which ascend at the centre of the
column following a snake-like path: this is often
referred to as the slug flow or turbulent regime. At
very high gas velocities, the slugs will become unstable

and break-up resulting in higher gas hold-ups.

The Effect of Vibration

The intensity, or loudness, of a sound depends

upon the extent, oOr amplitude,‘of the vibration set up,

and its pitch upon the frequency, Or number of vibrations

per second. Disturbances of the same type as sound

i i i ecause the intensity
waves may be inaudible either b

is deaf to
(loudness) is jnsufficient or because the ear is de
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those parti :
particular frequencies, The normal range of hearing

extends approximately from 20 té 20,000 vibrations per

segandiqSoungeg higher freQuency than 20,000 are

called i :
supersonic or ultrasonic. Ultrasonic excitation

is a second method of changing the level of molecular

energy. There are a number of reports on the effect of

ultrasonic energy on the behaviour of air-water systems
and some are considered below: the author, himself, has
not carried out any work using this method of energy

input.

Gaines (56) showed that, if intense audible sound
is introduced into a vessel containing water cloudy
with tiny air bubbles, these immediately coalesce to
form large bubbles which rise to the surface, the water
becoming clear in a few seconds. A similar effect of

ultrasonic sound has been reported by Harvey (57).

Buchanan et al. (58) showed that at low vibration
frequencies the surface of the liquid exhibits various
modes of surface wave whose configuration depends on the
frequency of vibration: when they increased the vibration

the surface lost definition becoming a turbulent zone
of droplets and bubbles.

Blake (59) has found that extremeley small

bubbles can appear at the pressure antinodes; these then

coalesce to form bubbles up to a millimetre or so in

diameter, and bubbles of this order of size, or slightly
r

o observed streaming away from the major

larger, are als

pressure antinodes.




Goldman a; i
and Ringo (60) subjected water super-
2 . y
saturated with carbon dioxide to a moderately intense

tandi :
standing wave field of 60 KC/s: they observeg P otnation

of bubbles of al1 Sizes.

Boyle (61) in his work produced stationary waves

by placing a generator above a vertical column of liquid,
the air-liquid surface Serving as a reflector: he found
that it is possible to adjust the operating conditions

SO as to produce either large or small bubbles in the
ligquid. When large bubbles were produced they rose rapidly
through the liquid, but the small bubbles, especially at
very high frequencies, could be made to stay almost

stationary.

Minnaert (62) has given the following formula
for predicting the average diameter of bubbles in a

vibrated bed:

pi=
b

where "F" is the frequency in cycles/s and db is the
bubble diameter in cm. The diameter corresponding to
840 cycles/s is 7.8 mm; this is a much larger diameter

than that usually found under similar conditions in

the absence of sound (63).

The above results clearly indicate that sound,

1ike heat, may cause coalescence at moderate frequencies

and break up large bubbles to create a uniform dispersion
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of air in wat g
€r at high frequencies. These phenomenon

have been clearly describegd by Lloyd Hopwood (64)

following his studies of the effect of ultra-sonic

vibration o
M frequency range on the behaviour

of gas-liquid mixtures. He observed that with moderate

intensities of vibration, the bubbles formed slowly

and, as they grew in size (due to coalescence), they

oscillated and tended to rise to the surface in an
irregular zigzag manner. For high intensities, he

found that no gas bubbleswere even visible. Therefore,
as explained before, if in some way the inter-molecular
forces of water (i.e. the H-bonds) are weakened, the
chance of bubble coalescence occurring will increase.
However, if the water molecules are excited to such an
extent that the inter-molecular forces are almost
destroyed, then mixing between water and air molecules

will occur on a molecular scale; consequently, few bubbles

will exist.

2516243 Gas Flow Patterns

In the bubbly flow regime, visual observations

and high-speed photography show that the bubbles detaching

from the gas distributor are about 5 mm in diameter and

ascend through the liquid phase without colliding or

ble backmixing at the sides
2 k3 de

coalescing; the degree of bub

of the column is also very low (see Figure (




———

At hi ici
higher Superficial gas velocities, the

bubbles coalesce within a few centimetres of the gas

distributor ang large bubbles form; these ascend at

the centre of the column along a wave-like path, as

Figure (2.16) shows. The slugs carry a Bohs inerable

amount of liquid in their wakes: in addition, high-speed
photography shows that when a slug is rising a large number
of small bubbles also rise in its wake (see Figure (2.17)).
Later, when the slugs leave the system, the small bubbles
in the wake cannot overcome the downwards liquid flow

and so, they get dragged downwards with the liquid at

the sides of the column. These small bubbles near

the wall of the column can move downwafds as far as the
gas distributor; for this reason, the density of bubbles

(i.e. gas hold-up) at the bottom of the column often

appears to be high.

Visual observations and high-speed photography
also show that liquid and gas circulate rapidly in
"mixing" cells created by the snake-like movement of
the slugs. At the centre of each cell large bubbles
form due to the relatively high density of gas; these

large bubbles also tend to coalesce with the slugs

which are ascending at the centre of the column.

2.6.4 I;.‘iquid' Flow Patterns and Liquid Phase MIX3ihg

Liquid mixing in bubble columns is a process in

) i id move awa
which adjacent components of a volume of liquid m Y




from each -

other at a certain tipe, Depending upon the
size of the Ccomponents, the finest mixing evidently is
e i |
that in which the molecules Iepresent the components

which change location, The displacement of these

components (or molecules) from each other in bubble
columns is caused by rising bubbles, and the intensity

of these movements depends on the gas velocity (i.e. the

energy input).

Figures (2.18) and (2.19) show the effect of
superficial gas velocity on the liquid dispersion
coefficient measured at the side of the column using
the unsteady-state calorimetric method described in
Section (2.3.2). Studies of mixing in the liquid phase
of bubble columns have been carried out by numerous
investigators over the years, and the trends from the
author's work are in good agreement with the findings

of others (70, J71l, 72, s i

Three regions(bubbly flow, a transition region
and slug-flow) can clearly be recognised in the above

figures. These regimes correspond with regimes

identified by means of visual observations. In the

bubbly-flow regime, the bubbles do not transport a large

volume of liquid upwards and sO the extent of liquid

backmixing at the side of the column is low. By

comparison, in the slug (or turbulent) flow regime,
liguid transport is greatl

patterns are set up.

-84~
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~dimensional

bubble columns respectively. The Plots indicate that

as the liquid flowrate increases gas hold-up slightly
increases in the bubbly flow regime but decreases in

the turbulent flow regime: the effect on the transition
point should also be noted. These trends can be
explained as follows: as Usl increases, liquid
circulation in the bubbly-flow regime is reduced and
gas hold-up increases; however, when slugs form, it

would seem that the intensity of liquid circulation

increases with Usl leading to a decrease in gas hold-up.

2:646 The Effect of Column Height and Diameter

The effect of column height on average gas hold-up
is illustrated by the results plotted in Figure (2.20)
(see also (72)). Many investigators, in particular
Siemes et al. (71), have shown that the mixing in bubble

columns increases significantly with bed height and

column diameter. In other words, as column height or

diameter increases the intensity of liquid agitation

increases; consequently a lower hold-up fEatRaby pipected.




Bl M

ethod i
s for SuEEresslng Bubble Coalescence

2.7.1 Introduction
_h\

In sectio
n (256}, factors which cause coalescence

no i
phenomena were discusseq, Iwo important parameters

which assist bubble coalescence are (1) liquid-phase

in the three-dimensional bubble column) and (2) the

bubble rise velocity. Therefore, it appears that if,

in some way, it is possible to inhibit liquid circulation

or decrease bubble velocity, bubble coalescence will to

some extent be suppressed and gas hold-up increased.

2, 7,2 The Suppression of Circulatory Flows

It is apparent that the liguid-phase backmixing
in bubble columns has a detrimental effect on gas hold-up.
Unfortunately, this circulation flow is intensified on
scaling up bubble columns, and the only practical way
of reducing it is to fit radial baffles. This type of
modified bubble column would appear to be better than
other types of multistage tower fermenter. To date

the design of such baffles and the effect they have on

the performance of bubble columns have received very

little attention. As far as the author can ascertain,

Fair et al. (3) are the only researchers to have carried

i le, s
out any experiments on & commercial scale, SP

used a column 45.7 cm
using the air-water system. They

=86
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vessel: in some of the testsg
I

the baffles were subjected
to a rapid (17.5 cycles/s) reciprocating motion. Data

were collected on gas hold-up for air-water with and

without the baffles, Figure (2.22) » Presented by these

authors, shows how the baffles increased gas hold-

up by

some 40 to 50% (by reducing liquid backmixing). Movement
of the baffles further increased the hold-up by some 25

to 30% over the stationary case, as is shown in Figure

(i2%:23)5

25 103 The Reduction of Bubble Velocity

As mentioned before, in the bubbly-flow regime,
the bubbles leaving the gas distributor were relatively
small and uniform in size and ascended through the
liquid-phase without coalescence. At higher superficial
gas velocities (Ueg > 4 cm/s in the three-dimensional

bubble column) the bubbles were seen to coalesce at a

point a few centimetres above the gas distributor. This

phenomena has also been observed by Koide et al. (49)

who found that bubbles generated from porous plates

are small and of equal size at low gas jEfecitios but

as
coalesce at a point glightly removed from the g

igh gas
distributor in pure water and solvents at high g
that the
velocities. Marrucci et al. (50) also observed
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® No Baffles
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Figure 2.22 = Effect of close-fitting perforated

baffles on gas hold-up




® Moving baffles

O Stationary baffles

6.1 13

USg cm/s

Figure 2.23 - Effect of moving baffles on

gas hold-up




large bubbles are formeqd. Therefore, it would seem that

if in some way one can reduce the bubble velocity a few

centimetres aboveltl e NNt o coalescence should

be suppressed.

One method used by the author entailed the use
of a 100 mesh gauze, fixed at a distance of about 25 cm
above the gas distributor; the mesh served both to reduce
bubble velocity and to redistribute the bubbles over
the cross-section of the column. The results which were
obtained from testing this approach are summarised in
Figure (2.24) (detailed information is presented in
Table 24 of Appendix (A)). It will be noted that not
only was the hold-up increased by more than 40% but
also the bubbly-flow regime was extended from about
4 cm/s up to 9 cm/s. Visual observations showed that

in spite of the high bubble concentration there was no

sign of coalescence.




0.4
0. 35
0.2
@ One gas distributor
O. 2
° Two gas distributor
25 cm apart
| | |
0 1 i : 8 12
Usg cm/s

second gas distributor

Figure 2.24 - Bigare oglé?EET'in three dimensional

as
gﬁbgle column & for Usg=0.l7 cm/sec
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Nomenclature

e
C(t)

C ()

bo

cg

= O - S =

sg

S

sl

al

Concentration

Concentration of tracer at time (t)

Equilibrium concentration of the tracer

Column diameter
Bubble diameter

Equivalent column diameter

Units

g/cm

cm

Liquid phase axial dispersion coefficientcmz/s

Gas phase axial dispersion coefficient

Frequency

cycles/s
Gravitational constant em/s°
Manometric height cm
Distance from column outlet i
Column height "
Pressure drop cm Hg
Rate of chemical reaction, moles/time volume
Source term (egn. 2.9)
Bubble terminal rise velocity cm/s
Characteristic velocity "
Slip velocity of bubble relative to 2

liquid
Superficial gas velocity 2
Superficial liquid velocity ;
Mean slip velocity of bubbles 1
cm

Axial position in tower
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3 Gas-Phase Study in the Two-

Dimensional Bubble

Column

< 1 Introduction

Data showing the influence of gas properties on

the gas hold-up in bubble columns are scarce and lead to

conflicting conclusions, Bhaga et al. (1) and Koetsier

et al. (2) concluded from the results of their
experiments that an increase in the gas density results
in increasing gas hold-up, while Akita and Yoshida (3)
and Shulman and Moslstad (4) reported that the nature
of the gas had no effect. Recently, Hikita et al. (5)
mentioned that the effects of gas density and the gas
viscosity on the gas hold-up are not so great. Since
industrial processes, in which a liquid is contacted
with a gas, are numerous, it is essential to clarify
the effect of the nature of gases on gas hold-up; as an
introduction, it is instructive to start with the
parameters which have most effect on the solubilities

of gases in polar and non-polar liquids.

3.2 Solubilities of Gases in Liquids

Solubilities in water of many gases have been

reported in the literature; they range in terms of

lium to
solute mole fraction from about 0.000007 for he

about 0.3 for ammonia at 25°c. Whereas for non-polar
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solvents a considesabiahe S success has been
achieved in explaining the order of gas solubilities
and the variation with temperature, such success Wi

largely eluded ok em e e eoie and similar

solutions.

Solubilities are not the same for a particular

gas in all non-polar solvents, and there appears to be

a dependence on the solvent internal pressure or
solubility parameter. On the other hand, solubilities
in water and other polar and associating solvents are
usually much lower than the ideal solubilities, except
in a few cases. The reduction in solubility has been
attributed to hydrogen bonding or association (Garrett
(6)), which appears to have the effect of "excluding"
solute molecules. Solubilities above ideal solubilities
may be considefed to involve some degree of chemical
association or solvation, for example when NH3 dissolves

in water.

For non-polar and even slightly polar solvents

it has been found that solubilities of all gases appear

to approach a constant molar concentration as the

solvent critical temperature is approached (T 8) s

Gas solubilities ihiwater (9) ‘and chlorobenzene

(a non-associated solvent) (8,10,11,12) are shown 1in

Figures (3.1) and (3.2) respectively. It is readily

in
apparent that the solubilities are usually much lower i

r ’
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solubilities are zeiesd by factors of thousands, 1t

is also clear that even in a highly H-bonding solvent,
like water, the solubilities °f a number of the gases
tend towards a common solubility at elevated

temperatures; this can be explainegd in terms of the

diminished tendency for association or weakening of the

H-bonds with an increase in temperature.

If there is a large reduction in solubility of
a particular gas in water because of the powerful forces
between water molecules, it is expected that a reduction
will also occur in other associated solvents. Hayduk
and Laudie (13) related the H-bonding factors for gases
in water to those in the primary, normal alcohols of
chain-lengths up to C4: they found that the effect of

H-bonding diminished with increasing C-content of the

alcohols. Further, where as NH3 reacts with water|
yielding an H-bonding factor (i.e. (gas solubility, mole
fraction in solution)/(ideal solubility, mole fraction

in solution)) greater than one, such appears also to

be the case when methanol and ethanol are used as solvents.

On the other hand, one would expect the solubility of a

strongly polar gas, such as NHj, to decrease with a

decrease in the polarity of the solvent.

Finally, it is necessary to describe the work of

Gjalbek and Anderson (11), who f& smparison between

the experimental and calculated values for the solubility

i e
of oxygen, carbon monoxide, nitrogen §iid earbon dioxid
r
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. l . =
in solvents with different Polaritijes. They plotted the

Of the, solventa (ESSSRENEEE (3.3)). This figure shows

that the slope of th i
€ lines is greatest for coz, almost

equal for nitrogen and carbon monoxide and smallest for

oxygen. This result is Possibly related again to the

electronic polarisation which for carbon dioxide is

6.6, carbon monoxide 4,9, nitrogen 4.4 and oxygen 4 ml.

In conclusion, it may be said that the solubility
of gases is chiefly determined by their polarity; non-
polar gases have a relatively high solubility in
non-polar solvents whilst polar gases have a high
solubility in polar liquids. If a gas dissolves in a
polar liquid (such as water) it indicates that the
compatability between the gas molecules and liquid
molecules is high; consequently, the tension at the inter-
face between them will be low. If the two phases are not

compatible, the interfacial tension will be high.

3.3 Experimental Programme : Choice of Gases and

and Liquid Phases

Let us first consider air-water systems, as they

i heap and about which
are very familiar, easy to use and cheap
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much data have been Published, Looking at the e
rface

(see Figure (3.4)), there are two ways of approaching th
=

problem of increasing the compatability - firstly, with
r

regard to the gas phase and, secondly, with regard to

the liquid phase. If we look at the interface from the

gas side, we need to increase the polarity of the
gases; to clarify the effect of gas-phase properties on
gas hold-up we therefore chose to work with the
following gases, each with a different degree of polarity:
pure O2 and N2 (non-polar), NH3 (highly polar) and

CO2 (of intermediate polarity). If we look at the
interface from the liquid side, it is clear that we need
in some way to decrease the polarity of the liquid phase
in order to achieve high compatability between the

phases. As mentioned in Section (2.6.2) the inter-
molecular forces of wafer (i.e. H-bonds) can be weakened
by vibration, heating and agitation; the effect of the
degree of polarity can also be explored by replacing
water with a non-polar liquid such as kerosene. Therefore,
a second set of experiments was planned using kerosene

as the liquid phase and either air (non-polar) or

NH3 (polar) as the gas phase.

34 Results and Discussion

'i‘he two-dimensional bubble column, which has
ini

been described in Section (2.4.1), was used in determining

The bubble

the effect of the gas phase on gas hold-up.
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column was operategd continuously With respect to ga

» s
flow and batchwise with respect to the liquid. 1In
Figure (3.5)) the results which were obtained for

different gases ang water are compared with the data for

air-water system. Furthermore, Figure (3.6) shows the

results of gas hold-

up for the air-kerosene ang NH3'

kerosene systems. All the data used to plot these graphs

are given in Tables 1 and 2 of Appendix (B).

Jo 1 Effect of N, and 0,

Molecules like 0, and N, have zero dipole
moments, that is to say they are non-polar. Therefore,
they cannot form any kind of physical bond with a polar
liquid, such as water, at the gas-liquid interface, and,
as a consequence, water molecules at the interface remain
unbonded from the gas side. The water molecules at the
interface thus experience attractive forces on either
side due to their neighbours. and from within the bulk
of the liquid, and these put them in a state of tension.
The water interface with O, and Nzrtherefore, behaves

like the air-water interface as a stretched elastic skin;

consequently, we should expect the same bubble size and

hold-up as is shown in Figure (325) .

o
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3. 82 E
ffect of 002 on Gas Hold-up

T Lo =
he 0CO molecule is linear and, also, the carbon

to oxygen bond is intermediate in length between a R e

o] -
(1.2237) and a triple (1.132%) bong. The studies of

co2 by high resolution infra-regd Spectroscopy provide

an interesting example of the use of this method for
molecules which cannot be studied by the microwave

method because they have no Permanent dipole moment (14).

In contrast to N2 and 02, CO2 at the interface
can form a physical bond with the water molecules
(although the bond may be much weaker than the H-bonds
among the water molecules themselves). Formation of
physical bonds between water and the gas phase will
increase the compatability between CO2 and water and
cause a reduction in surface tension and consequently

bubble size; therefore, a higher hold-up compared with

that for non-polar gases is to be expected.

Unfortunately, the surface activity of gases is

not as well documented as that of non-volatile surfactants,

but it is known that the surface tension depressions of

H.S and CO. are considerable. Herrick and Gaines < ) I

2 2
for example, found that st causes a greater reduction

in surface tension with pressure than any other gas. The

data for H,S and for other gases suggest that the

maximum lowering of surface tension corresponds to the

adsorption of one close-packed monolayer of gas molecules
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it seems that the

compatability between gas and liquid at the TEerfade i

the main parameter effecting bubble size and, conseqguently,

gas hold-up.

Jravds. 3 Effect of NH; on Gas Hold-up

Ammonia has a dipole moment of 1.46D, and it is
highly soluble in water (see Figure (3.1)) due to its
high polarity. Because of the high compatability existing
between ammonia and water molecules, no bubbles were
observed even after the bubble column had been operated
for six hours and at a gas velocity of about 4 cm/s.
Later, a few, very small bubbles appeé}ed: some of these

remained almost stationary and slowly reduced in size

until they disappeared; other bubbles decreased significantly

in size as they ascended the length of the column. For
these reasons the déta obtained with NH3 have little
meaning. Generally, bubble size and bubble velocity, as
based on visual observation, were very low compared with
those which have been observed when using C02, O2 and

N The formation of small and fine bubbles also

2.

indicates how NH, reduced the surface tension of water

despite its low density compared with that of other gases.
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3. 4.4 Air-Kerosene and NH3 =~ Kerosene Systems

of the gas phase effected the surface tension of water,

a highly polar liquid. 7o gain more confidence in our

approach, we substituted water with kerosene (a mixture

of Cq5 ~C,g alkanes) which has a viscosity similar to

that of water but ig non-polar. Two sets of experiments

were performed with kerosene: firstly, we used air as the
gas phase, and, in the second set of experiments, we

used ammonia. The results are pPresented in Figure (3.6).

In the air-keroseqe system the compatability
between air and kerosene molecules is very high because,
as mentioned before, both are non-polar. Due to this
compatability, the bubble size was very small (about
2 mm in diameter) and we have not previously seen so
many small, uniform bubbles ascending the length of the
column and forming a very stable foam at the top of the
column. It is worth mentioning here that in one large
scale process for producing heavy water (the Girdler-
sulphide process), in which gaseous st is contacted
with liquid water, the formation of foam has been
reported (16,17). In this process, both liquid and
gas are polar, H,S forming a stable monolayer at the inter-

face with water; therefore, a large reduction in the
surface tension of water will occur and this causes the

system to form foam.
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Anot i
her, very Mmportant phenomenon which was

se i :
DBy alr-kerosene system was the downward

movement d
of bubbles, Thig Phenomenon was more evident

when the air flow to the column was suddenly shut off,
when many bubbles having reached the top of the column

rebounded to the bottom of the column (see Figure (3.7)

at almost the same velocity., Sometimes, collision between

falling and rising bubbles was observed but they did not
coalesce. Formation of bubble chains at very low gas
velocities was another phenomenon which was observed in
the air-kerosene system. The formation of bubble chains,
which can result in coalescence are discussed in more

detail in Section (4.5.5).

Although the NH3-kerosene system foamed readily,
it also exhibited a high degree of coalescence, and the
bubbles appeared to be larger than in the air-kerosene
system. As NH3isakﬂghly polar gas, the compatability
between NH3 and kerosene is low, and as a consequence,

the tension at the interface is high compared with that

for the air-kerosene system.
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A S i i
tudy of Gas-Liquid Systems with Additives

in the Liquid Phase

4.1 Introduction

In chapter (2) we discussed air-water systems.

However, our results were obtained for pure water only

and they do not hold good for solutions. 1In bubble-column

fermenters, the culture medium consists usually of a mixture

of inorganic salts and sugars; metabolic products such as

alcohols and organic acids are also frequently present

in significant quantities. It is well known that the
most significant difference between the air-water system
and many air-aqueous solution systems is that, in the
former, the bubble coalescence rate is high, whilst, in
the latter, the coalescence rate is low. However, there
has been little detailed analysis of this information and,
consequently, the mechanisms underlying this difference

in system behaviour remain only poorly understood.

Furthermore, recent interest in the production of
single cell protein on various water-insoluble hydrocarbon
substrates shows how important is the effect of less

soluble or non-soluble organic compounds on the behaviour

of air-liquid systems. Again, until recently, there has

been no systematic work done on the effect of relatively
insoluble or non-soluble organic compounds (such as long

chain alcohols) on the behaviour of air-water systems.
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Finally, little information is available about

the effect of liquig viscosity on gas hold-up, and agree-

ment among Tesearchers ig poor, Consequently, it was

decided to éxamine the effect of this important liquid

property on gas hold-up. If the liquid is highly viscous,

then bubbles rise very slowly; such conditions make it

possible to readily observe and photograph different
stages of bubble Coalescence, and it is believed that

such observations can provide a better understanding of

coalescence phenomena.

The above paragraphs explain briefly why the author
embarked on the programme of work described in the
following sections. The experimental work is preceded

by a detailed review of the literature.

4.2 Literature Survey

4.2.1 General Correlations of Gas Hold-up and Liquid

Physical Properties

Bridge et al. (1) observed that isocamyl alcohol,

in some way, inhibited the coalescence of bubbles in

agueous solutions. The fact that isoamyl alcohol and a

glycerol -water mixture exhibited foaming tends to indicate

non-coalescence. Another of their observations with

non-coalescing systems was the appearance of a dense
bubble-bed at the top of the columns and its slow movement

down to the bottom. Because of foam formation in their
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runs with glycerol-water mixtures, they were not able

to obtain quantitative data aboﬁe da certain gas flow rate,
but at higher floy rates they observed that glycerol-water
systems behaved in a similar way to the iso-amyl alcohol

solutions.

Marrucci et al. (2) studied the effect of ethyl
alcohol on bubble size and bubble coalescence, and they
found that it has a similar effect to electrolytes.
They concluded that electrical repulsive forces are the

factor which hinders coalescence of the bubbles.

Hughmark (3) has presented a correlation of the
gas hold-up which takes into account the effect of the
liguid properties based on work with the following
systems; water-air, kerosene-air, light oil-air, aqueous
glycerol solutions-air, Na, SO3 solutions-air and
ZnCl2 solutions-air. He showed that his own data and
that of other investigators on the fractional gas hold-up,
€Eg, can be correlated successfully by using the term
USg ((l/pL)(72/T))l/3, where Usg is the superficial gas
velocity and Py, and 1 are the density and surface

tension of the liquid. The final correlation was:

L (4.1)
1/3
v gl (O.35/Usg)((pL/l)(T/72)) /

EIg—-

Akita and Yoshida (4) measured the gas hold-up

for various gas-liquid systems (water-air, ‘glycol-air,
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methanol-air, aqueous glycol solution-air, aqueous

methanol solutions-air, water—oz, water-He and water-

C02) and analysed the experimental data by means of

dimensional analysis. They found that gas hold-up varies

with the density and Viscosity of the liquid, surface tension

and superficial gas velocity and can be predicted by:
1/8 d3 2g Vl'). U

2
d p. g P
—=9 = ¢ (L% L sg
4 ( ) (4.2)
(l—Eg) T uLZ (dg)l;z

where C = 0.2 for pure liquids and non-electrolyte

solutions and C = 0.25 for electrolyte solutions.

Akita and Yoshida (5) also measured bubble sizes by a
photographic method in four systems (water, glycol,
methanol and sodium sulfite solution). They found,
experimentally, that the bubble sizes were independent

of the properties of the system such as surface tension,
liquid viscosity, and liquid and gas densities. They
found that the only factors affecting the volume-surface
mean diameter of initial bubbles were the orifice diameter
of the gas distributor and the gas velocity through the

orifice.

Hikita and Kikukawa (6) have studied the effect
of liquid physical properties on gas hold-up, using air
and various liquids (water, aquéous methanol solutions
and aqueous sucrose solutions), and found that the liquid

surface tension had a considerable effect. The
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experime
P ntal data Were correlated by the dimensional
exXpression:

ol 0.47 2
g = 0.505 u2-*7 (73/1)2/3 . 1205 (4.3)

Gestrich and Rahse (7) have also attempted to
correlate data in the literature and have presented
equation (4.4), which relates the gas hold-up to the

liquid properties, the column dimensions and operating

variables.

2 0.025(2.6+1 )
(U5 4/3,9) ( R 5208 _ 6 05 (4.4

where
5 S 4
K= (p; 7 /1 9)

and d. = 0.31cn,.

The mean bubble diameter, db’ usually ranging from 0.2
to 0.4 cm, has been found to have no significant effect
on the gas hold-up. Therefore, the constant value of

0.3 cm can be used as the value of db in equation (4.4)

to estimate the &g values.

Kumar et al. (8) have presented gas hold-up data
for air and several liquids (water, 40% glycerol solution
and kerosene) and found that their own data and that of

previous investigators can be correlated by equation (4.5)
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as a function of the dimensionless gas velocity containing
the superficial gas velocity, the densities of the liquid

and gas, and the surface tension of the liquid.

m
Q
I

0.728U - 0.485 U® + 0.0975 y3 (4.5)

where

h 2 1/4

U Usg (py,"/Tlpg)
Botton and Cosserat (9) examined the effect of

surface tension on gas hold-up by using water, water

tensio-active and water-glycerol systems and found less

than 10% increase in gas hold-up.

Mersman (10) has proposed a semi-theoretical
correlation for the gas hold-up in terms of dimensionless
groups containing the physical properties of the gas and

liquid. The correlation given is as follows:

L 2 1024
__53——4 = O 14 e TAL ) (——%———-)
(1-eg) 2 e Wy Apg
5/72
°L P (4.6)
== () :
Pa 0

Schugerl and Lucke (l1l) measured the gas hold-up
in a bubble column bioreactor using Cl-—C4 alcohols and

they found that the type of alcohol and its concentration
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influenced the hold-up: methanol Produced the smallest
increase in gas hold-up, n=propanol and n-butanol the

highest, and ethanol Produced an intermediate increase

in gas hold-up.

4.2.2 The Effect of Liquid Viscosity

Although extensive theoretical and experimental
studies concerning gas bubbling in low viscosity liquids
are evident in the literature, there is very little
information available for predicting hold-up in high
viscosity liquids. Agreement amount investigators about
the effect of liquid viscosity is not good. Calderbank
et al. (12) found that when the liquid is viscous the
clustering together of bubbles becomes more pronounced
and coalescence happens, thereby leading to a reduction
in hold-up. These phenomena are illustrated in Figure
(4.1). In contrast Eissa. et al. (13), who also studied
the effect of liquid viscosity on gas hold-up (see
Figure (4.2)), found that increasing liquid viscosity
from 1 to about 11 cp is accompanied by increased gas

hold-up, with a maximum at about 3 cp.

Rietema and Ottengraf (14) studied the effect
of liquid viscosity on gas hold-up. They carried out
experiments at several air flow-rates and using glycerol-

water solutions of different viscosities (ranging from
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97 cp to 1100 CP). Their results show that the gas

hold-up increases significantly when the liquid

viscosity increases from 97 cp to 1100 cp

Bridge et al. (1) found that glycerol-water

mixtures exhibited foaming, and, because of the foaming,

they did not succeed in obtaining quantitative data above

a certain gas flow-rate.

45203 The Effect of Electrolytes

Braulick et al. (15) found a significant
difference in bubble dispersion in pure water and in
solutions of electrolytes. While the coalescence and
turbulence patterns for salt solutions were the same as
those observed for air-water dispersions, super-imposed
on these patterns in salt solutions was a fine dispersion
of microscopic bubbles. Because of the nature of the
solutions with which small bubbles were associated,
Braulick et al. called them "ionic bubbles". Ionic
bubble generation appeared to be associated with areas
of intense liquid turbulence, and, because of their low
rising velocities, these bubbles were easily carried
along with the liquid eddies and served to make them

visible . It is obvious that the interfacial contact
areas of such ionic bubble clouds are very large and in
addition the residence times are like to be unusually long.

The ionic bubble fraction cloud, therefore, provides a
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mode for mass transfer in electrolyte solutions that

would be absent in pure liquid systems.

Sharma and Mashelkar (16) found that the values
of gas hold-up and effective interfacial area were much
higher in the case of electrolyte solutions than in the
case of non-electrolyte solutions. Also, the nature of
theelectrolyte was found to be important so far as the
effective interfacial area was concerned. The true gas-
and liquid-side mass transfer coefficients were, however,

independent of ionic strength.

Fair et al. (17) found that electrolytes can
exhibit hold-up values 20 to 30% higher than those in
non-electrolytes because of the formation of very small,
stable bubbles with correspondingly slower rise

velocities.

Yoshida and Akita (5) suggested that the gas
hold-up in aqueous solutions of electrolytes, such as
sodium sulfite and sodium sulfate, was slightly larger
than in non-electrolyte solutions or liquids due to the
electrostatic potential at the gas-liquid interface.
Marrucci et al. (2) have studied the average diameter of
gas bubbles in electrolyte solutions of different
concentrations, using a porous plate gas distributor of
pore size 8 um and superficial gas velocity of 0.5 cm/s.
The shape of all their curves is asymptotic to a value

of 0.41 mm, although the concentration at which the
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asymptote is reached is different for the various

electrolytes. They concluded that (i) the coalescence

process is influenced by the flow rate and by the nature
and concentration of the solute and (ii) the effect of

the solute is mainly due to electrical repulsive forces
which hinder coalescence between bubbles brought into
contact by the liquid motion. The efficiency in inhibiting
coalescence of the inorganic electrolytes seems to depend
upon the valency and the magnitude of the derivative dt/dc

to which the surface excess is proportional.

Deckwer et al. (19) studied oxygen transfer in
tall bubble columns. This study was carried out with
water and agqueous solutions of NaCl and Na2 SO4 in two
bubble columns of 723 cm and 440 cm height respectively.
In both columns they found that the mass-transfer rates
increased by about 50% for the aqueous solutions of
NaCl (.17 N) and Na2 SO4 (.225 N) compared with the
rates in tap water. On the basis of the findings of
Marrucci et al. (2), Lessard et al. (20) and Zieminski
et al. (21), the addition of electrolytes was expected
to impede bubble coalescence, and owing to the smaller
bubble diameter it was anticipated that the interfacial
area would increase by a factor of 2 to 3 (21). On the
other hand, it had been observed that the mass transfer
coefficienty KL’ decreases with decreasing bubble size
(22,23,24,25). Therefore, Deckwer et al. assumed that

the increase of KLa could be attributed to an increase
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of the interfacial area and a simultaneous decrease
of K;+- In order to clarify this point Deckwer et al.

(26) determined the interfacial area independently by

taking photographs over approximately half the height of the

bubble columns. The enlarged photographs of the gas-

liquid dispersions were then analysed with a particle
size analyser. It was found that the bubble size

distributions were similar to those for water, and so

Deckwer et al. concluded that electrolyte solutions should

not be regarded as non-coalescing liguids.

Schugerl and Lucke (11) used inorganic salts to
increase surface tension and found that, in high
concentrations of salt solutions, the coalescence rates
were greatly diminished. They also measured the bubble
sauter mean diameter using a perforated plate gas
distributor and they found that the addition of salts
did not change the sauter mean diameter of bubbles.
With a porous plate gas distributor they also found
that the influence of salts on the bubble diameter was

much less than that of alcohols.

4.3 Experimental Programme

Experiments to assess the effects of both soluble

and non-soluble alcohols, glycol, glycerol and electrolyte

solutions on gas hold-up were carried out in the two-

and three-dimensional bubble columns described in
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Section (2.4): the operating conditions used in the

experimental programme were similar to those used in

the study of the air-water system.

The experimental bProgramme has been divided into
three parts. 1In the first set of experiments, a study
was made of the effect on gas hold-up of varying the
lengths of the non-polar end of molecules having the same
polar group. A range of primary alcohols with different
non-polar lengths were chosen for this purpose; alcohols
used were completely dry and pure. The first three
alcohols (Cl-C3) in the series are completely miscible
with water; n-butanol, which is soluble to the extent
of about 8%, was considered to be on the borderline for

solubility; n-hexanol and n-octanol were considered

to be non-soluble because of their long aliphatic chains.

The second set of experiments was planned to
assess the effect of the polarity of the polar ends of
molecules on gas hold-up and bubble coalescence: glycols
(with two (OH) groups) and glycerol (with three (OH)

groups) were used to study this effect.

Finally measurements were made with electrolyte
solutions - KC1l, NaCl and KI. These inorganic salts, in
contrast to the alcohols, are negatively absorbed at the
gas-liquid interface, and so they can be used to
provide some idea of the importance of the strength of

intermolecular forces in the bulk of the liquid phase.
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4.4 Experimental Results

Although most of the experiments were performed
for a wide range of alcohol or electrolyte compositions,

the trends in the results were very consistent. Because

of this the number of graphs presented has been reduced

to the minimum necessary to illustrate the main effects.

The experimental programme for each column was
carried out in a completely random fashion with each
experiment being repeated at least two or three times.
Tap water was employed as a reference system by which

to compare the results using the alcohol and electrolyte

solutions.

guidl. Effect of Soluble Alcohols

The effect of soluble alcohols (Cl—C3) was
studied by measuring gas hold-up in solutions of
different concentrations of these alcohols (betwen O-1.5%)
in the two-or three-dimensional bubble columns. Figures
(4.3) and (4.4) summarise the results from the two columns
and Tables (1) and (2) in Appendix (C) give the detailed

experimental data.
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4,4,2 Effect of Long-chain Alcohols

The aqueous solutions used contained n-butyl
alcohol, n-hexyl alcohol and n-octyl alcohol in the
concentration range O-1.5%. Figures (4.5) and (4.6)
show the measurements of gas hold-up for the two-and
three-dimensional columns; all the data used to plot

these graphs are given in Appendix (C) Tables (3) and
(4) L

4.4.3 Effect of Glycols and Glycerol

The variation of gas hold-up for a wide range
of superficial gas velocities using different concentrations
of glycol or polyethylene glycol has been determined in
the two-dimensional column. Figure (4.7) presents a
comparison of the measured values of gas hold-up for the
air-aqueous glycol and polyethylene glycol (HO (CHZCH20)4H)
solutions with those which were obtained for water under
identical operational conditions. All the data used to

plot these graphs are given in Appendix (C), Table (5).

The effect of liquid phase viscosity was also
studied using glycerol; it should be noted that this chemical
has three sites for forming hydfogen bonds. Figure (4.8)
shows the results of gas hold-up in the range of 18 to 65%
concentrations of glycerol in the two-dimensional bubble

column. All the data used to plot these graphs are given

in Appendix (C), Table (6).
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Figure 4.9 - Illustration of Bubble Chain and Bubble
Coalescence in Glycerol Systenm

(a) Bubble Chain
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4.4.4 Effect of Electrolytes

The effect of SlEoEieI RIS INtIchs vas studied

in the two-and three-dimensional bubble columns; the gas
hold-up was measured at different concentrations of
sodium chloride, potassium chloride, and potassium
iodide over a wide range of superficial gas velocities.
Figures (4.10) and (4.11) compare the values of the

gas hold-up for air-water, air-potassium chloride,
air-sodium chloride and air-potassium iodide solutions

in the two-dimensional bubble column: Figure (4.12) shows
gas hold-up in two potassium chloride solutions at
different concentrations (0.05 and 0.0l g/cm3) in the

three-dimensional bubble column. Tables (7) to (9) in

Appendix (C) give the detailed experimental data.

4.5 Discussion

4o Dl Effect of Alcohols : Introductory Comments

Hydrocarbons have the physical properties that
we might expect of such non-polar compounds, these being

the relatively low melting and boiling points which are

characteristic of substances with weak intermolecular

forces; further characteristics include solubility in

non-polar solvents, and insolubility in polar solvents

like water. Alcohols are considerably different from

hydrocarbons becausée of the presence of the very polar
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(OH) group and particularly because this polar group

contains hydrogeh - EiEEE constants of a number of

alcohols are listed in Table (10) Appendix (C)

A striking difference between alcohols and

hydrocarbons is the miscibility of the lower alcohols

(C;-C3) with water. Because of the polar (-OH) group,

alcohols are held together by very much the same sort of
intermolecular forces as those which hold water molecules
together. As a result, there can be a mixing of the

two kinds of molecules, the energy required to break
apart two water molecules or two alcohol molecules being
similar to that for the formation of a-similar bond
between a water molecule and alcohol molecule. This is
true, however, only for the lower alcohols, where the -OH
group constitutes a large portion of the molecule. A
long aliphatic chain, with a smaller (-OH) group at one
end, is mostly alkane, and its physical properties reflect
this. The change in solubility with carbon number is

a gradual one : the first three primary alcohols are
miscible with water, n-butyl alcohol is soluble to the

extent of 8% and n-hexyl alcohol and the higher alcohols

still less.

What is unusual about the boiling points of alcohols

is that they are so much higher than those of the

corresponding hydrocarbons. Alcohols contain the strongly

polar (-OH) group, and the strong intermolecular forces
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arising from dipole—dipole attractions are overcome

and boiling occursionlyPat¥higher’ tenpetatures

Consequently, like water, alcohols are associated liquids

with their abnormal boiling points arising from hydrogen
bonding. The solubility of the lower alcohols in water
is due to the hydrogen bond that can exist between a

molecule of water and a molecule of alcohol, as well as

between two molecules of alcohol, or between two molecules

of water.

4.5.2 The Effect of Soluble Alcohols on Gas Hold-up (C,-C,)

Figures (4.3) and (4.4), which were obtained using
the two-and three-dimensional bubble columns respectively,
show that the most important difference between pure water
and solutions containing methanol, ethanol and propanol
is that, in the former, the gas hold-up is low, and, in
the alcohol solutions, it is high. Also a comparison of
gas hold-up values for these three different systems
indicates that the gas hold-up increases with gas velocity
in order propanol ; ethanol > methanol > water. An

explanation for the above results will now be put forward.

When air is bubbled through an aqueous alcohol

solution, the concentration of alcohol at the freshly

formed bubble surface is low and almost the same as in

the bulk solution. However, the alcohol molecules will

quickly become oriented at the interface. Now, a
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comparison of these three alcohols shows that there is
no épparent difference between their hydrophilic groups
(OH) : this is due to the fact that dipole moments of

these three alcohols are the Same and almost identical

to that of pure water (see Table L0) , Appendix (C)).

Consequently, the hydrogen bonds formed between water
molecules and water with these three alcohols or these
alcohols with themselves are almost of the same

strength. However, when comparing the length of their
hydrophobic groups, it is clear that there is an
increase in going from methanol to propanol. Therefore,
there is a greater tendency for propanol molecules to
build up at the air-liquid interface; 6n the other hand,
in the case of methanol solutions, the composition at the
bulk and interface is mMare Similar » because the length
of the non-polar tail of the methanol molecules is
relatively short. So alcohol solutions differ from pure
water in that some water molecules are replaced by
alcohols at the bulk and at the interface. Due to the
similarity between these alcohols and water we can
conclude that these alcohols cannot greatly change the
inter-molecular forces in the bulk of the system; but

at the gas-liquid interface, the non-polar end of the

molecules are orientated away from the liquid and the

(OH) group remains in the bulk of the liguid owing to

the stroﬁg hydrogen bonds which this group can form

with water. The overall effect is that the alcohol

molecules (1) tend to "anchor" the bubbles to the bulk
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of the liquid and (2) lower the surface tension. Th
- e

degree by which the surface tension is reduced will depend

on the concentration of the alcohol and the efficiency

of packing of its molecules at the gas-liquid interface:

it is for this reason that the lowering of surface

tension of water by Propanol is greater than that caused

by ethanol and methanol. Expressed another way we can

say that the surfaces are more easily stretched in the

order:

CH3CH2CH20H > CH3CH20H > CH3OH > H20

and, consequently, gas hold-up is increased in the order:

propanol > ethanol > methanol > water,

4.5.3 The Effect of Long-chain Alcohols on Gas Hold-up

As mentioned before, as the length of the non-polar
tail of alcohols increases, so the similarity between the
alcohols and alkanes increases: this is because a long,
non-polar tail with a small (OH) group at one end is
mostly alkane. The results of adding long chain alcohols
(€ > 4) to water is that the alcohol molecules will orient

steeply to the interface, and form a surface film one

molecule thick. The principal factor determining whether

or not these films are stable is the strength of the bond

between the alcohol and water molecule at the surface and
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attraction perpendicular to the surface In the case of

shorter chain alcohols, the molecules will dissolve in

water if the attraction is high or evaporate if it is low:

in the case of long-chain alcohols, the water molecules

cannot "pull" the alcohol molecules into the bulk of the
water owing to the resistance of the long, non-polar
chains to immersion and the decreasing polarity of the
(OH) group as the number of carbon atoms in the non-polar
chain increase; therefore, the alcohol spreads out as a
monomolecular film on the surface.

Now, if the perpendicular attraction between the
film molecules and the water is weak, the film tends to
crumple up under small lateral compression or perhaps
cannot be formed at all and remains as a compact drop
(or non-wettable solid). Comparison of the polarity of
butanol and higher alcohols with the polarity of water
shows that the hydrogen bonds between water-water
molecules are much stronger than those between water and
long-chain alcohols. Therefore, the strength of the
anchorage of the films formed by these alcohols at the
bubble surface with the bulk liquid (i.e. water) is weak;

as a consequence, the bubbles are more mobile and

coalescence is not inhibited. Thus we may expect the

occurrence of bubble coalescence and, as a consequence,

reduction in gas hold-up to follow in the sequence:
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n-butylalcohol < N-hexyl alcohol <« n=octyl alcohol

Figures (4.5) and (4.6) for the two-and three-dimensional

bubble columns respectively show this trend

Finally, we should bear in ming that, by correct

choice of additive, we can cause almost any liquid to

foam. For example in aqueous solutions, the polarity of
the polar end of a good foamer should be high in order
to be able to anchor the bubbles to the bulk phase by
forming strong bonds and the non-polar end should also
be Sufficiently-long to lower the surface free energy as
much as possible; soaps, whose non-polar end is a long
carbon chain of 12 to 18 carbons and whose polar end

-+
(-COO Na ') can make a very strong ionic bond with water,

meet the necessary requirements.

4.5.4 The Effect of Ethylene Glycol and Polyethylene

Glycol on Gas Hold-up

In the previous sections we have seen that the
coalescence of bubbles occurs more readily when the
polarity of an additive is less than that of water even
though the non-polar end of the molecules is long enough

to significantly reduce the surface tension of water at

the interface. However, in order to study what happens

if the polarity is greater than that of water we have

Shossn to use sty iEEs and polyethylene glycol. Ethylene

glycol contains two hydroxyl groups; by QR FrpE0 with

ethanol we can
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OH OH H lﬂ
see that it is the same except for the replacement of
one atom of hydrogen by the polar hydroxy group. By this
substitution the polarity increases from 1.69D for ethanol
to 2.2D for ethylene glycol and the surface tension
increases from 23 dynes/cm for ethanol to 47.7 dynes/cm

for ethylene glycol. As we might expect, because ethylene

glycol has more than one site for hydrogen bonding, it

boils at 197°C.

When air is bubbled through water—glycol solutions,
the surface tension of a freshly formed surface is low;
however it will gradually increase and reach an
equilibrium wvalue, because the constituent with the lower
surface tension, the glycol, will be dragged into the
bulk from the surface (due to higher attraction forces
which exist between water-glycol compared to water-water
molecules). Therefore, the concentration of glycol
molecules at the interface will be somewhat less than in
the bulk liquid phase: also, since the glycol molecules
in the bulk form two strong hydrogen bonds with water

molecules, the intermolecular forces will increase

Therefore, there will be a greater

g of bubbles

significantly.

resistance in glycol solutions to the risin

and bubble coalescence.
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Now the effect of those glycols which are at the

interface will be to lower the surface tension of pure

water from 72 dynes/cm to some value between 72 dynes/cm

and 48 dynes/cm. However, from visual observations and

photographic studies there was no evidence of a significant
reduction in bubble size, which means that the composition
of glycol at the interfaces was negligibly small,
Therefore, in glycol solutions the gas hold-up increased
due to the strong inter-molecular forces and not the

reduction in surface tension (except at high concentrations

o glycol).

To summarise, formation of strong inter-molecular
bonds in the bulk causes a reduction in bubble velocity
and bubble coalescence, and, therefore higher hold-ups

arise, as Figure (4.7) shows.

Polyethylene glycols can be expected to have a
higher polarity and so a greater tendency for forming
physical bonds; also, they have a longer non-polar part
in the middle of the molecules. Therefore, they should
suppress the coalescence of bubbles more than ethylene

glycol, to the extent of creating foams (see Figure ks 1))

4.5.5 The Effect of Glycerol : Another Look at Viscosity

Glycerol is an alcohol containing three hydroxy

groups; as we might expect from its structure, glycerol
I
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boils at 290°C and has a surface tension of 64 dynes/cm.
Therefore, when glycerol is added to pure water it

will increase the intermolecular forces in the bulk
liquid phgse, thereby reducing the bubble rise velocity
and the tendency for bubble coalescence to occur; as a
result, the gas hold-up should increase compared with
that for water, as Figure (4.8) for the lower

concentrations of glycerol show. However, as the

concentration of glycerol increases, water molecules at
the interface will be replaced with glycerol molecules.
Glycerol molecules at the interface do not significantly
decrease the tension of the interface, because the
surface tension is similar to that of water; for this
reason, the bubble sizes should not decrease, as high

speed photography shows (see Figures (4.9a) and (4.9b)).

The foamability of the system at higher
concentrations of glycerol deserves comment. This
property can be explained by supposing that the glycerol
molecules at the interface anchor the bubbles strongly to
the bulk liquid phase; as a result, when bubbles reach
the top of the liquid it is difficult for them to leave.

The foamability of pure glycerol is shown in Figure (4.9a).

Some experiments have been performed with pure

glycerol; the purpose of these experiments was to

observe and photograph bubble coalescence phenomena.

When the viscosity of a liquid is high, coalescence is

i i pubbles in a chain-like
easy to observe, as 1S the rise of
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fashion through a stagnant liquid (see Figures (4.9a)

and (4.9b). When the bubbles are spaced closely together,

one bubble will suddenly accelerate and overtake the

preceding one. This seems to be the basic mechanism for

coalescence in bubble columns.

4.5.6 The Effect of Ionic Materials (Kcl, NaCl and KI)

The General Effect of Electrolytes

An ionic compound forms crystals in which the
structural units are ions. Solid sodium chloride, for
example, is made up of positive sodium ions and negative
chloride ions alternating in a very regular way. The
crystal is an extremely strong rigid structure, since
the electrostatic forces holding each ion in its position
are powerful. These powerful "inter-ionic" forces are
overcome only at very high temperatures, and it is worth
noting that sodium chloride has a melting point of 810°¢c.
The physical properties of a compound like sodium chloride

are largely due to the ionic bonds.

In the liguid state, the unit of an ionic

compound is again the ion. Each ion is still held strongly

by a number of oppositely charged ions, and a great deal

of energy is required for a pair of oppositely charged ions

to break away from the liguid. Consequently, boiling
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occurs only at a very high temperature, in the case of

sodium chloride 1413°C. When an ionic compound

dissolves, the structural units become separated from

each other by solvent molecules. The energy required

to break the bonds between solute particles is supplied

by the formation of bonds between the solute particles

and the solvent molecules. A great deal of energy is

necessary to overcome the powerful electrostatic forces
holding an ionic lattice and, in general, only water
and a few other highly polar solvents are able to

dissolve ionic compounds appreciably,

In solutions like sodium chloride, each ion is
surrounded in the bulk by a cluster of water molecules

as illustrated below:

W
QéDQ @@Q

A freshly cleaved surface of an electrolyte solution
will, for any given concentration, generally have a
surface tension greater than that at equilibrium. As

the surface ages and approaches equilibrium, solvated

\ of
jons leave the surface to given way to adsorption

water molecules; therefore, the surface tension should

be lower than the dnitialREEEESEE still greater than

that of pure water. For EhiS EESSCE a significant reduction
a .

d.
in bubble size is not likely to be observe
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The formation of ionic clusters in the bulk
phase makes the solution highly'cohesive, and so this

has the effect of decreasing. the bubble rise velocity

and the tendency for bubbles to coalesce. The overall

result is an increase in gas hold-up compared with that

in alr-water systems, as Figures {4,10) o (4.12) for the

two-and three-dimensional bubble columns show.

The Effect of Different Anions and Cations

KI and KCl are two ionic compounds having the
same cation (KT) but different anions. The Cl~ anion is
more electronegative than the I anion and so potassium
chloride is more ionic than potassium iodide. This
means that the intermolecular forces in the bulk phase
of potassium chloride solutions are stronger than those
in potassium iodide solutions: therefore, coalescence
will be more suppressed in potassium chloride solutions,

as Figures (4.10) and (4.11) show..

Furthermore, potassium chloride is a stronger
electrolyte than sodium chloride, and, as a result, gas
hold-up in potassium chloride solutions might be expected

to be higher than that in sodium chloride solutions

(see Figures (4.10) and (4.11h:
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Effect of High Concentrations of Potassium Chlorig
ride

Large increases in surface tension cannot be
obtained in solutions by using solutes with fields of

force much greater than the solvent. Also, the rise
r

in surface tension above that of the solvent (i.e. for

water with a value of 72 dynes/cm) will be highly
dependent on the strength of the particular ionic

compound used and its composition. Therefore, in order

to get a clear picture of what may happen when the surface
tension increases significantly above that for pure water,
the gas hold-up has been studied in a series of strong
solutions of potassium chloride; the results of these
studies in the two-and three-dimensional bubble columns
are summarised in Figures (4.13) and (4.14). (Detailed
information is tabulated in Appendix (C), Tables 11 and

1255

These results follow a trend exactly opposite
that which has been observed in bubble columns in all
previous studies. As will be seen from the figures, at
low gas wvelocities (Usg < 8 cm/s for the two dimensional
column and Usg < 4 cm/s for the three-dimensional
column) slug flow occurs; ©on increasing the gas velocity
above these figures a bubbly flow regime develops. When

3
using strong potassium chloride solutions (c = 0.1 g/cm™)

in the three -dimensional bubble column with Usg B s

a heayy foam was formed from very tiny bubbles. The reason

for this pheomenon may be explained as follows.
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In Chapter 3, when we discussed the effect of

Ehe"nature of the Uascs of S hold-up, it was shown

how the bubble size can be decreaseq by increasing the

compatability of the gas phase with the liquid phase
Here, we have the opposite situation, because in strong
solutions of potassium chloride the composition of ions

at the interface is very high and so the compatability
between gas and liquid is very poor. As a result, at
low gas velocities larger bubbles will form and
consequently the hold-up will decrease. However, due
to the very high tension which exists at the interface
between ions and air, these systems are on the whole
very unstable; for this reason, when the superficial
gas velocity is increased, the large bubbles break-up
and many small bubbles are formed. This was confirmed
at the end of the experiment by shutting off the gas

supply, when a wide range of bubble sizes, from 5 mm

diameter to ionic bubbles, were seen in the system.
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Nomenclature

a column diameter

dy bubble diameter

L column height

g gravitational constant
Usg superficial gas velocity

Greek Letters

Py, liquid phase density
P gas phase density

B, liguid phase viscosity
€9 gas hold-up

) surface tension
Subscripts

L liquid phase

G, g gas phase

-165-

Units

g

g

cm/s

cm/s

g/cm3

g/cm3

g/cms or CP
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5 Three-Phase Systems - s;mulation of the Behaviour

of Microbial Aggregates

5.1 Introduction

Three-phase reactors have many applications in

catalytic reaction engineering. There are two common

modes of operation of the three-phase reactor: (1) trickle

bed or packed bed operation, where the catalyst is
stationary and the liquid flows as a dispersed phase,
the gas being the continuous phase, and (2) slurry
reactors, wherelthe catalyst is suspended in the liguid
medium by either mechanical - or gas - induced agitation.
Here the ligquid medium could either be a reactant or an
inert medium for contacting the dissolved gases with

the solids. Similarly the gaseous component could be
either a reactant or an inert to provide agitation. The
solid particles in most cases are catalysts or absorbents.
Two types of slurry reactor operation are normally
encountered - mechanically agitated slurry reactors and
bubble éolumn slurry reactors. The bubble column slurry
reactor (the subject of the author's research) has a
number of advantages over other three-phase reactors,

such as trickle bed or packed pubble bed reactors.
These are:

1. As catalyst particles of small size can be used in

rticle diffusional resistance

packed bubble

slurry reactors, the intra pa

r
is low in comparison to that in trickle ©

lo
bed reactors. Trickle bed reactors normally employ

ticle
catalyst particle sizes at which the intra par
diffusion may be significant.
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2. The external mass transfer coefficients in slur
ry
reactors are higher than in trickle or packed bed
S;
this leads to better utilisation of the catalyst

3. Slurries have higher heat capacities ang higher heat

transfer coefficients. Due to this, temperature

control of exothermic reactions is better in slurry
reactors, and the formation of hot spots can be avoided.
Slurry reactors are relatively safer for reactions with
temperature run-away. The large liquid volume is also
an advantage in maintaining isothermal conditions. The
heat recovery, too, in these reactors is better.

4. In view of the difficulty of pelletizing some solids
and the high cost involved in pelletizing, slurry

reactors may prove to be more useful in some cases.

In spite of these advantages, the design of
slurry reactors is not without problems. A major
problem is that little is known about the hydrodynamics
of the solid phase in such systems. In this section, we
will attempt to elucidate this problem by looking at
the effect of the solid phase on the performance of

the bubble column, using a wide range of solids with
different physical properties, i.e. wettability, density
and size. At the same time, it will be possible to get

some idea of the behaviour of microbial aggregates in

bubble column fermenters.
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5.2 Literature Survey

Gas-liquid-solid operations are of a comparatively
complicated physical nature: three different phases with
different physical properties are Present and the flow

patterns of each individual phase are complex. Three-
phase fluidisation has only recently become the subject
of systematic research, and the available information
on this subject is indeed meagre, incomplete and mainly
based on studies with air, water and glass ballotini.
In the following sections published information on the
behaviour of the gas and solid phases will be reviewed.
Some other aspects of gas-liquid fluidisation (i.e.

mixing of the liquid and solid phases) will be surveyed

in Section (6.2).

S Bubble Coalescence Studies

Several studies have been directed towards

improving our understanding of the problem of bubble

coalescence or disintegration in gas-liquid fluidised

beds. The published papers are introduced historically

to provide an indication of how ideas have been

developed.

Massimila et al. (1} injected air through a

r: orifices
single orifice into beds fluidised by tap wate

of 0.4 and 1.0 mm i.d. were used, the gas flowrate was
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1 3
varied from 0.5 to 6.5 cm®/s, ang
® S0lid phases were

silica sand, glass ballotini ang iron sand of
average

equivalent diameters from 0.22 to 1.09 mm. The
. . average

size of gas bubbles emerging from the bed surface was
determined from photographs, ang estimates of bubble
coalescence were obtained by determining the size of
gas bubbles emerging from beds of different heights. It
was observed that bubble coalescence occurred in the
lower part of the fluidised beds, whereas beyond
distances of about 30-60 cm from the orifice the net
rate of coalescence approached zero. The rate of
coalescence was observed to decrease with increasing bed
expansion. An_attempt was made to interpret these

results using a theoretical model of bubble flow and

relatively high, effective bed viscosities.

Adlington and Thompson (2) have measured the
gas-liquid interfacial area in beds of particles of from
0.3 to 3 mm diameter by oxygen absorption in a sodium
sulphite solution. They found that the interfacial area
decreased with decreasing bed porosity and that it was

less sensitive to changes in particle size.

Lee (3) has reported measurements of average

bubble diameter and gas-—liquid interfacial areas for

t -
gas-liquid f£luidised beds = NGE SHRDGRGRISENC M CEaNEEEr

The gas injection system was arranged to give fairly

nd
large bubbles at the base of the bed, and it was fou

-liquid
that the bubble size decreased and the gas—1id
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interfacial area increased with i
increasing height abo
ve

Ehe gas distribufgc i disintegration of bubbles

occurred at a higher rate in beds of low expansion

Ostergaard (4) measured the rate of growth of
gas bubbles formed in a liquid-fluidised bed at a single
orifice of 3.0 mm i.d. with gas flowrates varying from

3
9 to 63 cm™/s. The experiments were carried out with

tap water, air and sand particles of an average
equivalent diameter of 0.64 mm. The bubble frequency
at the orifice was measured by an electrical resistance
probe connected to an oscilloscope, which produced a
straight line at zero gas flowrates and a series of
peaks at finite gas flowrates, each peak corresponding
to the increase in electrical resistance resulting from
the formation of bubbles. The bubble frequency of the
bed surface was calculated from cine photographs. The
measured bubble frequencies at the orifice did not
generally deviate significantly from those measured in
water with no solid particles present. Near incipient
fluidisation, however, the frequencies appeared to be
lower than in water. The measured rate of coalescence
was markedly dependent on bed porosity, having a relatively

high value near the point of incipient fluidisation and
decreasing with increasing ligquid velocity and bed

porosity.
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Sherrard (5) has carried out large number of

cbservations of bubble'size, Hortvar imEimietiig ois
e

and density, bed height and bed Porosity. The high

rate of bubble coalescence observed in beds of small

particles of relatively low density was explained by

reference to the relatively high viscosity of such beds

Ostergaard (6,7) observed that bubbles in a bed
of small particles near incipient fluidisation were nearly
spherical in shape or of a spherical cap shape, the
included angle being larger than that observed for
spherical cap bubbles in water. In contrast, bubbles in
a bed of high porosity were of ellipsoidal shape or of
a spherical shape, the included angle being relatively
small. Therefore, Ostergaard (8) has concluded that
three-phase fluidised beds may be divided into two main
categories, namely beds of large particles which are
capable of breaking up the gas flow into a dispersion of
relatively small bubbles and beds of small particles in
which the gas bubbles are considerably larger: this
division is also supported by Lee et al. (9) . Ostergaard

has also proposed a theoretical model for bubble

coalescence based on the observations of Massimila et al.

"that beds of small particles are characterised by a

high viscosity" and those of calderbank et al. (10)

"that the rate of gas bubble coalescence in liquids

"
increased markedly with an increase in liquid viscosity".

’ -up will
However, as discussed in Section (3) hold-up
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explanation for his results is opPen to question

Rigby et al. (11) measureg the size, frequency
'

rising velocity, and size distribution of gas bubbles

within three-phase fluidised beds by means of an

electrcrresistivity probe. They employed water, air and

four sand samples having mean diameters ranging from
0.12 to 0.775 mm. The results obtained were similar to
those of Massimilla et al. Darton and Harrison (12)
also employed an impedance probe to study bubble
characteristics in air-water fluidised beds of 0.5 mm
sand. They observed that in air-water dispersions the
interfacial areas were considerably higher than those
in three-phase fluidised beds at the same gas flow rate:
this was because the bubbles were smaller in the

air-water dispersions.

Some studies are also concerned with the mechanism
of bubble break up in three-phase fluidised bed. Sherrard,
Lee and Buckley (9) have developed a criterion for the
disintegration of bubbles when they are penetrated by

solid particles; the criterion is expressed as a

critical value of Weber number. Henriksen and Ostergaard

(13), in order to check the theory of Sherrard and Lee,

studied the break-up of 2 cm bubbles in beds of water

and methanol. Three solids were employed, namely 5 mm

bubble
steel spheres and 3 and 6 mm glass spheres. A

=175~
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was held stationary by a downwa_rd flow of liquid and a
particle was then allowed to fall through it, In no
case was the bubble observed to distintegrate: they

concluded that the bubbles were broken Up as a result

of Taylor instability (14) of their roofs. Since the

minimum sized particle capable of splitting a bubble in
air-water beds was shown to be about 8.5 mm it was
concluded that the instability was generated by fingers

of liquid projecting down through the roof of the
bubble.

Kim et al. (15) also identify two distinct types
of three-phase fluidisation. These may be termed "bubble
coalescing" and "bubble disintegrating" situations.

The former occurs when the particles are smaller than

the critical size and the latter when they are larger.
The addition of particles smaller than the critical
size to a liquid-gas bed resulted in an increase in the
mean bubble size: they called this the "bubble coalescing"
type. The addition of solids larger than the critical
size resulted in a reduction in bubble size, and this is
the "bubble disintegrating” type. Interestingly, Kim

et al. (16) have since claimed that liquid viscosity
plays an important role in determining which type of

fluidised bed behaviour is observed: they found from

experiment that beds of gravel and 6 mm glass R

; ted
fluidised by air and low viscosity solutions exhibite
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bubble disintegrating behaviour whereas bubble coal
: alescing

behaviour was observed on increasing the viscosity of
o

the liquid fluidising medium. Kim et al. made

reference to the work of Calderbank (see Section (4.55))

in support of these findings. Kim et al. (17) in their

recent paper on the characteristics of bubbles in three-
phase fluidised beds concluded that liquid viscosity and
surface tension have little effect either on bubble “"
size or rising velocity. Interestingly, they found
that, at low viscosities in three-phase systems, the
solids played a minimal role in coalescence but, at

higher viscosities, the coalescence rate in gas-liquid

beds decreased and in the three-phase system remained

approximately constant. Also, they reported that there
appeared to be no statistical difference between bubble i
characteristics in beds of different particle size when

operated under the same experimental conditions.

5u2u2 Gas Hold-up

Some measurements of gas hold-up have been

11 now be

reported in the literature, and these wi

described again in date order.

Adlington and Thompson (2) reported results from

experiments with (a) 3 in diameter beds of alumina
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particles of from 0.3 to 2.8 mnm diameter fluidised b
Y

white spirit and (b) 10 in diameter beds of sand
particles of 0.3 mm diameter fluidiseqd by water, They
found that the presence of solids hag little influence on
gas hold-up below superficial gas velocities of about
1.5 cm/s. At higher gas velocities the presence of
solids caused a decrease of gas hold-up, pParticularly in

the denser beds prevailing at lower liquid rates.

Schugerl (18) and Afschar and Shugerl (19) have
reported data on hold-up in gas-liquid fluidised beds
of 0.25 mm solid particles, the liquid medium being
water. It was observed that gas hold-up was considerably
lower in the gas fluidised bed than in a corresponding
solidsfree system. Ostergaard and Gilliland (20)
measured the gas hold-up in beds of sand particles of
40-60 and 60-80 mesh. The fluid media were nitrogen and
water. The gas hold-up was largely independent of
particle size and liquid velocity. Comparison with an
equivalent gas-liquid system free of solids showed
that the gas hold-up of such a system was higher than
that of a gas-liquid fluidised bed.

Michelson and Ostergaard (21) measured gas

hold-up in beds of 1, 3 and 6 mm glass particles in an

. The
6 in diameter bed fluidised by tap water and air y

found that bubble break-up occurred in beds of large

: : f small
particles resulting in a uniform dispersion ©

bubbles and thus higher h

-178-
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important in beds of small particles and, therefore
'

gas hold-up was lower than in the corresponding solids-

free systems.

Kato et al. (22) measured gas hold-up using air,
water and glass spheres. Five gize ranges of glass
spheres with a density of 2.52 g/cm3 were used: 63-88,
88-105, 105-125, 125-149 and 149-177 pm in diameter,
They found that (a) the gas hold-up of the air-water
glass sphere system was somewhat less than that of the
air-water system, and (b) the larger solid particles

resulted in somewhat smaller gas hold-ups.

Kumar and Roy (23) reported data on the simultaneous
gas-liquid fluidisation of solids using air, water and silica
and limestone as the solid phase. It was observed that the
gas hold-up decreased with increasing bed height. They
explained this as follows: if both the solid bed height
and solids hold-up increase, the amount of liquid
contained within the effective column length is reduced
and this in turn reduces the gas hold-up.

Ostergaard (24) recently measured gas hold-up
of 9 in diameter and found

similar

in three-phase fluidised beds

that the results were in good agreement with

: in
hold-up data previously obtained for a column of 6

1)).
internal diameter (see Michelson and Ostergaard (21))
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5. 3 Experimental Programme

o Experimental Equipment

Throughout the three-phase Programme use w
as

made of the same two columns usegd in previous work (that
is to say the two-dimensional bubble column of size

1.3 cm x 1.34 cm in diameter and the three-dimensional
bubble column 15.2 cm in diameter and 173 cm in height).
Details of columns and the peripheral equipment can be
found in Section (2.4). A suitable mesh was fitted over
the column outlet in order to prevent the solid phase from

being washed out and to keep the average solids concentra-

tion in the column constant.

548 12 Materials and Operational Conditions

Tap water was used as the liquid fluidising
medium, and air was used as the gaseous phase. Solid
particles of plastic material in the form of spheres,
right cylinders and irregular fragments and ballotini

beads of a wide range of sizes were used to simulate either

microbial aggregates or inorganic catalysts: the

properties of these materials are given in Appendix D.

The operational conditions were almost the same as those

given in Section (2.2.1), the numerical values of the

gue dnd iiquid superficial velocities remained the

n
same as those used for two-phase systems (see Sectio

2,205
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5.3-3 Experimental Procedure

Initially, solids were introduced into the
pubble column, liquid and gas were then fed in at

pre-determined values. Following this, and after a

steady concentration distribution of solig particles

was established in the column (it was assumed that this

happened when the bubble coluiun became full of liquid

and started to overflow from the take-off system) , samples
of fluidised suspension were withdrawn through sampling
taps into measui:ing cylinders. The volume of each sample
was then measured, and the solid particles were then
separated from the liquid and allowed to settle in
ﬁleasuring cylinders. The settled volume of solids was
than measured. The solids concentration was expressed

in cm3 of settled solids particles per 'cm3 of fluidised

suspension.

Gas hold-up was estimated as a function of
superficial gas velocity, liquid flowrate and solids
concentration. The method (detailed in Section 2.3) was
to measure the displacement in the system height due to
the air-flow. The difference in height was assumed to

be produced by the gas hold-up in the system according

3
to the definition that gas hold-up Or volume voidage, €9,

is the fraction of the mixture volume occupied by the

gas bubbles.
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5.4 Three-Phase Systems cOntaining'Non-Wettabl
=

Solid Particles

5.4.1 Solid Surface Properties

;Noh-wetting means, as discussed in Appendix D
r

that the contact angle between a liguid and solid is greater

O .
than 90°. It seems that, as yet, the largest contact
angle to be found is 105° for paraffin wax. However,
the non-wettable solid particles which we used were

Styrocel.

The Styrocel particles were spherical in shape
and of a wide range of size and density; details are
presented in Appendix D. From the molecular aspect,
these particles are made of polystyrene, the basic unit

being;

- CH—

g

The above structure has no polar group and, consequently,

—-CH2

it cannot form any kind of bond with highly polar liquids
such as:water. For this reason, it will remain unwetted

in water.

5.4.% Experimental Results

5.1) to (5.6) were

non-wettable

The results in Figures (

inin
obtained with three-phase systems containing
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solids (Styrocel) and show how the bubbly-£1oy i
regime

was affected when a small amounﬁ of s0lid was agg d
ed,
The number of data points in each graph has been, i
v in
most cases, reduced because of their close pProximity

for the same reason, only a few lines have been included

All the data used to plot these graphs are given in

appendix (E) - Tables (1) to (6).

Variation of Solids Concentration over the Length of the

Column

In order to get some idea about axial distribution
of these non-wettable solids, the solid composition at
the centre of the column and at five different heights
has been measured by the method described in Section
(4.3.3). The results of these measurements are given as
a function of column height, with superficial gas
vélocity as a parameter, in Figures (5.7), (5.8) and (5.9)
for three different initial solid concentrations. The
experiments were carried out over a wide range of

superficial gas velocities, but for the sake of clarity

not all the data are presented. Detailed information is

tabulated in Appendix (B = Tables (7), (8) and (9) .

Effect of Solids Concentration

: tudied
The effect of solids concentration was S

y . i amounts of
by measuring the gas hold-up with difEeRiis

he results are plotted in

solid (0% to 30%). Some of t
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Flgures (5.1, 5.2, 5.3, 5.5, 5 6 However beca
! use

above the 10% level the solid-phase hagiiuins
additional effect on gas hold-up, data St Brat

er
ljevels have been omitted.

Effect of Solid Size and Solid Density

The experiments to assess the effects of solid
size and solid density on gas hold-up were carried out in
two series. The first of these involved the use of three-
phase systems containing solids with a density less than
water; the results of the experiments have been presented
in Figures (5.3) and (5.4). The second series involved
the use of solids of different sizes and having a
density much higher than that of water; the results of
these experiments have been plotted in Figures (5.10),
(5.11) and (5.12). The detailed data for all these graphs
have been listed in Appendix (E) - Tables (10), (11) and

(12) .

5:4.3 Discussion

Effect of Solid Phase

Figures (5.1) to (5.6) were obtained for Systems

1 ies and
containing solids of different sizes and densit

: -~ 11
show how the hold-up is minimized by adding L
gures, on the

rked in
The

amounts of solid. Furthermore, theseé ka
idq is more ma
whole, show that the effect of solid is M

: -flow regime.
the bubbly-flow regime than in the slug-fl

explanation for this is as follows.
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1t is well known from studies of air-water systems
that the coalescence of bubbles is suppressed by the
intermolecular forces of water. When water, which is
highly polar, is brought into contact with solid surfaces
sucﬁ as polgstyrene, the water cannot "adhere" to them.
Thus, at the interface between solid and water there is
unbonded hydrogen with a positive‘charge and oxygen with
a negative charge; the tension (and consequently surface
free energy) at the interfaces between solid particles
and water will thus be very high. Because the
attraction between water-water molecules is much higher
than that between water and solid particles, the solid
particles will tend to migrate towards bubble interfaces.
As a result the concentration of solids at the bubble
interface should be greater than in the bulk. Also,
the motion of particles in bulk liquid will lead to some
lowering of the resistance to bubble coalescence.
Therefore, the tendency for bubbles to coalesce will be
higher even at very low gas velocities in the presence

of large and small particles as Figures (5.1) to (5.6)

show.

Furthermore, the presence of non-wettable solids,
which cannot form any kind of physical bond with water,
at the interface between gas slugs and water will weaken
the anchorage of the water molecules to the slug surface.
Therefore, the slugs will tend to be crumpled and shapeless

in appearance as high-speed photography shows (see Figure
(5.13)),
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i -Phase Systems
of Slugs in Three :
T ggzggining Non-Wettable Solids.

Figure
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Ssolids Aggregation angd Solids Flotation

Figures (5.7), (5.8) and (5.9), which were

obtained after measuring solids concentration gradients

in the axial dlrectlon in the two-dimensional bubble

column, show that at lower gas velocities the solids

concentration was higher in the upper sections of the

column. They also show that on increasing the superficial

gas velocity the solids concentration gradually decreased
at the top of the column. An explanation of these

phenomena will now be put forward.

The extent to which solid particles are dispersed
in water depends on the balance between the adhesion of
the solid particles to each other and their adhesion to
water. Because the attraction between water molecules is
higher than that between water and non-wettable solid,
the particles will tend to stick together instead of being
dispersed as single particles in water. Visual
observations made after shutting off the gas, show that
particles join together to form many clusters throughout

the bulk of the system. Also, the low adhesion between

water and solid particles causes the particles to become

preferentially attached to any "jonic bubbles": such

gas-solid aggregates then concentrate near the top of the

column. Consequently, at lower gas velocities, the

olumn is
solids concentration at the top Ricubae

the column.
significantly higher than that at the bottom of

e slugs
Rhandrt o superficial gas velocities are high, th g

particles are more

' i the
cause more violent agitation and

d (5.9) show).
uniformly dispersed (as Figures (5.7), (5.8) an
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Effect of Solids Concentration

As discussed before, adding a small amount of

o
solid is enough to break the resistance between bubbles
and improve the pPossibility of bubble Coalescence even

at very low gas velocities, By destroying bubbly-£1ow

and changing it to slug flow there will be a great
reduction in gas hold-up (as Figures (5.1) to (5.6) show).
At higher gas velocities, the cellular or whirl-pool
like flow patterns which were observed in air-water
systems (see Section 2.6.3) are also completely destroyed
by the solid particles; conseqguently, there is a
reduction in gas hold-up but it is less significant
compared with that at lower superficial gas velocities.
When the solids concentration reaches about 5%, the slugs
attain their ultimate size and almost fill the diameter
of the column (as high-speed photography also proves);
therefore, beyond this concentration, the reduction in

gas hold-up is negligible (because slugs cannot grow any

larger).

Effect of Solids Density and Size

Figures (5.1) to (5.6) , which were obtained for

three-phase systems containing styrocel particles of

: imum
different sizes and densities, show that the max

llest
reduction in gas hold-up happened on using the smallies

t
particles of density 15052 g/cm3. Ag the particle density

r, the
was decreased, compared with that of water,
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experimental results shoy less reduction ip gas hold
S ho -up,

and .when the density of ee s RN 0.45 g/cm® the

reduction in hold-up wasg minimized

Furthermore, figures
(5.10), (5.11) and (5.12) which wWere obtained for

ballotini spheres, over a wide range of particle sizes

and densities show that as the density of particles
increases (compared with that of water) the reduction in
gas hold-up will decrease, and for particles with

density of 2.7 g/cm3 the reduction in gas hold-up is
again small. These figures also show that as the particle

size increases the reduction in hold-up decreases.

In general, for the particles to lower the
resistance to bubble coalescence, they should, firstly
be able to mix well even at low superficial gas velocities,
and secondly, have some momentum. Now, when particle
densities are significantly greater than that of water
and at low superficial gas velocities, the bed of
particles only expands by a limited amount, and so, unlike

particles whose densities are similar to that of water,

these heavier particles do not mix to any great extent.

Consequently, heavy particles do not lower the resistance

to bubble coalescence, and the reduction in gas hold-up

is low, as Figures (5.11) and (5.12) show. Light

ter is
particles, whose density compared with that of wate

t at low superficial gas velocities,

very 16W, will floa
A locity is high enough to

and, when the superficial gas V€

have not enough momentum to break

drag them down, they

the resistance between bubbles.
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Therefoxe, when the particleleiee Enuatars the
'

interfacial arca Refis solid particles and w t
] ater

will increase; as a result, the tension in a system which

contains smaller, non-wettable solids is higher than
that in a system which contains larger particles

Therefore, coalescence may be expected to be higher in

systems containing small particles.

BB Three-Phase Systems Containing Wettable Solids

5.5 Choice of Wettable Solids

Adhesion occurs when two surfaces are joined -
a commonly encountered situation. But what is adhesion
and how does it arise? By considering these points it is
possible to make an informed choice about the type of
solid phase to be used in an experimental programme.

Particular attention must be given to the cohesive bonds

between the water molecules (i.e. hydrogen bonds) and the

surface properties of the solid particles. The author believes

that, by studying the extent of the adhesion between the

solid and ligquid phases and also the cohesion within the

bulk of the liquid phase, it is possible to provide a

ystem performance. Hence, those

better understanding of s

known as
forces which hold molecules together and are

: 4.
physical bonds will firstibe considere

-202-




5.5.2 Physical Bonding

Weak attraction forces, which are known as

]
van der Waal's forces and result frop the stray fields

associated with polarized covalent bonds, are responsible

for the physical properties of most organic or inorganic

compounds. There are tWo types of such forces - those

between two adjacent molecules (intermolecular Van der Waal's
forces) and those associated with the same molecules
(intermolecular forces). There are three categories of
Van der Waal's forces - Debye forces, Keesom forces and
London forces. These forces operate over molecular
distances and they are attractive; however, at very small
distances repulsive forces come into operation. Here we
are concerned only with Keesom forces which result from
the interaction of two permanent dipoles. Dipoles occur
due to unequal sharing of electrol pairs in covalent
bonds where displacement of electron clouds occurs. The
degree of the electron displacement is reflected by the
dipole moment. Many examples of permanent dipoles are
available in organic and inorganic molecules. Molecules
exhibiting permanent dipoles are extremely important

when considering adhesion phenomena between & liquid

phase and solid phase. Particular examples of dipoles

are bonds formed from carbon and OXyger. carbon and

nitrogen and carbon and halogen.
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On th i
e basis of the above explanation angd

consideration of the structure 6f water (which
ch was

diSCUSSEd in 'S i
ection 2 . 6) + the following plastic particl
| | es,
rith d4di ffel ent le els of polarity in their polar group
v oups,

were chosen for studies of the effect of wettabilit
) y -

1. Nylon Particles

Nylon (or polyamide) has the following structure:

H

(—c—R—c—ﬁ-R'-c-)
i I
(o R @it

The carbonyl groups ( —C=0) and amino groups (-NH) of the

above structure are a good example of permanent dipoles.

2. Moviol Part

Moviol particles have the following structure:

(CHZ—CH-CHZ-CH—CHZI

| o

OH OH

Hydroxyl groups (-OH) in a branched form give very high

permanent polarity to the Moviol solids.

3. Diakon Particles

like Moviol particles, have

Diakon particles, 0
branched polar groups (-O—C-CH3), as their structure

shows :
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Other characteristics of the above solids (such

as, shape, size and demsity) are given in Appendix D

5i 5.3 Experimental Results

Gas Hold-up

The influence of nylon particles on gas hold-up
is presented in Figure (5.14) for a wide range of solid
concentrations and superficial gas velocities in the
two -dimensional bubble column. Figure (5.15) shows the
same experimental results for nylon in the three-
dimensional bubble column. The experimental data for
these two graphs are given in Tables (13) and (14) of
Appendix (E): the experimental procedure and measurements
used in this part of the programme have been detailed

in Section (4.3.3)%

Gas hold-up is also shown as a function of

s velocity for different shapes a

(5.15) and (5.16) . The

nd sizes
superficial ga

of Moviol particles in Figure
es are
detailed data which were used to plot these figur

i E)c
given in Tables (14) and (15) of Appendix (



@ Pure water
o 1% solid

X 4% solid

8 12 16

i ith
- : : of nylon particles (w
Figure 5.14 Typlfa%légﬁlgggcs = 5.24 g/cm3) on gas_hold;up
davt;o dimensional column and for Ugy = 0.17 cm/s.
on
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[ ] 4% Movial Particles

8 12
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in three-dimension
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@ Air-water
X 3% solid (shapeless)

® 1% solid (powder like)

3 12 16

Usg cm/s

particles on gas hold=-up

moviol
Effect of 2l column and for Us! =

in two-dimension
0.17 cm/s

Figure 5.16



Finall
Y, the same experiments were performed

i Diako :
using akon particles as the solid phase. The relation-

ships between the gas hold-up and superficial gas
velocity with solid concentration Rt o are
presented in Figures (5.17) and (5.18) for the two and

three-dimensional bubble columns respectively. Detailed

data which were used to plot these figures are set out

in Tables (14) and (16) of Appendix (E).

the Column

The solids concentration for three-phase systems
containing Nylon and Diakon particles has been measured
for a wide range of superficial gas velocities and
average solid concentrations in the two-dimensional
bubble column. Samples were drawn from the side of the
column at five different heights, and these have been
analysed by the method which was described in Section
(4.3.3). The results of these experimental observations

are plotted as a function of the column length with

superficial gas velocity as a parameter in Figures (5.19)

to {5.23) ., ©Th= experiments were performed as mentioned

before, for a wide range of superficial gas velocities

and initial solid concentrations, but due to their great

itted.
similarity, some sets of data have been omit

lot
Finally, the experimental data which were used to plo
4

i to 21) of
these figures are tabulated 1in rables (17

Appendix (E).
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5.5.4 Discussion

Effect of Nylon Particles

First ' i
+ We should consider the forces which operate

when the surface of golig pParticles such ag nylon, with
two strong permanent pPolar groups (c=0 and N-H), comes
into contact with water which is also highly polar. Due

to the permanent polarity which exists in water and on

the solid surfaces, the majority of the Physical bonds

which form across the interfaces between water and the
solid phase are of the Keesom type. When such a strong
physical bond, which is much stronger than the inter-
molecular forces in water, is established at the inter-
face between water and the solid surface, the total
energy of the system should be diminished. The formation
of stronger intermolecular Keesom forces rather than
intermolecular forces of water at the bulk causes a
stronger resistance to bubble movement; therefore the
bubble rise velocity and bubble coalescence will decrease
and gas hold-up will increase as Figures (5.14) and

(5.15) for the two-and three-dimensional bubble columns

show.

Effect of Moviol Particles

Moviol with its high hydroxyl group content in

branched form on a Very long hydrOCarbon chain possesses

both very strong hydrophilic and hydrophobic groups.
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When the surface of Moviol Particles is exposed to water,

very strong hydrogen bonds will form between the water

molecules and polar sites (i.e. OH). As a consequence,

the total surface eénergy of the system is diminished and

a system is formed with a much lower surface tension

than that of water. Thus, the large reduction in the

total surface energy at the interfaces causes heavy
foam formation when the solid phase is powder-like and
less foam, with high gas hold-up, when large particles

are used, as Figures (5.15) and (5.16) show.

Effect of Diakon Particles

Diakon particles, like Moviol particles, have
their polar groups (—O-E—CH3) as branches on the main
hydrocarbon chain. Therefore, when they come in close
contact with water, physical bonds will form. Diakon
particles, due to the low surface tension they have, will
reduce the surface tension of water significantly;
therefore, they will not only increase gas hold-up by
reducing bubble size but also, like Moviol particles,

produce a foam (see Figures (5.17) and (5.18)).

Axial Distribution of the Solids Phase

Figures (5.19) to (5.23), which are based on
results from the two-dimensional bubble column using

Nylon as the solid phase, show that a marked axial solids
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concentration profile existed

However, the extent of

the profile, as these figures shoy
!

depends greatly on
operational conditions ang

' particularly, on superficial

The figures show that, at low Superficial
gas velocities (i.e.

gas velocity.

in the bubbly-flow regime), the

solids concentration in the lower sections of the column
was much higher than that in the upper sections of the
column. Conversely, at higher gas velocities (i.e. in
the slug-flow regime) the solids concentration in the
upper section of the column was much higher than that

at the bottom. However, for three-phase systems
containing Diakon as the solid phase, the above phenomenon
were not observed as Figure (5.23) shows: this figure
illustrates that, on the whole, the variation of solids
concentration in an axial direction was not sensitive to
gas velocity as was the case when using nylon as the
solid phase. The explanation for the above experimental

observations is as follows.

Nylon particles because they possess two strong
polar groups (-C=0 and -NH) will, when added to air-water

systems, be adsorbed in the bulk of the liquid. Therefore

in the bubbly-flow regime, the bubbles §58 = oa%e anough

i he solids
energy to circulate the suspension and so t

; umn will
concentration at the bottom section of the col

column.
be higher than that in the upper section of the

" t are
However, at higher gas velocities, the slugs tha
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formed do have enough energy to circulate the liquid
phase (of which the solid phase is part); therefore,

the solids concentration in the upper sections of the
column tends to become higher than that in the bottom
sections of the column, as Figures (5.19) to (5.22) show.
In contrast to nylon particles, Diakon particles tend
to be adsorbed at the interface between the gas and liquid
phases since they have non-polar sites for adsorbing
ionic bubbles; therefore, Diakon particles will be more
readily distributed over the length of the column by

the gas bubbles.

The other factor to be considered is that of
particle density : the Diakon particles are more buoyant

because their density is similar to that of water.
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6 Radial Non-Uniformity of the Solid Phase and

Mixing in Three-Phase Systems

6.1 Introduction

The performance of a chemical reactor with
respect to conversion and selectivity depends not only
upon the intrinsic kinetics of the various chemical
reactions but also on various physical rate processes
such as interphase, inter-and intra-particle heat and
mass transfer. The effects of these physical rate
processes on reactor performance have been shown to depend

upon the dynamics of the various phases involved.

The mixing of a fluid within a given phase is
conventionally divided into two phenomena: “fihe mixing"
(i.e. micromixing) and "coarse mixing" (i.e. macromixing).
In micromixing, the process is viewed in terms of the
intimacy of mixing of various molecules in flow. The
macromixing view is one in which the fluid is seen as
independent entities and provides information on the
residence time experienced by each: this component of

mixing occurs solely as a result of convective diffusion.

Plug-flow and complete mixing are the two extreme
cases of macromixing which can exist in a flow system.
In fact, flow reactors deviate considerably from the
above extreme cases of macromixing. These deviations
may be the result of non-uniform velocity profiles,
short circuiting, velocity fluctuations due to molecular

and turbulent diffusion, reactor shape and other factors.
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The study of mixing in the liquid-phase of bubble
columns has been carried out by numerous investigators
(some of which have been surveyed in Section (2.1.6))
by using simple air-water systems. The flow patterns
and liquid circulation which are caused by upward bubble
movement have been given attention in recent years,
although this area has been explored more extensively in
the case of gas-solid and liquid-liquid systems. However,
at the present, there is a considerable amount of knowledge
available on the various parameters affecting the
operation of two-phase systems. On the other hand and,
in spite of the extensive use made of three-phase systems
containihg dense particles, little consistent information
concerning longitudial mixing in the solid or liquid

phases has been published.

Now, as is clear from information given in
previous sections, a swarm of bubbles rises uniformly
within a bubble column when the superficial gas velocity
is low. It is also known that on adding a small amount
of non-wettable solid bubbly-flow ceases to be uniform,
and this non-uniformity increases with the solids
concentration. This non-uniformity of the gas in the
radial direction may lead to radial non-uniformity of the
solid phase, although most investigators have assumed
that the solid is uniformly distributed in the radial
direction. Therefore, it seems reasonable that before

any study of mixing (especially in the solid phase) is
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undertaken the relative magnitude of the solids
concentration gradient in the radial direction should be
assessed. The main objective of this section is
concerned with this. Results of some mixing studies in

the liquid and solid phases are also reported.

6.2 Literature Survey

Gota et al. (1) and Farkas et al. (2) have
investigated the concentration distribution of solid
particles in batch operations in columns ranging in
diameters from 3.8 cm to 9 cm. Suganuma et al. (3) have
also measured the longitudinal concentration distribution
of solid particles in batch and continuous operation using
columns of 6 cm, 11.8 cm and 20.1 cm diameter. They
presented an empirical equation for a range of operating
conditions based on the observation that there was a
linear relationship between the logarithmic concentration
of solid particles and axial height from the bottom of

the column.

Ostergaard and Michelsen (4) studied axial mixing
in the gas and liquid phases of a 21.59 cm diameter
fluidised bed containing either 0.25 or 1 or 6 mm diameter
glass beads. They extended their studies (5) to a 15.24 cm
diameter bed using 1, 3 and 6 mm glass beads. The

intensity of mixing was found to depend strongly on the

=225~



particle size and on the flow rates of the fluid phases.
While beds of 1 mm beads were characterised by a high

degree of mixing, 6 mm particle beds on the other hand

showed negligible mixing.

Results on liquid-phase mixing of three-phase
fluidised beds in a 22.8 cm diameter column have been
recently reported by Ostergaard (6), glass ballotini of
1.1, 3 and 6 mm diameter being used. An increase in
the axial mixing coefficients of 50-100% over those

obtained in a 15.24 cm diameter bed was reported.

Kim et al. (7) used the pulse and step injection
techniques to study mixing in the liquid phase of
fluidised beds of 6 mm glass beads and 2.5 mm irregular
gravel in a two-dimensional column (66 cm x 2.5 cm).

They reported that axial mixing increased with an increase

in either gas or liquid flow rates.

Vail et al. (8) employed the steady-state tracer
injection technique and the diffusion type equation to
study mixing in the liquid phase of 14.7 cm diameter beds
of 0.87 mm sand particles. Their longitudinal mixing
results were in complete agreement with those reported

by Ostergaard and Michelsen (4).

Todtet al. (9) studied the axial dispersion
coefficient in three-phase systems containing hollow glass
beads, 125-250 um in diameter, as the solid phase. They
measured liquid-phase axial mixing by means of the pulse

tracer technique using a 20% Nacl solution as tracer.
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El-Temtamy et al. (10) more recently determined
axial dispersion coefficients in the liquid phase of
gas-liquid fluidised beds from tracer concentration
measurements upstream of the injection plane using the
steady-state tracer method. Water, air and glass beads
of 0.45, 0.96, 2 and 3 mm diameter were used. They found
that the values of the dispersion coefficients increased
with increasing gas flowrate and their variation with the
liquid flowrate depended on the particle size. These
coefficients were found to be higher for three-phase
fluidised beds than those for the corresponding two-phase,
particle free systems. El-Temtamy et al. (11) also
reported the measurement of dispersion in the liquid
phase expressed in terms of axial and radial dispersion
coefficients. These coefficients were evaluated from
radial concentration profiles downstream of a point source
of tracer injected continuously. They reported that the
radial dispersion coefficients were one order of magnitude

lower than the axial dispersion coefficients.

6.3 Experimental Programme

B3 uiil: Radial Non-Uniformity of the Solid Phase

The results of the gas hold-up measurements show
that in the presence of non-wettable solids the chance of
coalescence of bubbles is much higher than that in the
solids-free system. It was also shown that a small amount

of solid in the liquid phase is sufficient to eliminate
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bubbly flow and cause the formation of large bubbles
which pass through almost the whole length of the column.
This non-uniformity in the gas phase may cause the non-
uniform distribution of solids in the radial direction.

In order to determine the magnitude of the radial
gradients the concentration of Styrocel particles (d=810 B
and p = 1.2 g/cm3) at eight different radii were measured
over a wide range of superficial gas velocities and solid
concentrations. Samples were taken at the bottom

(25 cm from the gas distributor), middle (90 cm from the
gas distributor) and top (140 cm from the gas distributor)

sections of the column.

B 3.2 Axial Solid and Liguid Phase Mixing Studies

The formation of large bubbles due to the presence
of solid particles may cause more agitation of the liquid
phase compared with that in simple air-water systems.

The available data on dispersion or "mixing" in three-phase
fluidised beds, especially those systems which contain
light particles, are, however, still comparatively scarce.
Therefore, it was decided to examine this important
parameter to get at least some idea of the general trend

of axial dispersion coefficient with respect to gas

velocity.
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The mixing studies could have been performed by
either steady-state or unsteady state tracer techniques.
Due to the simplicity of the unsteady state method,
studies of mixing were performed by using this technique,
and coloured particles or dyes were employed as tracers
for the solid and liquid phases respectively. Mixing
patterns revealed by "one shot" injection of coloured
particles or dye tracers at the top of the column were

carefully and frequently watched.

62 3.3 Measurement Technigque

The backmixing characteristics of various phases
in a multiphase reactor can be evaluated from the residence
time distribution (RTD) of a tracer injected into the
phase of interest. These tracer techniques usually involve
the injection of a tracer at one or more locations in the
system and detection of its concentration as a function
of time at one or more downstream positions. Various
types of tracer inputs such as step, pulse, imperfect
pulse, sinusoidal and ramp have been employed by different
investigators. The nature of the tracer selected usually
dictates the detection system. For the liquid phase, quite
often the tracers (for example potassium chloride) are
such that the detection probe can be inserted directly
into the reactor and continuous monitoring of the tracer

concentration at any fixed position is obtained by means
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of an electrical conductivity cell and a recorder. If
the tracer concentration measurement requires an
analytical procedure, such as titration or colorimetry,
sampling of the liquid phase is required. For the solid
phase a magnetic tracer is sometimes used. In general,
for solid and sometimes gas phases a suitable radioactive
tracer is often convenient. On the whole, the selection
of the proper tracer for a given system is extremely
important and the basic requirements for a satisfactory

tracer experiment are as follows:

(1) the tracer should be miscible in and have
physical properties similar to the fluid phase of interest;

(2) the tracer should be accurately detectable in
small concentrations so that only a small quantity need
be injected into the system, thus minimising disturbances
in the established flow patterns;

(3) the tracer should be visible since this provides
valuable qualitative information about back-mixing, and

(4) normally, the tracer should be non-reacting

so that the analysis of the RTD is kept simple.

Methods for evaluating the axial dispersion coefficient
from RTD data obtained from tracer techniques have been
mentioned earlier (see Section 2.1.6). For the liquid

or solid phase the eqguation:

oo 2
)| nm _,nm
= 142 niz (Cos - x).exp. ( () Dy.t)

can be fitted graphically.



6.4 Experimental Equipment and Procedure

Mixing studies of the liquid and solid phases
and radial concentration distributions were carried out in
the column of 15.2 cm diameter. Details of this column as
well as the auxillary equipment are given in Section (2.4.2).
The sampling systems, as described before, were 1 cm i.d.
stainless steel tubes, which were inserted into the
column and, because of their "push-fit", were readily

movable in a radial direction.

b.:dal Method of Measurement of Solids Concentration

Solids were initially introduced into the bubble
column, and then liquid and gas were fed in at pre-
determined values. After a steady concentration distribution
of solid particles was established in the column, samples of
the fluidised suspension were withdrawn through the
sampling tubes into 250 ml measuring cylinders. The total
volume of each sample was first measured, and then the
solid particles were separated from the liquid and
allowed to settle in measuring cylinders. The solids
concentration was expressed in cm3 of settled solid

particles per cm3 of fluidised suspension.

6.4.2 Axial Liquid Phase Mixing Measurement

The mixing studies in the liquid phase have been
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pursued using the unsteady state tracer technique (for
details see Section 2.4.3). A 1% methylene blue solution,
prepared by dissolving methylene blue in tap water, was
used as the tracer. For each experiment, after setting

the appropriate gas flowrate and solids concentration for

a batch of liquid, an electronic timer was switched on
simultaneously with the introduction of the liguid tracer
at the top of the column. Then samples were withdrawn from
the sampling point (at the side of the column) placed 30 cm
above the gas distributor and directed into conical flasks,
the time at which the sample was taken being also recorded.

Then each sample was analysed using a spectrophotometer.

6.4.3 Axial Solid Phase Mixing Measurement

When steady state conditions had been attained in
the column, coloured tracer particles (Styrocel d=1204p and
p=1.36 g/mc3) were introduced into the top of the column.
When the coloured particles touched the surface of the
liquid inside the column an electronic timer was switched
on. Then samples were taken at a point 30 cm above the
gas distributor using 100 ml measuring cylinders, and the

time at which the samples were taken was recorded.

The samples were processed by sieving out the
larger coloured particles from the non-coloured ones.
After that the coloured particles were dried and their

volume measured.
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The experiments were carried out in a random

fashion and each experiment was repeated at least twice.

6.5 Experimental Results

6% 5d. Radial Solids Concentration

The radial variations of solid concentration were
measured over a wide range of superficial gas velocities
and solids loading at the bottom, middle and top sections
of the column. For the sake of brevity, and due to the
similarity between some data sets, only the results
obtained for high and low superficial gas velocities at
different solids concentrations are presented here.
Figures (6.1l) to (6.6) show the radial non-uniformity
of the solid phase when the initial average solids
concentration in the column was 1%, 1l0% and 20% respectively.
at low (USg = 1 cm/s) and high Usg = 6 cm/s) superficial
gas velocities. The data for these graphs are presented

in Tables (1), (2) and (3) of Appendix (F).

- { Axial Liguid Phase Mixing

The study of liquid-phase mixing was performed

by the unsteady state method in the following systems:

(1) three-phase system with solids concentration

of 0.025 (v/v);
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(2) three-phase system with solids concentration
of 0.08 (v/v);

(3) three-phase system with solids concentration
of V.15 (/v

The effect of superficial gas velocity on the dispersion
coefficient for these three systems is shown in Figure
(6.7). Most of these experiments were repeated a number
of times; data used in these graphs are given in Tables

(4) to (24) of Appendix (F).

Gle S8 Axial Solid Phase Mixing

Based on the unsteady-state method mentioned
before, solid dispersion coefficients were measured by
using coloured particles as tracer for two different
systems: three-phase system containing 2.5% solid and
three-phase system containing 8% solids. Figure (6.8)
shows the effect of superficial gas velocity on the solid
dispersion coefficients. The data required for these

graphs are to be found in Tables (25) to (38) of

Appendix (F).

6.6 Discussion

6.6:1 Radial Solids Distribution

As mentioned before, the radial solids distribution
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has not until now been given much attention. Instead,

a uniform solids concentration has usually been assumed
over the column cross-section. Figures (6.1) to (6.6)

show that a radial solids concentration profile exists; the
extent of these profiles, however, depends on operating
conditions and particularly on the average solids
concentration in the column. The conditions under which

the solids concentration profile exists may be classified

as follows.

(1) Low solids concentration (<5%).

At low superficial gas velocities, radial
concentration profiles are not important but at higher
superficial gas velocities radial concentration profiles
do exist.

(2) High solids concentrations (>5%).
Radial concentration profiles exist even at

low superficial gas velocities.

Therefore, at low solids concentrations the radial
mixing is sufficient to maintain a uniform solids
concentration over the cross-section of the column.

However, when the average solids concentration is increased,
the so0lid phase hold-up ceases to be uniform (even at low
superficial gas velocities). It is the development of
slug-flow that causes radial variation of gas hold-up and,
consequently, radial non-uniformity of the solids

concentration over the cross-section of the bubble column.
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Superficial gas velocity also has a significant
effect on the radial solids concentration distribution,
and these variations are increased considerably by an
increase of superficial gas velocity (as illustrated in
Figures (6.1) to (6.6)). The reason for this seems to
be due to the increased probability of bubble coalescence

and the formation of larger bubbles.

662 Axial Liguid-Phase Mixing

Introductory Comments

Liquid phase circulation (which also causes solid
phase circulation) has a dominating effect on the
continuous mixing of bubble columns and most investigators
believe it is caused by a combination of the following

phenomena:

(1) differences in densities due to the existence
of a phase rich in bubbles near to the centre of the column
and a phase relatively lean in bubbles near the wall of
the column;

(2) downward liquid flow compensating for the
liguid transported upwards in the bubble wakes;

(3) liquid displacement due to the rise of bubbles.

The contribution of each of these to the liquid
circulation probably varies with operating conditions.

Additionally, there is some evidence that the column
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geometry (i.e. column diameter, column height and
especially gas distributor design) has a significant

effect on the liquid circulation in bubble columns.

Effect of Us

g

The superficial gas velocity has a most profound
effect on the liquid dispersion coefficient, as can be
seen from the curves in Figure (6.7). The experimental
results show that, on the whole, the liquid dispersion
coefficient increases sharply when the superficial gas
velocity increases from O to about 6 cm/s. Beyond this
range, the liquid dispersion coefficient does not
significantly increase. A similar, sharp increase in gas
hold-up is also apparent over this range of superficial
gas velocity: this suggests that the gas bubbles are the
main cause of liguid phase circulation. When the super-
ficial gas velocity is greater than 6 cm/s the slugs reach
their ultimate size; therefore, the gas hold-up does
not change significantly and, as a consequence of this,
the volume of liquid transported with the gas bubbles

will become almost constant.

Effect of Solids Concentration

Experimental results (as illustrated in Figure
6.7) show that the solids concentration has a significant

effect on the liquid dispersion coefficient. The liquid
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dispersion coefficient increases as solids concentration

increases from O to about 8% but beyond this latter value

the effect is relatively small.

As discussed before, non-wettable solids increase
the chance of bubble coalescence and reduce the gas hold-up.
However, the effect of increasing solids concentration
above about 8% on gas hold-up is negligible. Therefore
during the presence of the solid phase larger bubbles
and slugs will form and more liquid will be transported
by the gas phase; when the solids concentration reaches
about 8% the solid phase has no further effect on the
bubble size. As a consequence, the liquid dispersion

coefficient no longer changes significantly.

6.6.3 Axial Solids Phase Mixing

Effect of Us

g

In order to get an idea about the extent of back-
mixing, some qualitative studies were first carried out
by injecting coloured particles and dye (methylene blue)
at the top of the column. It was noted that the mixing
of the coloured particles (density p = 1.36 g/cm3) was
significantly slower than that of the methylene blue at

both high and low gas velocities.

Results derived from measurements of solid phase

mixing are summarised in Figure (6.8). This shows plots
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of the dispersion coefficients as a function of the
superficial gas velocity with solids concentration as a
parameter. It is not easy to account for this difference
in the degree of mixing of the two phases. It may be
related to the fact that non-wettable solids are not
"compatible" with the mobile liquid phase and are not

readily mixed.

Finally, solids concentration has a significant
effect on the solid Phase dispersion coefficient due to
the formation of larger bubbles at the higher solids

hold-ups, as Figure (6.8) shows.
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7 Four-Phase Systems

Tl Introduction

The recent interest in the production of single
cell protein by growing microorganisms on various water-
insoluble hydrocarbon substrates has resulted in several
investigations of the nature of oxygen transfer in
aerated systems with two liquid phases. The presence of
a non-aqueous liquid phase has a significant effect on
gas hold-up and the rate of oxygen-transfer from the gas

phase to organisms.

In such systems, four phases are present - gas
(usually air), an organic liquid, an aqueous solution and
microorganisms. Oxygen may be transferred from the gas
directly to any of the phases, and transport may also
occur between the ligquid phases or between cells and
either of the liquids. Thus, the addition of a second
liquid phase to the three phases that normally exist,
doubles the number of interfaces across which mass may
be transferred. Therefore, four-phase systems are much
more difficult to analyse than the three-phase systems
which were discussed earlier. The study of four-phase
systems will form the basis for a further Ph.D. thesis;
however, the author has already undertaken some systematic

studies and the results are presented in this Section.
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Tl Experimental Programme

The effect of alcohols, glycol and inorganic
materials on three-phase systems was investigated in the
two-and three-dimensional bubble columns, which have
been described in Section (2.4). Overall average gas

hold-up measurements were made using the method detailed

in Section (2.3).

Tap water was used as the liquid fluidising medium,
air as the gaseous phase, and particles of Styrocel (p=1.2
g/cm3 and d=813u) as the solid phase. The additives used
were ethanol, propanol, butanol, octanol, ethyl glycol

and potassium chloride.

The operational conditions under which the
experiments were carried out were similar to those used
in the study of air-water systems and which were detailed

in Section (222.1) .

1+3 Experimental Results

The influence of the solid phase and its
concentration on gas hold-up for methanol and ethanol
systems is presented in Figures (7.1 and (7.2) for a
wide range of superficial gas velocities. Figure (7.3)
shows the corresponding experimental results for propanol
in the three-dimensional bubble column. The experimental

data for these three graphs are given in Tables (1), (2)

and (3) of Appendix (G).
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The effect of the solid phase on systems
containing n-butanol ang n-octanol has also been studied
by measuring the gas hold-up as a function of superficial
gas velocity and solids concentration. The results of
these experiments are plotted in Figures (7.4) and (7.5)
for butanol and octanol respectively: detailed data

are presented in Tables (4) and (5) of Appendix (G).

Figure (7.6) shows how the solid phase affected
gas hold-up in ethyl glycol systems. The detailed results
of this experiment (which was performed in the two-
dimensional bubble column) are set out in Table (6) of

Appendix (G).

Finally, experiments to assess the effect of the
solid phase on gas hold-up in potassium chloride
solutions were carried out in the three-dimensional bubble
column. The results of this experiment have been plotted
as a function of superficial gas velocity with solids
concentration as a parameter in Figure (7.7). Table (7)

in Appendix (G) gives the detailed experimental data.

7«4 Discussion

T4l Introductory Comments

Different alcohols, as discussed before, have
different degrees of polarity associated with their -OH

group. Therefore, mixing water with different alcohols
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causes their fields of attraction to differ in intensity.

The molecules which have greater fields of force tend to

pPass into the bulk aqueous phase, and those with the

smaller fields tend to remain at the air-liquid surface.

Therefore, the surface layer will be more concentrated

in the species which has the smaller dipole moment. The
polar group of short chain alcohols confers solubility on
the whole molecule, whilst long chain alcohols spread

out as a monomolecular film on the air-water surface. The
lateral adhesion between the long alkyl chains and the
polarity of their -OH groups are the main factors keeping

the molecules together as a coherent film.

A The Addition of a Solid Phase to Soluble-Alcohol

Systems

The effect of adding a non-wettable solid phase
to a methanol system is shown in Figure (7.1), where it
will be noted that gas hold-up is decreased. Methanol
has a negligible non-polar end, and the polarity of
its-OH group is almost the same as the polarity of water;
therefore, when the concentration of methanol in water is
low, the system on the whole, does not show much deviation

from that of pure water (as Figure (7.1) shows).
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Figures (7.2) and (7.3) show that the importance
of the effect of solids concentration on pPropanol systems

is less than in the case of methanol systems. In other

words, the reduction in gas hold-up in the propanol

system is much less than when adding the same amount of
solid to the methanol system. This may be because the
wettability of Styrocel particles is increased by the
addition of propanol. To expand this point, it can be
argued that as propanol has a longer non-polar chain and
lower polarity than both methanol and ethanol, it will
tend to orient the non-polar end to the non-polar surface
of the particles and the polar end to the water; as a
result the wettability of the solids is increased.
Therefore, its effect on gas hold-up is less significant

compared with that of methanol.

7+.4.3 The Addition of a Solid Phase to Non-Soluble

Alcohol Systems

As discussed before, when long chain alcohols,
such as butanol, are added to water, they form a mono-
molecular film at the gas-liquid interface. As a result,
gas bubbles are not so firmly "anchored" to the bulk

liquid phase. This effect is more pronounced in the case

of octanol.



When non-wettable, Organic particles are added

to these systems they tend to accumulate at the gas-liquid

interfaces, as discussed before. Therefore, alchols

which have long hydrocarbon chains will tend to be
oriented to the solid surfaces from their hydrocarbon
end, their -0H groups remaining in water. Consequently,
the wettability of the solid particles will be increased,
and the concentration of alcohol at the gas-liquid inter-
face will be decreased. The net result will be that the
gas hold-up will increase on increasing solids concentration,
as results with butanol in Figure (7.4) show. However,
because of the low level of polarity of octanol molecules,
they cannot change the wettability of the solid phase to
any great extent, and therefore, adding solid has almost

no effect, as Figure (7.5) shows.

7.4.4 Addition of a Solid Phase to Glycol Systems

Glycol has two sites for forming physical bonds
and a polarity of about 2.8D, and so it is negatively

adsorbed at the gas-liquid interface. When solid particles

such as Styrocel are added to the glycol system their

wettability is not changed, and so bubble coalescence

occurs, as Figure (7.6) shows.
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7.4.5 Addition of a Solid Phase to Potassium Chloride

Solutions

When the concentration of potassium chloride in
-water is low, it will be distributed throughout the bulk

of the system. The intermolecular forces are electrostatic

in nature and are much stronger than those in pure water.

When non-wettable particles are added to such
systems, their wettability will tend to decrease or at
least will remain the same as in water. Therefore, the
solid particles will act in the same way as in water

(see Figure (7.7)).
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Single Slug Velocity Measurements

i Introduction

It has been demonstrated in previous chapters that
an increase in gas hold-up may happen due to either a
reduction of surface tension and, consequently, bubble
size or an increase in the bulk intermolecular forces
which reduce the bubble rise velocity without changing the
bubble size. The former situation was observed when using
soluble alcohols and in three-phase systems containing
either Diakon or Moviol particles; the latter situation
was observed using air-water with a low concentration of
salts or three-phase systems containing nylon as the
solid phase. Also, in three-phase systems containing
Styrocel particles as the solid phase, bubble coalescence
occurred due to the weakening of the bulk intermolecular
forces. 1In order to clarify these points, it was decided

to study the velocity of a single slug in different

solutions.

8.2 Experimental Programme

Experiments were carried out using the following

systems.

(1) Propanol solutions. Propanol is a surfactant

which has a significant effect on the surface tension of

water.
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(2) Potassium chloride and ethylene glycol

solutions. Both these materials make the bulk of the

liquid phase strongly cohesive.

(3) Styrocel, nylon and ABS (a co-polymer of
polystyrene and 12% acrylonitrile) particles. Styrocel,
since it lacks a polar group, weakens the intermolecular
forces of water, whereas nylon particles make strong
intermolecular forces with water; ABS particles occupy

an intermediate position between Styrocel and nylon.

8.3 The Apparatus

A tube of approximately 400 cm length was
constructed from sections of 2.5 cm diameter Q.V.F. pipe
and erected in a vertical position (see Figure (8.1)).

A tap at the bottom of the tube permitted the removal of
the contents of the tube, which were introduced at the

top. Also, a valve was fixed underneath the tube for

slug production.

8.4 Procedure

The tube was filled with the desired solution to

a‘measured volume, and air slugs of approximately 10 cm

length were introduced at the bottom of the tube. The
time taken for a slug to ascend a measured distance was
recorded using an electronic timer. For each sample, the

time for about 10 slugs was recorded and the mean rise

velocity calculated.
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8LiS Experimental Results

Not all sizes of bubbles gave satisfactory results.

Bubbles smaller than 2 em in diameter were not easily
observed, especially when the solid phase was present,
and slugs longer than 10 cm failed to give consistent

readings and were difficult to produce at a constant

value.

The velocity of a slug was found to be constant
over the entire length of Pipe used. To determine whether
Oor not a slug accelerated in the tube containing water,
some experiments were performed in a 9 m tube, and slugs
were timed as they travelled over lengths of 1.5 m,
3m, 4.5 m, 6 mand 7.5 m respectively: the results are
plotted in Figure (8.2). No acceleration was observed
except when the slug length increased due to coalescence

up the tube.

Figure (8.3) is a graph showing how additions of
propanol and glycol to water affected slug velocity;
Figure (8.4) shows the results obtained in potassium
chloride solutions. All the data used to plot these

graphs are given in Appendix (H), Tables (1) and (2).

The results presented in Figure (8.5) show how
solids, with different levels of wettability, affect the
rising velocity of slugs of the same size. The detailed

data are tabulated in Appendix (H), Table (3).
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8.6 Discussion
-‘-——_

In previous discussions it has been suggested

that inter-molecular forces in the bulk liquid phase

provide the main resistance to the movement and

coalescence of bubbles. These are weak attractive forces

which result from the stray fields associated with polarised
covalent bonds. Of these weak attractive forces, we are
concerned with those which are referred to as Keesom
forces and which result from the interaction of two
permanent dipoles. Particular examples of permanent
dipoles are O-H in water and C=0 and N-H in nylon. The
magnitude of these forces is from O to 10 kecal/gmol per
interaction. The energy associated with Keesom forces
is proportional to E; , where p is the dipole moment of
the permanent dipolerand r is the distance over which it
operates. Therefore, when water molecules with a dipole
moment of 1.8D are replaced by glycol molecules with a
dipole moment of 2.4D, the intermolecular forces will
greatly increase; as a consequence of this an air slug
will be retarded as Figure (8.3) shows. Propanol with

a dipole moment of 1.69D will, to some extent, decrease
the intermolecular forces in water; therefore, it is
expected that a slug will rise faster in propanol
solutions than in pure water. When hydrogen bonds are
partly replaced by ionic bonds in electrolyte solutions,

the resistance to slug movement is increased and,

consequently, slug velocity is decreased (as Figure (8.4)

shows) .
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Figure (8.5) shows how different solids affected

the velocity of the slugs. Nylon, with two strong

permanent polar groups (C=0 and N-H) increased the
resistance to slug movement, but Styrocel particles,

which have no polar group in their structure, significantly
decreased the resistance to slug movement compared with
that in pure water, as Figure (8.5) shows. ABS particles
acted in the same way, but due to the presence of C=N
groups in the structure, their effect was less significant

compared with that of the Styrocel particles.

Another point worth noting is concerned with the
tendency of the Styrocel particles to float: after a
short time two separate phases formed - solids at the
top of the tube and water below. By contrast, nylon
particles remained well mixed with water whilst the slugs
were rising. Not surprisingly ABS particles also tended
to float, although not to the same extent as the Styrocel

particles.

e



9 General Discussion

3.1

An Overview of the General Approach used in
the Thesis

Bubble columns are frequently used for heterogeneous

catalytic reactions in which physical mass transfer
significantly, or completely, controls the overall rate
of the process. In such situations, we are concerned with
two or more phases having different physical properties
and which come into close contact. At an early stage in
the author's work it became clear that despite the volume
of literature about bubble column reactors it was
difficult to predict what would happen with specific
systems. As a result, the author decided to explore to
what extent the molecular approach (in contrast to the
more usual continuum approach) could be applied. The
molecular approach proved to be of great help when
planning experimental programmes and interpreting,

albeit qualitatively, the experimental data: for these
reasons, it has been used throughout the thesis. The

following two additional examples illustrate this approach.

(1) The Effect of Changing Solids Wettability

One of the problems which is present%manifest
in three-phase systems containing non-wettable solids
(see Section (5.4)) is that, usually, only a small amount
of solid is sufficient to increase the possibility of

bubble coalescence; this leads, in turn, to a reduction
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in the i i
nterfacial area and, Cconsequently, mass transfer

rate. The degree of reduction in gas hold-up naturally

depends on the “compatability” between the solid and

liquid phases: therefore, the solution to this problem

must lie in the direction of improving the molecular

property.

In previous sections, when discussing the structure
of water, it was pointed out that a molecule such as water,
which has a highly significant dipole moment (1.85D),
cannot form any kind of physical bond with a non-wettable
solid surface such as Styrocel, which is a hydrocarbon.
The consequence of this is that there is high interfacial
tension between the solid and water: a reduction inthe
interfacial tension can only be achieved if the "compata-
bility" between water and the solid surface is increased.
One way of doing this is to reduce the attraction between
water molecules and this can be readily done by increasing
the temperature of the water. The results of some
investigations using Styrocel as the solid phase are
summarised in Figure (9.1) (detailed data for this figure
are given in Table 1 of Appendix I): this figure shows
how the compatability (or wettability) of the solid phase
was greatly increased by increasing temperature.
Furthermore, visual observations revealed that the solids

sedimented very rapidly at the high temperatures but

floated at the lower temperatures.
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(2) The Effect of Antifoam (Silcolapse) on Gas Hold-up

In laboratory, pilot plant and production plant,
foam formation during microbial fermentation is usually

considered an undesirable but generally unavoidable

evil. Such foaming is a familiar problem to fermentation

technologists, but the treatments adopted to combat it
are a numerous as the processes themselves. One of the
most common approaches is to add silicone-based compounds,

such as the commercial product Silcolapse.

Now let us consider the structure of these
antifoams on the molecular level to get some idea of
what may happen when we add them to air-water systems.
In general, silicone compounds are linear molecules

having the formula:

R R R

R =81 = 0f= 81 =01= g1 =~ R

R R SR

It can be seen from the above formula that these compounds

sit-07-)
have a non-polar group (R) and a polar group (-

in their structure; therefore, we would expect dispersions

of such materials in water to behave like wettable

particles (such as Moviol and piakon) and cause foam.

The foamability of Silcolapse is illustrated in Figure

(9.2) (detailed data are given in Table 2 of Appendix I).
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inhibits foan formation ang appears to act like non-

wettable particles, These very long molecules cannot

pack efficiently together at low €oncentration and,

thereforemono-layers at the interface are not stable.

The general approach illustrated above has also
been helpful in understanding what happens in two-and

multi-phase systems both at interfaces and in the bulk

liquid phase.

9.2 Some Design Features of Bubble Columns

In summarising the results of my investigations
it was thought useful to divide the liquid column above
the gas distributor into three regions, designated I, II
and IITin Figure (9.3). Region I is that section of the
system where the bubble properties are determined by the
bubble formation process at the gas distributor. This
part of the column is, in general, characterised by small
bubble sizes (e.g. 0.5 cm for air-water systems) and high
gas hold-ups. High rates of mass transfer occur in this
section and bubble coalescence (as discussed in Section
2.6.3) can take place a short distance above the gas

distributor. Consequently, we can conclude that the

performance of the column either totally or in part is

determined by what happens in this region of the column.
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F
Or example, we have shown (see Section 2.7.3) how the

bubbly-flow regime cah be expandeg from 0-4 cm/s to

O%0 cuieiby redistributing the bubbles in this section.

Recently, we have found that if the liquid phase is jetted

into this region the bubble size (in air-water systems)
will decrease from about 0.5 em to about 0.2 cm and the
bubbly-flow regime is once again extended. Both these

examples demonstrate the importance of this region on the

performance of the bubble column.

Region II is that section of the column where
bubble properties depend on what happens in Region I
and on the bulk liquid phase motion. Three distinct

regimes (based on the gas flowrate) can be defined:

(1) Low gas flow rates (Usg < 4 cm/s).
In this regime, bubbly flow with a low level of back-
mixing occurs (see Figure (2.18)). High speed photography
in this section of the column shows that there is a
uniform distribution of bubbles over the cross-section of
the column.

(2) Moderately high gas flow rates.
With a further increase in gas flow rate a turbulent or
slug-flow regime develops in this region of the column.

The slugs ascend in a zig-zag fashion at the centre of

the column whilst the back mixed bubbles form circular

cells at both sides of a two-dimensional column (see

Figure (2.16)). This regime is characterised by very
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the cross-section of the column, 1t would appear that

most mass transfer takes Place in the circular cells in
this part of the column,

(3) Very high gas flow rates or high energy inputs.
If we further increase energy input to the system (e.qg.
by using very high gas flow rates, heating or vibration),
observations indicate that slugs will break up and bubbly

flow with high mixing will again develop.

Liquid phase backmixing in Region II of bubble
columns (at moderately high gas flow rates) is a
disadvantage in many practical situations. If in some
way we can reduce the extent of this backmixing, overall
performance will be improved. One way of doing this was
mentioned in Section (2.7.2)-the use of radial baffles;
however, the design of such baffles - the spacing and the
diameter of the central opening - have received very
little attention. Another method, which we believe can
reduce liquid phase backmixing and will provide interesting

results, is to use a bubble column with highly wettable

walls.

Region III - Recirculation or removal of phases takes

place in this section of the column, and it seems

ent to divide this region into two parts = (1)

gsection and (ii) the take-off

conveni

the top of the column

section. The design of the top section seems very
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impo
portant, particularly with Tegard to the solid phase

(€.9. microbial adgregates). The main body of the

col i
umn opens into g large settling zone above the tower

section in bubble column fermenters, Generally, an

overall aspect ratio of 10:1 with an aspect of 6:1 on

the tubular section is used, Consequently, micro-organisms

can settle in this upper section and return to the main
body of the tower, thus maintaining a relatively high
concentration within the main body of the fermenter.

The design of the take-off system has previously been
given little attention and the published information is
confusing. According to Cova (1) and Imafuku et al, (2),
in cocurrent flow, the concentration of solid particles
at the top of the column is equal to that in the effluent
slurry; yet, according to Suganuma et al. (3), the
former is higher than the latter. We have recently
carried out a preliminary study of the parameters which
influence the wash-out of the solid phase in gas-liquid
fluidised systems. An apparent solids residence time

was defined in terms of the liquid flow, as follows:

— _ Total volume of column (lt) _ adie
B Liquid flow rate (lt/min

Dimensionless solids concentration was defined as C(t)/C°

where C( ) is the actual solids concentration at time (t)

and C_ is the initial solids concentration in the column,
o

The results obtained from solids concentrations from the

take-off pipe and other sampling points over the length

of the column are shown in Figures (9.4) to (9.7) (pata
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used to plot these graphs are given in Tables 3 to ¢
of Appendix I),.

they follow a Consistent treng with solids concentration

decreasing continuously with time. 1t is also clear

that at low gas velocities (a) the solids concentration
in the take-off Pipe is higher than that in the top
section of the column and (b) the solids concentration in
the top section of the column is higher than that at the
bottom of the column; however, at high gas velocities, the
solids concentration at the bottom of the column is higher
than that at the top and there is generally no variation in
solids concentration in the top section of the column and
in the take-off pipe. These experimental observations
can be explained by recalling that there is a tendency
for non-wettable solids to concentrate at gas~-liquid
interfaces at low gas velocities; however, at higher gas
velocities, due to the formation of large bubbles and
high backmixing the solid particles tend to be dragged
down, and, the solids concentration at the bottom of the
column then increases (see Figures (9.6) and (9.7)).

The liquid flow also helps in washout of the solids, so

it seems that the best conditions for removal of these

non-wettable solids are a low gas velocity and a high

liquid flow rate. It is worth mentioning here that the

same experiments were also carried out using (highly

wettable) nylon particles as the solid phase: the

experimental results showed that there was a negligible

solids concentration in the take-off system except at

very high liguid flow rates.
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10 Achievements,

Conclusions and Suggestions for

Further Work

10.1 The Air-water System

The following points may be concluded from the
study of air-water systems:

(1) there is almost a linear increase of gas

hold-up with superficial gas velocity in the bubbly flow

regime;

(2) superficial liquid velocity has little effect
on gas hold-up if the liquid enters the column at low
velocity and has a significant effect if the liquid
phase is jetted into the column;

(3) moderate agitation of the liquid will increase
the possibility of bubble coalescence;

(4) the effect of energy input (i.e. heating and
vibration) on gas hold-up, bubble coalescence and break-
up has been analysed in terms of the chemical structure
and physical properties of the phases;

(5) gas phase flow patterns have been examined
visually and by high speed photography;

(6) superficial gas velocity is the most
important single variable affecting liquid phase dispersion;

(7) if in some way (i.e. by the use of radial

baffles) the liguid phase backmixing is decreased, the

gas hold-up will increase significantly;
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(8) the important effectsof column height and
column diameter on gas hold-up have been confirmed;

(9) the design of the gas distributor is an
important factor in column pPerformance; experiments
show that it is possible to extend the bubbly flow
regime up to a superficial gas velocity of about 10 cm/s

and gas hold-up to about 40% by careful design of the gas

distributor;

(10) the bottom end of the column has a profound
effect on the performance of the system; and a careful
study of the effect of the top section of the column is

recommended for the future.

20y 2 The Gas Phase

The following points should be noted:

(1) apart from the physical properties of the
liquid, it was found that gas hold-up is also influenced

by the physical properties of the gas phase;
(2) as the "compatability" between the gas and

ligquid phases increases, bubble size will decrease and

gas hold-up will increase; when the compatability between

the gas and liguid phases is poor, the converse is true;

(3)-dtris recommended that the effect of

moderately polar gases on pubble size and gas hold-up be

studied in the future.



10.3 i
Air-Water Systems with Various Additives

The fol
lowing Points are of Particular significance:

1
(1) soluble alcohols (especially Propanol) reduce

the interfacial tension between the gas (air) and liquid

thereby decreasing the bubble size and
increasing the gas hold-up;

(water) phases,

(2) as the liquid viscosity is increased from 1 to
12 cp, the gas hold-up increases; a study of the effect
of liguid viscosity beyond this range, which will require
a carefully designed gas distributor to maintain a
constant gas flow through each orifice, is recommended in
future research work;

(3) low concentrations of electrolyte increase the
intermolecular forces in the bulk aqueous phase, thereby
decreasing bubble rise velocity and bubble coalescence;
as a result, gas hold-up increases;

(4) high concentrations of electrolyte increase
the interfacial tension, resulting in increased bubble
size and bubble coalescence; however, at high superficial

gas velocities the slugs break-up and the bubbly flow

regime develops again.

e-Phase Systems Containing Non-Wettable Solids

10.4 Thre

The following conclusions arise from the study of

three-phase systems containing non-wettable solids:
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(XY
) the addition of small amounts of non-wettable

13 ir=
solids to air-water systems (or air-water systems

containing soluble alcohols or electrolytes) reduces the
gas hold-up;

(2) the solids concentration is the main parameter
in reducing the gas hold-up; however, when the solids
concentration exceeds about 10% there is little further
effect;

(3) gas hold-up increases as the particle size
and density increases;

(4) at low solids concentrations, the concentration
gradient in a radial direction is negligible, whilst at
higher solids concentrations the variation is significant;

(5) compared with air-water systems, liquid phase
‘backmixing in three-phase systems is higher, whilst that

of the solid phase is less.

10,5 Three-Phase Systems Containing Wettable Solids

The key conclusions are as follows:

(1) in general, gas hold-up increases on addition

of wettable solids (which have strong polar groups in

their structure);
| which have both strong polar and

Moviol particles),

(2) solids,
groups in their structure (e.g.

non-polar
rface between the gas and liqu

id phases,
migrate to the inte

lting in a reduction in the interfacial tension and
resulitilin

foam formationj
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3
(3) wettable solids, which have strong polar

groups and relatlvely weak non-polar groups (e.g. Nylon)
. Nylon

remain in the bulk liquig Phase, and since they reduce
bubble rise velocity ang bubble coalescence, gas
’

| hold-up
increases;

(4) gas hold-up increases as the particle size

decreases.

10.6 Final Comment on the Basic Approach

Consideration of events at the molecular level in
gas-liquid and gas-liquid-solid systems provided a sound
basis for the planning of the experimental programme;
we successfully used the same approach in the discussion
of the experimental data. It is believed that this
approach can be widely used both to integrate published

work and to predict what will happen in new process

systems.




APPENDTX (a)

emperaturQ on Gas

Hold-up in Ty
v » O Dimensional Bubble Column.
Sl = 0-
20°¢ ° o
28% 35% 70%¢
£
Usgoys 9 °g fg ‘g
2.9 oL .095 .073 .095
4.2 .165 <13 .108 =14
6.7 o 2 «175 .16 .185
8.4 223 2 .18 .21
10.4 .234 5 S 4 .24
1355 « 25 .243 «23 .28
16. 2295 .268 5483 .32

Table 2 - Effect of Liquid-Phase Temperature on Gas
Hold=-up in Three Dimensional Bubble Column.

U_, = 0 (length of the column in operation
=3 147.2 cm)
20% 30% 70%
UsémVs €g €g €q
1 0.07 0.04 0.04
1.8 0.12 0.07 0.09
2.5 0.15 0.093 0.12
3.4 0.175 0.11 0.16
4.5 0.184 0.133 0.2
5.8 0.195 0.155 0.225
7 0.203 0.164 0.25
8.3 0.22 0.174 0.262
9.5 0.233 0.2 0.282
11, 0.254 0.215 0.295




Table 3 - Effect Of Moderate Agitat
in Two Dimensional Column
L0 = 134 ¢
U

sl=0'

No agitation Moderate agitation

USng/S Eg ey
2.9 0.093 0.1
4.2 S 0.165
6.7 0.19 0.21
8.4 0.21 0.222
10.5 0.225 0.234
13.5 0.24 0.255
16,5 G255 0.275

ion on Gas Hold-up

Table 4 - Effect of Moderate Agitation on Gas Hold-up

in Three Dimensional Column.

Lo = 170 cm
Uy R
No agitation Moderate agitation
: A
U_ /s g g
sg
0.07 .068
(o 1 .118
. 0.15 o e L
3.4 0.175 156
! 0.184 167
! 0.195 178
0.204 -182
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LO = 134 cn
U <17 cm/s
sl / sl = -5cm/s U =.8 cuys
€
Usga'ﬂ,/s g gg Cg
A <102 .103 .104
4.2 .16 o i .17
=2 -19 .2 .209
J -212 .226 .235
8.3 .222 +232 .246
10.3 « 234 .244 .259
L3us 253 +258 .245
16.5 298 . 267 .262
Table 6 - Gas Hold-up Data for the Three Dimensional
Column. Air-Water System.
Lo = 173 cm
= = ., U = 0. 17
U, = 0.045 U, = -l 1
€ € cg
g
Usgcm/s g
.07
1 .07 .07 233
1.8 .118 o] .
156 .165
228 +15 .
178 .185
3 L 73 .
3.38 .185 . 203
.198 -
1 i 204 .205
13 i : .201
5 .189 .2 Sux
.198 ¥
5.8 <195 : 206
7 .203 - 20 217
1222 2
8.3 .221 .233
.235
9.5 -234 '2‘1
.249
1 25
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Table 4 - Effect of n-Butyl and n=Octyl Alcohols on

Gas Hold-up, in Three Dimensional Column.

Usl e
Ly =173 cm
€g
U
sg Air-water Agq. soln. of
cm/s 8% butanol .5% octanol
1 0.07 .054 .048
1.8 0.12 0.85 .075
2¢5 0.152 .104 .105
3.4 0.175 .128 «125
4.5 .185 +155 147
5.8 .195 .170 .165
7 0.205 .185 .178
8.3 0.219 .20 .194
95 0.232 «215 . 205
1y 0.253 «232 .219

=310~



Table 5 - Effect of Ethylene Glycol and Polyethylene

Glycol (HO(CHZC820)4H) on Gas Hold-up

L

Lo = 134 cm (two dimensional column)

g
Usg Air-water Ag. soln. of
cm/s 0.56% glycol 0.56% Polyethylene
Glycol
2 0.07 . -
2.5 5 9 | .14 .142
4.2 0.163 .21 .223
67 0.210 .34 foam
8.4 0.220 .4 foam
10.5 0.235 .36
13.5 0.255 + 32
16.5 0.276 .34
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Table 6 - Effect of Liquid Glycerol (i.e. liquid viscosity)
on Gas Hold-up.

Usl o)
Lo = 134 cm (two dimensional column)
g
U
9 Air-water Aq.soln.of
cn/s 18% glycerol 25% glycerol 38% glycerol 65% glycerol
(p=1.6CP) (n=2.4CP) (u=5CP) (u=12CP)
2 .07 - - .12 o13
e .1 w133 .165 .28 .34
4.2 .163 .195 .227 foam foam
6.7 23 .28 .312 foam foam
8.4 .22 .31 .345 foam foam
105 .236 3 ot
335 255 .34 .389
16.5 .276 +35 .4
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Table 7 - Effect of Electrolyte Solutions on Gas

Hold-up,
Usl =0
Lo = 134 cm (two dimensional bubble column)
g
8)
sg Air-water Aq.soln.of 3 3
Sl 2.5x1074 g/an®  2.5x1074 g/eam® 2.5x1074 g/em’
KC1 NaCl KI
2 0.07 - - e
255 0.k .128 ol L7 .108
4.2 .16 .198 .185 .168
6. sl «299 .283 «259
8.3 AP sa37 +315 . 295
10.5 .236 .29 .28 27
13,5 .258 n e 1S . 265 262
16.5 .276 .298 29 .28

=313~



Table 8 - Effect cf Electrolyte Solutions on Gas Hold-up

USl =0
Ly = 134 cm (two-dimensional column)
‘g
[%g Air-water Aqg.soln.of
/s .01 g/am® Kcl .0l g/am® Macl .0l g/em’ KI
2 .07 - - -
2.5 ol .136 13 112
4,2 .162 »212 .2 .185
6.7 .21 +33 .32 «29
8.3 222 .377 .36 .335
10,5 e = 1) +355 .335 + 296
13:5 . 256 « 307 .29 27
16.5 .276 .0 .31 «292
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Table 9 - Effect of Potassium Chloride Solutions on

U
sg

cm/s

o W > Un oo

W LN s W N
o . - - .
n W

L

Gas Hold-up in Three Dimensional Column.

U

L

sl

(o]

=0

= 173

g

Air-water O.leo-zg/cm3 0.01 g/cm® Kel

KC1

0.07 0.73 0.7
aYal .116 116
0.152 .165 167
0.175 .214 .22
0.185 . 249 .26
0.195 .265 .28
0.205 25 -263
0.219 .255 267
0.232 .265 i
0.253 .288 .30



Table 10 - Some Physical Properties of Alcohols (C, =~

Dipole
Alcohols moments
D
CH3OH '
CH,CH,OH 1.69

CH,CH,CH,OH  1.68

CH3(CH2)ZCHéJil.66

Gy (e, CHEE =

CHB(CHz) Cﬂfii -

6

Boiling Surface
points

cO

64.

78.

97

118

156

195

5

3

‘s

=316~

tension
dyne/cm

22,61
22,75
23.78

24.6

32.5

Density
g/cm3

0.791
0.789
0.803
0.809
0.813

0.827

1

c

8)



Table 11 - Effect of Highly Concentrated Potassium
Chloride Solutions on Gas Hold-up in Two
Dimensional Column.

Usl =0

Lo = 134 cm

g
Usq Air-water 25x10°3 : 3 3
. g/cm .01 g/am 0.05 g/em
cm/s KCl
2 0.07 - - -
0D ad 13 .083 0.07
4.2 + 162 «195 o 1@ .103
6.7 o Lk 3 B 165
83 o222 337 .201 .193
10.35 2237 .29 .242 252
13.5 .256 .28 27 .29
3 IR v 2 db e .293 . 304

=317



Table 12 - Effect of Highly Concentration Potassium

Us g
cn/s

1.8
2.5
3.4
4.5
5.8

8.3
9.5
1l

Chloride Solutions on Gas Hold-up,

U

Lo

Air-water

0.07

0.12

0.152
0.175
0.185
0.195
0.205
0.219
0.232
0.253

sl

0

173 (three dimensional column)

.01 g/bm3

KC1

0.077
0.116
0.169

.26
.28
.261
. 265

3

.05 gkmg

KCl

0.055
0.085
0.125
0.16
0.205
0.25
0.28
0.308
0.33
0.35

-318-

.1 g/an®
KCl

0.04
0.068
0.108
0.14
0.175
0.21
0.27
0.4



Appendix D

T General Properties of Solid Surfaces

The essential difference between liquids and
solids is that liquids are highly mobile, whereas solids
are more or less immobile and Practically fixed in
position. The immobility of the surface of a solid
results in the atoms in a solid surface staying where
they are placed when the surface is formed, and this may
result in no adjacent atoms or molecules having quite

the same properties.

B2 The Contact Angle

When a liquid drop is placed on a clean solid
surface, the liquid drop may either spread out as shown
in Figure (D.l), forming a thin film of the dispersed
phase liquid on the solid surfaces or remain "bunched up"
in the form of a segment of a circle, as shown in
Figure (D.2). The surface tensions of the solid and
liquid and interfacial tension between them determine
whether or not the liquid spreads on the solid. Liquids
frequently rest on solids at a finite angle, ; the
surface tension and the contact angle may be derived

from Figure (D.3) to give the relationship known as

the Young Equation (25):

-3]19~



Figure D.1

Figure D.2

Figure D.3

L 4-7)

Behaviour of a liquid drop at a wett
surface placed inq:ir. Y i

TL
vapour A contact angle a <
sa X %  Liquid
¥ (o g wetted surface

Behaviour of a liquid drop at a non-wetted
solid surface placed in air.

A contact angle

TLA e 900
vapour Liqui
TSAI s
ki 7 non-wetted surface
T8y
TEA
(2] > TSA

N

920



or

Therefore, we see that the lower the contact angle the

better will be the spreading of the liquid droplet on
the solid surface. Although no method has yet been found
for determining the surface tension of solid against
air or other liquids, the work of adhesion (wsl) of a
solid to a liquid can be measured easily. This is the
energy required to separate one square centimetre of the
solid-liquid interface and is given by the Dupre (26)

equation as follows:

Wapli® San ¥ Tix = Tyl
Combining Dupre's equation with Young's equation the

unknown surface tension can be eliminated; therefore,

W ™ Ty (1 + cos8)

sl

The above equation shows that the contact angle is
determined by the relative strength of the adhesion of
the liquid to the solid and to itself. Where the contact
angle is zero, Wsl = 211A and the liquid attracts the
solid as much as it attracts itself; thus, the angle
will also be zero when the liquid attracts the solid more
than it attracts itself. A contact angle of 180° would

indicate no adhesion between the liquid and solid: as

=321~



there i
1s always some adhesion, angles of 180° are not

Observed. The terms "wetting" and "non-wetting® of a

solid by a liquid, as employed in various practical
Situations, tend to be defined with respect to the

contact angle. Usually "wetting" means that the contact
angle between a liquid and solid is zero or close to zero
and that the liquid spreads over the solid easily; non-
wetting" means that the angle is greater than 90° so that
the liquid tends to become globular and run off the surface
easily. Based on the above definition we can divide
three-phase systems into two distinct types of system -
those containing non-wettable solids and those containing

wettable solids.

D43 Non-wettable Solids Properties - Styrocel

Supplier : Shell Chemicals
Large particles : Styrocel Grade R351X

Small particles : Styrocel Grade R551X

D31 Large particles, were relatively uniform in size.

Result from particle size analysis and density,

by random sampling gave:

-12 mesh + 14 mesh
Average particle diameter : 1204 p

3
Density by random sampling : 1.36 g/cm

-322-



D.3'2

DI3I3

b e T8

(1)

(ii)

Small particles - pParticle size distribution

was:
10% mesh No.1ls,
50% mesh No.18,
40% mesh No.22
Average particle size : 813 u

Density of random sampling = 1.2 g/cm3

These particles were obtained after heating small
particles (D.3.2) for five hours at 100°C; they
are reported thus:

Average particle size : 10 83 p

Density of random sampling : 0.85 g/cm3

These particles were obtained after heating
small particles (D.3.2) for 15 hours at 100°C;
they are reported as follows:

Average particle diameter : 1625 p

Density : 0.45 g/cm3.

Fractional Voidage

The method used to estimate voidage consisted of:

measuring the height of a bed of dry solids in a

cylinder;
filling the spaces with a known volume of water and
allowing excess water to be collected and its volume
measured;

=323~



(iid) calculating the fractional voidage, as follows:

where Vw ¢ volume of water (cm3)
VOf : volume of overflowing water (cma)

Vg ¢ volume occupied by packed bed of solids (cma)

The fractional voidage (£) was approximately 0.5.

D.4 Ballotini Particles

These were relatively uniform in size, and the
results from particle size analysis and density by

random sampling, were as follows:

(1) Large particles:
d

6000 un
p=2.7 g/cm’
(2) Medium particles:

d

3000 p
2.4 g/cm3

p
(3) Small particles:

d = 140-125 p
o=1.71 g/cm’
D;5 wWettable Particles

D.5.1 Diakon Particles : supplier - I.C.I.

d = 200 p

0.81 g/cm’

p
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Di 552 Nylon Particles : Supplier - I.C.I.

dav

P

=

2100 p
2.24 g/cm’

D.5.3 Moviol Particles : Supplier - Harlow Chemical Co.

(1) Powder with p = 0.8 g/cm3

(2) Particles obtained by chopping up plastic

sheet of thickness 0.4 mm : Particle dimensions about

2 X 2 mm.

=325~



Table 1 -

U
sg
cm/s

2.9
4.2
BeS
6.7
8.4
10.5
135

16.5

Appendix E

Effect of Solid Phase (Styrocel with
d =8l0p and p = 1.2 g/cm3) on Gas Hold-up
in Two Dimensional Bubble Column

Usl = .17 cm/s

€
3
1% solid 4% solid 8% solid 12% solid

.066 .059 .055 0.054
.089 .081 .08 0.08
et o ) .102 0.101
«136 .115 .114 0.114
.158 .14 .14 0.138
.18 .163 .163 .162
. 207 .2 o2 0.2

.240 23 .232 231

=326~



Table 2 - Effect of Solid Phase (Styrocel with

d =1204 p and p = 1.36 g/cm’) on Gas

Hold-up in Two Dimensional Bubble Column.

Usl =+17 cm/s

£

c:j: 1% solid 4% solid :% solid 12% solid

2.9 .07 0.059  0.059 0.06

4.2 .095 0.083  0.083 0.082

5.5 .118 .105  0.105 0.104

6.7 .145 fizs 0.1 0.119

8.4 .165 .148  0.145 0.146
10.5 .185 174 6,298 0.172
13.5 .214 .205  0.204 0.203
16.5 .245 238 | 0.338 0.235
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Table 3 - Effect of Solid Phase (Styrocel with

d =1083 u and p = 0.85 g/cm’) on Cas

Hold-up in Two Dimensional Bubble Column.
USl =+17 cm/s

Usg 59

cm/s 1% solid 4% solid 8% solid

2.9 0.07 0.06 0.059

4.2 0.093 0.085 0.083

5.8 » 122 +d12 0.11

647 0.145 .128 0.127

8.4 .169 .156 0.157
10.5 .19 .18 0.18
13.5 22 0.215 0.214
16.5 .249 0.247 0.245
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Table 4 - Effect of Solid Phase (Styrocel with
d=1625pu and p = .45 g/cm3) on Gas
Hold-up.

USl = 0.17 cm/s

USg cm/s .
2% solid 10% solid
2.9 0.085 0.08
4.2 0.129 0.111
5.8 0.15 .136
6.7 .179 16
8.4 .198 .183
10.5 0.213 0.207
13.5 .239 +232
16.5 .263 +259
-329-




Table 5 -

sg
cn/s

1.08
1.83
2.56
3.38

4.46
5.85

8.23
9.5
10.9

Effect of Solid Phase (Styrocel with

d =813 pand p=1,2 g/cm3) on Gas
Hold-up in Three Dimensional Bubble Column
U 0.045 cm/s

sl

L

o 173 cm

€g

2% solid 4% solid 10% solid 15% solid

0.045 .036 .036 .035

0.065 .061 .056 056

0.085 .075 .073 .072
.105 .096 .091 .09
.118 o 1 | .103 .103
okd / .124 .121 .12
LD .14 133 .132
.163 .153 .148 149
«178 .167 .16 .16
.194 .181 .176 175
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Table 6 - Effect of Solid Phase (Styrocel with

U
sg
cm/s

108

5.85

9.5
10.9

d

Hol

Usl = 0.045 cm/s

L, =173 cm
Eg

2% solid 4% solid
.05 .045
.072 .068
.092 -088
.114 .103
;125 217
14 .130
.155 .145
.17 16
.185 173
.195 .185

-331~

10% solid

.042
.063
.084
.101
» RAS
«127
141
B §
.168
.183

= 1204 p and b = 1,36 g/cm®) on Gas

d-up in Three Dimensional Bubble Column.

15% solid

042
.063
.084
.102
114
123
14

+155
.167
.183



Table 7 - variation of Solids (Styrocel, d = 810 T}

and p = 1,2 g/cm3) over the Length of the

Column, in Two Dimensional Bubble Column,
U 0.3 cm/s

sl
Co 0.025 (v/v)

bed héight
solids concentration (v/v)
U
sg
an/s cm 23 50 75 95 123
229 .024 .026 0.028 0.03 0,033
4,2 0.022 0.024 .025 0.027 .029
6.8 0.02 0.022 0.023 0.025 0.026
16.5 0,19 0.02 0.021 0.022 0.023

=332~



Table 8 - variation of Solids (Styrocel d = 813 19

and p = 1.2 g/cm’) over the Length of the
Column, in Two Dimensional Bubble Column

Usl = 0.3 cm/s
C° = 0.05 (v/v)
bed height
9 Solids Concentration (v/v)
Usg
cm/s cm 23 50 75 95 123
2,9 0.0378 0.042 0.047 0.054 0.058
B9 .035 0.038 0.043 0.047 0,054
13.5 .033 0.036 0.04 0.043 0.045
16.5 0.028 0.032 0.035 0.04 0,038

=333~




Table 9 - variation of Solids (Styrocel 4 = 810 p and

= 3
P=1.2 g/cm”) over the Length of the Column
in Two Dimensional Bubble Column.

bed height
Solids concentration (v/v)

USg cm 23 50 75 95 123

cm/s

2.9 0.076 0.082 0.087 0.095 ol

4,2 .068 .077 .088 0.098 . 106
10.5 .068 0.073 0.081 0.086 0,091
16.5 0.06 0.068 0,073 0,08 0.078



Table 10 - Effect of Ballotini Spheres (d=140-125 W)

on Gas Hold-up in Two Dimensional Bubble
Column.

Usl = ,17 cm/s

Usg cm/s 2t
2% solid 7% solid
2.9 0.085 0.08
4.2 .135 0.123
5.5 0.16 0.145
6.7 0.185 0.175
8.4 0.20 0.191
10.5 0.215 0.205
13.4 0.235 0.225
16.5 0.265 0.256



Table 11 - Effect of Ballotini Spheres (d=3000 4 and

P = 2.4 g/cma) on Gas Hold-up in Two
Dimensional Bubble Column

Ug; = 0.17 cm/s

U__ cm/s g
2% solid 8% solid 10% solid

23 0.095 .09 0.09
4.2 0.155 0.151 0.15
5.5 0.18 0,175 0.173
6.7 0.2 0.195 0.193
8.4 0.212 0.208 0.206
10.5 0.225 0.219 0.215
13.4 0.24 0.235 0,233
16.5 0.268 0.264 0.262



Table 12 - Effect of Ballotini Spheres (d=6000 4 and

0 = 2.79/am} on Gas Hold-up in Two Dimensional
Bubble Column.

Usg = 0.17 em/s
Usg cm/s eg
2% solid 8% solid 10% solid
A 0.095 0.09 0.09
- 0.158 0.158 0.16
345 0.185 0.185 0.184
6.7 0.2 0.196 0.190
8.4 0.216 0.213 0.212
10.5 0.23 0.224 0.224
134 0.242 0.24 0.24
16.5 0.27 0.265 0.262

-337-



Table 13 - Effect of Nylon Particles (with q, = 21004
and ¢ =2.24 g/an} on Gas Hold-up in Two
Dimensional Bubble Column,

Usg = .17 em/s
Usg cm/s Eg
1% solid 2% solid 4% solid
2.5 0.126 .126 0.126
4.2 0.197 .197 0.197
6.7 0.289 .29 0.29
8.4 « 325 +326 0.326
10.5 .319 .318 0.318
13.5 .3 . 303 0,303
16.5 .31 0.312 0.31



Table 14 - Effect of Nylon Particles (with dy, = 21004

U cm/s

sg

1.08
1.85
2.56
3.38
4.5

5.85

8.23
9.5 .
10.9

and p =2.24 9/0113’ Moviol Particles

(powder-1like)

and Diakon Particles (with d=200 u and

p =0.81 9k¥aon Gas Hold-up in Three Dimensional

Bubble Column

U

Lo

5% Nylon

0.075
«125
+165
.21
.258

+251
.254
.265
.285

e 0.045 cm/s
173 cm

g
4% Moviol

0.08

.18

.26
foam
foam
foam
foam
foam

foam

4% Diakon

0.073
0.133
0.16
2
foam
foam
foam
foam
foam

foam



Table 15 - Effect of Moviol Particles on Gas

Hold-up
in Two Dimensional Bubble Column,
Usl = 0.17 em/s
USg cm/s 3
1% solid (powder- 3% solid (shape~-
like) less)
2.9 0.148 12
4.2 0.245 «196
6.7 foam . 303
8.4 foam 0.32
105 foam 0.311
13.4 foam -282
16.5 foam +295



Table 16 - Effect of Diakon Particles (d = 200

and o = 0,81 g/cnﬁ Oon Gas Hold-up in Two
Dimensional Bubble Column.

Usl = 0.17 cm/s

Usg cm/s 9
1% solid 4% solid
2.9 .122 .125
4.2 .19 -2
6.7 .274 28
8.4 .296 .301
10.5 .28 -281
13.4 .278 -278
16.5 +293 g
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Table 17 - Variation of Solids (Nylon with qn,- 21004

andp = 2.24 g/an3 ) over the Length of the

Column in Two Dimensional Bubble Column,

Usl = 0.8 cm/s

70 cm

0.015
0.018
0.018
0.019

Co = 0.025 (v/v)
bed height

Usg am 23 cm
cm/s

2.9 0.028

Ao 2 0.025

6.7 0.022
10’5 00012
165 0.011

0.019

98cm

0.01

0.012
0.014
0.021
0.022

Solids concentration (v/v)

126 cm

0.004
0.008
0.012
0.022
0.025



Table 18 - var
iation of solids (Nylon with dyy ™ 21004

and P= 2.24 q/cm.’) over the Length of the

Column in Two Dimensional Bubble Column
U81 = 0.2 cm/s

C° = 0.025 (v/v)

bed height
Solids concentration (v/v)
U
sg cm 23 cm 70 cm 98 em 126 cm
cm/s
2.9 0.035 0.018 0.014 0.008
4,2 0.033 0.02 0.015 0.01
6.7 0.03 0.023 0.019 0.013
LORS 0.025 0.025 0,027 0.027
16.5 0.02 0.025 0.03 0.031



Table 19 - Variation of Solids (Nylon with day = 21004
and p = 2.24 g/cn) over the Length of the
Column in Two Dimensional Bubble Column,
Ug; = -8 em/s
Co = 0.08 (v/v)

bed height
Solids concentration (v/v)
o cm 23 cm 70 cm 98 cm 126 em
cm/s

259 0.075 0.046 0.036 0.023

452 0.071 0.047 0.04 0.026

8.3 0,085 0.049 0.052 0.048
10.5 0.05 0:52 0.06 0.068
165 0.045 0.055 0,068 0.075



Table 20 - Variation of Solids (Nylon with day = 2100
and 0 =2.24 g/an over the Length of the
Column in Two Dimensional Bubble Column
Ugy = 0.2 cm/s

Co = 0.08 (v/v)

bed height
Solids Concentration (v/v)
Us
g cm 23 cm 70em 98 cm 126 om
cm/s
2.9 0.089 0.06 0.047 0.031
4,2 0.085 0.062 0.05 0.035
8.3 0.081 0.065 0.06 0.05
LOLB 0.058 0.064 0.068 0.07
1645 0.053 0.068 0.075 0.085




Tabl -
e 21 - Variation of Solids (Diakon with d = 200

and P =0.8] g/am’) Concentration over the

Length of the Column.
Usl = 0.2 cm/s
Co = 0.05 (v/v)

bed height
Solids Concentration (v/v)
Usg 23
ot cm 70 cm 98 ecm 126 cm
2:9 0.045 0.04 0.037 0,033
4.2 0.041 0.04 0.039 0.038
8.4 0.055 0.053 0.05 0.049
10.5 0.06 0.06 0.06 0.06
16.5 0.07 0.065 0.067 0.067



Direction at the Bottom, Middle and Top Sections

Oof the Three Dimensional Bubble Column,
Lo =173 em

Co =0.01 (v/v)

Us;l ok

(a) at the bottom:

Solids concentration (v/v)

U
sg " ricHISEREgs 4 ) 2 2 3:38.8.) 41.8,1 5.8.1 .9,
cm/s

3 0.0l1 0.011 0.0l1 0.011 0.0l11 0.011 0.0l11 o0.011
6 0.0105 0.0106 0.0108 0.0109 0.011 0.0112 0.0113 0.0115

(b) at the middle of the column:

Solids concentration (v/v)
s % (om) 0 TEL 0 2.17 8.2 41 s.1 6.1 7.
cm/s
1 0,01 001 0.01" " D.00 0,01 0.01 0.0l 0.01
6 0.01 0.01 0.01 0.0l 0.01 0.01 0.0l 0.01

(c) at the top of the column:

Solids concentration (v/v)

Usg r(em 0 1.1 2.1 3.1 4.1 5.1 6.1 7.
cm/s
ol 0.0l 00l 00l 00l 00l 0.0l 0.0

1
.0085 0.085 0.0086 0.0088 0.0089 0.0088 .009 0.092

6



Table 28 =
Variation of Solids Concentration in Radial
Direction at the Bottom, Middle and Top

zectiois of the Three Dimensional Bubble Column
= 173 .
o

Co = 0.1 (v/v)

Usl s

(a) Bottom of the column:

Solids concentration (v/v)
Usg r(cm)0

s 1.l Sl B 4l 5.1 6.1 7.l
| 097 .1 .102 L104  L107  L108 109 1)
6 Jd 1103 I8N A6 a1 Al 8 AW

(b) Middle of the column:

Solids concentration (v/v)

U
gy TUGRRER ST UadiE Y 4.1 8.l 6.k 7.
cm/s

.093 .095 .096 .097 .098 098 .1 +102
6 .08 .083 .085 .09 .093 005 097 .1

(c) Top of the column:

Solids concentration (v/v)
Ugg rlemlg 330 24 31 &1 81 61 71
cm/s

087 .087 .088 .09 092 094 097 .02
,075 .076 .077 ,079 .08l 084 .087 .09



Tab o
able 3 - variation of Solids Concentration in Radial

Direction at the Bottom, Middle and Top Section
of the Three Dimensional Bubble Column

Lo = 173
CO = 0.2 (v/v)
Usl =

(a) Bottom section of the column:

Solids concentration (v/v)

s r (cm)

cm?s Ol 2.1 ey 4.1 a8 6.1 7.1
1 0.2 0.205 0.21 0,22 0.23 0.24 0.246 0.27
6 0.2 0.205 0.212 0.225 0.23 0.245 0.255 0.273

(b) Middle section of the column:

Solids concentration (v/v)

Ugy TicOl SNESTONE SRl 41 - Bl 6 T
cm/s

X © 0.178 0.176 0.18 0.185 0.187 0.19 0,195 0.2
6 0.179 0.18 ©0.19 0.195 0,205 0.213 0.2 0.23

(c) Top section of the column:

Solids concentration (v/v)

Usg riem) g 3,2 2.1 31 4.1 851 61 7.1
cm/s

1 0.138 0.14 0.145 0.146 0©0.15 0.155 0.16 165
6 o. 145 0. 145 o. 15 O. 16 o- 17 Oola 00 195 o.n
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Tabl -
€ 4 - Liquid Phase Dispersion Coefficients
Three Dimensional Bubble
2.5% Solids at Different
Usl =0
Lo =173 cm
Usg = 2 cm/s

in
Column Containing
Gas Velocities.

) c/es B bt b, (end/e)

L
23 0.07 0.55 70
25 01 0.6 70.5
25 0.15 0.65 75
30 (o B By 0.7 68
32 0.2 0.76 70
36 0.28 0.9 74

Table 5 - U__ = 3.5 cm/s

2 2
t(s) c(t) /C (=) (%) .D,.t Dy cm/s

14.5 0.16 0.7 142
17 0.22 0.8 138
18.5 0.3 0.9 143
20.5 0.35 1 A
24 o 1.1 141
26 0.45 1.2 136




Tabl - L
® 6 = U gL

tls) c(t)/c(=)
12 0.3
14 0.4
17 0.5
19 0.56
22 0.67

Table 7 - Usg = 6 cm/s
t(s) c(t)/c(=)
8 0.25
10 0.4
12.5 0.56
15 0.65
18 0.78

Table 8 - Usg = 8 cm/s
t(s) C(t)/C(®)
7 0.25
8.5 0.37
10.5 0.5
12.5 0.6
16 0.78

w2
(f) D).t

0.9
1.1
1.3
1.4
1.65

n 2

(E) .Dl.t
0.85
3 |
1.4
1.6

(1)20 t
A

0.85
1.05
1.3
1.5
2

Dl (clzls)

221
223
225
217
221

D1 (cnzls)

312
323.5
330
314
327

D

(cnzlnl

357
363
364
353
368



Table 9 - y

sg = 9+5 em/s
2
Th meisSim G b, ¢ D, (cn®/s)
¢ 0.2 0.75 167
8.5 0.37 1.05 363
11 0.56 " 374
13 0.65 1.6 362
16.5 0.8 2.1 347
Table 10 - Usg = 12 cm/s
2 3
t(s) C(t) /C(=) (E) .Dl.t D1 (em®/s)
6 0.22 0.8 392
8 0.37 1.05 386
10.3 0.56 1.4 400
12.5 0.7 1.7 400
18 0.85 2.4 392



Table




Table 13 - -

2
t(s)  c(t) /e (=) () D).t D, (en’/s)

7 0.25 0.85 357
9.5 0.4 X.2 340
12 0.56 1.4 343
15 0.73 1.8 353
17.5 0.8 3. 353
20 0.85 2.4 353

Table 14 - USg = 6 cm/s

m 2 2
t(s) C(t)/C(=) (Z) D,.t D, (em“/s)

6.5 0.25 0.85 385
9.5 0.5 1.3 402
11.5 0.6 1.5 384
14 0.73 1.8 378
17 0.84 2.3 398

Table 15 - Usg = 8 cm/s

- 2
t(s) C(t)/C(=) (f) .D;.t D (ea’/s)

6 0.25 0.85 417
8.5 0.43 1.2 415
1057 0.6 1.5 412
13 Q.73 1.8 407
15.6 0.82 22 415




Tabl 2
able 16 Usg = 9.5 cn/s
tls) cle)/e() (3> 2
£ 0.t D, (em‘/s)

545 0.25 0.85 456
7 0.37 1.05 441
9 0.5 1.3 425

10.5 0.65 1.6 448

12 0.73 1.8 441

Table 17 - Us = 12 em/s

9

n, 2 2
t(s) C(t) /C(=) (f) .Dl.t D1 (em®/s)

6 0.3 0.9 441
8 0.5 153 480
10 0.65 1.6 470
1343 0.73 1.8 453
13.5 0.8 2.1 458



Table 18 - Liquid Phase Dispersion Coefficients
Three Dimensional Bubble
15% solids at Different

in
Column Containing
Gas Velocities.

Usl =0
LO =173 em
Usg = 2 cm/s

t(s) | () /C(a) (f)z.bl.t D, (em?/8)

8 0.07 0.55 202
10 0.16 0.70 206
12.5 0.3 0.90 212
15 0.4 1.08 212
18 0.5 .2 212

Table 19 - Usg = 3.5 cm/s

$ 2
t(s) C(t)/C(=) (f) .Dy.t Dy (cem™/8)

7 0.2 0.75 15
9.5 0.37 1.05 325
12 0.5 1.3 "o
14.5 0.6 1.5 305
16 0.78 N e



Table 20 -

Table 21 -

Table 22 -

Usg = 4,7 em/g
t(s) c(t)/Cl=)
7 0.3
9 0.45
21.5 0.6
14 0.73
17 0.84
Usg = 6 cm/s
t(s) C(t)/C(=)
725 0.4
10 0.56
2 3
15 0.8
175 0.88
Usg = 8 cm/s
t(s) C(t)/Ck)
65 G35
8 0.45
10 0.6
13 0.78
16 0.85

-357-

(f)z.bl.t

0.9
1.2
1.5
1.8
2.3

n
(z) +Dy .t

1.08
1.4
1.7
2.1
2.5

D, (ca’/s)

378
392
384
378
398

D1 (anll)

424
412
417
412
420

2
D1 (em™/8)

452
44l
44l
452
441



Table 23 - U

t(s)

9.5
11.7
14

g=

9.5 cm/g

C(t)/C(=)

0.3
0.45
0.6
0.73
0.8

Table 24 - U = 12 cm/s
sg

t(s)

9.5
11.2
13
1S

c(t) /C(=)

0.4
0.6
0.73
0.79
0.85

0.92

1.5
1.8
2.1

1.8
2.05
2.‘

Dl (cnzln)

451
44l
464
452
441

2
D1 (em®/s)

462
464
473
464
471



Table 25 - solig Phase Dispersion Coefficients in

Three Dimensional Bubble Column Containing

2.5% Solids at Different Gas Velocities

Usl =0
Lo =173 em
Usg = 2 cm/s

n 2 2
t(s) C(t)/C(=) (f) .D‘.t D.(cn /s)

50 0.05 0.5 29.5
58 0.1 0.6 30.5
67.5 0.16 0.7 30.5
7.5 L 0.28 0.8 30
89 0s3 0.9 29

Table 26 -~ Usg = 3-5 cln/s

2 2
t(s) C(t)/C(®) (f) .Dgt Dglem”/s)

30 0.1 0.6 59
38.4  0.22 0.8 Y
47.4  0.35 1 o
58.5  0.45 132 60
= o 1.5 83




Tabl -

t o (&2
(&) cr/e @ ot b (mi/e)

20 0.32 0.95 140
27 0.5 1:3 142
38.5 0.73 1.8 137
47 0.82 2.2 137
57«3 0.89 - By 138

4 - =
able 28 Usg 6 cm/s

. 2 2
t(s) C(t)/C(=) (f) -D'.t D'(CI /8)

12 0.22 0.8 196
18.7 0.5 1.3 205
26 0.73 1.8 204
33.6  0.84 253 201
40 0.89 2.7 198

Table 29 - U /=8 ca/s

2 2
t(s) C(t)/c(®) () Dyt Dglen’/s)

9 0.16 0.7 229
15.4  0.45 1.2 229
93 0.7 1.7 227
29.6  0.84 2.3 228
36 0.9 2.8 229




Tab - -
=hle 30 - U = 8.5/

t(s) c(t)/c(=) (f)z.n..t D.(Clz/l)

Op3 Wi 2% 0.7 242
15 0.45 1.2 235
213 0.7 1, 215
28 0.84 2.3 242
34.7 0.9 2.8 237

Table 31 - UBg = 12 cm/s

2
t(s) c(t)/C(=) () ..t D, (cn’/8)

7 0.1 0.61 252
14 0.45 1.2 252
20.7 0.73 1.8 256
27.6 0.85 2.4 256
34.7 0.91 3 254

=361~




Table 32 - Solid Phasge Dispersion Coefficients
Three Dimensional Bubble
8% Solids at Different s

in
Column Containing
uperficial Gas

Velocities,
Usl =0

Lo = 173 cm
Usg = 2 cm/s

b § 2 2
t(s) C(t) /C(=) (E) .D..t D.(cn /8)

25 0.05 0.5 59
31 0.1 0.6 57
37.6 0.22 0.8 63
44.5 0.3 0.9 9
51.8 0.37 1.05 60
Table 33 - U, = 3.5 cm/s
2

2
£(s) C(t)/Ck) () .Dg.t D, lcm/s)

=3 o 0.7 130
23 (6 e 1 128
30.5 0.56 1.4 135
372 0.65 1.6 -
45 0.75 1.9 "




Table -
34 Usg = 5 cm/s

2
i = -
L T TR

10 0.16 0.7

206
16 0.37 1.05 193
30 0.79 2.05 201
36 0.88 2.5 204

Table 35 - Usg = 6 cm/s

T 2
t(s) C(t)/c(=) (f) Dg.t D _(em®/8)

4 0.07 0.55 231
13.5 0.4 1.1 240
20 0.65 1.6 235
26.4 0.82 2.2 245
34 0.9 2.8 242

Table 36 - Usg = 8 cm/s

2 2
t(s) C(t)/C(=) (%) .D .t D (cm"/s)

7 0.16 0.7 294
13 0.45 12 2N
19.7 0.75 1.9 283
25.8 0.88 2.5 285

33.5 0.92 3.2 281




Tabl -~
(=] 37 Usg = 9.5 ws

2
R L B T S o

6 0.1 0.6 294
12,2 0.5 1.3 313
18.9 0.75 1.9 296
25 0.88 2.5 294
3L72 0.92 Sea 302

Table 38 - Usg = 12 ecm/s
n 2 2
t(s) C(t)/C(=) (E Dot D (cm"/8)
6 0.15 0.65 319
11.8 0.5 1.3 324
18 0.78 2 327
23.8 0.87 2.6 321
29.5 0.92 3.2 319



Appendix g

Table 1 - Effect of solid (styrocel, d=8134 and o = 1,2g/cm’)

On Methanol Systems in Two Dimensional Bubble
Col =
olumn and for Usl 0.

tq
Usg -56% methanol .56% methanol .56% methanol

cm/s + 2% solids + 4% solids

2 0.09 > >

2.9 .108 0.07 0.063

4.2 .16 0.095 0.085

5.7 .222 0.14 0.125%

8.4 .249 0.16 0.147
10.4 .24 0.183 0.167
13.4 .258 0.21 0.205
16.5 .28 0.24 0.235



on Ethanol Systems in Three Dimensional Bubble

Column,
Usl o
L =173

5
0.5% ethanol 0.5% ethanol 0.5% ethanol
+ 2% solids

0.09 0.05
0.128 0.08
0.19 0.1

. 245 0.124
0.35 0.145
foam .16
foam 175
foam .195
foam +206
foam 22

Tab -
able 2 - Effect of Solid (Styrocel d=813 4 and o =1

+ 4% solids

.048
064

0.085

.105
«125
« 14

158
17

182
195



U
sg
cm/s

1.08
1.83
2.5
3.4
4.5
5.6
7
8.4
8.5
10.9

+ 4% solids

0.045
0.07
0.09
0.12
0.14
0.16
0.18
0.192
0.21

‘y
0.5% Propanol 0,5% Propanol 0.5% Propanocl
+ 2% solids

0ol 0,05
.145 0,09
0.200 0.11
0.3 .14
foam .16
foam 0.18
foam 0.193
foam 0.21
foam 0.225
foam 0.24

0.23



Table 4 - g
ffect of s0lid (Styrocel a=813u and o =1.29/ca’)

on Butanol System in Three Dimensional Bubble
Column,

Usl =0

L =173 em

s
sg .8% Butanol 0.8% Butanol 0.8% Butanol
cm/s + 2% solids + 4% solids
1.08 0.053 0.07 0.072
1,83 0.085 11 0.115
2.56 0.104 135 0.14
3.38 0.128 .16 0.17
4.46 <258 175 0.185
5.58 éx7 .188 0.193
7 §18S 0.2 0.202
8.23 .20 0.215 0.217
9.5 0.215 0.23 0.23)
10.9 0.23 0.245 0.247



Table 5 - gff
ect of solig (Styrocel d=810u and a-l.ZQIc-’l

on Octanol Systems in Three Dimensional Bubble

Column,
Usl =0
L =173 em
U -
sg 0.5% Octanol 0.5% Octanol 0.5% Octanol
cm/s + 2% solids + 4% solids
1.08 0.048 .051 053
1.83 0.075 0.074 .08
2.56 0.105 0.111 113
3.38 .125 .142 14
4.46 .147 .156 155
5.58 .165 .167 .17
7 .178 .181 .18
8.23 .194 195 195
9.5 .205 .207 21
10.9 .219 217 221



Table 6 - gf
fect of solig (Styrocel d=318; and =1.2g/ca’)

On Ethylene Glycol Systems in Two Dimensional
Bubble Column,

Usl "
L =134 cm
% R
s9 0.56% Glycol 0.56% glycol 0.56% glycol 0,564 glyool
/s + 2% solids + 8% solids  + 12% solids
2 0.1 - - ”
2.9 0.14 066 0.059 0.059
4.2 0.21 0.925 0.81 0.081
6.7 0.34 .135 0.12 J121
8.4 0.4 0.16 0.14 139
10.5 0.36 .182 .168 166
13.5 0.32 0.213 0.2 0,208
16.5 0.34 0.24 227 .228

=370~



Table 7 - Effect of soligd (Styrocel d=gl3y and 8

=1.2g/ca’)
on Potassium Chloride Systems in Three
Dimensional Bubble Column.
Us]. ak
L =173 en
“q
“sg  0.5% g/end .50 g/amdEel .5% o/cm? Kol
g/em™ Ke
onia Kcl + 2% solids + 4% solids
1.08 13 0.045 0.04
1.83 128 0.07 0.065
2.56 .162 0.085 0.08
3.4 .214 .108 " |
4.5 .249 125 113
5.8 .265 145 127
7 .25 .16 143
8.4 . 255 .178 .16
9.5 .265 .185 b8
10.9 .288 .195 - 185

-371~



Appendix H

Table 1 - Effect of Glycol and Propanol Concentrations

on Slug Velocity,

Conc. of  Slug Velocity Conc. of

Proganol cm/s Glycol Squcz;:OC1ty
)

.3 32 3 3o

5 32,9 9 28
1.2 32.7 1.8 25.95

1.8 33.2 2.4 25
2.4 3.4 3 24,5
I * 4 24,3



Table 2 - Effect of Potassium Chloride

Concentrat i
on Slug VelOcity, ion

KC1 co
ncegtration Slug velocity

g/cm iy

.003 29.5

.006 28
0.012 26.5
0.024 24.2
0.042 23
0.077 22.4

Table 3 - Effect of Nylon (dav-ZIOO pand p = 2,24 q/cn’)
ABS (dav=23°° pand o= 2,34 g/cna) and
Styrocel (d=1204 p and p = 1.36 q/anl on

slug velocity.

Slug Velocity cm/s

Solids

Conc. For Nylon For ABS For Styrocel
(=) particles particles particles
0.01 30 32.5 L1

0.03 28 34 36

0.05 27 34.6 37.5
0.08 26 35.5 k1)






Table 2 - Effect of Antifoam (Silcolapse 437 made by

I.C.I. Ltd.) on Gas Hold-up in Two Dimensional

Column.
Us].‘= (0]
U €g
sg
e .18% antifoam 6% antifoam
259 0.074 O L15
4.2 & foei ) : 018
BN 0125 =205
6% 7 0.148 0.24
8.4 3 P I 0.255
105 0.197 Qo2
13.:5 0.223 0.3
6.5 0.245 0.325

3o~



Table 3 - Variation of Solids Concentration with Time

Lo = 173 cm (three dimensional column)
C0 = 0.1 (v/v)
USl = 0.045 cm/s (i.e. 0.5 It/min)
Usg =1.1 cm/s
DAl
63.4
5 c/c, take-off C/C Top C/C, Bottom
0.125 i 1 0.9
P125 1 0.85 0.7
0.5 0.67 0.65 0.52
0.75 0.53 0.5 0.43
1 0.37 0.35 8,35
1.5 0.2 0.25 0.27
2 0.09 0.15 0.1
2.5 0.03 0.12 0.14
3 0.02 0.08 0.13
3.5 0.0k 0.07 0.11

-376-



Table 4 - Variation of Solids Concentration with Time

Lo = 173 cm (three dimensional column)
Co = 0.1 (v/v)
USl = 0.045 cm/s
USg = 4.5 cm/s
T
SRRk - o
8 C/Co Take-off C/Co Top C/Co Bottom
0,032 ik oI5 ool B
0.126 il ik 1503
0.19 .9 =87 1.
Q.25 e85 ! .96
0.38 A A 1A .85
%S .6 B2 .8
(9 bl T2 AL B85
il 4! .39 5
e h 2D 4 A i 5]
2 $1.5 il .19
295 i A 13
3 «OF .08 1
3.5 .06 O .09

L i [



Table 5 - Variation of Solids Concentration with Time

.04
s L 2D
e
2B

L
o

o

sl

= o S )

sg

43

173 cm (three dimensional column)

0. Y (/xn)
0.17 cm/s

1.1 cm/s

o T
17

Take-off

& d

& L
.99
.28
v i 0
0.073
0.02
0.02
0.02

C/C

0.75
0.56
0.45
sl
L.
0.07
0.04
0.04
0.04

-378-

C/CO Bottom

-9
w63
.42
S
» 25
.18
D
0.098
.06
.05
.05



Table 6 - Variation of Solids Concentration with Time

6

s 25
19
D

125

= 173 cm (three dimensional column)
= 0.1 (v/v)

= .17 cem/s

4.5 cm/s

¥
17

c/C, Take-off c/cO Top C/C, Bottom

0.96 0.93 ksl
0.8 0.8 i)

0.63 0.65 0.76
0.5 0.5 0.63
0.4 0.4 0.5
0531 043 0.41
0.21 0,2 0.34
0.11 0.13 0.2

0.04 0.06 0.13
0.035 0.05 0.1

0.035 0.045 6 T

S F
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