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Abstract

A novel approach of obtaining bubble size and spatial distribution is developed by
hybridising techniques of Electrical Resistance Tomography and the Gas Disengagement
Technique using a Population Balance as a framework. As a result, detailed hydrodynamic
predictions suitable for Bubble Column Reactor (BCR) optimisation results with minimal

computing effort.

Electrical Resistance Tomography (ERT) is a technique for creating 3D images of objects
occurring in space. The images are obtained through current stimulations through a body
surface electrodes and measurements of resulting voltage signals due to interior spatial
conductivity field distribution. The use of ERT imaging method for hydrodynamic parameter
predictions in a BCR has a benefit of yielding high temporal resolution but low spatial
resolution. The low spatial resolution in electrical imaging accounts for underestimated or
overestimated hydrodynamic parameter predictions similar to results obtained from the use

of alternative techniques.

The population balance model (PBM) is a mathematical framework with which the spatial
transport of properties of bubble population can be described. The PBM also allows for the
description of the time-variant bubble population properties by a division of bubble
population into size classes. Moreover, the PBM allows for the inclusion of models of bubble
coalescence and breakage phenomena, which affect the distribution of bubble population
properties during bubble swarming. The included source terms enable accurate modelling of

the bubble evolution either in a steady or unsteady state fluid flow regime.

The objective of the present study is to develop an ERT interpretation technique yielding a
high accuracy reconstruction of bubble population distribution through coupling ERT
measurements to a PBM. It is hypothesized that a higher accuracy interpretation of ERT
measurements will result from coupling ERT measurements to a PBM. The ERT technique
has the capacity to image the steady and time-dependent gas void fractions in column
sections as bubbles swarm and during dynamic gas disengagement (DGD). This ERT potential

is explored in hybridizing ERT and a PBM in the present work.

The PBM was used to model a steady state 2-phase (air-water) fluid system operated in a
semi-batch mode. The interactive fluid system was set-up in a Perspex cylindrical

experimental BCR of height 1.545 m and diameter 0.29 m. The experiment was set-up to



measure hydrodynamic parameters in a BCR for varied superficial gas velocities ranging from

0.005 — 0.016 m/s on the interval of 0.001 to 0.01 m/s.

An essential bubble population property for the hydrodynamic predictions is the bubble
number density distribution (BNDD) n(v, z). The BNDD is defined such that n(v, z)AzAv is
the number of bubbles between axial position z and z 4+ dz having a volume between v and
v + dv. The hybridization of the ERT measurements to a PBM followed these sequences of

measurements and computations:

1) A calibration of the local static gas void fractions measured by the ERT method

and the differential pressure method;

2) An analysis of the transient gas void fractions in the process of DGD to determine

the bubble size distribution in the column;

3) A simulation of bubble swarming in the column by the PBM method using the

boundary condition of results in step 2;

4) Solving a model of the process of DGD in the column using the initial condition of

results obtained in step 3.

The first step in the sequences of computations is a validation of the usefulness of ERT
method for the measurement of the local gas void fractions in the column. The second, third
and fourth steps highlight measurements and computations required to determine the
n(v, z) by the ERT and PBM hybrid method during bubble evolution. The criteria in resolving
the n(v, z) were that the n(v, z) satisfies a validated static and dynamic gas void fractions

measured by the ERT method.

Having determined the n(v,z) for varied superficial gas velocities within a range of
experimental accuracy by the used equipment, the hydrodynamic parameters were
predicted from the known n(v, z). The predicted hydrodynamic parameters are the local gas
void fractions, gas-liquid interfacial area, volumetric gas-liquid mass transfer rates, Sauter
Mean Bubble Diameter and intensity of mixing depending superficial gas velocity. The
predicted hydrodynamic parameters computed from the resolved n(v, z) by the hybrid of
ERT and PBM are consistent with findings in the literature, where alternative methods were

utilized.



Thus, the inadequacies of the ERT method to measure hydrodynamic parameters useful for
enhanced designing and scaling-up of BCRs have been addressed by the fusion ERT and a

PBM.



Acknowledgements

It is with a deep sense of gratitude that | wish to recognise the input of my primary
supervisor, Associate Professor Randhir Rawatlal, to this study. His conception of the idea,
his suggestions and guidance as well as his criticism of my ideas in the course of this work
are commendable. Indeed, you are endowed with capacity at training research scholars.
Your kind gesture expressed by the provision of the bursary for this project from your

research purse is appreciated.

| wish to thank Professor Andy Adler of the Dept. of System and Computer Engineering,
Carleton University, my co-supervisor, for his generosity expressed in covering a part of the
cost of my research visit to his laboratory at Carleton University, Ottawa, Canada. Prof.
Adler’s guidance and suggestions with regards to the development of the electrical
resistance tomography (ERT) imaging algorithm cannot be overemphasised. | wish to also
appreciate the great support of Associate Professor Aubrey Mainza, my co-supervisor at the

University of Cape Town, for proof-reading my thesis.

The suggestions and assistance rendered by the following people in various capacities in the
course of this study are worthy of recognition and commendation: Yasin Mamatjan, Post
Doctoral Research Fellow and Peyman Rahmati at Carleton University, Granville de la Crus
and staff members at the Mechanical Workshop Unit at University of Cape Town (UCT). The
involvement of Bill Randall of the Electronic Workshop Unit, Dept. of Chemical Engineering,
UCT, on this project in varied forms including facilitating the use of the ERT data acquisition

hardware is appreciated.

Ultimately, | bless God for my parents for believing in the vision, regular encouragements

and prayers through the entire study. You are great to have.



Contents

Abstract

Table of Contents

List of Figures

List of Ta

Nomencl

bles

ature

Table of Contents

Chapter 1: INtroOdUCLION ......eeiiiiiiee et e e e e e e re e e e e s ee e e e e e nnreeeeeeeeeennnnnns 28
1.1.  Motivation and aims of STUAY .....ccccuiiiiiiiiiie e 28
1.2.  Basic principle of tomMOgraphy ..o 30
1.3.  Bubble column reactor (BCR) OPEratioNns ........ccceeeeciveeeeiiieeesiieeeeseveeeesveeeesveaeee s 34
1.4. Essence of population balance model (PBM) in the accurate prediction of BCR

hydrodynamic PArameEters .......eeeii it e e e e e e e rrar e e e e e e e e eannes 35
1.5. Advantages of the use of ERT to determine hydrodynamic parameters in a BCR .36
1.6.  Benefits of hydrodynamic parameters prediction in @a BCR........cccccovveeevciveeeicinnennns 37

Chapter 2: LItErature MEVIEW ........ciiieiiciiiee e cciiee ettt ettt e ettt e e e e vt e e s stae e e ssnntaeeesbaeeessnbaneesnes 38
2.1. Mathematical description of ERT forward and inverse problem .........cccccceeeeen. 38
2.2.  Progression in the development of ERT imaging algorithm .......ccccccovviiniennnnnnne. 40

2.2.1. Physics of ERT forward problem ..........cccoviiieiiiiccee e 41
2.2.2. Divergence thEOIrEM ......c.uvii e e e e e 42
2.2.3. Gauss-Newton algorithm (forward and inverse solver) .......ccccocoveeivciveeennns 43
2.2.4. Temporal imaging reconstruction algorithm.........ccccevvciieiiiciiee e, 46
2.2.5. Gauss-Newton algorithm with spatial image elements correlation and
temporal data frames correlations .........cccceeeeeeciiieee e, 47

2.3.  Industrial applications of ERT technique ......cccccveeiiiiiiiieiiiee e 49
2.4. Medical and Geophysics applications of ERT technique .......ccccccveeevciveeiccieeeccnnnenn, 51



2.5.  Recent industrial and biomedical applications of ERT .......ccccccviiieeeeeeieccciiiieeee e, 51
2.6.  Design, scale-up and performance description of BCR ........cccccvvveeeeeiiiiciiieieeeeeens 54
2.7.  Fluid dynamics and regime analysis of BCR .........cccoecuiiiiiiiiieeecciiee e 55
2.7.1. Gas holdup and specific interfacial area ........cccoccvveeeeciiei i, 56
2.7.2. Superficial 8as VEIOCITY ..eeeivcviieiieiiiie e e 59
2.7.3. Hydrodynamic parameters — mass transfer coefficients .........ccccccovveeeeennn. 60
2.7.4. Liquid mixing in bubble column reactor .......ccccoecciieeeeei e, 65
2.7.5. Gas mixing in bubble column reactor ........cccccciieeiii i 67
2.7.6. Hydrodynamic parameters - bubble characteristics .......ccoccevvvcieeiiiiieennnns 70
2.7.7. Bubble size distribUtion ........ccccceeriiiiiiieiec e 71
2.7.8. 210 o] o] oI TR = Lo Yo 1Y AT 76
2.8. Measurement of bubble population swarming parameters at steady state:
Electrical Conductivity Probe Technique ......ccccccoviiiiiiiiiine e 77
2.8.1. The 5-point probes of (Burgess and Calderbank, 1975) .......cccccoceeevciveeenneen. 78
2.8.2. Measurement of bubble population parameters using probe design
Technique (Burgess and Calderbank, 1975) .....ccccoociiiieciieeeeceeeeeeee e, 80
2.8.3. The 5-point probes of (Steinemann and Buchholz, 1984) ..........ccccccvveeenneen. 81
2.8.4. Measurement of bubble population parameters using (Steinemann and
Buchholz, 1984) probe design technique .........cccccveeeeecieeeeciiee e 82
2.8.5. Conclusions on the use of the Electrical Point Probe Technique for
bubble population parameter measurements .........ccccceeeeeeeeciiiieeee e, 84
2.9. Theoretical framework for the development of source terms models of a
PBM — bubble breakage rate and coalescence rate models ..........ccuuuuneee. 85
2.9.1. Agglomeration of particle SyStem ........cooceciiiiie e 85
2.9.2. Bubble coalescence rate model development based on the framework ...... 86
2.9.3. Turbulence driven colliSion rate ........cccvceerieiiiiienieee e 87
2.9.4. Buoyancy driven colliSion rate ........ccccceeeeeeciiieiec e 88
2.9.5. Laminar shear colliSion rate .........ceoviieiiiiiie e 89
2.9.6. Collision effiCiENCY  coveeeeeeeeee e 90
2.9.7. Particle fISSION oouiiiiieeiiie e s e 91
2.9.8. Bubble breakage rate model development based on the framework ........... 92
Chapter 3:  Thesis ODJECHIVES ..cvviiiieeeeee et e e e e e e snenes 103
3.1 Background on thesis 0bjeCtiVES ....ccceeiieeciiiiiieee e 103
3.2 [ V7 0T 11 g =T USSR 104



33
3.4

Chapter 4:

4.1.
4.2.
4.3.
4.4.

4.4.1.
4.4.2.

4.4.3.

4.4.4.
4.4.5.

4.5.

4.5.1.
4.5.2.

4.6.

4.6.1.

Chapter 5:

5.1.

5.1.1.

5.1.2.

5.2.
5.3.

5.4

Research approach ... 104
[NV e [T 4 (o o [ SPRPRPR 109

Experimental measurements of gas holdup fractions of bubble swarm at steady

state by the ERT teChNIQUE .....ccoieiiiei i 111
Hardware equipment for ERT data capturing .......cccceeeeecciieeeee e, 113
Implemented measurement sequences for the ERT imaging technique........ 116
Bubble column reactor used for hybrid model development ........................ 118
Local gas-holdup computation by the ERT technique .........ccccecevvveeviieeeennnenn. 120
ERT data CAPLUIING .oocvveeeeiieee ettt et e e e e ratr e e eate e e e 121
ERT data capturing modelled by the ERT forward model and reconstruction
by the ERT iNVerse Model .......coocviiiicieee ettt 122
Time and area average of conductivity distribution (TACD) and gas holdup
computation from ERT iMagEes .....ccoecuviiiiieee ettt 125
Results of gas dispersion void fractions from analysis of ERT images ........ 126
Conclusions on local gas holdup computation by the ERT technique ........ 128

The differential pressure (DP) transmitter and method of its calibration .. 129

Results of DP transmitter calibration .......cooeeeeeeeeeiieeecceceeaaaeen 133
Discussion and conclusions on the DP Calibration ........ccccccevvvvviiiiiiieiinennnn. 139
Correlation of gas void fractions by ERT and the DP methods ................... 141

Conclusions on the correlation of the ERT data to the DP data for gas void
fraction MEASUIEMENTS ..cccviiiiiieiiieriee ettt sbe e e sanes 142

Experimental measurement of bubble population parameters from captured

ERT images in the process of dynamic gas disengagement..........cc.c.cc..... 144
Dynamic gas disengagement (DGD) method ........cccceeecveeeeecieeecccieeeeen, 145
The Previous method of determining bubble sizes based on the DGD
10=Tol o] o1 [ TP 149
Development of a novel method of determining bubble sizes by the DGD
10=Tol o] 01T [T 154

Characteristic times of bubble sizes disengagement during DGD process .. 158
Results: Stages of interpretation of ERT measurements coupled to the DGD
process for the computation of bubble population parameters ................ 165
Discussion and CONCIUSIONS .....ivviiiiiieiiiiiieeeiiee et e e e ree e s 178

Chapter 6: Bubble population parameter measurements by the method of modelling of the



bubble population swarming in a steady state process .......cccccceeeecvvieeeeeeeeccnnns 184

6.1.  General mathematical framework of a PBM ......ccoooiiniiiiiniiieneeeeeeeeee 185
6.2 Adaptation of the general PBM to a PBM suitable for description of BCRs.......... 186
6.3 Method of PBM solution and reSUlts ...........ccceereiriiniiniiiiceeeeeeeeee e 190
6.4 Discussion and CONCIUSIONS......cc.ueiiieeriiee ettt e e 199

Chapter 7: Bubble population balance modelling by dynamic gas disengagement process

(o] e Yol ST {5 1C] B ) ISR 201
7.1. Derivation of mathematical model for the transport of bubble population in
the Process Of DGD ....cceeeii ittt e ettt e e e e e eree e e e e e e e aer e arreeeeaaeeas 202
7.2.  Method of solving the derived mathematical model for the transport of bubble
population in the process 0f DGD .......ccoociieciiiiiiiee e 208
7.3. Interpretation technique for the analytical solution of the derived mathematical
model for transport of bubble population in the process of DGD ...........cc..c....... 211
7.4.  Discussion and CONCIUSIONS ...cccvcuiieiriuiiiieiniiieeiiireeessieeeesereeeessreeeessnreeessessneeeesanns 217

Chapter 8: Hybridization of ERT measurements and a PBM for computation of bubble

population properties in the colUMN .........cccviii i 221

8.1. Hybridization of ERT measurements and a PBM for determining the BNDD in a
(oo ][] 1 o o IO TP OUPRUPPOPPI 222

8.2. Validation of the hybrid predicted BNDD and statistical error analysis .............. 235
8.3. Effects of superficial gas velocity on the computed BNDD based on the
hybridization of ERT measurements and @ PBM ........cccccoeevveeeicieeecciiee e 236

8.4. Discussion and CONCIUSIONS .....covveireieriiiienieeniee et erteeste e ssieeesaeesreesbeeseeeesanes 256

Chapter 9: Hydrodynamic parameter predictions using a hybrid of ERT and a PBM technique

N3 COIUMIN Lttt esbe e e s abe e s abe e sbaesateesareess 259

9.1. Application of the hybrid of ERT and PBM algorithm for the hydrodynamic
parameter predictions in @ COlUMN .......oooiiiiiiiee e 260

9.1.1. Gas holdup fraction calculations .........cccceeeviieeeeciiie e 262
9.1.2. SIMBD CalCUIAtiONS .eiieeiiieiciiiee e e 264
9.1.3. Liquid-phase mass transfer coefficients ......ccccccoeveiieeeeiiinccciiiieee e, 265
9.1.4. Intensity of interphase mixing and phase dispersion rates ..........cccec.u...... 270

9.2. Exploration of the hybrid predictions of hydrodynamic parameters for column

o= ] LU T T [T = o TSR 273
9.3. Hydrodynamic parameter predictions by experimentally validated simulation

0721 oo o PSPPSR 276
9.4. Conclusions on hybrid predictions of hydrodynamic parameters...........cccueennne 279



Chapter 10: CONCIUSIONS ......uuiiiiieeeecccciiiee e e e et e e e e e e cbrare e e e e e esbateeeeaeeeeeeessansssaeeeassennnsnns

ReCOMMENAATIONS....cccoiiiiiiiiiiiiie e

References.

Appendices

10



List of Figures

Figure 1.1. Basic principle of tomography : superposition free tomographic cross sections S1
and S2 compared with the projected iMage P..........eevviiiciieeee e 30
Figure 1.2. A 2D cross-section of the surface of the electric field distribution generated by a
pair of electrodes on a ring of 8 electrodes during ERT data measurements. ..........cccoeeuneeee. 32
Figure 1.3. The components of electrical resistance tomography equipment........................ 33
Figure 1.4. An ERT rig containing a suspended cuboid solid object in a saline solution of
conductivity 0.2 S/m orientated as follows: a) Front view of the ERT rig; b) ERT 3D image of
the object; c) Plan view of ERT rig; d) A 2D slice of the object’s image.......cccccccevevcvveeecnnnnnn. 33
Figure 1.5. Air dispersion in a BCR (as in a) during operation and its ERT 3D images using
Gauss-Newton algorithm with Tikhonov regularization (as in b); using Gauss-Newton

algorithm with image element and data frame correlation for regularization (as in c).......... 34

Figure 2.1. Diagrammatical illustration of a stimulation of small amplitude of current (mA)

through a ring of electrode plates on the periphery of a BCR........ccvvveiiiieeeicieee e, 39
Figure 2.2. Gas hold-up in a 0.2m i.d column reactor.......ccccceccieeeeiiiee e 64
Figure 2.3. Axial distribution of gas hold-up in a bubble column reactor (Dc=0.2m)............. 64
Figure 2.4. Gas-liquid mass transfer rates in a 0.2m i.d bubble column reactor..................... 65

Figure 2.5. Axial distribution of gas-liquid mass transfer rate in a bubble column reactor

Figure 2.6. Eg /Ug against column diameter (taken from (Wachi & Nojima, 1990). The Solid
line shows data disparity, vertical solid line presents data field reported by (Grund, 1988) for
aerated OrganiC lIQUILS. ..o e e e e e s e e e e e e e e e e e nnrraaeeeaeeennnnnes 69
Figure 2.7. Experimental set-up for bubble size distribution model development (Akita &
YOS, 197 4) .ttt ettt ettt e ettt e e ettt e e e e ta e e e e aaba e e e e aba e e e e eetaee e e raeeeearaeeeanraeaans 71

Figure 2.8. The Spatial orientation of the probe tip developed by (Burgess & Calderbank,

1975). ettt ettt e ettt e et ettt et et ee e e et et e et et et ee e ettt eeaeeee e et et ee et e eeeeeeeeeneeeraees 79
Figure 2.9. Pictorial representation of pulse SEqUENCES. .......cccuviiieeieiiiciiiieeee e 80
Figure 2.10. Probe sensor design of Steinmann and Buchholz (1984). ........ccccccvvveevcvveeecnnnenn. 82
Figure 2.11. Definition of bubble movement parameters........ccccceeeiieeeeciee e 83

11



Figure 4.1. Current pulse ERT system for a single ring of 16 electrodes (Randall, et al., 2007).

Figure 4.2. Data acquisition system: a) Exterior view; b) Plan view. ..........ccccccceeeeecieeeennnee. 114
Figure 4.3. On-line reconstruction of resistivity distribution (2D) from captured voltage data
iN The FOrmM Of U’ CUMVES. .e.eeiieeieeee ettt st et 115
Figure 4.4. The Dataset for a single frame as displayed by the real-time software. Data is for

a homogeneous system and therefore symmetrical. Each “U curve” is data recorded during

single current injection cycle (Randall, et al., 2007). ......eeereiiieieiiiiee e 115
Figure 4.5. Stages of data processing for ERT image reconstruction. .........ccccccceeeeecvveeeennenn. 115
Figure 4.6. Electrode select sequence table format. .......cccceeveeei i, 116

Figure 4.7. Adjacent pairs measuring sequence for a 16 electrode system. The figures show
the first two positions of the current injection sequence. The output from the 16 amplifiers
is recorded for each of the 16 current injection positions (Randall, et al., 2007)................. 117
Figure 4.8. Air dispersion through the UCT BCR during online operation and its ERT image
reconstructions: a) Air dispersion through a BCR; b) Image reconstruction using the Gauss-
Newton algorithm without 4D regularization; c) Image reconstruction using the Gauss-
Newton algorithm with 4D regularization. .......cccceee oo 120
Figure 4.9. ERT reconstruction of steady state dispersion at a superficial gas velocity of
0.016m/s at a local column cross-sectional area of the captured data on the time interval of
0.636 seconds: (a) first section, (b) second section, (c) third section, (d) fourth section. ....124
Figure 4.10. ERT reconstruction of steady state dispersion at a superficial gas velocity of
0.01m/s at a local column cross-sectional area of the captured data on the time interval of
0.636 seconds: (a) first section, (b) second section, (c) third section, (d) fourth section. ....125
Figure 4.11. The local ERT TACD of the conductivity difference captured at steady state
dispersion from 3 repeated measurements as a function superficial gas velocity. .............. 127
Figure 4.12. Density measurement by the differential pressure (DP) transmitter................ 130
Figure 4.13. A diagram of the bubble column reactor fixed with a tubular porous tube air
distributor at its base and electrode layers on its periphery with dimensions used for
eXPEriMENLAl STUAIES .oeiiiiieieee e e e e rrr e e e e e ee e e e e e anbeeaeeeeeeennnnnns 131

Figure 4.14. Local gas void fraction as a function of superficial gas velocity measured using

Figure 4.15. Graph of chi-squared against sampled constant for a fitting model with

LTl g =T a1 = I F- - 1SR 137

Figure 4.16. Local gas void fraction as a function superficial gas velocity........ccccccccuveeennneee. 137

12



Figure 4.17. Gas void fraction as a function of column axial length for varied superficial gas
V2] o Yo A =Y TP 138
Figure 4.18. The local DP gas void fraction against the local ERT TACD during the steady state

gas dispersion for superficial gas velocity ranging from 0.002-0.016 M/s. .......cooveeerveeerennns 141

Figure 5.1. The Cross-sectional area of bubble swarming in a column (Sriram & Mann, 1977 ).

Figure 5.2. A relation between the gas void fraction and the superficial gas velocity.......... 147
Figure 5.3. Pictorial representation model of bubble size distribution at various time during
DGD process: a) before turning off the air inlet into the column; b) at the instant the air inlet
is switched off; c) after an elapsed time t after turning off the air and in the process of DGD
(SHiram & MaNN, 1977 ). oottt e ettt e e et e e e e ette e e e etae e e eeataraeeesaabaeaeesaeeaenes 148
Figure 5.4. Gas-liquid dispersion at varied times during DGD: a) at an initial time t=0; b)
during the first period of disengagement; c) during the second period of disengagement
(small bubble disengagement) (Daly, et al., 1992). .....c.coeeiiiiieeeiiee e e e 151

Figure 5.5. The local disengaging gas volume with time at the superficial gas velocity of 0.01

Figure 5.6. The local disengaging gas volume with time at the superficial gas velocity of 0.016
TY1/ S ettt ettt ettt ettt e e ettt s e e teeesa ——teesaa——eeaa———tes e ——eeeaa—tee e ——tee e ——eetesaa—tesaarteesaaatessaaraeesaanaes 157
Figure 5.7 . Diagrammatic illustration of the changing gas holdup with time progression on
the first electrode layer during DGD process; (b) ERT images of the air dispersion at gas flow

rate of 0.016m/s at 0.64 seconds time interval during the DGD process on the first electrode

Figure 5.8. Diagrammatic illustration of the changing gas holdup with time progression on
the second electrode layer during DGD process; (b) ERT images of the air dispersion at the
gas flow rate of 0.016m/s at 0.64 seconds time interval during the DGD process on the
Y <Tole] g To I =] F=Totd foTe [N F= 1YY R SURROt 160
Figure 5.9. Diagrammatic illustration of the changing gas holdup with time progression on
the third electrode layer during DGD process; (b) ERT images of the air dispersion at the gas
flow rate of 0.016m/s at 0.64 seconds time interval during the DGD process on the third
LY=ot d o Yo [N - 1Y PSP 160
Figure 5.10. Diagrammatic illustration of the changing gas holdup with time progression on

the fourth electrode layer during DGD process; (b) ERT images of the air dispersion at the

13



gas flow rate of 0.016m/s at 0.64 seconds time interval during the DGD process on the
1018 g o =Y [T o d oo [T - 1YY USSP 161
Figure 5.11. Diagrammatic illustration of changing local ERT estimate of gas void fractions
with time during DGD. The sequences of obtained data are shown in Table 5.1. The grey
areas at cross-sections of the ring sensors are proportional to the degree of conductivity at
COlUMIN CrOSS=SECTIONS. ...ttt ettt st sttt st sttt e n e e e b e b ennee 162
Figure 5.12. The local BNDD as a function of logarithm of bubble volume for superficial gas
velocity of 0.016 m/s: (a) at Section 1, (b) at Section 2, (c) at Section 3, (d) at Section 4.....173
Figure 5.13. The global BNDD as a function of logarithm of bubble volume at varied
superficial gas velocities: (a) at 0.016 m/s, (b) at 0.01 m/s, (c) at 0.009 m/s, (d) at 0.008 m/s,
(e) at 0.007 m/s, (f) at 0.006 m/s, (g) at 0.005 M/S. ..ccvriierieeerieeeeeeeree ettt 177
Figure 5.14. A flow chart of bubble population parameter computations leading to the
determination of axially averaged BNDD as a function of bubble size and the global mean of

bubble Sizes iN the COIUMN. ...eee e e e e e e e e e e 178

Figure 6.1. Bubble coalescence rate as PBM source term resulting in BNDD of bubble birth
and death at a discrete axial column length (approx. Inlet region) at the superficial gas
velocity of 0.016 m/s and gas void fraction 0f 2.7%. .....c..covveeeeieeneeieeeeeceeeeeeere e eeereeereens 192
Figure 6.2. The BNDD at column axial lengths from PBM solution having coalescence source
term only with the conservation of the axial distribution of gas void fraction. .................... 193
Figure 6.3. The BNDD at column axial lengths from PBM solution having coalescence source
term only with the conservation of the axial distribution of gas void fraction in 3D............ 193
Figure 6.4. Bubble breakage rate as PBM source term resulting in BNDD of bubble birth and
death at a discrete axial column length (approx. Inlet region) at superficial gas velocity of
0.016 m/s and gas void fraction OF 2.7%. ...c..eecceeeeereeeee ettt 195
Figure 6.5. The BNDD at column axial lengths from PBM solution having breakage source
term only with the conservation of the axial distribution of gas void fraction. ................... 196
Figure 6.6. The BNDD at column axial lengths from PBM solution having breakage source
term only with the conservation of the axial distribution of gas void fraction in 3D............ 196
Figure 6.7. The BNDD along column height resulting from solving a PBM with the source and
sink terms of breakage and coalescence rate models: (a) the BNDD at discrete column height

in 2D; (b) the BNDD at discrete column height in 3D. .....coccviiiiiiiiii e 198

14



Figure 7.1. Diagrammatic illustration of the disengagement model of bubble size distribution
at various times during a DGD process: a) before turning off the air inlet into the column; b)
at the instant the air inlet is switched off; c) after an elapsed time t after turning off the air
and in the process of DGD (Sriram & Mann, 1977 ). ..ccccuiiieeiieeeeceee ettt e 203
Figure 7.2. An illustration of the change in mass of bubble population volume of a bubble
class per unit time within a section of @ BCR.......cccuvviiiiiiiiicee e 204
Figure 7.3. The time-dependent disengaging local gas volume computed from the solution of
the DGD process model at different w0 parameters compared to the experimental data at
superficial gas velocity of 0.016 m/s: (a) w0 = 1, (b) WO = 0.5. c.eeevvviviiviiceeceecee e, 214
Figure 7.4. The BNDD against logarithm of bubble volume with varied parameter of W: (a) at
Section 1 with Wo = 1, (b) at Section 1 with wo = 0.5 (c) at Section 2, 3, 4 and globally with
Wo =1, (d) at Section 2, 3, 4 and globally with Wo = 0.5 at superficial gas velocity of 0.016
D11/ S ettt e e et e e e ettt e e e e e e ——teeeeereeeaa e e —————eeeeaaaaa———teeeeeaaaa———teeeteaaaa e ———tteeeeeaaaa———reeeeerananaaaes 216

Figure 8.1. Schematic of flow of computation in hybridizing ERT measurements and a PBM
for hydrodynamic parameter predictions in the column. .......cccccoeeiiiiiiin e, 223
Figure 8.2. The axial distribution of static gas holdup fractions in the column determined by
the ERT technique experimentally — numbered 1 in the algorithm of Figure 8.1.................. 225
Figure 8.3. The dynamic gas holdup during the DGD process that yielded the size distribution
of bubbles —numbered 2 in the algorithm of Figure 8.1........cccceeeeeiiiieeee e, 226
Figure 8.4. The simulation of bubble swarm phenomenon using a 2D steady-state PBM and
modelling of the DGD process after gas dispersion was turned off that yielded BNDD as a
function of bubble size and space — numbered 3 and 4 respectively in the algorithm of Figure
2301 OO ST U PR PORORRPPR 228
Figure 8.5. A Solution of PBM yielding the BNDD depending on bubble volume and column
height satisfying the static and dynamic holdup conditions at the superficial gas velocity of
0.006 M/S. 1ttt sttt ettt sttt bbbttt h e h bt a bbbttt neeaeneetn 230
Figure 8.6. The solution of the DGD process model showing the time-variant disengaging gas
volume locally at the superficial gas velocity of 0.016 m/s. The characteristic times of
disengagement of bubble size classes are indicated by the circle symbols on the graphs...231
Figure 8.7. Axially averaged BNDD depending on the logarithm of bubble volume during DGD
process by the ERT measurement and a model of DGD process at the superficial gas velocity

OF 0008 MNY/S. ettt ettt et e e e ettt e et e s e e e et e eesssaaas s eateeeeeseaa et nartreaeeseaaaratreeesesanaraaes 231

15



Figure 8.8. BNDD averaged over bubble size (volume) against column height during bubble
population swarming at steady state by the ERT measurement and the PBM at the
superficial gas VeloCity 0f 0.016 M/S....cccuiiiireeeireeeeeee ettt ete e eetee et e e eeteeeeteeeenree e 234
Figure 8.9. A Solution of PBM yielding the BNDD depending on bubble volume and column
height satisfying the static and dynamic holdup conditions at the superficial gas velocity of
0.00 M/Su tttteteeete ettt b e bt a bbbt she b b et et et bt be b aentenean 238
Figure 8.10. Axially averaged BNDD depending on the logarithm of bubble volume during
DGD process by the ERT measurement and a model of DGD process at the superficial gas
VEIOCITY OF 0.00 M/S. wriitrieieeieeeteeete et et ettt ete e st e et e etaeeaeebeebeebeebe et beeteenseesteesanesanesaneens 238
Figure 8.11. BNDD averaged over bubble size (volume) against column height during bubble
population swarming at steady state by the ERT measurement and the PBM at the
superficial gas VeloCity 0f 0.01 M/S.....eiiuiiieiee ettt ettt et ereeeereeeeareeeanas 239
Figure 8.12. BNDD averaged over bubble size (volume) against column height during bubble
population swarming at steady state by the ERT measurement and the PBM at the
superficial gas velocity 0f 0.009 M/S.....ccuuiiireeeieeeeeee et eetee et e et et e eeteeeeaeee e eereeeeteeeeareeeanes 243
Figure 8.13. A Solution of PBM yielding the BNDD depending on bubble volume and column
height satisfying the static and dynamic holdup conditions at the superficial gas velocity of
0.009 M/S. 1ttt sttt ettt ettt sttt ettt s e bt st s bttt he e h e bt a bt b e s b et et eneeneeaeseebn 243
Figure 8.14. Axially averaged BNDD depending on the logarithm of bubble volume during
DGD process by the ERT measurement and a model of DGD process at the superficial gas
VEIOCItY OF 0.009 M/S. .evieiierieeteeeteecte ettt et e et e etee et e etaeeaeeveebeebeebeesbesenteesteesteesteesrnesaneens 244
Figure 8.15. BNDD graphs at superficial gas velocity of 0.008 m/s (a) BNDD averaged over
bubble size (volume) against column height by the ERT measurement and the PBM (b)
Solution of PBM vyielding the BNDD depending on bubble volume and column height
satisfying the static and dynamic holdup conditions, (c) Axially averaged BNDD depending on
the logarithm of bubble volume during DGD process by the ERT measurement and a model
OF DGD PIrOCESS. ..uuutiiiiieeeeiecitieteeeeeeee it breeeeeeeesstateseeaeeesasnbsaseeaasesasssssessaeseeesasasssasaeesassnnnsrnns 246
Figure 8.16. BNDD graphs at the superficial gas velocity of 0.007 m/s (a) Solution of PBM
yielding the BNDD depending on bubble volume and column height satisfying the static and
dynamic holdup conditions, (b) BNDD averaged over bubble size (volume) against column
height by the ERT measurement and the PBM (c) Axially averaged BNDD depending on
logarithm of bubble volume during DGD process by the ERT measurement and a model of

DG PrOCESS. ittt e a e e e 248

16



Figure 8.17. BNDD graphs at the superficial gas velocity of 0.006 m/s (a) Solution of PBM
yielding the BNDD depending on bubble volume and column height satisfying the static and
dynamic holdup conditions, (b) BNDD averaged over bubble size (volume) against column
height by the ERT measurement and the PBM (c) Axially averaged BNDD depending on the
logarithm of bubble volume during DGD process by the ERT measurement and a model of
DG PrOCESS. it e e 250
Figure 8.18. BNDD graphs at the superficial gas velocity of 0.005 m/s (a) Solution of PBM
yielding the BNDD depending on bubble volume and column height satisfying the static and
dynamic holdup conditions, (b) BNDD averaged over bubble size (volume) against column
height by the ERT measurement and the PBM (c) Axially averaged BNDD depending on the
logarithm of bubble volume during DGD process by the ERT measurement and a model of
DGD PrOCESS. e 252
Figure 8.19. The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.016 M/S. ...ccoviiiiriieieeeeiee ettt e e et e eebeeeeareens 253
Figure 8.20. The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.01 M/S. c..eeieiriiiie ettt ettt e e et e eeaeeens 253
Figure 8.21. The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.009 M/S. c...coiiiiiieiirieirecite ettt ettt steeetee e e eveeveereenreens 254
Figure 8.22. The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.008 M/S. ....coviiviiiiirieieccre ettt eee e e v ereeveens 254
Figure 8.23 The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.007 M/S. c..eooiiiiiiiieriereccre ettt ettt ste e eee e e eve v eveereens 255
Figure 8.24. The gas void fraction as a function of bubble class volume and column height at
the superficial gas velocity 0f 0.006 M/S. ....ccuviiicreeeieeeeiee et ereeeereeeetee e ereeeeteeeeseeens 255
Figure 8.25. The gas void fraction as a function of bubble class volume and column height at

the superficial gas velocity 0f 0.005 M/S. ...ccoviiiireeeieeeeie et eeteeeeee et eereeeeteeeeereeeeteeenseeens 256

Figure 9.1. Axial distribution of gas holdup in the column at varied superficial gas velocities.

Figure 9.2. The axial distribution of mean bubble diameter in the column at varied superficial
L= TRV ] Lo Yol A =TSRRI 264
Figure 9.3. The axial distribution of the volumetric mass transfer coefficient at varied

superficial gas velocities in the colUmMN ... 265

17



Figure 9.4. The axial distribution of the specific gas-liquid interfacial area at varied superficial
gas velocities iINThe COIUMN.........e e e e e e e e e rrre e e e e e e 266
Figure 9.5. The axial distribution of the volumetric gas-liquid mass rates at varied superficial
gas velocities iNThe COIUMN. ... e e e e e rrra e e e e e e 267
Figure 9.6. The global hybrid-predicted volumetric mass transfer rate against superficial gas
velocity compared to empirical correlation results. ........cccceeeecieeieciiee e 269

Figure 9.7. The mixing time as a function of superficial gas velocity at the stated dispersion

Figure 9.8. Axial distribution of the intensity of mixing in the column at varied superficial gas
VEIOCITIES. ettt ettt et be e e st st sttt et et e r e 272
Figure 9.9. Axial dispersion of gas and liquid in the column against superficial gas velocity of
Lo [y 01T ] o] o VU UUUT 273
Figure 9.10. Gas hold-up in a 0.2m diameter column against superficial gas velocity.......... 277
Figure 9.11. Axial distribution of gas hold-up in a bubble column reactor (DT=0.2m)........ 277
Figure 9.12. Gas-liquid mass transfer rates in a 0.2m diameter bubble column reactor against
SUPEITICial BaS VEIOCILY coeeieeiiiiieee e e e e e et e e e e e e e e e e s anbaeee e e e s sennnnns 278
Figure 9.13. Axial distribution of gas-liquid mass transfer rate in a bubble column reactor

(DT=0.2IM) ittt e s s 278

Figure Al.1. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.009 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................. 303
Figure Al1.2. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.008 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................. 304
Figure Al.3. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.007 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................ 305
Figure Al.4. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.006 m/s at the column cross-sectional area of data captured at 0.636 seconds time

interval: (a) first section, (b) second section, (c) third section, (d) fourth section................ 306

18



Figure A1.5. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.005 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section. ............... 307
Figure Al.6. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.004 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................ 308
Figure Al.7. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.003 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................ 309
Figure A1.8. ERT reconstruction of steady state dispersion at the superficial gas velocity of
0.002 m/s at the column cross-sectional area of data captured at 0.636 seconds time
interval: (a) first section, (b) second section, (c) third section, (d) fourth section................. 310
Figure A1.9. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0
m/s at the column cross-sectional area of data captured at 0.636 seconds time interval: (a)

first section, (b) second section, (c) third section, (d) fourth section.........c..cccoceeeeerereeennnen. 311

List of Tables

Table 2.1. Typical values of the ratio of mixing to mass transfer time of BCRs in meters ...... 67
Table 2.2. Experiments with single-orifice sparger (Akita & Yoshida, 1974)........ccccccuveenneen. 73
Table 2.3. Example of calculations for model development of bubble size distribution (Akita

YOS, 1974) ...t e e ettt e e et e e et e e e e eta e e e e e tebbeeeeattaeaeebaeeeeanraaaeanes 75

Table 4.1. Number of adjacent measurement from rings of electrode and number of
measurements used for image reconNStruCtion.........cccveevecieei e 117
Table 4.2. The height of displaced water head during aeration of the liquid phase, ha, (cm)
for varied superficial gas VEIOCITIES. .....cc.euiiiiiiie et 135
Table 4.3. The residual mean squares and the standard deviations of the local gas void

fractions over studied flow rates against published results. ........ccccceeeciiieiiiiincciiieeeeeee, 139

Table 5.1. The ERT void fraction estimates at column sections at varied time during DGD

process illustrated iN FIGUIE 5.11.....ccccuiiiiiiiiee ettt ete e etee e e eeatee e e e eare e e s e baeeeeanes 163

19



Table 5.2. The calculated characteristic times for the disengagement of bubble size classes
locally in the column at the superficial gas velocity of 0.016 M/S.....c.coeveeereeecveecreeereeeenne, 168
Table 5.3. Bubble rise velocities and diameters of bubble size classes at column sections for
the superficial gas velocity 0f 0.016 M/S .....coveiirieiiieeceie ettt et ereeeeteeeeaeeens 169
Table 5.4. The local volumes of SMBDs and the differential disengaging gas volume during
DGD at the superficial gas velocity 0f 0.016 M/S...ccecviiiiiieiiiecie ettt e 169
Table 5.5. The global SMBD(cm) obtained by the coupling of ERT measurements to the DGD
for varied superficial 8as VEIOCITIES......ccccuiiiiiiieieccee e e 171
Table 5.6. The constant values for the log-normal fits of the local and global BNDD at varied
gas flow rates and the statistical €rror Values.........ccueeevivieeiiiiei e 177
Table 5.7. Calculated SMBD at the base of the first column section based on the gas void

fractions and interfacial area for varied superficial gas velocities .........cccocceveeeeeicciiienennnnnn. 182

Table 7.1. The constant values for the log-normal fits of the global BNDD by the DGD process

model and the statistical @rror VAlUES. ..........uuveviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee ettt ee e 217

Table 8.1. The local gas void fractions at superficial gas velocities of 0.016 and 0.01 m/s...224
Table 8.2. Parameters for physical quantities to determine the BNDD by the hybrid of ERT
and a PBM method at superficial gas velocity of 0.016 M/S ......cccvevveeeeceeecieecieceree e 229
Table 8.3. The disengaged gas volumes locally from the solution of DGD process model at
local characteristic times of disengagement of bubble size classes........ccccccvveeeeiiiieciinnnn.n. 232
Table 8.4. The local BNDD and axially averaged BNDD as well as the axially averaged SMBD
depending on bubble size class obtained from the solution of DGD process model and ERT
measurement at the superficial gas velocity of 0.016 M/S....cc.ocovuiieeeeeeiiieeieecee e 233
Table 8.5. The statistical error analysis of the compared ERT steady and dynamic data with
PBM and model of DGD process for superficial gas velocity of 0.016 m/s.......c..ccoeevveveennen. 235
Table 8.6. Parameters for physical quantities to determine the BNDD by the hybrid of ERT
and a PBM method at varied superficial gas veloCities ........ccccevveviieeiiciiie e, 237
Table 8.7. The statistical error analysis of the compared BNDD from ERT steady and dynamic
data with that by PBM and model of DGD process at varied superficial gas velocities........ 240
Table 8.8. The mass transfer rates and the time-variant bubble class density resulting
pressure variation leading to bubble expansion during DGD processes for varied superficial

Lo TR VZ=Y [ Yo | o =SSR 241

20



Table 9.1. Statistical error results of the comparison of global mass transfer rates as a

function of superficial gas velocity by the hybrid technique and empirical correlations......270

Table Al1.1. The maximum, minimum and TACD values of the area within the first electrode
layer for 3 repeated measurements for the superficial gas velocities ranging from 0.002-
0.006 M/S. ettt ettt ettt ettt et et e et e e et e a e et e teent et e eteen st enteteeneentenseenteteereeneens 298
Table Al1.2. The maximum, minimum and TACD values of the area within the second
electrode layer for 3 repeated measurements for superficial gas velocities ranging from
0.002-0.016 M/S.cntiiieieieeieeeese et e et et st e e s teese e teste s st esesseeneesesseeneesaensesneensesseentenseseeeneans 299
Table Al1.3. The maximum, minimum and TACD values of the area within the third electrode
layer for 3 repeated measurements for superficial gas velocities ranging from 0.002-0.016
TY1/ S ettt ettt e ettt e e ettt s e e —eessa ——teesaa—teeaa———ees e ——eeaaa—te e e ——teeta—teetesaa—tesaateesaaateesaaraeessanaes 299
Table Al.4. The maximum, minimum and TACD values of the area within the fourth
electrode layer for 3 repeated measurements for superficial gas velocities ranging from
0.002-0.016 M/S. ittt ettt ettt sttt ettt sttt et et et ae s bbb st e bt b st et et et st eaesaentan 300
Table A1.5. The mean of maximum, minimum and TACD of the area within the first electrode
averaged over the number of MeasUrEMENTS. .....cc.veiiiiiiii i e 300
Table A1.6. The mean of maximum, minimum and TACD values of the area within the second
electrode averaged over the number of measurements. .......ccccceeeciiiieee e 301
Table Al1.7. The mean of maximum, minimum and the TACD of the area within the third
electrode averaged over the number of measurements. .......cccccoeeeciiiiieee e 301
Table A1.8. The mean of maximum, minimum and the TACD of the area within the fourth
electrode averaged over the number of measurements. ........cccceeeciiiieee e cccciieeee e 302
Table A1.9. Local gas void fraction, g(%), as a function of superficial gas velocity (m/s)...311
Table A1.10. The ERT mean conductivity difference values at layers 1, 2, 3 and 4 of the
LY=ot d o Yo LI T o - 1Y £ PN 312
Table A1.11. Computed ACD from captured ERT data frames with time during DGD process
the first, second, third and fourth column sections after the steady state fluid flow at the gas
FIOW 1At OF 0.016 M/S. torereieeieeeete ettt ettt e e et e e e ettt s e st e e sssateesasbeesssssssaeesssreeesssrsaeesasnaees 313
Table A1.12. The axially averaged SMBDs, bubble volumes, local BNDD and the axially

averaged BNDD of bubble size classes at the superficial gas velocity of 0.016 m/s. ............ 319

21



Table A1.13. Selection of 13 data per stimulation yielding 208 data out of 256 data from 16
current stimulation through adjacent electrodes in a ring. Shaded readings are unused
leaving out valid 13 data plotted for each of 16 "u" curves. .....cccccuvveeeeeeeccciiieeee e, 325
Table Al1.14. Selection of 12 data per stimulation yielding 192 data out of 256 data from 16
current stimulation through adjacent electrodes in a ring. Shaded readings are unused
leaving out valid 12 data plotted for each of 16 “U” CUIVES. ......ccveeeecieeeeciieee e 326
Table A1.15. The gas void fraction and their differences along the height of column
computed with and without corrected model for the rate of coalescence at discrete axial
[E€NGEh INThe COIUMN. c..eiic e et e e s s e ratr e e e ebae e e e abaeeeeanes 327
Table A1.16. The local and global SMBD of bubble size in classes at ug of 0.01m/s............ 328

Table A1.17. The Volume of gas disengaging from local sections of the column at varied

times for gas FOW @t 0.0LM/S. ueiiiriieiei ettt et e e et e et e e ete e e eareeesreeeteeenneeenns 329

22
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D Diameter of the column [m]
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z Axial length of a column
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b Bubble
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27



Chapter 1: Introduction

1.1. Motivation and aims of study

The relevance of applications of Electrical Resistance Tomography (ERT) to chemical
industries is related to its capacity to measure the presence of a substance in 2D or 3D in
pipes and vessels. The ERT imaging of the substances is usually obtained at a low capital cost
rate, in a non-radioactive, simple and non-invasive manner. Conductivity measurements can
in principle be interpreted to yield the concentration and even temperature across a vessel.
However, a transferral of its use in chemical process systems from the research environment
to real-life process monitoring has been slow owing to lack of fidelity in the reconstructed
images. The reconstructed images are expected to describe the spatial distribution of
conductivity contrasting of the multiphase components within pipes and vessels. The low
spatial resolution is a major contributing factor to limited applications of the technique in

chemical industry.

To address the challenges of ERT applications to chemical process systems, ERT data
capturing sequences or advanced reconstruction algorithms are often developed and
implemented. To date, there is a lack of adequate measurement or reconstruction technique
which allows for robust applications of ERT measurements to multiphase chemical process

systems.

However, it is possible to interpret the low spatial resolution of ERT images but adequate for
gas holdup measurements to determine the mean bubble rise velocity. The possibility is
based on a finding in literature that shows a relationship between volume to surface mean

bubble diameter and arithmetic mean of bubble rise velocity in the form

i (")

0592 =059~—92 =g (1.1)
g g

The expression of Eq.(1.1) indicates that the arithmetic mean bubble rise velocity, U, equals
the ratio of the drift flux of gas, vp, to the cross-sectional averaged gas holdup, &g (Fukuma,
et al., 1987). This finding suggests that the ERT capability to measure gas void fractions at

high temporal resolution could be explored for determining bubble properties that depend
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on the bubble rise velocity. The knowledge of the bubble rise velocity is essential in

calculating the hydrodynamic parameters in a bubble column reactor (BCR).

Furthermore, the ERT imaging technique produces images with high temporal resolution
while the solution of a PBM vyields a high spatial resolution of constituent substances in a
multiphase reactor system. Thus a hybridization of ERT and PBM is envisaged for an
enhanced interpretation of ERT measurements. A hybrid of ERT and PBM that yields images
with high temporal and high spatial resolution is envisioned for useful accurate prediction of

bubble column hydrodynamic parameters.

It is also anticipated that a hybrid model of ERT with a PBM will allow more accurate
measurements of the spatial distribution of bubble size, bubble number densities and gas
holdup parameters. These results will be further analysed to estimate the overall mass
transfer, total gas-liquid interfacial area and total reaction rates in a BCR compared with

using ERT measurements only.

This novel high accuracy interpretation of ERT measurement will lead to the direct benefit of
expanding the spectrum of applications of ERT techniques in chemical industries. Typical
targeted chemical processes are crystallization processes, packed beds processes and
fluidized beds processes which are inherently multiphase and complex hydrodynamic
processes. In addition, the novel interpretation approach will ensure an accelerated pace in
the transferral of ERT techniques from the research environment to a real-life application on

a commercial basis.

Many multiphase reactions are set-up in a BCR for cost effectiveness due to the low energy
requirement, lack of moving parts and low capital cost of maintenance. A developed low-
cost ERT and PBM hybrid technique that enables bubble population parameter
measurements will contribute to the applications of the ERT technique in multiphase
process systems. A coupling of the ERT to PBM will also contribute to a novel approach for

prediction of useful parameters for describing the performance of bubble columns.
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1.2. Basic principle of tomography

In the field of imaging, production of tomography images of an object refers to imaging
sections of the object through the use of any form of a penetrating wave as in Figure 1.1.
Allan Cormack at the Department of Physics, at the University of Cape Town in early 1950
(Wikipedia, 2014) developed the theoretical underpinning of X-ray computed tomography
(CT). The CT produces tomography images from X-ray images of a specific area of an object
allowing the interior of an object to be viewed. With a view to taking Allan Cormack’s
invention into a real application, Godfrey Hounsfield in 1971 (Wells, 2005) built the first CT
scanner and found Cormack’s theoretical calculations valid. Allan Cormack and Godfrey
Hounsfield’s independent efforts in the invention of CT were rewarded with the award of
Nobel Prize in Physiology or Medicine in 1979 (Wikipedia, 2014). The tomography method
has been found useful in Radiology, Archaeology, Biology, Atmospheric Science, Geophysics,
Oceanography, Plasma Physics, Materials Science, Astrophysics, Quantum Information, and

other sciences since its invention (Wikipedia, 2014).

In ERT, the penetrating wave is a diffuse electric field and its perturbation is interpreted by
an ERT algorithm to create images for the monitoring or visualization of the interior objects

(e.g. vessels or reactors).

Figure 1.1. Basic principle of tomography : superposition free tomographic cross sections S1 and S2
compared with the projected image P.

Imaging the constituent interior materials of a body using the ERT technique requires
current stimulation and measurements of voltage signals through periphery electrode rings
due to the interior medium conductivity. Image creation by the ERT technique requires

solving a mathematical problem classified into forward and inverse “problems”.

The forward problem entails modelling the sensed voltage signals on the boundary

electrodes due to a sequence of current stimulation for a known simulated interior
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conductivity distribution. In the inverse problem, the actual conductivity distribution is
sought from an iterative algorithm that optimizes the simulated voltage with the measured

voltage given the same current stimulation scheme.

X-Ray CT is generated from X-Ray images, which are produced by passing a collimated beam
of radiation through an object in a straight line and measuring the attenuation of the beam.
The attenuation of the beam is affected by matter that lies along its path. The X-Ray images
are then created from the measured attenuation coefficient of the collimated beam of
radiation. The X-Ray CT is local and yields high spatial resolution because the opaqueness or
density of pixels or voxels of created images affects only some of the attenuation
measurements. Notably, the collimated beams of radiation (signal) have high frequency and
high energy with a limited occurrence of scattering. When a low-frequency signal is
propagated through an object, the phenomenon of signal scattering need be taken to
account in addition to the signal attenuation by matter along its path (Lionheart, et al.,

2004).

The ERT imaging method requires passing a low frequency direct or alternating current
through a conductive object medium and measurement of voltage owing to the changes in
the conductivity of the object medium. The low-frequency current bombarding the object
medium makes a change in the conductivity of the object medium to have some effects on
any measurement captured at the object surface. The distortion in any surface
measurement by a change in the conductivity of the object medium makes ERT non-local
and yielded low spatial resolution images (Lionheart, et al., 2004). ERT is therefore also
known as a “soft field” tomography technique because an electric current propagates

diffusely in the body in the form of electric field as depicted in Figure 1.2. (Tao, et al., 2008).
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Figure 1.2. A 2D cross-section of the surface of the electric field distribution generated by a pair of
electrodes on a ring of 8 electrodes during ERT data measurements.

An illustration of equipment required for ERT data capturing is presented in Figure 1.3. The
data acquisition system interfaces between the personal computer and the layers of
electrodes. It houses the multiplexing module hardware for multiple rings data
measurements. It loads the measurement sequences table for current injection and voltage
measurement through periphery electrodes on the body and returns measured voltage data
to the PC for image reconstruction. The PC hardware stores a C++ programme that controls
the voltage data measurements and ERT imaging software for either 2D or 3D output.
Preference for the use of a non-conducting body within which a 2 or 3-phase dispersion
process is set-up is often suggested as shown in Figure 1.4 and Figure 1.5. The use of a
conducting body (metal pipes or tank) or vessel will require the electrical insulation of the

body electrodes.
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Figure 1.3. The components of electrical resistance tomography equipment.
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Figure 1.4. An ERT rig containing a suspended cuboid solid object in a saline solution of conductivity
0.2 S/m orientated as follows: a) Front view of the ERT rig; b) ERT 3D image of the object; c) Plan view
of ERT rig; d) A 2D slice of the object’s image.
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1.3. Bubble column reactor (BCR) operations

In the field of chemical engineering, BCRs are important multiphase contactors. These are
cylindrical vessels with a gas distributor at the bottom (Figure 1.5). The gas is sparged in the
form of bubbles into either a liquid phase or a liquid-solid suspension. Much preference is
given to BCRs both in design and operation over other reactors because excellent interfacial
multiphase mixing at high heat and mass transfer rates are achievable. Furthermore, BCRs
are often used since they require little maintenance and low operating costs due to lack of

moving parts and their compactness (Kantarci, et al., 2005).

(a) (b) (c)

Figure 1.5. Air dispersion in a BCR (as in a) during operation and its ERT 3D images using Gauss-
Newton algorithm with Tikhonov regularization (as in b); using Gauss-Newton algorithm with image
element and data frame correlation for regularization (as in c).

An increase in production and optimal performance of BCR for biochemical processes and
biological wastewater treatment could be achieved through the use of a scaled-up or an
upgraded BCR. For example, processes such as oxidation, chlorination, alkylation,
polymerization and hydrogenation are known to be mass-produced at a cost-effective rate
when the reaction systems are set-up in an upgraded BCR. The BCR maintains the durability
of catalyst or other packing materials when a catalytic process is a set-up in it. The possibility
of online adding or withdrawing of catalyst to processes in BCRs and their operation

capability in a plug-free mode make BCRs the multiphase contactor of choice.

A study on gas holdup by (Luo, et al., 1999) and (Veera, et al.,, 2004) as well as bubble
characterization studies by (Prakash, et al., 2001) and (Essadki, et al., 1997) highlight these
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BCRs operation parameters as requirements for proper BCR design and scale-up. In addition,
a mass transfer study is also important as indicated in the work of (Behkish, et al., 2002) and

(Vandu & Krishna, 2004).

Furthermore, the design and scale-up of a BCR are dependent on accurate estimation of
heat and mass transfer characteristics, mixing characteristics and chemical kinetics of the
reacting system. These parameters are in turn functions of an accurately determined total
interfacial area in a multiphase gas-liquid system. Accordingly, a technique that could enable
accurate computation of the total interfacial area would promote effective designing of a
BCR for cost effective production purposes. While there are chemical reaction techniques for
the measurement of a total interfacial area in a mixture system, the uncertainty in the

accuracy of the reported values are high.

1.4. Essence of population balance model (PBM) in the accurate prediction of
BCR hydrodynamic parameters

The population balance model (PBM) allows the description of the changes in properties of
countable entities in space and time under the influence of governing phenomena. The PBM
accounts for the interaction of the countable entities during their transport or diffusion in a
BCR. In the present study, the countable entities of interest are the bubble size classes
having a distribution of bubble number density that change as bubble population swarm
axially in a BCR. The changes in the bubble number density distribution (BNDD) are due to

phenomena of bubble coalescence and breakup.

The PBM is an unsteady state partial differential equation that describes the time-varying
spatial transport of countable entities (BNDDs) on the account of bubble coalescence and
breakage phenomena. In this case, the bubble coalescence and breakage phenomena are
the PBM source term model. The solution of the steady or unsteady state PBM will yield a
distribution of which the change in BNDD in space only or in space and time respectively
could be determined. Moreover, when the radial variation of the BNDD as bubble swarm
axially is insignificant, a PBM in 1D space could describe the changes in the BNDD along the

column axial direction.

The BNDD is the product of the total number of bubbles in the gas phase and the probability

density distribution of bubble population belonging to the predetermined bubble size
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classes. Since hydrodynamic parameter predictions depend on BNDD, accurate
determination of local and global BNDD will allow for accurate prediction of column
hydrodynamic parameters. These are the gas-liquid interfacial area available for gas-liquid
reactions, volumetric gas-liquid or liquid-gas mass transfer rates and the degree of

multiphase mixing locally or globally.

The application of ERT for the measurement of gas holdup has been validated. However, its
use for the measurement of the total interfacial area in a 2 or 3-phases system has been
hindered by the low spatial resolution of ERT reconstruction. Through a simulation
approach, gas holdup and total interfacial area of a 2 or 3-phases system in a BCR could not
be determined singularly by the PBM. Therefore, it is anticipated that ERT fused with a PBM
will yield the total interfacial area estimate at a low capital cost and in a non-invasive
manner. This will be a contribution to a new method of hydrodynamic parameter

predictions from this work.

1.5. Advantages of the use of ERT to determine hydrodynamic parameters in a
BCR

ERT is a high temporal imaging technique applicable to imaging objects in the interior of a
BCR based on conductivity distribution changes either during an online bubble evolution or
in the process of dynamic gas disengagement (DGD). The DGD process is observed after the
gas inlet into either an initially steady state or unsteady state fluid flow system is turned off.
ERT has been used to study homogeneous and heterogeneous flow regime in a BCR in order
to investigate the effect of increasing superficial gas velocity on gas void fraction locally and

globally.

The ERT technique vyielded results of increasing gas void fraction with an increase in
superficial gas velocity in the column. The results were validated using the differential
pressure (DP) measurement technique. ERT has a high temporal resolution allowing accurate
measurements of the time-dependent changes in gas void fraction locally or globally during
DGD process. The measured changes in the gas void fraction by the ERT technique in the
process of DGD could be interpreted to determine BNDD of bubble size classes in a BCR.
However, ERT’s low spatial resolution has rendered the technique to be inadequate to

measure other BCR hydrodynamic parameters. Notably, the gas dispersion process leading
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to bubble swarming events in a BCR could either take place at a steady state or unsteady

state.

1.6. Benefits of hydrodynamic parameter predictions in a BCR

Multiphase reactors are often used in chemical, petrochemical and biochemical industries
both at commercial scale and pilot scale to set-up multiphase reactions. Multiphase reactors
can typically be categorised into two groups: Fixed beds and slurry phase reactors, and
Slurry bubble column reactors (SBCRs) and stirred tank reactors (STR). Fixed bed or packed
bed columns are characterised by the stationary solid phase. In trickle bed columns, the gas
and liquid flow downwards through a packed catalyst. A slurry BCR (SBCR) is characterised
with fine solid phase catalyst particles suspended in a liquid phase by gaseous phase
dispersion into a column through a gas sparger. The SBCRs are gaining many applications in
industries over the fixed bed reactors for the following competitive benefits: 1) higher
product yield due to efficient reaction rate per unit volume; 2) enhanced temperature

control, higher gas holdup and mass transfer rates.

Examples of multiphase reactions often carried out at commercial scales include the
production of cyclohexanol / cyclohexanone from cyclohexane by chemical companies,
benzoic acid / benzaldehyde from toluene, production of styrene via MBA, oxidation of
propylene, Fischer-Tropsch synthesis, hydro-cracking and hydro-isomerisation processes
(Behkish, 2004). Improved designing of a BCR and its scaling up are important subjects that
affect multiphase reactions in terms of cost of processes, product yield with time and energy
consumption. In order to effectively scale-up a BCR, sufficient knowledge of the kinetics of
the processes, its hydrodynamic parameters as well as mass transfer characteristics must be
known. More importantly, adequate design and scale-up of industrial reactors that ensure
high space-time yields require information on the hydrodynamic parameters, mass and heat
transfer coefficients. Such information is useful for the determination of the pressure, gas

throughput, reactor diameter and slurry concentration needed.
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Chapter 2: Literature review

A review of literature is presented in section 2.1 to give an account of the mathematical
development of ERT forward and inverse problems. Section 2.2 highlights previous attempts
to develop an ERT algorithm that yields high spatial resolution in addition to its inherent high
temporal resolution. Given the most efficient ERT algorithm developed till date, a review of
literature in section 2.3, section 2.4 and section 2.5 enumerate applications of the ERT
algorithms in industries, in Medicine and Geophysics and in Biomedical research

respectively.

The findings on the experimental and modelling approaches to quantify hydrodynamic
parameters in a BCR for its scale-up and enhanced designing are reviewed in section 2.6.
Since the hydrodynamic parameter measurements by experimental approaches or from
empirical correlations yield an over-estimate or under-estimate values, the PBM is envisaged
to yield accurate results. This is envisaged owing to the reported development of the PBM in
literature that indicates the path to bubble coalescence and breakage rate models were
considered as in section 2.8. In sections 2.9 and 2.10, the derivation of the PBM and the
development of its source terms models (i.e. bubble coalescence and breakage rate models)
are reviewed respectively. Notably, publications that are relevant to the core scope of this

study only have been reviewed.

2.1. Mathematical description of ERT forward and inverse problems

The applications of the ERT technique to image the constituents in a body is based on
changes in the electrical conductivity (or resistivity) distribution of the space within the
interior. The ERT technique yields a scan of the constituent substances within a body owing
to disturbance of a homogeneous conductive medium by the constituent substances.
Usually, in order to obtain an ERT image of the substances within a body, a small amplitude
current signal is driven through pairs of periphery electrode to generate periphery electrical
potential difference due to the conductivity distribution in the body interior. The act of

current injection through electrode pairs and measurement of voltage signals on the
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electrode system caused by the interior conductivity distribution can be predicted by the

Gauss’s law in electromagnetism.

The ERT forward problem is modelled using the Poisson’s equation of the form of Eq.(2.1). It
is derived from the integral form of the Divergence Theorem that describes the Gauss’s law
in an integral form when applied to the electric vector field as in Eq.(2.2). The physical
meaning of Eq.(2.2) is that the outward flux of an electric field through a closed surface is
equal to the volume integral of the divergence of the electric field over the region inside the

surface.

V " (_va) = p (2'1)

V-E)dV = E-n)d
7%5( ) #;( n)ds (2.2)

: ‘ Source electrode plate ‘
Arring of electrodes

bounding the periphery of Electric field lines
a bubble column reactor

"””\‘«l'///l' Sink
ﬁ@’nﬁ — | electrode
plate

Interior region of a
section of a bubble
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Figure 2.1. Diagrammatical illustration of a stimulation of small amplitude of current (mA) through
ring of electrode plates on the periphery of a BCR.
By the diagrammatic illustration of Figure 2.1, Eq.(2.1) relates the flow of charge density

(current I[Ampere]) on the periphery electrode pairs to the periphery electric potential
@[Volts] owing to the interior conductivity distribution & [Sm~1]. At the boundary of a
column section between electrode plates, Eq.(2.1) will take the form of Eq.(2.3) while on the

periphery electrode plates, Eq.(2.1) will be of the form Eq.(2.4).

V-(—eVp) =0 (2.3)
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V- (—eVp) =1 (2.4)

The ERT inverse problem could be modelled using the Newton Raphson’s algorithm
(Eq.(2.5)) with an included Tikhonov regularization parameter that results in the Levenberg -

Marquadt algorithm of Eq.(2.7).

f@ =1, F@ -V FE&-v)=1/,IIFE - VI3 (2.5)
hy = (F'(E)F' () + ADTHF' ()" (V - F(D) (2.6)
Sk+1 =Sk + hm (2.7)

The Newton Raphson’s algorithm has been applied to a number of industrial research works
that were set-up in a bubble column reactor owing to its low capital cost, its portability, non-

invasiveness and its high temporal resolution.

The described mathematical formulation of the ERT forward and inverse problems will be
solved in this work by the finite element method (FEM) using electrical impedance and
diffuse optical reconstruction software (EIDORS). EIDORS is an open source software coded

in MATLAB and Octave that will be utilized for imaging the dispersion.

2.2.  Progression in the development of ERT imaging algorithms

The progression of the ERT algorithm development begins with an understanding that
images of objects are created by optimising an actual measured voltage and a model voltage
signals taken on the boundary of a body. While actual voltage signals are captured on the
periphery of a body, the model voltage is calculated by the method of finite element method
(FEM). The computation of the model voltage signal is the required data from the solution of
ERT forward problem. In the forward problem, the sensed voltage signal on the surface of a
column is sought given the interior conductivity distribution and known current stimulation

signals.

The model voltage sensed on the surface of the reactor by the FEM is based on the Poisson’s
equation. The Poisson’s equation relates the divergence of the gradient of the electric
potential at a point in a static electric field to the charge density that generates the electric

field. The derivation of the Poisson’s equation is presented in section 2.2.1.
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2.2.1. Physics of ERT forward problem

The ERT forward problem could be solved through an analysis of the physical law governing
electrical potential, conductivity distribution and charge density in a body system. The
relationship among these quantities is provided for by the Poisson’s equation. The derivation

of the Poisson’s equation used for modelling the ERT forward problem is as follows.

According to Carl Friedrich Gauss (Gauss, 1965), the net electric flux through a closed surface

is equal to 1/‘g times the net electric charge enclosed within the closed surface as in Eq.(2.8)

Q (2.8)
Op = -
In Eq.(2.8) , @ is the electric flux [Nm?C~1] through a closed surface S enclosing any
volume V [m3]; Q is the total charge [C] enclosed within the surface; and ¢ is electric
constant [C2N~1m™2] that equals electrical conductivity in a conductive medium. The net
electric flux @z through a closed surface S is also the surface integral of the electric field as

in Eq.(2.9) , where Eis the electric field [Vm~1]and dA [m?] is the vector of an infinitesimal

element area.

2.9
S

Since the flow of electric field (electric flux) is defined as an integral of the electric field,
Eq.(2.9) is referred to as the integral forms of Gauss’s Law. By Gauss’s Law, the distribution
of electric charge can be found if the electric field is known everywhere within a body.
Conversely, if the distribution of charge is known, Gauss’s Law can be used to compute the
electric field provided that the electric field passes through the surface in a uniform way.
This requirement that the electric field passes through the surface in a uniform way is to
ensure a symmetric electric field such that if the total flux is known, the electric field can be
deduced at every point. Eq.(2.9) can, therefore, be interpreted to mean the charge in any
given region can be deduced by integrating the electric field to find the flow of the electric

field.
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2.2.2. Divergence theorem

The flux of a vector field through a surface to the variation of the vector field inside the
surface is related by the Divergence Theorem (Halliday & Resnick, 1970). The Divergence
Theorem describes the Gauss’s Law in an integral form when applied to electric vector field
as in Eq.(2.10) . The physical meaning of Eq.(2.10) is that the outward flux of an electric field
through a closed surface is equal to the volume integral of the divergence of the electric
field over the region inside the surface. The Divergence Theorem is related mathematically
by Eq.(2.10) where the left-hand side stands for the total of the sources of the electric field

in volume V, while the right-hand side means the total flow of electric field across the

boundary aV.
(2.10)
ﬁ(]g (V-E)dV = # (E -n)ds
14 s

From Eq.(2.10) , Since electric field, E, can be related through the Coulomb’s Law as in
Eq.(2.11),
Q (2.11)

E =
Ag,

where A is the surface area covered by the unit vector pointing from the particle with charge
Q to the electric field evaluation point and ¢, is electric constant. Evaluating the integrands
in Eq.(2.10) , we obtain

A
(V-E)V=Q—;V-E= Q _»p (2.12)
Ag, Ve, &

The electric potential @ at a point 7 in a static electric field E is given by the line integral of

the form
(2.13)
AD = - f E-dl
[
When Eq.(2.13) is differentiated
VO =—-E;E=-VQ (2.14)
Substituting Eq.(2.14) into Eq.(2.12),
V- (—VQ) = Eﬁ (2.15)

(o]
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When the electric constant ¢, is a function that varies with the spatial variable of the
domain, Eq.(2.15) is of the form of Eq.(2.16) , which is referred to as the Poisson’s equation.

V- (—eV0) =p (2.16)

The technique of addressing the ERT forward problem described by the Poisson’s equation
using FEM is described in the following sections. The solution of the forward problem which

is required for solving the inverse problem is also based on FEM analysis.

2.2.3. Gauss-Newton algorithm (forward and inverse solver)

The ERT forward and inverse problem are usually solved using FEM analysis. In order to use
the FEM approach, a target section of the column will be discretised to either a piecewise
smooth tetrahedral elements (imaging in 3D) or a piecewise smooth triangular elements
(imaging in 2D) (Adler, et al., 2008). Conductivity distribution in the interior of a column
section is achieved by assigning conductivity values on all discrete elements that span the
discretised section of the column. The conductivity distribution will then be in the form of

vector 0 € R™, where R denotes a real number.

The act of imaging objects in the column using the ERT method could be achieved either
using an absolute or a difference ERT algorithm. In the case of an absolute ERT algorithm,
the voltage signal due to the heterogeneous conductivity distribution is required, while the
difference algorithm requires the two voltage measurements resulting from homogeneous
and heterogeneous conductivity distribution in the column interior. Findings in the literature
show that the difference algorithm is more often applied in biomedical and industrial
research studies than absolute algorithm since it is a more accurate functional imaging

technique (Andy & William, 2006 ).

Using the FEM to solve the forward problem based on difference algorithm, a change in
conductivity distribution between the present conductivity distribution o [s/m]
(heterogeneous conductivity distribution) and a reference conductivity distribution ¢, can
be represented by x; = g; — [0,];. Thus, given a stimulated current signal, the resulting
difference voltage measurement, y relates to the small change in conductivity distribution
by the expression

y=Jx+n (2.17)
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The ERT forward problem modelled, using the Poisson’s equation of Eq.(2.16) is represented
in matrix form using the FEM as in Eq.(2.17) . The / symbol in Eq.(2.17) denotes the Jacobian
or sensitivity matrix of the formj € R™*™  where n, is the number of voltage
measurements and ny is the number of discrete elements in a domain. The notation n in
Eq.(2.17) is the noise in the measurement, which is assumed to be uncorrelated white
Gaussian of the formn € R™. The Jacobian matrix is called by the FEM according to the

definition

- _ 0y
Jy / 0x; (2.18)

The ERT inverse problem is defined as what conductivity distribution in the interior target
section of the column produced the measured voltage signal captured at the periphery of a
reactor given a known stimulation of current signal. The ERT inverse problem is
mathematically ill-conditioned because the conductivity values on all image elements affect
any voltage measurement made on periphery electrode pairs (William, et al., 2002). Thus,
the system of Eq.(2.17) is under-determined since the number of discrete elements n,, is
usually much higher than the number of measurements n,,. For an ERT generated image in
2D on a cross section of a reactor bounded by a ring of 16 electrodes, the number of discrete
elements is the range of 828-1200 (coarse grid), while the minimum number of voltage
measurements that could generate the image ( a data frame) is 256 (16 x 16).

The inverse problem is usually solved by the inclusion of a regularization parameter in the
inverse problem equation (Pinheiro, et al., 1998). This addresses the under-determined state
of the system of equations in Eq.(2.17) so that images obtained that may be interpreted. The
method of image creation by the inverse ERT algorithm where the differential measured
voltage values and the stimulated current signals through the boundary electrodes are

required is referred to as image reconstruction.

The aim of the image reconstruction by the regularization approach is to calculate a
conductivity change estimate X; that produced a measured voltage y; using prior constraints
of a “most likely” image for a measurement made at time t. The one step linear Gauss-
Newton reconstruction algorithm (solver) was first introduced into ERT by (Tossavainen, et

al., 2004) and that has gained wide usage is of the form

_ 2 s _ 0[2
ly = Jxll5-a + 112 — x°ll5 (2.19)
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The symbol x? in Eq.(2.19) denotes the expected value of element conductivity changes. For
difference ERT algorithm, x° is zero since an assumption that the conductivity change may
be equally positive or negative is made. The covariance matrix of the expected

measurement noise is represented by Y,, € R™™*™ in Eq.(2.19)

In many proposed models, the method of calculating the inverse of Y, or Y, is usually
adopted instead of calculating 3, and Y, directly. The terminologies W = ¢2%,;* and
R = 023;! were used to define the inverse of Y, and 3}, respectively in the work by (Tao,
et al., 2008). The symbols g,and o, respectively in the terminologies denote the average
measurement noise amplitude and the apriori amplitude of conductivity change. While W
models the relative measurement accuracy across channels, the regularization matrix R

model the “unlikelihood” of image element configurations.

When Eq.(2.19) is solved with a definition of hyperparameter 1 = Gn/gx, a linearised one-

step inverse solver is obtained as
f = UTW_] + AZR)_I_]TWy = By (2'20)

The size of the matrix of terms to be inverted to calculate B in Eq.(2.20) is ny X ny. In a
situation where the size of ny is of the order of 10 or10°, the computation to calculate B

will have a high demand for a much faster computer system and memory space.

In order to overcome the challenge in computing space and memory, the term B is usually

re-written as in Eq.(2.21) (also referred to as Weinner filter)
B = PJT(JP]" + 2*V)* (2.21)

whereP = R™1 = Z"/02 andV = w1 =2n 2-The size of matrix to be inverted in
X n

Eq.(2.21) is ny; X nyy, which is significantly less than ny X ny as required in Eq.(2.20)

The Gauss-Newton algorithm with the re-formulated Weinner filter will be used for image
reconstruction of dispersion in this work owing to the less time for the computation of the

Jacobian matrix.
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2.2.4. Temporal imaging reconstruction algorithm

The temporal reconstruction algorithm calculates an image at a current measurement data
frame using the data collected at earlier times and later times away from the current data
frame. The temporal reconstruction algorithm is different from Kalman filter based
algorithm of Eq.(2.20) which estimates image x; based on measurement y; and the previous
image estimate x;_;. The temporal algorithm creates a sequence of image frames as a single
inverse problem using a regularization prior that accounts for both spatial and temporal
correlation between image elements (Tao, et al., 2008). In order to calculate an image x; at
time t corresponding to measurement y;, the image elements that resulted in the

measurements within the neighbourhood of the target measurement frames are used.

If we let the concatenated sequence of measurement frames be an array
Vi = [yz_d,yz_dﬂ,...,ytT, e Vede1 Vird ]; and we let the concatenated sequence of
corresponding images be [xtT_d,xtT_dH, e Xy e X g1 X g ] For a given sequence of
concatenated measurement frames y; and the corresponding concatenated images X; that

yielded the measurement, ¥;, the direct temporal forward model takes the form

Ve =J% + 1 (2.22)

where @ =[nl_,, ...,nf,..n% 4]. In evaluating Eq.(2.22) the model structure could be
considered to be constant, which makes the Jacobain J to be constant with respect to time.

Thus, / = I®], where the identity matrix I has size 2d + 1 and ® is the kronecker product.

Relating Eq.(2.22) of the temporal forward model to Eq.(2.17) of the direct ERT forward

model, the one-step inverse image reconstruction algorithm becomes
B =P]T(JP]T + 22V)7! (2.23)

where V = IQV and P = I'®P and I is the temporal weight matrix of an image sequence

X and it is defined as

(SHY
Mij=e Mij=—d,..d (2.24)

Using Eq.(2.24) , Eq. (2.23) could be re-written as in Eq.(2.25)
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B =[re®/HIIreyprim + 22(1Qv)]™ (2.25)

The one-step solution for the current image x; given B is thus

% = BoJi (2.26)
where B, is the firstrow ny X d + 1, ...,ny X (d + 1) of B (Tao, et al., 2008).

With a view to accurately measure gas void fractions using the ERT technique, the ERT
algorithm with temporal data frame correlation as the regularization parameter will be
explored. An assessment of its accuracy will be made, which will justify the use of alternative

algorithms.

2.2.5. Gauss-Newton algorithm with spatial image elements correlation and
temporal data frames correlations

The regularization parameters for an image reconstruction matrix, mentioned in section
2.2.2, are usually developed using image prior models. A common assumption on the image
prior model is that the image elements are independent as obtained in zeroth order
Tikhonov prior (Yorkey, et al., 1987) and Noser prior (Cheney, et al., 1990). Alternatively, it is
assumed that the image elements are locally correlated as reported by (Vauhkonen, et al.,,

1999).

The covariance matrix of the expected image Y., is a diagonal matrix leading to inter-
element correlation being zero when the elements are independent. However, when the
elements are assumed to be locally correlated, Y, is a sparse non-diagonal structure since
only adjacent elements are considered correlated (Vauhkonen, et al., 1999). Two limitations
were found to be associated with the stated correlation model. First, the correlations do not
adequately reflect the scale of the correlations since image elements are correlated globally.
Secondly, the spatial frequency of the conductivity distribution depends on the size of the
image elements (Tao, et al., 2008), meaning that in a correlation model development, larger

elements should have larger spatial correlation values.

The limitations of the correlation models lead to the development of a special prior model
(either in 2D or 3D imaging) which account for full correlation model as in Eq.(2.27) (Tao, et

al., 2008)
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The sensitivity part of the prior image matrix P is P, © in Eq.(2.27) and P is therefore defined

as

P= Pl/ZP Pl/2
N Tchn (2.28)

where P is the exponential spatial correlation matrix of the form.
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The symbols r;, 7; represent the centre of two image elements i and j, while 1 is an

exponential constant of same unit distance [m].

When the image elements correlation form of Eq.(2.28) is substituted into Eq.(2.19) , an

image reconstruction algorithm with the spatial image prior either in 2D or 3D is obtained.

Furthermore, substituting Eq.(2.28) into Eqg.(2.25) results in an image reconstruction
algorithm with a spatial correlation in image elements and temporal correlation in data
frames. If a spatial image element with correlation in 3D is substituted into Eq.(2.25) , the

imaging algorithm is referred to as ERT algorithm with 4D regularization.

The ERT reconstruction algorithm involves solving an ill-conditioned residual equation
resulting from optimising actual measured voltage signals to the forward problem model of
the measured voltage. The ill-conditioning of the model system of equations arises from a
disparity in the number of voltage measurements when related to the number of discretised
elements that span a target column section. The target sections could be a cross section of
the column in the case of 2D reconstruction or a target volume of column in the case of 3D

reconstruction.

The disparity in the number of measured voltage signals (256 data for a frame collected from
a ring) and discrete finite elements number (828 triangular elements in the case of 2D
imaging) leads to non-uniform sensitivity regions within the domain to current signals
stimulated at the column periphery. Thus, to improve the sensitivity of the region within the

target sections of the column to current stimulated at the surface of the reactors, a small
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diameter vessel or pipes within the range of 5 — 10cm were used by (Haibo, et al., 2007) and
(Jin, et al., 2007). The use of large diameter BCR are often preferred because large gas
throughput is involved (Kantarci, et al., 2005), and large conversion levels are achievable

only with BCR with higher heights.

This limitation in the use of ERT to analyse bubble population parameters, restricting its
effective use to a laboratory scale reactor system, is envisaged to be addressed by
hybridizing ERT measurements to a model of a physical system in a BCR. A review of
applications of ERT algorithms is presented in the next section to highlight benefits of ERT
high temporal resolution, which make it an effective functional imaging tool both in
industries and biomedical field. ERT technique was used in these fields to scan properties of
physical substances in the interior of a body since its high temporal resolution is effective at

monitoring the changes in the properties.

The ERT reconstruction algorithm in 3D with 4D regularization will be explored in this study
for imaging the dispersed phase in a 2-phase air-water system. The intention is to evaluate
the improvement in the spatial resolution of images with the included 4D regularization
parameters. An efficient algorithm of such is expected to produce a graph of gas void
fraction estimates depending on gas flow rates that can easily be validated or calibrated
against available data. Should this algorithm be ineffective, other alternative algorithms
without 4D regularization or in 2D will be explored for accurate gas void fraction

measurements.

2.3. Industrial applications of ERT technique

The ERT technique has the potential for gaining more information on the bubble size
distribution in a bubble column since an ERT estimate of gas void fraction values is as a
result of perturbed conductivity field by entire bubble population. In the case of 2D image
generation, the bubble size distribution will be from a cross-sectional area of the vessel,
while in the case of 3D image reconstruction, the bubble size distribution will be from a
given volume of a vessel. The Sauter Mean Bubble Size could be calculated from gas void
fraction values using empirically determined correlation model for Sauter Mean Bubble Size

as a function of gas void fraction values (Laari & Turunen, 2003).
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Multi-component flow monitoring in real-time for an identification of areas of good and
poor contact during velocity measurement of flow is possible by the ERT imaging technique
(Robert, et al., 2002). ERT has been verified to be applicable for these studies: visualisation
of intimate contact with two fluids within packed beds and monitoring of blockage that
changes flow of fluids (Robert, et al., 2002); measurement of vortex formation from outside
the hydrocyclones and detection of its faults (Williams, 1999); testing, validation and
improving CFD codes(Pakzad, et al., 2008); and diagnosis of functioning of sparger and
characterisation of flow in bubble columns reactors (Vijayan, et al., 2007). The ERT algorithm
was applied by (Mann, et al., 1997) to monitor mixing from the resistivity property of the
spatial distribution of different components, which provided a measure of homogeneity. ERT
sensitivity to electrical changes can also provide information on the onset of crystallisation

(Ricard, et al., 2005)

Pinheiro et al. (Pinheiro, et al., 1998) pioneered the industrial process tomography
applications with the use of ERT 3D reconstructions for analysis of a multi-phase mixture.
(Davidson, et al., 2004) applied ERT reconstructions in 3D to metal-walled filtration test
platform, while (Stephenson, et al., 2007) explored ERT to determine the jet mixing
characteristics in reactors. An investigation into fluid mixing in a stirred vessel through
analysis of ERT 3D reconstructions was made by (Stephenson, et al., 2009), and further
applications of the ERT 3D reconstruction to characterise gas holdup distribution in
laboratory flotation cell was recorded in the work of (Jari, et al., 2011 ). ERT is employable
for the monitoring of formation of the vortex from outside the hydrocyclones (Williams,
1999). In crystallization processes, ERT reconstruction has been analysed to gain an online
visualisation of processes for controlling the final shape and size of crystals at the point of
nucleation (Rodgers, et al., 2009). The ERT imaging technique was also employed in bubble
columns and packed beds for monitoring of various flow patterns for hydrodynamic
characterisation and monitoring of blockage, which change the flow of fluids and reduce its
effectiveness (Bolton, et al., 2004). CFD models validation and its improvements for a

reliable use have been made using ERT measured data (Pakzad, et al., 2008).

The ERT imaging method is superior to the optical technique for high gas void fraction
measurements because bubbles nearer to the column wall may only be detected by optical
technique (camera) at this flow regime. More so, in an opaque BCR, the optical approach is
ineffective while the ERT technique is still useful for gas void fraction measurements. Since

ERT has a low spatial but high temporal resolution, it is suitable for fast process monitoring
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taking place in reactors. The ERT equipment set-up is portable and allows the visualisation of
the interior of a body in a non-intrusive and non-radioactive means as well as at a low capital

cost rate.

2.4. Maedical and Geophysics applications of ERT technique

Earlier applications of ERT were based on analysis and interpretation of reconstructed
conductivity images in 2D in Medicine and Geophysics as well as in industries. The errors in
their assumptions were that the body under investigation was taken to be in 2D and the
equipotential lines were analysed in image creation to be curves (2D) instead of surfaces
(3D) (Andy & William, 2006 ). An example was the imaging of human forearm by (Barber, et
al.,, 1983). The effective opposition to the flow of current due to resistor and reactance
components caused, respectively, by the resistivity, capacitive and inductive properties of
the 2 - phase systems is referred to as impeditivity. Since admitivity, the inverse of
impeditivity, is the target distribution to be imaged in a human body, ERT is referred to as

electrical impedance tomography (EIT) in medical applications.

Given that ERT is an effective functional imaging technique, it is utilized in medicine for the
monitoring of patient’s heart and lungs activities through the movement of conductivity
contrasting of blood and air (Helga, et al., 2009 ). It also allows the monitoring of regional

ventilation within the lungs faster than the blood gas approach (Tao, et al., 2008).

In geophysics, recent applications include the detection of underground mine workings by
(Johnson, et al., 2003); and in the work of (Lesparre, et al., 2011), the inner structures of
geological objects were imaged using ERT. Moreover, earlier 3D imaging algorithms were
from the medical electrical impedance tomography (EIT) group, which include the work of

(Goble, et al., 1992) and (Metherall, et al., 1996).

2.5. Recent industrial and biomedical applications of ERT
Industrial applications of ERT 2D reconstructions include respectively the work of (Jin, et al.,

2007) who measured gas holdup profiles in a gas-liquid co-current bubble column using ERT.

An analysed of bubble behaviour in bubble columns from ERT reconstructions has also been
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made by (Haibo, et al., 2007). (Okonkwo, et al., 2012) reported the characterisation of a high

concentration of ionic bubble column using ERT.

In the three applications of ERT reconstruction in 2D, the gas holdup values of the dispersed
phase were calculated from ERT images using Maxwell’s relation (Maxwell, 1873) of the
form of Eq.(2.30) , where oyis the conductivity value of the continuous phase; g, is the
conductivity value of the dispersed phase; G, is the average conductivity value of the
mixture phase.
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If the dispersed phase (g, = 0) is a non-conductive material, Eq.(2.30) is simplified to

200 — 20,
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The average value of the mixture conductivity @, over the column cross sectional area 4. is

given by Eq.(2.32)
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Findings in the literature on process tomography show that a robust utilization of ERT
algorithms has been limited by the low spatial resolution of the images, particularly for
smaller objects in the scale of bubble sizes. An improvement in spatial resolution of ERT
images to the extent of accounting for countable entities in a BCR will in no less make ERT
gain many industrial applications especially for BCR designing and scale-up.

In the Department of Chemical Engineering, University of Cape Town, some research studies
have benefitted from the application of ERT 2D reconstructions. Stevenson (Stevenson,
2006) PhD thesis reported an analysis of particle suspension and mixing in biological systems
using the ERT technique developed from a 2D algorithm. (Long, 2006) Master’s thesis work
complimented earlier application of ERT 2D reconstruction in the department, in a study
conducted to accomplish an on-line velocity flow profiling system with a view to visualising
the flow of slurries in 2D. Further, (Sudhakaran, 2010) explored the ERT 2D reconstruction in
evaluating the influence of nozzle design on the gas holdup distribution in boiling bubble
column reactors. Later, (Adetunji, 2011) harnessed the measurement sequences in 3D

obtainable with the UCT ERT instrument to implement an advanced algorithm for enhanced
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signal analysis in electrical resistance tomography using EIDORS toolbox to monitor fluid

movement in 3D.

In Biomedical research, (Tao, et al., 2008) developed an ERT algorithm to improve the spatial
resolution of reconstructed images since ERT algorithm has high temporal resolution and
images are highly correlated especially in high-speed system. In their paper, entitled “ERT 3D
reconstruction with 4D regularization’”, a prior model of the temporal correlations among
images and 3D spatial correlations of image elements were used to improve the spatial
accuracy of images. (Tao, et al., 2008) applied the ERT algorithm with 4D regularization to
track the trajectory of a spherical conductive target of radius 1.5cm, which represented the
bolus left ventricular ejection in a human body. The reconstructed images using this

algorithm showed higher spatial accuracy than an algorithm without 4D regularization.

In this study, the effective algorithm will be determined by using the enumerated ERT
algorithms to measure the gas holdup fractions at a target section of the column over range
of gas flow rates. An efficient reconstruction algorithm of such is expected to yield a graph of
increasing time and area average of conductivity distribution with an increase in gas flow
rate since air is non-conductive. The time and area average of conductivity distribution
means computing the product of the size of the finite element and the conductivity of such
element for all elements and adding the result. The ratio of added result to the total volume
of the column section in the case of 3D reconstruction is called volume average of
conductivity distribution calculated for every data frame captured (256 data sets). For the
same data size, in the case of 2D reconstruction, the ratio of added result to the total cross-
sectional area of the column is called area average of conductivity distribution. The mean of
either volume or area averages of conductivity distribution for all captured data frames will

then be calculated to obtain time and area average of conductivity distribution.

In the context of this study, gas holdup fractions of the multiphase reaction system to be
measured is set-up in a BCR. Multiphase reactions in a BCR often need to be optimised for
cost-effective production and energy consumption purposes. Alternatively, the design and
scale of geometric dimensions of component column parts could be adjusted to ensure a
high product yield at a low capital cost and low energy consumption rate, while achieving

higher heat and mass transfer.

Findings on studies to upgrade the BCR and studies on the development of correlation

models for prediction of bubble population properties as well as hydrodynamic parameter
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calculations are presented in the next section. In the sub-section of section 2.7, an
illustration is given of the method of calculating the bubble number density distribution of

bubble population sizes.

2.6. Design, scale-up and performance description of a BCR

Many studies on improving the performance of a BCR have focussed on design and scale-up
because of its effects on the transport characteristics and complex hydrodynamic state in
the reactor (Kantarci, et al., 2005). The design and scale-up of a BCR are dependent on the
quantification of 3 main phenomena, namely: 1) Heat and mass transfer characteristics; 2)
Mixing characteristics; and 3) chemical kinetics of the reacting system. Scale-up problems
are known to originate from the scale-dependency of the fluid dynamic phenomena and

heat and mass transfer properties.

Studies have shown that reactor performance is governed by reaction specific quantities and
reactor specific phenomena. The reaction specific quantities such as physical properties of 2
fluid systems, stoichiometry, thermodynamics and kinetics are independent of reactor types
and design. The reactor specific phenomena, however, are largely dependent on operating
conditions, physical properties, reactor types and its geometric dimensions (Deckwer &
Schumpe, 1993). Typically, in biotechnology and chemical industry, scale-up methods range
from empirical know-how to know why based approaches. In recent times, the know-why
based method is suggested to yield more reliable models than the know-how approaches
(Deckwer & Schumpe, 1993). More often, mathematical models to describe the
performance of the BCR are dependent on the variables of reaction kinetics, the number of
reactive species and phases, the absorption reaction regime (mass transfer terms) and the
fluid dynamics of the phases. In the classical models, the liquid and gas phase resident time
distribution models (RTDs), measured by known methods are employed and utilized in
characterizing the fluid dynamics of the systems, while the RTDs can be interpreted to be
completely mixed, partially mixed or unmixed. The partial mixing of the fluid system often
encountered can be described by tank-in-series models (with or without back flow between
neighbouring cells) or by the one-dimensional axial dispersion model (ADM) (Deckwer &

Schumpe, 1993).

The fluid dynamics of the gas phase in a BCR could be classified to homogeneous flow
(bubbly flow) and heterogeneous flow (churn-turbulent flow) based on the superficial gas

velocity of dispersion and bubble sizes in the continuous liquid phase. Bubbly (homogeneous

54



) flow exists at a low gas flow rate and it is characterised by almost uniform size bubbles
having similar rise velocities. As the superficial gas velocity increases, the bubbly flows
transits to the churn-turbulent regime described by a dispersion of larger bubbles rising with
higher velocities through the bed of the small bubbles. Although in the ADM, all the
individual mixing phenomena taking place in each phase are all lumped to an axial dispersion
coefficient (a coarse simplification of reality), it has proven as and still an effective tool to

model BCRs (Deckwer & Schumpe, 1993).

Thus, in predicting the hydrodynamic parameters by the hybrid of ERT and a PBM in this
work, the tank-in-series model or the ADM approach will be explored to solve the PBM. The
ADM approach is adopted since it is a valid tool to model BCRs particularly for hydrodynamic

flow regime characterised with mixing phenomena.

2.7.  Fluid dynamics and regime analysis of BCRs

The operations and performance of bubble column reactor (BCR) have been found to be
highly affected by the fluid dynamic characteristics and the dominant fluid flow regime in
the column. In addition to the three known regimes: Homogeneous (bubbly flow) regime,
Heterogeneous (churn-turbulent) regime and the slug flow regime (Hyndman, et al., 1997),
the “foaming regime” also exist but rarely takes place in the bubble columns (Kantarci, et

al., 2005).

The homogeneous flow regime is observed in a BCR operated in a semi-batch mode at low
superficial gas velocities approximately less than 0.05m/s (Kantarci, et al., 2005). When this
regime exists in a BCR, bubbles are seen to be of relatively uniform small sizes and rise
velocities. Their sizes and rise velocities give rise to a uniform bubble distribution and
relatively gentle mixing over the entire cross-sectional area of the column. Practically, during
this flow regime, bubble coalescence and breakage are insignificant to the extent that
bubbles sizes are influenced largely by sparger design and system properties (Thorat & Joshi,
2004). (Kawagoe, et al., 1976) reported that the gas holdup in the bubbly flow regime

increases linearly with increasing superficial gas velocity.

As superficial gas velocity increases, the flow regime transits from bubbly to the churn-

turbulent regime (heterogeneous regime), where the superficial gas velocity is greater than
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0.05m/s in a batch column (Kantarci, et al., 2005). The regime is described by perturbed
homogeneous gas-liquid system caused by the turbulent motion of gas bubbles and liquid
recirculation. Due to high gas throughput in this regime, unsteady flow pattern and large
bubbles with short residence times are formed by coalescence phenomena. In addition to
bubble coalescence, bubble breakage processes could occur, leading to a wide size
distribution of bubbles. The average bubble size is, thus, controlled by coalescence and
breakup which is dependent on the energy dissipation rate in the bulk solution (Thorat &
Joshi, 2004). It has been reported that the gas-liquid mass transfer coefficient is lower at

churn-turbulent (heterogeneous) regime as compared to homogeneous flow.

Knowing when flow regime transits from bubbly to churn-turbulent regime in the column is
important because significant changes are observed in the hydrodynamic behaviours of the
system at this period. It is noticed that at this period liquid circulates upward at the centre of
the column and downward near the column wall. This allows further entry to take place at
the centre, which leads to the build-up of transverse hold-up profile that enhances liquid
circulation. In measuring the liquid circulation and the transverse hold-up profiles, the ERT
imaging technique is superior to the optical technique often used since the ERT technique

does not require a transparent column.

2.7.1. Gas holdup and specific interfacial area

Gas hold-up is a dimensionless essential hydrodynamic parameter for column designing that
determines the nature of transport phenomena in a bubble column system (Luo, et al.,,
1999). Gas holdup is the ratio of the volume occupied by the gas in a reactor section to the
volume of the reactor section (local gas holdup); or the ratio of the volume occupied by the
gas in the entire reactor to the reactor volume (global gas holdup). The axial holdup in a BCR
could be determined from two differential pressure signals (Jin, et al., 2007). Based on an
assumption that the values of the liquid acceleration terms and the wall friction terms are

normally small and negligible, the mean gas holdup (&;) is usually calculated using Eq.(2.33)

- AP
&g " pgAH (2.33)
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where AP is the differential pressure between two pressure sensor points [Nm™2], AH is
the vertical distance between two pressure points [m], p; is the liquid density [kgm ™3] and
g is the acceleration due to gravity [ms~?2] (Jin, et al., 2007). The spatial variation of the gas
holdup, also called gas holdup profile, is a key factor that contributes to the rise in pressure
variation and liquid recirculation (Kantarci, et al., 2005). Additionally, the magnitude of gas
holdup radial gradients is known to depend on the superficial gas velocity, the column
diameter, gas distribution design, physical properties of the system and operating conditions
(Wu, et al., 2001) (Shah, et al., 1982). This assertion is supported given the gas holdup
correlations by (Hughmark, 1967) and (Kawase, et al., 1992) respectively as in Eq.(2.34) and
Eq.(2.35)

1
g, =
9, +(0.35/UG)(9L0/72)1/3 (2.34)
1
gg ug\ /4 (2.35)
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Akita and Yoshida (Akita & Yoshida, 1973) developed a model of integral hold-up (averaged
over the entire volume of gas-in-liquid dispersion) following a correlation for many

experimental data of the form

1 1
& o <D§pL9> fe <D29> he g,
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where = 0.2 for pure liquid and non-electrolyte solution; o= 0.25 for salt solutions in the

(2.36)

range of &; < 0.14 within which the experiment was conducted. The model, Eq.(2.36) is
valid for superficial gas velocity (Ug) in the range 0.003 — 0.4m/s, liquid velocity (Uy) in the
range of 0 — 0.044m/s, column diameter (D.) in the range of 0.152 — 0.6m and column

height (H.) ranging from 1.26 — 3.5m.

Thereafter, (Hikita, et al., 1980) proposed a more accurate correlation model for gas holdup
of the form of Eq.(2.36) by including the physical property of the gas phase, p¢, unlike the
model of (Akita & Yoshida, 1973). The included p; has been observed to reduce the
deviation of the data fit from the experimental data from 15% to 4% when compared to
model Eq.(2.37) The parameter f = 1 for non-electrolyte solution and for salt solution f was

determined to be a function of ionic strength of solution.
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Eq.(2.37) is valid for U; within the range 0.042 — 0.38m/s, D, = 0.1m and liquid height
H; = 0.64m. The correlations of (Akita & Yoshida, 1973) and (Hikita, et al., 1980) have been
found suitable for gas holdup calculations for BCRs design purposes (Oztijrk, et al., 1987). In
Ozturk’s work, 50 different gas-liquid systems were measured, plotted and several
correlations models in literature were tested to fit their data but the correlation of (Akita &
Yoshida, 1973) and (Hikita, et al., 1980) yielded the best fit with a measurement error of

11%.

In the work of (Akita & Yoshida, 1973), Eq.(2.36) was further re-expressed as

Ug

/oD

Eg.(2.39) and Eq.(2.40) were obtained from a correlation for average bubble size as a
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o
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function of physical properties of the fluid state, column dimension and superficial gas
velocity by (Akita & Yoshida, 1974). Thus, further simplification of Eq.(2.38) lead to the
development of the specific interfacial area, a, in terms of properties of liquid, dimension of

the column and gas holdup of Eq.(2.41) (Akita & Yoshida, 1974) for ¢; < 0.14.
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The correlation of Eq.(2.40) is valid for column diameter up to 0.3m and superficial gas
velocity up to about 0.07m/s. The correlation of Eq.(2.40) is recommended for self-studied
systems and most suitable for single orifice spargers (Shah, et al., 1982). In a two-phase
multiphase system, the bubble sizes are known to be controlled by the balance between the
bubble coalescence and breakup rates. The observation was confirmed by (Deckwer, et al.,
1978) who found no significant difference in the d,; in their experimental bubble size

measurements at 3.5 and 6.0m above the sparger. Akita and Yoshida (Akita & Yoshida, 1974)
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also observed no effect of orifice diameter on the d,; in the bulk region away from the

sparger (Helene, et al., 2006).

Eq.(2.41) shows a dependency on the column diameter as in D8'3, which vanishes at larger
column diameters (i.e. D; = 0.3m). The physical quantity variables of Eq.(2.40) and
Eq.(2.41) are kinematic viscosity of liquid (v,) [m?s~1], surface tension (o) [kgs~2], liquid
density (p,) [kgm™3], superficial gas velocity (U;) [ms~1], gas hold-up (g5), column

diameter (D) [m] and the volume-surface mean bubble diameter (d,,s) [m].

The empirically developed correlation of Eq.(2.41) can be explored for the computation of
the specific gas to liquid interfacial area since it is valid within the operating range of the
present work. The required gas void fractions will be computed from the resolved bubble
number density distribution by the hybrid of ERT and a PBM. The proposed hybrid of ERT
and a PBM is, thus, intended to address the operational limitation ranges of the correlation
models for hydrodynamic parameter predictions. This will be accomplished through an
accurate prediction of the BNDDs required for hydrodynamic parameter predictions overall

operational conditions.

2.7.2. Superficial gas velocity

Superficial gas velocity is the average velocity of the gas that is sparged into a column,
expressed as the ratio of volumetric gas flow rate to the cross-sectional area of the column.
Gas holdup has been found to increase with increasing superficial gas velocity in both bubble
column and slurry bubble column (Prakash, et al.,, 2001)(Li & Prakash, 2000)(Pino, et al.,
1992)(Krishna, et al., 1997)(Hyndman, et al., 1997)(Schumpe & Grund, 1986)(Deckwer, et al.,
1980)(Saxena, et al., 1990) and (Daly, et al.,, 1992). Furthermore, an increase in the gas
holdup with superficial velocity has been found to be proportional in the bubbly flow regime
(Lockett & Kirkpatrick, 1975) and (Kara, et al., 1982). However, in a churn-turbulent regime,
the effects of superficial velocity on gas holdup are less significant (Kara, et al., 1982) and

(Koide, et al., 1984).

Since the ERT imaging approach is based on the interior conductivity of a body, gas holdup
fractions increase with gas flow rates is expected to lead to a decreasing magnitude of

conductivity distribution in a non-conductive dispersed phase. This relationship will hold
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over a wide range of gas flow rates. Thus, the hybrid technique is proposed to be useful for
hydrodynamic predictions over wide fluid regimes including the churn-turbulent regime fluid

flow.

2.7.3. Hydrodynamic parameters — mass transfer coefficients

The specific gas-liquid interfacial area a is related to the gas hold-up, &;4, and the Sauter
Mean Bubble Diameter, d,, assuming that bubbles are spherical in shape as in Eq.(2.42) .

0 = 6sg
S dUS

(2.42)

The overall mass transfer rate per unit volume of the dispersion is dominantly controlled by
the liquid-side mass transfer in a situation when the gas side possess negligible resistance
(Kantarci, et al., 2005). The liquid-side mass transfer is the product of volumetric mass
transfer coefficient, k;, and interfacial area, a. (Fan, et al., 1985) reported that variation of
k;a in a BCR is majorly due to variations in the interfacial area. Eq.(2.42) agrees with the
findings of (Daly, et al., 1992) who stated that accurate computation of the specific gas-
liquid interfacial area requires the information of the gas holdup and the bubble size
distribution. In a gas-liquid multiphase system, the mass transfer from gas to liquid phase is

an essential parameter to be optimised.

Additionally, the volumetric mass transfer coefficient is often used in the characterisation
and designing of both industrial stirred and non-stirred gas-liquid reactors (Kantarci, et al.,
2005). However, it has been realised that very few data are found dealing separately with
mass transfer coefficient (k;) and interfacial area (a) in a BCR (Bouaifi, et al., 2001), though
(Akita & Yoshida, 1974) suggested the model of Eq.(2.43) . Most investigators’ works have
been limited to the determination of the volumetric mass transfer coefficient, k;a. The
separation of parameters k; and a has been suggested to yield better comprehension of the
gas-liquid mass transfer mechanism. Furthermore, an independent determination of k; and
a has also been proposed to allow for knowing which parameter between k; and a

contribute to mass transfer.

5 1 3/ -3 1
k, =0.5g /sDL/ZpL 8¢ /Sd,,ﬁz (2.43)
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The data used to develop Eq.(2.43) had its bubble size range from 1.7 to 7.2mm in water, 1.3
to 5.4mm in glycol, and 1.1 to 4.5mm in methanol. Eq.(2.43) was proposed to be valid in a
column diameter up to 60cm, superficial gas velocity up to 41cm/s and gas holdup up to
30%. Some of the developed correlations by researchers to predict mass transfer rates in a
bubble column, based on the effects of operational parameters on mass transfer
characteristics are stated in Eq.(2.44) and Eq.(2.45) The model of Eq.(2.45) (Akita & Yoshida,
1973) was found to be useful for large column diameter in the range 1 — 5.5m, while model
Eq.(2.44) (Hikita, et al., 1981) was validated in a column of diameters 0.1 and 0.19m, where

no significant effect on D, was noticed.
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In Eq.(2.44) and Eq.(2.45) pg, D¢, uy, o are gas viscosity[kg(sm)~!], reactor diameter[m],
dynamic viscosity of liquid[kg(sm)~1] and surface tension [kgs~2] respectively; p;, ggand
D, are respectively the density of the liquid [kgm™3], gas holdup [unit], and the liquid
phase diffusivity[m?s~1]. The value of f was approximated to be 1 in the case of non-
electrolyte solutions (water, methanol, butanol and ionic solution) and a function ionic

strength in the case of electrolyte solutions.

(Ozturk, et al., 1987) reviewed the two models of Eq.(2.44) and Eq.(2.45) by measuring 400
k; a value data in 50 different gas-liquid systems in a column diameter of 0.095m. Eq.(2.44)
and Eq.(2.45) were observed to describe the experimental data with an error of 25 to 37%,
even with an optimizer, the error was still greater than 20%. As a result of a high error in
using Eq.(2.45) to correlate their results, (Ozturk, et al., 1987) developed the model of
Eq.(2.46) by modifying Eq.(2.45) . In the development, the used surface-volume mean
bubble diameter d,,; was assumed to be of a constant value of 0.003m rather than using the
column diameter. Following a testing of the developed model of Eq.(2.46) with experimental

data, the computed average error was 13.3%.
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A simulation model of bubble column reactor useful for prediction of gas hold-up and
volumetric mass transfer coefficients was developed by (Shimizu, et al., 2000). In their
model, gas hold-up and gas-liquid mass transfer rates were evaluated on the basis of bubble

break-up and coalescence.

The concept of compartmentalisation of the column was adapted to determine the size
distribution of a population of bubbles influenced by bubble breakage and coalescence at
column sections. The gas hold-up of bubbles in a given dispersion volume V; was calculated
by adding the volume of all bubbles, V;, in Vz and dividing it by the dispersion volume V5.
The dispersion volume was made up of the sum of the volume of gas I, and liquid V;. Thus,

the gas hold-up expression of Eq.(2.47) was obtained.

E, =

Vs ZZiVbi
g Vg+

Vv Vi (2.47)
In calculating the volumetric mass transfer coefficient, the specific gas-liquid interfacial
area, a, relating the gas hold-up fractions was defined as Eq.(2.48),

a=a- (2.48)
where d,; was the Sauter Mean Diameter of bubbles.

Additionally, the Higbie penetration theory (Shah, et al., 1982) of Eq.(2.49) was used to

calculate the liquid phase mass transfer coefficient K} as in

1
_ 4DLur)§
K= (= - (2.49)

where D, is diffusivity of liquid[m?s™1]; u, is bubble rise velocity[ms~1]; and d,, is the

bubble diameter [m].

The gas-liquid volumetric mass transfer coefficient was then calculated by combining

Eqg.(2.48) and Eq.(2.49) to derive Eq.(2.50) .
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The experiment to validate the model of the BCR simulation by (Shimizu, et al., 2000) was
set-up in a column with diameter 0.2m and height 1.7m. A 2-phase air-water dispersion
system in a batch-wise operational mode, that ran until steady state was achieved, was set-

up in the column. The steady state condition of the fluid was determined when there was a

negligible change of gas holdup.

The density, viscosity and surface tension of water were measured by a Pycnometer, a
Cannon-Fenske viscometer and the du-Noug ring method respectively. A pre-calibrated
rotameter was used to measure a continuous sparged air-flow into the column. The gas
hold-up measurements were made by the volume expansion method. The volume mass
transfer coefficients were measured by the dynamic method. A fast response dissolved
oxygen electrode was utilized for monitoring the change in the dissolve oxygen

concentration.

The graph of the gas hold-up against the superficial gas velocity by the proposed model
simulation of (Shimizu, et al., 2000) is shown in Figure 2.2, alongside the graphs from their
experimental studies and other correlations in the literature as in Eq.(2.34) and Eq.(2.35) . In
Figure 2.3, the graphs of the gas hold-up along the column axis for two superficial gas
velocities of 0.01 m/s and 0.04m/s by the simulation model are shown. Similar graphs in
Figure 2.2 and Figure 2.3 are shown in Figure 2.4 and Figure 2.5 respectively when the

volumetric mass transfer coefficient was calculated instead of the gas holdup values.
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Figure 2.2. Gas hold-up in a 0.2m i.d column reactor
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Figure 2.3. Axial distribution of gas hold-up in a bubble column reactor (D¢=0.2m)

64



Figure 2.4. Gas-liquid mass transfer rates in a 0.2m i.d bubble column reactor.
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Figure 2.5. Axial distribution of gas-liquid mass transfer rate in a bubble column reactor (D¢=0.2m)

The theory supporting the development of the liquid phase mass transfer coefficient K; of

Eqg.(2.43) will be explored since the K; is valid with the operational conditions of the present

work.

2.7.4. Liquid mixing in bubble column reactors

A review of the literature on liquid phase mixing in a bubble column reactor (BCR) indicates

it has gained the attention of researchers in the last 57 years. It was observed that despite a

number of newly proposed hydrodynamic models, the use of axial dispersion model (ADM)
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to describe the liquid phase mixing in BCR is still common (Deckwer, et al.,, 1974). As an
alternative to the use of axial dispersion coefficient to describe the mixing of the liquid
phase in a BCR, some researchers characterised the mixing behaviour in a BCR by the mixing
times. When a certain degree of homogeneity is achieved, the mixing time is then converted

into a dispersion coefficient (E} ).

A theoretical relation was derived by (Baird & Rice, 1975) provide an interpretation for the
experimental determination of E; on the basis of dimensional analysis and Kolmogoroff’s

theory of isotropic turbulence of the form of Eq.(2.51)

E, = ki*/3¢'/3 (2.51)

where k is a constant and the specific energy dissipation, £ [m%s~3], equals gU; (¢ = gU;);

l is appropriate diameter [m] of large vortices. From Eq.(2.51),

E, = ki"/3(gUg)"/3 (2.52)

Eqg.(2.52) showing the relation of E; to D and U; has been confirmed by (Kato & Nishiwaki,
1972) and (Deckwer, et al., 1974).

Mixing of the liquid phase was found to be caused by the combined phenomena of turbulent
vortices, liquid entrainment in the wakes of rising bubbles, liquid circulation and radial
exchange of flows. Hydrodynamic models which account for the radial liquid velocity and
holdup profiles are more appropriate than lumping the various phenomena which
differently contribute to mixing into a dispersion coefficient (E;) (Deckwer & Schumpe,
1993). However, since some of the hydrodynamic models could be reduced to a dispersion
model, the relation for E; are usually derived and the results have been found to be striking

agreement with the Eq.(2.51)

It was reported that in spite of many investigations carried out on liquid phase mixing, its
effects on BCR performance are only minor and seemingly often over-estimated (Deckwer &
Schumpe, 1993). Liquid phase mass transfer coefficient shows little sensitivity to
considerable variations of E; when evaluating mass transfer coefficients (K; a) for measured
steady state liquid phase concentration profiles (Deckwer, et al., 1983). Similarly, in a fast
reaction absorption regime, reactor performance is not influenced at all by the liquid mixing

as the reaction takes place at the gas-liquid interface (Deckwer, et al., 1983).
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Given a slow reaction absorption regime where a gas phase component, for example A,
reaching the liquid phase reactant B, a complete back mixing can be assumed for component
B. This is as a result of the reaction time that is usually higher than effective mixing time.
Whether or not a back-mixed liquid phase can be assumed for dissolved gaseous reactant,
component A has been reported to depend on the ratio of characteristic time for mixing and

mass transfer as in Eq.(2.53) (Deckwer, 1986).

2
mixing time f (L /gLEL)

~ mass transfer time (2.53)

1
/KLa

In Eq.(2.53), f = 1, @ is the product of the Bodenstein (U—EL) number and Stanton (K[L]aL)

ELEL L

numbers that can be interpreted as the product of 7,,, = (LZ/ELEL) and t,,r = (K a).

Table 2.1 shows the values of @ for reactions typically carried out in BCRs for two reactor

sizes (Deckwer, 1986).

Table 2.1. Typical values of the ratio of mixing to mass transfer time of BCRs in meters

Reaction 0-2/2 1/10
Isobutene hydration from C,b cuts 3.6 9.4
Fischer Tropsch synthesis in slurry phase 10.6 28.2
Chlorination of toluene 0.04 0.1

The validity of the theoretically derived liquid dispersion coefficient by the experimental
data suggests the model is useful for calculating intensity of liquid mixing. The model will be

utilised in this study to determine the intensity of mixing for varied gas flow rates.
2.7.5. Gas mixing in bubble column reactors

More often, modelling of BCRs is conducted while neglecting the gas phase mixing. The gas

phase mixing factor could only be ignored for a bench-scale reactors where the Bodenstein
number (BoG = Usl SGEG) with E; calculated from the available correlation being high,

for example Bo; > 10 (Deckwer & Schumpe, 1993). Mixing of the gas phase in BCRs is
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attributable to different bubble rise velocities, bubble coalescence, break-up and circulation

of bubbles (Deckwer & Schumpe, 1993).

ADM is often used to describe the global gas phase mixing by lumping all the various
phenomena into the gas phase axial dispersion coefficient, E;. Unlike the liquid phase
mixing, gas phase mixing dispersion significantly affects the performance of BCRs.
(Levenspiel, 1972) found that the influence of gas phase dispersion on conversion
corresponds with single phase reactor for a fast reaction absorption regime (the diffusion

regime).

However, given the significant effect of the gas phase dispersion on the performance of a
reactor, comparative few reports have been made on the gas phase dispersion owing to the
difficulty in determining the gas phase dispersion. (Mangartz & Th, 1980) (Anon., n.d.)
developed a model for the gas phase dispersion coefficient (E;) of the form of Eq.(2.54) ,

which was recommended by (Shah, et al., 1982)

3/ UG 3
E; = 50D,/? (2) (2.54)

(Field & Davidson, 1980) modified Eq.(2.54) from a study of gas phase dispersion in a 3.2m

diameter bubble column to obtain a model of Eq.(2.55) .

3/, 1
Eg < D *(Ug) (2.55)

Eq.(2.55) was derived theoretically by (Wachi & Nojima, 1990) on the basis of the
recirculation theory of (Ueyama & Miyauch, 1979) and (Miyauchi, et al., 1981). (Wachi &
Nojima, 1990) conducted an experiment to measure the gas-phase dispersion coefficient in
an air/water system setup in bubble columns with diameters 0.2m and 0.5m to proposed

Eq.(2.56)

3/
E; = 20D/ %U; (2.56)
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Figure 2.6. Eg /Ug against column diameter (taken from (Wachi & Nojima, 1990). The solid line shows
data disparity, vertical solid line presents data field reported by (Grund, 1988) for aerated organic
liquids.

In spite of a number of models for calculating the gas dispersion coefficient in a BCR, the plot
of the experimental data used in developing these models show a large disparity in the data
by nearly an order of magnitude. In fact, data from same authors using the same measuring
techniques were noticed to be subject to large scatter of the factor of 5 (Deckwer &

Schumpe, 1993).

Grund (Grund, 1988) carried out a study on measuring E; data in a 15m diameter column
with organic liquids and observed same large data scatter. The vertical line of Figure 2.6
illustrates the range of data measured by (Grund, 1988). Due to the inaccuracy in employing
the proposed model of Eq.(2.54) Eq.(2.55) and Eq.(2.56) two-bubble class model was
recommended by (Joseph & Shah, 1984) and (Shah, et al., 1985). In the recommendation,
the ADM approach was adopted since it is applicable only for homogeneous bubbly flow and

not for gas - phase dispersion measurement in a heterogeneous flow regime.

The developed model with consideration of two-bubble class models was expected to be
more accurately implemented with an addition of appropriate dynamics of bubble
coalescence and break-up (Shah & Deckwer, 1983). Moreover, it has been suggested that
there is still a need for studies which support the development of structured hydrodynamic

models of the gas phase in BCRs (Deckwer & Schumpe, 1993). Following the verification of
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the developed E; with experimental data, the theoretical basis for its development will be

adopted in this work.

2.7.6. Hydrodynamic parameters - bubble characteristics

Bubble population, their gas holdup and their rise velocities have significant effects on
changing the hydrodynamics of heat and mass transfer coefficients in a BCR (Kantarci, et al.,
2005). Based on this, an accurate computation of these bubble population parameters will
allow for accurate prediction of hydrodynamic parameters in a BCR system. Although
methodologies have been explored to estimate bubble population properties, all of the
methods were based on a 2-bubble class model proposed by (Krishna, et al.,, 1991). The
proposed classification, however, limits the classification of bubble hold-up and rise velocity

to two classes of large and small bubble groups.

The dynamic gas disengagement (DGD) is a widely accepted method to investigate bubble
groups, bubble hold-up structures and their rise velocities. The DGD technique involves
measurement of drop in dispersion height after turning off of gas flow into the column. An
advanced analysis of the disengagement profile could yield information on separate bubble
population classes contributing to the gas holdup (Schumpe & Grund, 1986). The central
idea of the technique is that, different bubble classes in the dispersion can be determined
provided that there are significant differences between their rise velocities. This idea was
supported by the work of (Li & Prakash, 2000) who discovered that the rate at which
instantaneous gas holdup drops depend on fraction and rise velocities of the different
bubble classes. Thus, they noticed that an initially fast rising larger bubbles escaping from
the bulk liquid lead to a fast drop in gas holdup. Subsequently, when all the larger bubbles
had left the column, slower moving bubbles were seen disengaging at a slow rate coupled

with the slow rate of drop in dispersion height.

The possibility of developing an advanced analysis of the disengagement profile provides a
motivation to couple ERT measurements to gas disengagement process in this work. Such a
coupling technique is anticipated to allow for higher bubble size classification in the column

given ERT high temporal resolution.
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2.7.7. Bubble size distribution

The diagram in Figure 2.7 illustrates the experimental set-up to measure bubble size
distribution (BSD) by the photographic method carried out by (Akita & Yoshida, 1974). A set
of experiments were carried out in 3 transparent acrylic resins of height 250cm and square
cross sections: 7.7cm x 7.7cm, 15cm x 15cm and 30cm x 30cm. At the base of the column, a
single orifice gas sparger was mounted where perforated and porous plates gas spargers
were used with the 15cm x 15cm column. Notably, the air distributors of varied dimensions,
pore diameters and pitch were changed, i.e. from perforated to porous plate spargers. The
changing was done is a search of an air distributor that produces relatively uniform bubble
size distribution at lower gas flow rates. A single orifice sparger was also tested to simulate
more practical bubble evolution processes. In all the measurements, a gas chamber was
installed at the base of the sparger plate at the bottom of the column for the purpose of

minimizing the fluctuation of the gas pressure.

Figure 2.7. Experimental set-up for bubble size distribution model development (Akita & Yoshida,
1974)

Several experiments involving changing the liquid properties in the perforated and porous
plates spargers were conducted. In the case of the experiment conducted in a single orifice
sparger, the diameter of the orifice and the phase state of the system used are stated in

Table 2.2.
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In Figure 2.7, a blower located at the base of the column supplied the air (N,) into the
column for absorption and bubble size measurements. Optical cameras and electronic flash
light systems placed at the opposite sides of the column were used to capture photographic
images. These were further processed to determine the bubble sizes. The shapes of the
bubbles were noticed to be non-spherical and were approximated by an oblate spheroid.
The maximum and minimum dimensions of individual bubbles were then scaled on
photographic prints. The sizes of bubble classes were represented by arithmetic mean x
values of the maximum and minimum dimensions of bubble population in bubble classes
scaled on the photographic images. The result of bubble size measurement for a run made
using a single orifice sparger is tabulated in Table 2.3. Column 3 of Table 2.3 shows the
number of bubbles in the range of bubble sizes stated in column 1. The geometric mean of
the upper and lower limit of each bubble size range was calculated and presented in Column
2. Bubbles with major axis smaller than 0.8mm were ignored in the work since their

contributions to the gas hold-up and interfacial areas were negligible.

Column 4 of Table 2.3 highlights the number of bubbles for each bubble size range as
percentage, AF X 100, of the total number of bubbles, while column 5 gives the cumulative

percentage, F X 100, i.e. distribution function defined by

F(x) =Jf(x)dx (2.57)
0

where f(x) is the probability density function. The nt* moment of the distribution, uj,, was

defined by
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Table 2.2. Experiments with single-orifice sparger (Akita & Yoshida, 1974)

Column Orifice Systems used Temp (o)

Diameter Diameter
7.7 0.30 Water-air (or oxygen) 20
7.7 0.30 Glycol-air (or oxygen) 20
7.7 0.30 Methanol-air (or oxygen) 20
7.7 0.30 Carbon tetrachloride - air 20
15.0 0.45 Water - air (or oxygen) 20
15.0 0.20 Water - air 20
15.0 0.10 Water - air 20
15.0 0.45 Water - air 5
15.0 0.45 Water - air 40
15.0 0.45 Glycol — air (or oxygen) 20
15.0 0.45 30 vol. % glycol - air 20
15.0 0.45 Methanol — air (or oxygen) 20
15.0 0.45 Carbon tetrachloride - air 20
30.0 0.50 Water - air 20

oo 1
Up = fo x"f(x)dx = fo x"dF (2.58)

Columns 6 and 7 of Table 2.3 show respectively the second and third moment of the
distribution of bubble sizes. The volume-surface of mean diameter of bubble swarm was

calculated using the expression

4. =M/
v 12 (2.59)

Where
- N
us = f x3f(x)dx = ZAH,&i (2.60)
0 i=1

and
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- N
MIZ = f xzf(x)dx = ZAHé‘L (261)
0 i=1

The function Au;l’l- was then defined as
Mp; = x™ X Afi;i=123,..N (2.62)

where N is the number of largest class of bubble sizes.

Accordingly, the probability density function f(x) was then found to be expressible as

1 1/Iln(x)—m 2
axx/%exp _E< o ) (2.63)

Combining Eq.(2.59) and Eq.(2.63) , one gets

f&) =

o%n?
Un = €Xp <mn + > > (2.64)

The derivation of the volume-surface mean bubble diameter of Eq.(2.65) is based on the

definition of Eq.(2.64) .

dys = #3/ , = e(m+2.50%)
H2 (2.65)

The exponential of geometric mean of bubble size, m, and the standard deviation, o, could

then be expressed in terms of uj and u} in the forms
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Table 2.3. Example of calculations for model development of bubble size distribution (Akita &

Yoshida, 1974)

Range, X, mm No. of AF; X 100 | F x 100 | Auh,mm? | Aus,mm3
mm
bubbles
09-1.0 0.945 260 8.225 8.23 0.074 0.07
1.1-15 1.27 450 14.24 22.47 0.230 0.29
16-20 1.78 416 13.16 35.63 0.417 0.74
21-25 2.29 452 14.30 49.93 0.750 1.72
26-3.0 2.79 454 14.36 64.29 1.118 3.12
3.1-4.0 3.52 479 15.15 79.44 1.877 6.61
41-50 4.53 241 7.624 87.06 1.565 7.09
51-6.0 5.53 141 4.461 91.52 1.364 7.54
6.1-8.0 6.98 145 4.589 96.11 2.235 15.60
8.1-10.0 8.99 58 1.835 97.94 1.483 13.33
10.1-15.0 12.3 40 1.265 99.21 1.914 25.54
15.1-20.0 17.4 18 0.5694 99.78 1.724 29.99
20.1-25.0 22.4 3 0.09491 99.87 0.476 10.67
27.0 27.0 1 0.03164 99.90 0.230 6.22
27.4 27.4 1 0.03164 99.94 0.237 6.50
30.0 30.0 1 0.03164 99.97 0.284 8.53
30.3 30.3 1 0.03164 100.00 0.290 8.79
D Ug dys dg o N N
=15.0cm | =462m | =9.24mm | = 232mm | = 0.744 ; Aua ; At
/hr = 16268 | =150.35
m= %lnu’z - g Inuz and o = \/glnug — Inu; (2.66)

The obtained values for d,, dg and o using Eq.(2.65) and Eq.(2.66) are stated in Table 2.3.
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The determination of bubble size distribution by the photographic technique as done by
(Akita & Yoshida, 1974) is liable to error due to the geometry of the cylindrical column
boundary. The column curve surface will have to be accounted for in order to accurately
resolve the bubble sizes. Besides, the technique cannot be used for bubble size analysis in an
opaque multiphase system or column. However, the ERT technique, being a non-invasive
imaging technique, is useful in both opaque and transparent columns. The method of
analysis of the bubble size distribution by the photography approach will be adopted in this

work for bubble size distribution analysis using ERT measurements.

2.7.8. Bubble rise velocity

Following an assumption that the shape of bubbles is spherical, the volume — surface mean
bubble diameter, d,,, has been correlated to the arithmetic mean of bubble length, L,, in

the work of (Ueyama & Miyauchi, 1976) as

dys = 1.5L, (2.67)

In a study to determine the relationship between d,¢, and the arithmetic mean bubble rise
velocity, U, , conducted by (Ueyama & Miyauchi, 1976), (Akita & Yoshida, 1974) and (Koide,
et al., 1966), their results were in agreement with that carried out by (Fukuma, et al., 1987).
In the work of (Ueyama & Miyauchi, 1976) and (Fukuma, et al., 1987), a dual electro-
resistivity probe method was implemented to study the relationship between U, and d,. It
was observed that all the data for both the gas-liquid and the gas-liquid-solid bubble column

could be correlated by a Davies-Taylor type equation of the form

Uy = 1.3\/gdys (2.68)

Eq.(2.68) could be re-expressed in the form of

Up?
0-597 = dys (2.69)

Furthermore, when Eq.(2.69) is simplified to include the drift flux of gas and the cross-

sectional averaged gas hold-up, Eq.(2.70) is derived, where U, = 17D/€— (Fukuma, et al.,
g

1987).
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2
(/s)
0.59% = dys (2.70)

Review of literature on the relationship between the d,¢ to the U, in form of Eq.(2.70)
indicates that the U, equals the drift flux of gas, v, divided by the cross-sectional averaged
gas holdup, &, (Fukuma, et al., 1987).

This means that it is possible to interpret the low spatial resolution of ERT images and its
effectiveness for gas holdup measurements to determine the U, from which hydrodynamic
parameters in the reactor could be calculated. The bubble number density distribution (i.e. a
countable entity) is influenced by phenomena of bubble coalescence and breakup, which
affect bubble sizes as they swarm axially in a column. The bubble number density
distribution in a column operating at either a steady or an unsteady state cannot be

measured by an analysis of ERT images solely given its low spatial resolution.

Thus, an integration of a model of a physical system to ERT measurements is envisaged to
yield a method of interpreting ERT images for the calculation of bubble population
properties in a column. The PBM is an effective tool for modelling physical systems in a
column because of its mathematical framework, described in section 2.8, includes paths for
bubble breakage and coalescence. The developments of bubble coalescence and bubble
breakage models are also reviewed following the review of the theoretical framework of

PBM development.

2.8. Measurements of bubble population swarming parameters at steady state:

Electrical Conductivity Probe Technique

Hydrodynamic parameter computations in a column require knowledge of the BNDD with
respect to space and bubble size. The volumetric mass transfer rates, the specific interfacial
area, the gas holdup fractions, the global mean bubble sizes and the intensity of mixing of
the 2-phase fluid system are examples of the hydrodynamic parameters that depend on
BNDD, physical properties of the fluid system and geometric dimensions of the column. The
relationships of the hydrodynamic parameters to bubble population properties have been

given in subsections of Section 2.7 of this chapter.

77



An experiment was conducted by (Luo, 1993) to measure bubble properties using a 5-point
Electrical Conductivity Probe Technique set-up in a plexi-glass column with an inner
diameter of 0.288m and a height of 4.33m. The gas distributor for the column was placed
between the main column section and a stainless steel liquid inlet section. The 5-point
conductivity micro-probe with a tip diameter of 0.3mm was then connected to a signal
processing unit system. The system consisted of a real time signal recording and storage unit
connected via an interface card to a personal computer. An oscilloscope was also used to
calibrate the conductivity probe. The superficial gas and liquid velocities were varied within
the range of 0.02 - 0.2 m/s and 0 — 0.02m/s respectively and measurement were made at
two temperature values of 11+1°C and 25+1°C. The measurements were then taken at
two local axial lengths of 0.2 and 2.0m along the column height from the gas distributor
respectively. At each level, measurements were made at varied radial positions from the

centre (dimensionless radius) at 0.25, 0.5, 0.6, 0.7, 0.8, 0.9, and 0.95.

The conductivity probes generated signals for measurements due to the difference in
electrical conductivity between the liquid phase and the gas phase. At the detection of a
bubble in the liquid by the probe sensor, a square pulse of voltage was generated. A 1-point
(sensor) probe had been used to determine the local gas void fraction, before an
improvement of its fabrication lead to its use for measuring bubble sizes, bubble velocities
and bubble frequencies. (Buchholz, et al., 1981) and (Yu & Kim, 1990) used a 2-point probe
to measure bubble size distribution and bubble motion. The 2-point probes could only yield
information on bubble chord lengths and not bubble volumes or their equivalent diameters.
An enhanced design of the probe configuration with more point was then developed, which

was useful for measuring bubble curvatures and their volumes in a vessel.
2.8.1. The 5-point probes of (Burgess & Calderbank, 1975)

The 5-point conductivity probes were first developed by (Burgess & Calderbank, 1975). It is
usually connected to a digital computer in order to process the output voltage pulse signal
sequences generated when a bubble approaches the probe sensor assembly as shown in

Figure 2.8.
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Figure 2.8. The spatial orientation of the probe tip developed by (Burgess & Calderbank, 1975).

Some of the advantages of the 5-point probes technique are as follow:

1) The probe systems calculate the position of a bubble relative to the central line by

detecting the point at which it is struck by the bubble;

2) Using the 5-point conductivity probe technique, events of bubble collision, which are
approximately symmetrical with the probe axis was referred to as true bubbles, otherwise,
false bubbles. The events of true bubbles were accurately determined by conductivity

probes;

3) The shape of a true bubble was calculated from the difference in signal lengths generated
by different probe sensors. The use of the 5-point conductivity probes allows for more
signals to be generated than the use of the 2-point probes sensors. Hence, bubble volumes
may be estimated with higher accuracy from analysis of obtained data using the 5-point
conductivity probes than from the 2-point conductivity probes. However, since bubbles
encountered by the 5-point probes that are not symmetrical around the probe axis (i.e. false

bubbles), a large number of bubbles were wasted by this technique.

Additionally, in measuring the bubble rise velocities, the technique assumes the bubble rise
vertically through the column, when bubbles in true sense have a more randomly distributed

direction. The limitation of the assumption on the direction of bubble rising, however, is a
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source of error with respect to the number of true bubbles recorded by the 5-point

conductivity probes system.

2.8.2. Measurement of bubble population parameters using (Burgess &

Calderbank, 1975) probe design technique

The method of estimating bubble velocities and bubble sizes from obtained voltage pulse
signals by the 5-point conductivity probes technique of (Burgess & Calderbank, 1975) is

presented below. The presentation will describe the disadvantages of the technique.
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Figure 2.9. Pictorial representation of pulse sequences.

To calculate the bubble rise velocities of true bubbles, which are symmetrical around the
probe axis (i.e. at probe sensor 5 in Figure 2.8), the expression of Eq.(2.71) is used. In Figure
2.8, the probes’ separation axial length denoted by y,is accurately known as well as the

respective time lag (Figure 2.9) of detected subsequent signals t; from a reference signal ¢,.

3 Yp

Uy, =—"—
bz t,+t, +ts (2.712)

Eg.(2.71) would have been accurate if the bubbles actually move vertically in the column
since this is a basis assumption of Eq.(2.71) .However, when some bubbles move at an angle

to the vertical, the model of Eq.(2.71) is inefficient to determine the bubble rise velocities.
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(Luo, 1993) calculated the central vertical chord length of a true bubble, L., with the
expression

Le = Uy , T (2.72)

where T/™(i = 0) is the modified pulse duration time for probe sensor i (Burgess &
Calderbank, 1975) and was taken to represent the real pulse duration time by (Luo, 1993).
As illustrated in Figure 2.8, the probe sensor 4 is used to measure the vertical distance, L,
(as in Eq.(2.73) ), between the bubble leading surface at the centreline and at the radial
position, x,. It was also used to measure the bubble vertical length at this position L, as in
Eq.(2.74) .

Lg = Upty (2.73)

Le = Uy , TS (2.74)

From the data of L., Lg4, L, and x,, the bubble volume may accurately be calculated using
the reported correlations (Tadaki & Maeda, 1961), (Clift, et al., 1978) and (Fan & Tsuchiya,
1990). The local gas holdup was measured using the signals of the central sensor by a

correlation of the form

_ 2T

ttotal

& (2.75)

where Y. T, shows that the real pulse duration time for all signal responses including both
true and false bubbles detected by the central sensors within a given measurement period

trotar Were considered.

2.8.3. The five-point probes of (Steinemann & Buchholz, 1984)

Steinmann and Buchholz (1984) upgraded the design of the 5-point conductivity probes by
(Burgess & Calderbank, 1975) by placing the 4™ electrode on the same radial position as the

1% — 3" sensor as shown in Figure 2.10.
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Figure 2.10. Probe sensor design of Steinmann and Buchholz (1984).

This new design by (Steinemann & Buchholz, 1984) enables a development of estimation
methods for determining the direction of bubble motion. The bubble motion is an additional
bubble property to bubble size distribution, bubble velocity and frequency of bubbles
measurable by the 5-point probes design (Burgess & Calderbank, 1975). The bubble motion
was determined through an analysis of the recorded voltage pulse sequences coupled with

the principle of analytical geometry.

Unlike the 5-point probes design by (Burgess & Calderbank, 1975), the new design by
(Steinemann & Buchholz, 1984) did not discard registered bubbles that were not
symmetrical around the probe axis. The new design utilises voltage pulses due to both true
and false bubbles. Although, the new design by (Steinemann & Buchholz, 1984) use more
bubble signals than that by (Burgess & Calderbank, 1975), the complication of the method is
suggested to be a source of error particularly when the bubble shapes depart largely from

sphere or ellipsoid.

2.8.4. Measurement of bubble population parameters using (Steinemann &

Buchholz, 1984) probe design technique

The information on a complete bubble motion including the absolute bubble velocity Uy, 4,

the angle between the probe axis and the bubble trajectory, 8, and the horizontal angle, ¢,
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as in Figure 2.11, are required for a reliable interpretation of the signal combinations using

the design of (Steinemann & Buchholz, 1984).

Bubble trajectory

Probe axis

Figure 2.11. Definition of bubble movement parameters.

The horizontal angle ¢, ranging from 0 — 360°, gives information about the direction of
bubble motion, while the vertical angle, 8, ranges from 0 — 180%nd takes the value of
either 0%r 180°o describe a situation when bubbles are vertically ascending or
descending. The bubble motion parameters Uy, 4, 8 and ¢ were calculated by solving a non-
linear system of equations that included the terms of probe signals and parameters of
bubble geometry. The system of equations was over-determined since 3 unknown
parameters Uy 45, 6 and @ were solved from a system of 4 equations as in Eq.(2.76) . The
over-determined problem which compensated for possible errors introduced by the

determination of the pulse time was solved by a minimization approach.

2y
Upq = _=7pt

= Ji=12734
T, +T,"" (2.76)

where y{,’il = Ypi €0S 0 — xp;sin (@ + @;)sind.

The coordinates of the bubble surface from the probe signals and the probe geometry were
obtained from the known 3 parameters of bubble motion. (Steinemann & Buchholz, 1984)
proposed a complex correlation for determining the coordinate of the bubble surface from
known 3 parameters of U, 4, 8 and ¢, assuming the bubbles were spheres or ellipsoids when
rotated. The availability of the model for calculating the coordinates of the bubble surface,

thus, motivated a derivation of a model for estimating bubble sizes.

83



The possibility of calculating the bubble rising velocity vertically from the known absolute
bubble velocity, Uy 4, and the vertical angle, 6, instead of an assumption that bubbles rise
vertically makes the technique of (Steinemann & Buchholz, 1984) more accurate than that of
(Burgess & Calderbank, 1975). The long length of time required to solve the array of
equations involved using the (Steinemann & Buchholz, 1984) technique is a demerit for
using the method. Moreover, the induced large errors when the bubble shape departs
significantly from a sphere or an ellipsoid are an additional demerit. Notably, the method of
measurement of local gas holdup based on the technique of (Burgess & Calderbank, 1975) is

similar to that of (Steinemann & Buchholz, 1984) as expressed in Eq.(2.75) .

2.8.5. Conclusions on the use of the Electrical Point Probe Technique for bubble
population parameter measurements

The 5-point Electrical Conductivity Probe Technique is useful for measuring bubble velocity,
bubble size distribution, the direction of bubble motion, bubble frequency and local gas
holdup. However, the following demerits have been noticed in the use of the Electrical Point
Probe Technique to measure bubble population parameters: 1) It is applicable only in a BCR
system that has certain minimum electrical conductivity; 2) The probe technique suffers
from error due to underestimation when used to measure gas holdup in the column; 3)
Bubble parameters measurable by the probe technique are sensitive to pre-determined
absolute velocity of bubbles, U, ,, angle between the probe axis, the bubble trajectory, 6,
and the horizontal angle ¢. Thus, the correlation of (Steinemann & Buchholz, 1984) for
calculating the bubble sizes from their coordinate values is dependent on the spherical or
ellipsoidal shape of the bubbles. This proposition is supported by the wok of (Amin, et al.,
2015) who noticed that the radial profiles of bubble frequency, bubble chord length and
bubble rise velocity were relatively flat at low gas flow rates and parabolic at high gas flow
rates. Any distortion of the shape of bubbles forms a source of error in the detected output
voltage signals; 4) Estimation of the bubble motion and its shape require solving non-linear

system of equations for each bubble, which takes a long time to solve.

Similar to the use of an oscilloscope to calibrate the conductivity probe, the ERT
measurements will be calibrated using a differential pressure measurement method.

However, the proposed ERT and PBM hybrid technique is intended to address the error in
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the bubble parameter measurements using the conductivity probes given the assumptions

associated with the technique.

2.9. Theoretical framework for PBM source terms development — bubble
coalescence rate and breakage rate models

A Population Balance Equation (PBE) is one satisfied by the product density function of order
one. The population of particles can increase in a closed system due to particle fission or
particle agglomeration. In such cases, the individual particle state is described by a scalar
variable x, which lies on the positive real line. Such variable may represent size variables of
diameter and volume or mass. Particles can also grow as a result of mass transfer from the

surrounding continuous phase at a rate X that depends on x.

2.9.1. Agglomeration of particle system

In this section, a derivation of the product density equation is made for a process in which
the number of particles progressively decreases as a result of binary agglomeration
(coalescence) between particles. It is assume a particle state of an individual particle is a
scalar variable on the positive real line and grows at a rate X(x). Thus, the probability that a
particle of state x at time t agglomerates with a particle of state y (also at time t) during the
time interval (t,t + dt) is assumed to be given by q(x,y)dt, where q(x,y) is symmetric

with respect to x and y.

The first product density is derived by considering the various ways by which a particle may

be in (x, x + dx) at time t + dt given by (Ramkrishna & Borwanker, 1973)
Prob. (there is a particle in (x, x + dx) at (¢, t + dt))

= fi(x,t + dt)dx (2.77)
The ways are as follow:

1) Starting from conditions at time t, it is observed that a particle may be in state (x —
dx',x) at time t and may grow into the interval (x, x + dx) if it does not agglomerate with

any other particle in the population. The probability of this event occurring is
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fi(x —dx', t)dx’ [1 - J f (€ tlx —dx")q(x — dx',{)d{dt (2.78)
0

where f; (¢, t|x)d{ is the probability that there is a particle in state ({,{ + d{) given that

there is particle at state x. Eq.(2.78) may be rewritten as

filx —dx', t)dx' — fo fo (x —dx’, ;) q(x — dx’, {)d{dtdx’ (2.79)

where Eq.(2.79) involves a second order product density.

2) A second means of obtaining a particle in state (x,x + dx) at time (t,t + dt) is by
agglomeration of two smaller particles during the time interval (t,t + dt). The probability

of this is given by

1 X
5fo falx —y,y;0) q(x — y, y)dydxdt (2.80)

which has a product density of order 2. The factor 1/2 accounts for symmetry of integrand
about x/z_ Equating Eq.(2.77) to the sum of Eq.(2.79) and Eq.(2.80) and further

simplification leads to the f; (x, t + dt)dx being re-expressed as Eq.(2.81)

d a[f, X
a/; [flc’) (x)] f filx =y, O 0),q(x —y,y)dy

(2.81)
A fo £ (¢ D 0)dg

2.9.2 Bubble coalescence rate model development based on the framework

The three steps involved in the coalescence of two bubbles by the bubble coalescence
theory are as follows:

1) Collision of bubbles and trapping of the liquid between them;

2) Flattening of bubble surface and drainage of the trapped liquid;

3) Coalescence of two bubbles.
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The first step indicates that coalescence rate is connected to the collision rate. The duration
of coalescence process is dependent on the flattening of bubble surface and drainage of the

trapped liquids.

Bubble collision that leads to coalescence of bubbles are due to three cumulative bubble

motion mechanisms:
1) Turbulence effects (random motion of bubbles due to turbulence in the liquid phase);

2) Buoyancy effects (collision of bubbles due to differences in rise velocities of bubbles of

different sizes);

3) Laminar shear effects (collision resulting from bubbles of same size or different sizes

located in different sections of the high and slow sections of the velocity field).

2.9.3. Turbulence driven collision rate

Turbulent collision rate describes the bubble motion in the liquid phase resulting in collision
due to turbulence effect owing to the fluctuating turbulent velocity of the liquid phase. The
expression for turbulent motion as a function of bubble size, concentration and velocity is

given as

_ _ 1
07 = nin;Syj (@ + ug;) /2 (2.82)

Here n;, n; are the concentrations [m~3] of bubbles of radius [m] r; and T respectively.
The average turbulent fluctuating velocity of the bubble is represented by u, [ms~2], while

Sij is the collision cross-sectional area [m?] of a pair of bubbles given as

n 2
Sij =5 (dpi + dp)) (2.83)

The assumptions made in the development of turbulent collision rates are: 1) that the
velocities of bubbles in Eq.(2.82) are taken to be the turbulent eddy velocity of the length
scale of bubbles; 2) that the bubble sizes lie in the inertial sub-range; 3) and that turbulent
collision rates are isotropic. The inequality expression for the inertial sub-range of bubble

sizes that bubbles should satisfy is of the form

ke, < ky < kg (2.84)
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where, k,, denotes the wave number [m™1] of the large energy containing eddies, k, is the
wave number corresponding to a bubble size and k is the wave number of eddies of viscous

dissipation.

As found by (Batchelor, 1953), the wave number for energy dissipation (k ) is equivalent to

the inverse of the microscale of turbulence and was expressed as

k 05‘91/4
@ =055 (2.85)

where ¢ is the energy dissipation per unit mass [m?s™2], 9, is the kinematic

viscosity[m?s~1]. The energy dissipation per unit mass is expressed as
E=UsXg (2.86)
The wave number of large energy, k., containing eddies is assumed to be the inverse of the

size of the energy containing eddies, i.e. the diameter of the vessel. The turbulent velocity in

the inertial sub-range of isotropic turbulence is expressed as

u, = L.4e3d, 3 (2.87)

where d,, is the diameter of a bubble. When Eq.(2.83) to Eq.(2.87) are substituted into

Eq.(2.82), the turbulent collision rate of Eq.(2.82) becomes

21 2 2 1
95 = 0.0897T7’li7’lj(dbi + db]) & /3 (dbi /3 + dbj /3) /2 (288)

2.9.4. Buoyancy driven collision rate

Bubble coalescence driven by bubble buoyancy collision effects is as a result of bubbles of
different sizes rising with varied velocity values. (Friendlander, 1977) modelled the buoyancy

driven collision rate as

05 = nn;Si;(uy; — uy)) (2.89)

where u, is the rise velocity of bubble, which is given by the expression
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1
u, = ( +0.505gd,) /2 (2.90)

In Eq.(2.90) , the liquid density[kgm ™3] and surface tension [kgs~2] are represented with
the symbols p; and o respectively. Eq.(2.89) is applicable only to uncontaminated bubbles

with mobile gas liquid interfaces (Azad & Sultana, 2006).

2.9.5. Laminar shear collision rate

Laminar shear collision rate results from the development of gross circulation pattern in a
bubble column at a sufficiently high gas flow rates. The gross circulation pattern of the liquid
phase produces a radial velocity distribution that enables bubbles situated at a high-velocity
region to overtake or collide with other bubbles of the same size and rise velocity located at
a slow velocity region. As defined by (Friendlander, 1977), the functional form of the

collision rate due to laminar shear is of the form

3 di
eiLjS — 4’/3 ninj(rbi + rbj) (ﬁ) (2.91)

where wu; is the liquid circulation velocity [ms™'], R is the radial coordinate of the column
an; . _ . .
[m] and d—tg is the average shear rate [s™1]. The average shear rate is found by averaging

the local shear rate over the radial dimension of the column with an inclusion of the velocity

profile developed by (Walters & Blanch, 1983) of the form

u = ul,max(1 - RZ/(aRT)Z) (2.92)

where aRy is the transition point, u; ;4 is the velocity at the centre of the column. Thus,

the mean shear rate is given by the expression

53 ul’max - . lel
R, TR =R (2.93)

The maximum liquid circulation, u; ;,4y, for the turbulent flow is given by the expression

) _ (1-0.75¢4\ (£,9DF
Lmax — 1-— gg 48Vt (294)
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0.0536DF77 . : .
where V, = E— Dy, g, and p; are respectively the turbulent kinematic
l

viscosity [m?s~1], diameter of the tank [m], gas holdup fraction and liquid density [kgm3].

2.9.6. Collision efficiency
The bubble coalescence efficiency or probability of bubble coalescence (P.) is a function

contact time (t;;) between bubbles and the time (z;;) required for bubbles to coalesce.

(Coulaloglou & Tavlarides, 1977) expressed the bubble collision probability as

_ tij
Fejj = exp( — /Tij (2.95)

The coalescence time as modelled by (Oolman & Blanch, 1986b) is stated in Eq.(2.96) , while

the contact time as found by (Levich, 1962) is expressed in Eq.(2.97) .

1
_ ri:j'pl /2 ho
tij = E lna (2.96)
2
2
tij =71, (2.97)
€ /3

Here h, is the initial film thickness that has been estimated to be 1 X 10~*m (Kirkpatrick &

Lockett, 1974); hf is the critical film thickness where rupture occurs, which was calculated to

be 1 X 10~8m by (Kim & Lee, 1987).

The total coalescence rate was obtained by the cumulative sum of bubble coalescence rate
due to each of the three mechanisms: turbulence, buoyancy and laminar shear rate. The
total coalescence rate between any two bubbles is given by the total collision frequency

multiplied by the coalescence efficiency between them as in

t::
Iy = (05 + 65 + 6 )exp (= V/r,) (2.98)

The overall coalescence rate for all bubble population is thus given by
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t..
Ir =1/, "> @F + 65+ 05)exp (- /)
J

i

(2.99)

where the constant 1/2 is included to prevent counting coalescence events between bubble

pairs twice.

2.9.7. Particle Fission

To derive an expression for the probability that there is a particle in state (x, x + dx) at
(t, t + dt) due to particle fission (breakage) denoted by f;(x,t + dt)dx, the following

notation about the particle state probabilities at certain time need be made:

1) the probability that a particle of state x' at time t would break in the time interval

(t, t + dt) is assumed to be given by I'(x")dt;

2) the probability of two or more particles breaking in the time interval (¢, t + dt) is 0(dt?)

since the breakage of a given particle is independent of all other particles;

3) assuming also that the probability of a daughter particle arising from a particle of state x’

has its state between (x, x + dx) is given by P(x, x")dx.

Furthermore, in deriving an expression for f;(x,t + dt)dx, it is noticed that a particle may
wind up in state (x, x + dx) from time t to time t + dt through either of two mutually

exclusive ways:

1) A particle may be in adjacent interval (x — dx’, x) at time t, where dx’ = X(x — dx")dt,
and grow into (x,x 4+ dx) without breaking during the time interval (¢t,t+ dt). The

probability of this first case occurring is
filx —dx',x)dx'[ 1 — I'(x — dx")dt] (2.100)
2) The particle might be in state (x,x + dx) from a breakage of another larger particle

during the time interval (¢, t + dt). The probability of this event occurring is

f 2P (x, x"") I(x")def, (x", O)dx" dx (2.101)
X
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The constant 2 appears in Eq.(2.101) because either of the two daughters from binary
breakage of a parent may be in (x, x + dx) at time t + dt. The integral term P(x,x"")dx
represents that a daughter particle of state interval (x, x + dx) results from state x'’ at time
t + dt. The term I'(x"")dt stands for the particle being in state x'' and breakup in time
interval t + dt, while f;(x",t)dx" denotes the probability of the particle being in state

interval (x",x"" + dx'") at time t.

The definition of f;(x,t + dt) leads to the development of Eq.(2.102) which describes the
advection transport of a bubble property f;(x,t + dt) due to the phenomenon of bubble
breakage leading to birth and death of bubbles.

8fi | SLAX]

Tt = —T(Of; + ZL P, x")I(x")fa(x", )dx" (2.102)

2.9.8. Bubble breakage rate model development based on the framework

In the following discussion, reference is made to the derived coalescence source term of
Eg.(2.81) to explain the breakage rate source term. Gas bubbles evolving vertically upwards
expand due to changes in gas density or due to mass transfer. When this occurs, the
phenomenon of gas expansion contributes to external source terms in addition to the
phenomena of bubble coalescence and break-up. Notably, the phenomena of coalescence
and break-up contribute to the PBM source terms in the case where bubble coalescence
leads to the birth of bubble in larger class bins and break-up phenomena lead to the birth of
bubbles in smaller class bins. The event of bubble coalescence and break-up accounts for the
PBM sink terms on the occasion when bubbles in a certain class die due to its coalescence
with bubbles in other classes or bubbles in a class breaks up to produce bubbles in smaller
classes. In a case when there is no sedimentation of gas bubbles during the processes of
their evolution, the advection — dispersion equation of bubble number density could be

written as in Eq.(2.103) .

In Eq.(2.103) , m(v) is the mean number of daughter bubbles formed from the break-up of a
mother bubble of size v; f(v',v) is the probability density function of daughter bubbles
generated from the rupture of a mother bubble of size v; g(v") is the break-up frequency

of bubbles of size v'.
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+ f m@)f(w’;v) gwn(v,t) — g In(',t) (2.103)

4

1
+ Ef n,t)n(v’ —v,t)q(v,v' — v, t)dv
0

—n(v',t) foon(v, t)glv,v',t) dv
0

The probability density function (p.d.f) of daughter bubbles, v’, generated from the rupture
of a mother bubble of size v, f(v', v), is a p.d.f with reference to v’ parameterised by v. It is
not a joint p.d.f describing the distribution of both v' and v (Martinez, et al., 2010).

Moreover, this p.d.f needs to satisfy the normalisation condition of the form
fom pdf f(x)dx = 1. Thus, since f(v',v) = 0 for v’ > v, the normalisation equation will

take the form of fovf(v’, v)dv = 1.

In @ multiphase system of a cloud of bubble dispersion in a homogeneous and isotropic
turbulent flow moving with the fluid and in the absence of gas expansion phenomenon and
dissolution effects, the rate of change of bubble number density can be written as in

Eq.(2.104).

on(v’,z,t)

5t +V (ugn(v’, z, t))

[ee)

- f m@)f (v'; v) g)n(, )dv — g@ ', £)

vl

v

1
+ Ef nw, t)n@ —v,t)qw, v’ —v,t)dv (2.104)
0

—n(’,t) foon(v, t)qlv,v',t) dv
0

The rate of change of n(v’, z, t) of Eq.(2.104) will take the form of Eq.(2.105) in a very dilute

system, where the rate of bubble coalescence is zero and there is a phenomenon of bubble
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breakage only. Eq.(2.104) will take the form of Eq.(2.106) in a flow regime having a Weber
number less than the critical Weber number of 2.3 (i.e. no breakage process) but where the

phenomenon of bubble coalescence takes place.

on(',z,t
ME2E | g (g, z,0)
m (2.105)
= [ Mm@ ') g, Odv - gm0
on(',z,t
M2 4 9 (g, 2,)
1 v
= EJ n(,t)n(@' —v,t)q(v,v' —v,t)dv (2.106)

0

—n(v',t) foon(v, t)qlv, v, t) dv
0

The PBM for n(v’, z, t) as stated in Eq.(2.105) and Eq.(2.106) describes the unsteady state
multiphase fluid systems, i.e. the bubble number density n(v’, z,t) changes with time. If
given a steady, quasi — one-dimensional flow where radial dispersion is negligible, the PBM
of Eq.(2.104) , Eq.(2.105) and Eq.(2.106) will take the form of Eq.(2.109) , Eqg.(2.107) and

Eq.(2.108) respectively leaving out the first terms representing the unsteady state term of

the system.
D) . p—
ug(v', 2) — m)f(v';v) gwn(w)dv — g )n(v’) (2.107)
uy(v', 2) —d(nsdvz’,z))
1 ; , ,
= EJ nw)n@' —v)q(v,v' —v)dv (2.108)
0

—n(") foon(v)q(v,v’) dv
0
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0

[0
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When focussing on a PBM having the breakage rate model as Eq.(2.107) and Eq.(2.109) , two
closure problems of break-up frequency and probability density function of daughter
bubbles need be solved. The development of the breakage frequency in the work of
(Martinez, et al., 2010) is based on an assumption that bubbles are injected into a turbulent

water flow which is locally homogeneous, isotropic and nearly equilibrium.

Additional assumptions are that the initial bubble size v or D, (bubble size represented with
volume or diameter) lie in the inertial sub-range, n < D, < L,. The symbols n and L, are
respectively the Kolmogorov microscale of viscous dissipation of the underlying turbulence
and size of large energy containing eddies. It was also assumed that the bubble void fraction
is always very small and that there is no two-way coupling between the two phases; i.e. the

presence of air does not affect the evolution of turbulence in the water.

Accordingly, for a bubble to break, a requisite condition was that the surface of the bubble
has to deform by the turbulent stresses in form of the deformation energy produced by the
surrounding water. The minimum energy required to deform a bubble of size D was

modelled as

— 2
Es(D) = moD%, (2.110)

where o is the surface tension of the liquid phase in the system. The surface restoring

pressure defined as the surface energy per unit volume was

6E;, 60

(D) =—3=— (2.111)

The average deformation energy per unit volume produced by the turbulent stresses as a
result of velocity fluctuations existing in the liquid between two points separated a distance

D was
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.(D) = 1/, pAuZ (D) (2.112)

Thus, in a turbulent fluid system where bubbles are subjected to two opposing energies of
surface tension restoring energy Ts(D) and turbulent stress deformation energy (D),
bubbles break when (D) > T¢(D). If the combination of forces on a bubble is such that
7:(D) = T4(D), the diameter of the bubble is said to be a critical diameter. Bubbles with
diameter D < D, are stable against breakage. However, should a bubble diameter be
greater that the critical diameter, i.e. D > D_, the bubble surface energy will be smaller than

the deformation energy, thus, the bubble will break.

The quantity Au2(D) in Eq.(2.112) has been determined to be equal to [)’(ED)Z/3 in the
work of (Kolmogorov, 1949). Kolmogorov used the (Batchelor, 1953) computation of the
mean value of the square of the difference of velocities at two neighbouring points under

isotropic and homogeneous turbulent conditions as in Eq.(2.113)

lu(x + 7, t) —u(x, t)|? = 6u? — 2R;;(r, t) (2.113)
Eq.(2.113) takes the form of Eq.(2.115) when the energy spectrum, E (k, t), is defined as
E(k,t) = ae/3k /3 (2.114)

where a¢ = 1.7 is a universal constant.

lu(x +7,t) —ulx, t)|? = 9/5 F(l/g)“(fr)2/3 (2.115)

Substituting r = D into Eq.(2.115) yields value of velocity fluctuations for the computation

of turbulent stresses, where 9/5 F(1/3)a =8.2= p.

The critical diameter is thus determined from the point where the two graphs of turbulent
stresses and surface energy restoring forces as a function bubble diameter intercept as in

Eq.(2.117) derived from Eq.(2.116) .

60

3
120\ /5 _
D, = (p—;) e /s (2.117)

Classifying the bubble sizes in terms of volume instead of diameter, the critical bubble

volume is of the form of Eq.(2.118) .
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v, = (12—0)9/5 e s (é) (2.118)

The D,,;, is a function of bubble diameter D and it is calculated by equating the surface

energy between points spaced at a distance D,,;;;, to the deformation energy, i.e.

2 2/ 60
YypBe 3,5 = — (2.119)
120\72 _,
Dpin = <pTD) € (2.120)

A bubble with diameter D < D, on which any two points on the surface of the bubble
separated a distance D’ such that D,,;;, < D' < D will be imparted with sufficient stress

energy from the surrounding turbulence which leads to bubble break-up.

Similarly, the corresponding V,,;;;, to Dy,ip, @s a function bubble volume V will be expressed

as

9 5

120 /2 L (M\7 . =3
Vinin = <—pﬁ ) e (E) Ve (2.121)
Since a range of diameter length exists between D and D,,;, along which a bubble may

break, a daughter bubble size distribution results from a breakage of a bubble.

The development of the bubble breakage frequency is dependent on the postulation that
the rate of the breaking-up processes is inversely proportional to the difference between the
non-inertial forces and fluid turbulence. The non-inertial force produces motion between

bubbles. The postulation is interpreted as saying that the longer the difference between the
. . . 6
gradient of the pressure of turbulent fluctuations and the restoring pressure, FU, the larger

the probability that the bubble will break in a certain time. In addition, a model of the break-
up frequency is expected to decrease to a zero limit value as the difference between

turbulent stress and surface restoring pressure tends to zero.

Thus, the equation that describes the bubble deformation takes the form of (Martinez, et al.,

2010)
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up _ Y F, Au?(D) 60

_ =1 -
% = t, Mass /2 D pD? (2.122)

where ap, u, and t, are the characteristic acceleration of deformation, characteristic
velocity of deformation, the time taken for a bubble to break-up and E, is the effective force

acting on the surface of a bubble of size D.

Since uy « D/tb' Eq.(2.122) can be re-written as

D 1/ Au? (D) 60
t2 2 pD? (2.123)

Thus, the bubble break-up time from Eq.(2.123) is

D

(32 D) A2 (D) — 12_0 (2.124)

ty

The break-up frequency is then given by

Ky JB(eDys - 220
g(e, D)——

- (2.125)
t, D

where the constant f = 8.2 as given by (Batchelor, 1953) and K; = 0.25 as determined

experimentally by (Martinez, et al., 2010).

The break-up frequency model developed by (Martinez, et al., 2010) as stated in Eq.(2.125)
has been validated experimentally and a good agreement was found. The break-up model
was further used by (Martinez, et al., 2010) to develop the probability density function
(p.d.f) of daughter bubbles based on a weighted probability model such that it satisfies the
closure property expected of the model. It was considered in the development of the p.d.f of
daughter bubbles that when a parent bubble of size D, breaks it yields two complimentary

masses with respect to their diameters, which are D; and D,.
The following were noted in the development of p.d.f of daughter bubbles:

1) Since the values of pressure deformation forces, t;, are not uniform with the distance D,

the bubble splitting phenomenon is not a purely random process;
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120 )E €~1 from a bubble

BpDo

2) The probability for splitting as a function of size D; < Dyin = (

of size D, should be zero;

3) If the bubble size splitting from the parent bubble lies within the range D,;;, < D; < D,,
the probability of splitting was calculated to be function of the difference in the stresses
between the surface restoring pressure stress and turbulent deformation stresses, which

depends on Dy,i.e.

1 2 60
Aty = 5P5(6D1)3 ~ Do (2.126)

The probability of splitting of bubble size of complimentary fraction of D, i.e. D, breaking

away from the parent Dy was also modelled in a similar way as in D, to obtain

_ 1 2 60
Aty = EPB(ED2)3 " Do (2.127)

From this individual probability of splitting of fraction of parent bubble Dy, it was postulated
in (Martinez, et al., 2010) that the probability of the formation of a pair of bubbles of sizes
D, and D, originating from the deformation of a mother bubble of size D, was weighted by

the product of the two product stresses as in Eq.(2.126) and Eq.(2.127) to obtain Eq.(2.128) .

p (D1/D0) « Epﬁ(eDl)z/?» — g—:] Epﬂ(eDz)Z/‘?’ - g_:] (2.128)

Eq.(2.128) was modified by a mass balance expression of the form: Vy =V, + V/;;

1

V, = Vo —Vy; Dy = V2. Thus,

N
D, = (D& — D3)'/3; D, = D, <1 - (D—z) > (2.129)

When Eq.(2.129) is substituted into Eq.(2.128) , we have

1.\ /s
/
p (D1/D0) < [%pﬁ(EDl)z/g - Z_:-] %pﬁ (EDO (1 - (%)3> 3) - 16)_: (2.130)

Eqg.(2.130) can be simplified to
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<1_(&)3> /9_ 120
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Do_ pB Do/’
5/, (2.132)
5% _(&) _120 2, 1
DO pﬂ D5/3
0
Eqg.(2.133) results from Eq.(2.131)
Dy L 215) [0y%s — 6%
P(P1/p,) < (508D)s) (0072 = %] x
(2.133)
(- @97 - 6]
where
3
1200\ /5 _
D =Pp 6=y s pe= (7)< (2.134)

The p.d.f of pairs of daughter bubbles stated in Eq.(2.133) results if bubble size D; that

breaks from a mother bubble size Dy lies in a bubble size range D,,in < D1 < Dyjax » Where

120
Duin = (5,

3/ 3\ /3
) 2 .41 and Dpax = Do (1_(D;";n) ) ; provided that D, >n7,

otherwise D,,,;, = 1, where 1 is kolmogorov microscale of viscous dissipation.
When the p.d.f of daughter bubble fractions of a parent bubble, D* = Dl/DO' is normalised
asin

Dmax

f P (Dl/Do)d (Dl/DO) =1 (2.135)

Dmin
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The p.d.f of the ratio diameter, D* = Dl/DO , is thus

D*2 [D*2/3 _ 55/3] [(1 _ D*3)2/9 _ 55/3]

[Pmax <2 [D*2/3 _ 55/3] [(1 _ D*3)2/9 _ 55/3] dD*

Dmin

fr(D*) = (2.136)

When Eq.(2.136) is expressed in terms of bubble volume while ensuring volume

conservation during bubble breaking process, Eq.(2.137) and Eq.(2.138) result.

VN e BV

fo (72) =fr (V) = W (2.137)
o vl — 8% [ = v)*o — 5%4]

F= fymax [v+*lo — 6°5] [(1 = v)*/o — 6°/3] av

Vmin

(2.138)

The review of literature shows the ERT technique is more adequate for imaging objects in a
body with limited spatial resolution but high temporal resolution as applied in industries,
Medicine, Biomedicine and Geophysics. Studied publications on the progression in the
development of ERT algorithms indicate efforts at enhancing the spatial resolution of ERT

images for robust applications have not yielded satisfactory results till date.

It is known from the reviewed publications that the capacity of the ERT technique could be
explored to accurately measure the gas holdup fractions, which is a boundary condition for a
PBM. The poor spatial resolution of the ERT images renders the computed values of bubble
population parameters (i.e. size and axial distribution of bubbles at steady or unsteady state)

from the images directly less accurate.

The review of literature also informs that ERT is a low-capital cost, simple, non-intrusive,
non-invasive means of imaging objects based on the conductivity contrasting of suspended
objects and the medium. The captured images could also be interpreted to measure changes
in density of the mixture phase during gas dispersion into a BCR to achieve a multiphase
system. The interpretation of ERT images for density change measurements is possible
because the dispersion of gas (non-conductive material) into a conductive liquid phase
reduces the conductivity of the medium. This is due to the reduction of density of the

conductive phase and increase in density of the non-conductive phase.
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It was gathered from the review of literatures that an application of the PBM model only for
bubble population parameter measurement in a BCR is based on correlation models in terms
of liquid properties, superficial gas velocity, column dimensions and gas holdup. This
applications of the PBM are known to be valid at fixed ranges of the bubble population
properties. Outside of the ranges, the gas holdup correlation models for the boundary
conditions are invalid (Akita & Yoshida, 1974). Since many industrial processes set-up in a
column are operated at higher gas flow rates and in a turbulent regime, the use of
correlation model results for PBM simulations will be inadequate for hydrodynamic

parameter predictions in a column.

However, within the boundary limit for which the correlation models for PBM simulations
are valid, it allows the computation of steady and unsteady changes in all bubble population
parameters at sufficient high spatial resolution. Besides, a PBM of bubble swarm in a column
yields simulation results that require an experimental validation, which ERT technique can

be utilised to measure.

Given the highlighted demerits related to the independent applications of either ERT or a
PBM to acquire relevant information on bubble population behaviour, a coupling of these
models will be undertaken in this work. The purpose of the coupling of ERT and a PBM is to
develop an ERT/PBM hybrid algorithm that allows for measurements of bubble population
parameters of bubble swarm at higher spatial and temporal resolution based on an

accurately estimated boundary conditions.
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Chapter 3: Thesis objectives

3.1. Background on thesis objectives

The central objective of this work is to harness the potential of ERT images for the
measurement of bubble population parameters required for hydrodynamic parameter
predictions in a BCR. The objective is conceived given the recent applications of ERT
technique to monitor the trajectory of a spherical conductive target object in a tank. The

trajectory movement resembles the bolus left ventricular ejection in a human body.

The effort to harness the capacity of ERT generated images is viewed to enhance the spatial
resolution of ERT images. There is a demand for a significant improvement in the spatial
resolution of online ERT images captured as bubbles evolve either in a steady or an unsteady
state process in a BCR. The images of evolving bubbles will, to a large extent, contribute to
the usefulness of ERT technique in chemical, petrochemical and biochemical engineering
research. Alternative techniques such as electrical point probe technique, optical probe
technique and bubble size analyser are used to measure bubble size distribution in BCR.
However, these techniques are known to be less accurate, costly, bulky, cumbersome,

invasive, intrusive and complicated.

Subsequent to the usefulness of PBM for bubble population properties measurements, a
hybridization of ERT and PBM concept is perceived to provide a new interpretation
technique of ERT images. The new interpretation technique is envisaged to allow for a new
method of predicting accurate hydrodynamic parameters at a low capital cost, in a non-

invasive, non-radioactive manner and by a simple means.

The possibility of hybridizing ERT to PBM is based on the bubble population properties
measurable by ERT technique in the process of dynamic gas disengagement (DGD). The
bubble population parameters are the average bubble rise velocities, grouped into classes by
their sizes, the local and global gas void fractions and the BNDD. These bubble population
properties measurable by the ERT technique in the process of DGD are required boundary
conditions for solving a PBM. The use of ERT measurements as a boundary condition for
PBM will enable a validation of PBM by an experimentally validated ERT data. Thus, the PBM

will enable accurate column hydrodynamic parameter predictions since the PBM is
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dependent on the bubble population properties, physical properties of the phases,

operational conditions of processes and dimensions of the BCR.

3.2. Hypothesis

The results of ERT imaging can be integrated with the DGD Technique through a PBM

framework to yield a high accuracy size and spatial distribution of bubbles in a BCR.

3.3. Research approach

The following exercises will be undertaken to develop an interpretation model of ERT
reconstruction that provides both higher spatial and temporal resolution through a coupling
of ERT with a PBM. It is not the case that ERT can in itself simply be coupled to PBM to test
this approach. The ERT technique requires further refinement before the intended

hybridization can occur.

The progress in the development of ERT algorithm section (section 2.1) in the literature
review outlines the methodology that has been explored in refining the ERT algorithm to
enhance its application in varied fields. The algorithms that range from basic to advanced

algorithms derived from the implementation of the physics of ERT problem are:
1) Gauss-Newton inverse solver;

2) Temporal inverse solver;

3) Gauss-Newton inverse solver with spatial image elements correlation;

4) Gauss-Newton inverse solver with spatial image element correlation and measured data

frames correlation.

The Gauss-Newton (GN) inverse solver with spatial image element correlation in 3D and data
frame correlation (i.e. GN with 4D regularization) will be used to image non-conductive
objects suspended in a tank that containing a mild saline solution. The accuracy of the GN
with 4D regularization to image the movement of the objects accurately in the conductive

solution will also be ascertained. If this algorithm produces a satisfactory result, it will be
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further utilized to image the gas holdup fractions in the column for varied superficial gas

velocities.

The local and global gas holdup fractions in the column are expected to increase with
increasing superficial gas velocity. Based on this expected result, the accuracy of the GN with
4D regularization algorithm will be determined by the consistency of the ERT estimate for

gas holdup fractions with theoretical results.

Should the GN with 4D regularization algorithm yield less accurate results, the GN algorithm
with a temporal correlation of data frames will be tested for its effectiveness. In a case
where this algorithm for imaging the gas void fractions in 3D produces inaccurate results,
the GN algorithm with spatial image element correlation (i.e. imaging in 3D) will be

investigated for accurate measurements.

The GN algorithm in 3D without spatial image element correlation and temporal data frame
correlation will be examined if the use of GN 3D algorithm with spatial image element
correlation yields inaccurate results. The inaccurate results will be un-interpretable gas void

fraction measurements with increasing superficial gas velocity.

The BCR for experimental studies is of height 1.545 m and diameter 0.29 m. The four rings of
electrodes (each ring comprises of 16 electrodes) are placed at axial lengths 0.37 m, 0.67 m,
0.93 m and 1.24 m on the boundary of the column. Findings in the literature indicate that for
an accurate imaging of constituents’ non-conductive substances in a tank, the data
measurement should be made on the entire column surface. The column geometric
dimensions, sensor electrode positions and the fraction of the area covered by sensor
electrodes to the total column surface area are factors that inform the use of either a 2D or

3D imaging algorithm.

Should the results of the 3D images be less accurate by the stated sources of error, the GN

algorithm with Tikhonov regularization will be applied to image the gas holdup in 2D.

The available experimental materials are:

1). A pilot scale bubble column reactor of height 1.545m and diameter 0.29m with
four layers of electrode rings placed at height 0.37 m, 0.67 m, 0.93 m and 1.24cm,
from the column base; 2). A porous tubular sparger (gas distributor) mounted at the

base of the column to allow for distribution of gas into the liquid; 3). A rotameter for
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measurement of superficial gas velocities ranging from 0.001-0.0573 m/s; 4). An ABB
differential pressure transmitter for measurement of local gas void fraction of target
column section by the differential pressure (DP) measurement technique. The DP
transmitter is of make ABB DPT 265 Diaphragm Seals (DS) with a span limit of 0.4—40
Kpa, output signal of 4-20 mA and product code 264 DSFS5A2B1V1E1B1; 5). An ERT

data acquisition system with a maximum of 8 layers measurements.

The following measurements and computations will be made in hybridizing ERT and a PBM:

1. A suitable ERT reconstruction algorithm (either in 3D or 2D) will be identified
from the available algorithms through an accurate imaging of suspended non-
conductive solid test objects and gas holdup fractions with increasing gas flow rate.
The efficient algorithm will be used to calculate the local time and area average of

conductivity distribution (TACD) at varied superficial gas velocities.

2. The conductivity of the air-water mixture phase will be determined by connecting
the DP transmitter over local column sections for the simultaneous measurements
of the gas void fractions and the ERT data. From the ERT images of known data
frames, the TACD will be calculated. The conductivity of the continuous, dispersed
and TACD (mixture phase conductivity value) will be substituted into Maxwell’s
relation as reviewed. The obtained gas void fraction results will be correlated to the

actual void fraction measured using the DP.

Should the results from Maxwell’s relation be inaccurate, the local DP gas holdup
values will be plotted against the local ERT TACD depending on the superficial gas
velocity. The graph will be a calibration model of the actual local gas void-fraction

against the local ERT TACD with respect to superficial gas velocity.

3. The aim of the third step is to measure the bubble population size distribution
from analysis of the gradient of time-varying local gas void fraction during DGD
process. Since ERT algorithms yield a high temporal resolution, the ERT technique
will be applied to accurately measure the time-variant local gas void fraction during
DGD process. The local time-variant area-average of conductivity distribution (ACD)
will be computed from the time-dependent ERT voltage data during DGD process to

obtain a graph of the local ACD with time. From this graph, the graph of the local gas
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void-fraction or local gas volume of bubbles with time during DGD process can be

computed.

4. Since the imaged dispersion will be through a porous tubular gas distributor, the
column will be compartmentalised to four sections for accurate measurement of the
DP local gas void fractions. Thus, an analysis of local ERT time-variant ACD will be
made to obtain a graph of local gas void fraction with time. Both graphs will then be
analysed to determine the mean values of bubble sizes in bubble population classes

disengaging locally before complete disengagement from the continuous phase.

From the bubble size distribution results at four compartments, the mean of the
local BNDD along the column axis will be computed to obtain the graph of axially
averaged BNDD (nERT=PGD(y)). The detailed description of the method for
obtaining nERT~PGD (p) will be given in Chapter 5. The results of nZRT~PD(p) at
varied superficial gas velocities will be shown in Chapter 8, where the hybridization

of ERT and PBM will be reported.

5. Given an initially steady state bubble swarming before the DGD process, the
known bubble size distribution will be used to compute the stead state local radially

averaged BNDD depending on column height (RERT=55(2)).

Since there will be four sections, four data points of 7ERT=55(z) at height 0.37 m,
67cm, 93cm and 124 cm will be computed. These computations of nERT=55(z) will
be made to achieve an effective hybridization of a PBM with ERT through a
parameterization of the PBM source terms models. The function nERT=55(z) will
then form a criterion for accurate parameterization that ensures the function

nbBM=SS(7) by the PBM agrees with nERT=55(z) by the ERT.

In order to accurately predict the hydrodynamic parameters in a BCR, having
obtained nERT=PGD (p) and nERT=55(z), the steady state BNDD n(v,z) need be
determined. The n(v, z) is expected to enable the description of the evolution of
bubble population swarming governed by bubble coalescence and breakage

phenomena during the axial bubble population transport.

Since a PBM describes the bubble swarming process, ERT measurements yielding

nERT=DGD () and nERT=SS(z) will be hybridized to a PBM for the accurate
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determination of actual n(v,z). The known n(v,z) by the hybrid technique will
allow for the determination of actual bubble size distribution, coalescence and

breakage rates leading to bubble birth and death in the reactor.

6. At the highest superficial gas velocity of 0.016 m/s, the hydrodynamic regime in
the column was translational and not turbulent. Therefore, a partial mixing of air-
water mixture phase was achieved. Results in the reviewed literature show that
partial fluid mixing system often encountered in BCR can be described by a tank-in-
series model. The tank-in-series model accounts for the presence or absence of
backflow between neighbouring cell sections. The 1D axial dispersion model (ADM)
is an alternative technique for the description of the partial fluid mixing in reactors

as found in the literature.

Thus, the PBM will be formulated in form of 2D problem (i.e. in 1D space and 1D
bubble size) where the inlet BNDD, bubble sizes and the gas holdup fraction are
known. The inlet BNDD will be assumed using a log-normal distribution leaving the

surface of the sparger.

The column height will be sectioned to a known number of discrete axial sections. In
the first discrete section, the inlet boundary conditions are the local gas holdup
fraction, the global bubble sizes and the assumed log-normal BNDD. The PBM will be
solved locally in the first section using the inlet boundary conditions to obtain the
first section outlet BNDD. The outlet BNDD at first column section, the local gas
holdup at the inlet of the second section and the global bubble sizes will be the inlet
boundary conditions for the second discrete column section. According, the PBM
will be solved in the second discrete column section and the results used as the
boundary condition for the next discrete section and likewise for higher axially

placed sections.

7. The DGD process of bubble population will be modelled in the form of
inhomogeneous unsteady state advection transport equation. The DGD model will
describe the axial transport of varied bubble sizes through the bulk liquid phase
before their exit to the atmosphere at the top of the column. The source term
models for the DGD process will describe the bubble expansion rate due to mass

transfer and change in gas density in the axial direction of the column.
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8. The model equation describing the population of bubbles disengaging from the
liquid will be solved by the method of characteristics in order to compute axially
averaged BNDD, Y~P¢P(v). The obtained n}~P¢P(v) should be similar to the

~ERT—DGD (U) (

obtained function 1 objective 4) from analysis of gas holdup fraction

estimates computed from ERT data captured during DGD process.

9. The PBM will be solved by the method of class. The total local gas volume at
discrete column height (as in objective 6) will be calculated from the resulting PBM
solution. The ratio of these local gas volumes to mean values of bubble volumes will

yield the graph of radially averaged BNDD depending on column height n5BM=55 (7).

10. In Chapter 8, the inlet BNDD, at discrete first column section, the coalescence
and breakage rates will be parameterised such that 7} ~P¢P (v) and nERT-PCP (p)
agree and nEBM=SS(z) and nERT=55(z) agree too. An alternative technique for
measurement of bubble size distribution during bubble swarming in a BCR will be

mentioned, also, in Chapter 8.

11. A good agreement of expected results in objective 10 will directly lead to the
determination of actual BNDD of bubble sizes at discrete column height n(v, z). The
n(v, z) is a required quantity (parameter) for calculating hydrodynamic parameters
in the column. The hydrodynamic parameters of processes given the flow regime in
the experimental BCR will be determined for performance description of the column

and its scale-up design in Chapter 9.

Key questions

To accomplish the outlined objectives in section 3.3, the following questions will be

considered:

1. Given the most suitable ERT imaging algorithm for measurement of changes in the local

gas holdup with a gas flow rate in the column, what assumptions or observation about the

bubble population evolution within the column sections are being made?

2. How are ERT reconstructed images analysed to obtain a graph of local ACD as a function

of time during gas disengagement processes?
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3. How is the local time-variant ACD analysed to compute the size distribution of bubbles

disengaging from a local column section?

4. How is the local TACD interpreted to compute the local radially averaged BNDD

(RERT=55(2)) at steady state?

5. How is the model of DGD process developed from the computed n(v,z) and solved to

compute ¥ ~PED (p)?
6. How is the radially averaged BNDD, n55M~55(z), computed from PBM simulations?

7. How are the ERT measurements hybridized to PBM in order to compute n(v,z) as a

function of superficial gas velocity and what are the accuracies of the computed n(v, z)?

8. What is the minimum spatial resolution of the resulting ERT and a PBM hybrid algorithm

for bubble population parameter predictions given the used equipment?
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Chapter 4

Experimental measurements of gas holdup fractions of bubble

swarm at steady state by the ERT technique

ERT is a low-cost imaging technique for producing images of constituents within a body
(such as a bubble column reactor - BCR). The images are generated through a reconstruction
of interior body conductivity from analysis of captured periphery voltage signals on the body
surface. The ERT measurement technique produces images at a high temporal resolution to
the extent that changes in conductivity contrasting in a column can be determined for every
0.001 seconds (i.e. 1000 data frames per second). However, its low spatial resolution has
limited its application for measuring bubble properties in a column to gas void fractions of

bubble population only.

Recently, the applications of ERT to study hydrodynamic processes in a BCR have been
extended by an analysis of ERT images during DGD process. Such analysis of the captured
ERT data leads to the determination of bubble size distribution in a BCR as done in the work
by (Haibo, et al., 2007). To enhance the usefulness of ERT technique in investigating
hydrodynamic parameters in a BCR, an interpretation model of ERT reconstructed images
needs be developed. Such interpretation technique is expected to allow for the computation
of the following bubble properties: bubble size distribution, BNDD, bubble coalescence and
breakage rate and gas void fractions in a column. However, the interpretation technique
may not be obtained by the sole analysis of ERT images owing to ill-conditioning of the ERT

inverse problem that yields images with low spatial resolution.

A population of bubbles swarming axially in the column is known to vary in size due to
temperature, pressure and phenomena of bubble coalescence and breakup. This means
bubble sizes and their concentration (BNDD) are dependent on the spatial coordinate
system of the column. A model to describe the evolution of bubble properties within the
space of a BCR should incorporate the various factors affecting bubble properties. The
population balance concept has proved to be an efficient model for predicting bubble sizes
in a BCR since it provides a path to include the details of the bubble coalescence and
breakage. The bubble interaction phenomena of coalescence and breakage are known to
control the bubble size distribution in a BCR. The accurate prediction of the bubble

coalescence and breakage rates require the knowledge of the physical properties of the fluid
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state and operating conditions in the column. The PBM is similar to other conservative
concepts such as mass, heat and momentum since it considers the balance of countable

entities such as bubbles, drops and crystals.

Thus, an interpretation of ERT measurements in the light of a hybrid model of ERT and a
PBM is anticipated to allow for the computation of the local bubble population properties.
These are the bubble sizes, bubble number densities, bubble coalescence and breakage
rates and gas void fractions of bubble population. The hybrid model development will
involve measuring the bubble population parameters at local column sections through the
analysis of ERT signals captured during DGD process. The local gas void fractions of the
dispersed phase during the steady state operational mode in the column will be computed

from a map of the ERT measurements to the DP measurements.

The PBM will be solved to obtain the local BNDD using the boundary conditions of known
inlet bubble size distribution, the inlet gas void fractions and a guess inlet BNDD. The inlet
bubble size distribution will be the global bubble size distribution obtained by coupling of

the ERT and DGD process and divided into a discrete number of classes.

The PBM source term models of bubble coalescence rate, bubble breakage rate and the inlet
BNDD will then be parameterised. The obtained solution of the PBM will then be used an
initial condition for a model of DGD process in the column. Thus, the bubble population
properties will be parameterised such that when the model of DDG is solved, the obtained
axially averaged BNDD agrees with that derived from the analysis of the ERT measurement
during DGD. This agreement will be further verified when the parameterised inlet BNDD
leads to the local static gas void fraction by the ERT technique validate that by the PBM

computation.

The description of the ERT hardware equipment and the ERT implemented measurement
sequences for the data capturing are stated in Sections 4.1 and 4.2 respectively. Thereafter,
Sections 4.3 provide a detail description of the design of the pilot scale BCR employed for
developing the ERT and PBM hybrid model. The presentation of the methods adopted in
measuring local gas void fractions by the ERT technique is given in Section 4.4. In Section 4.5,
the description of the DP transmitter used for gas void fraction measurements as well as the
method of its calibration and results are given. In the subsequent Section 4.6, the results of
the correlation of the gas void fractions by the ERT and the DP are shown leading to the

discussion and conclusions on the results.
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4.1. Hardware equipment for ERT data capturing

A current pulse measuring technique developed by (Randall, et al.,, 2007) is simpler to
implement than the conventional alternating current (AC) excited system. The current pulse
measuring technique is capable of high-speed operation, thus, enabling dynamic systems to
be investigated. The UCT ERT data acquisition hardware provides for the possibility of
capturing data frame rate of up to 1000 frames per second (fps) over a ring of 16 electrodes
system and displays the images at 20fps. The current pulse measuring technique has been
used for a fast approximation of the conductivity distribution within a measurement plane in
real-time. The measurements were possible owing to a 2D reconstruction algorithm
embedded in its “online” control and the data capture software program (as in Figure 4.3).
The system hardware is controlled by a C++ program to provide a real-time visualisation of
the conductivity/resistivity distribution in a reference domain of the bubble column or by

storing data for post-processing.

A study on performance and requirements of various ERT instruments using adjacent
injection strategies was conducted by (Stephenson, et al., 2007). In the study, it was found
that a frame rate ranging from 0.5 to 285fps is achievable with the UCT tomography
hardware. The UCT hardware system allows for a-four configurations of measurement
strategies as illustrated in Figure 4.1. The strategies are such that current injections between
any pair of electrodes are possible on either the same or different planes; and voltage
measurements between either horizontally or vertically adjacent electrodes but not
opposite electrode pairs. The signal-to-noise ratio of the current hardware system

(presented in Figure 4.2) has been estimated to range from 65db at 1 fps to 45 db at 285 fps.

With a view to measuring voltage signals at the periphery of a bubble column, a current
signal need be stimulated through the periphery ring of electrodes into a mildly saline or
conductive solution(Figure 4.5). The mildly saline conductive solution (for example
8000uS/cm) is a homogeneous phase before either a non-conductive solid or liquid or gas
phase is dispersed through it. The excitation of the conductive solution is done through a
constant current driven into the electrode system (typically from 2mA to 2.5mA) via a

multiplexer.

Prior to the dispersion of the non-conductive phase through the conductive bulk solution,
the periphery electrodes detect sequences of homogeneous voltage signals in form of 16 ‘U’

shaped curves of approximately equal amplitude as in Figure 4.4. The 16 ‘U’ curves signals
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are captured from a ring or a layer of 16 electrode plates. The dispersion of the non-
conductive phase through the conductive phase perturbs the homogeneous conductivity
distribution, which results in distorted captured voltage signals. The range of conductivity
measurable with the hardware is 0.04ms/cm at 41db to 60ms/cm at 37db (Stephenson, et
al.,, 2007). A four-way multiplexer controls a constant current source and sink from a
selected electrode pairs generated by the sum of all the multiplexer resistances connected in

series and the electrode impedance.

The total impedance is known to vary between 100() to 1Q depending on the electrode size
and solution conductivity. The constant current source on the electrode system is usually
maximised by lowering the total impedance that reduces the voltage drop due to the
multiplexer’s module and the contact electrodes with the solution. The reduction of the
total impedance is achieved by including a high input differential amplifier in the current

pulse ERT system.

Figure 4.1. Current pulse ERT system for a single ring of 16 electrodes (Randall, et al., 2007).

(a) (b)

Figure 4.2. Data acquisition system: a) Exterior view; b) Plan view.
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Figure 4.3. On-line reconstruction of resistivity distribution (2D) from capture voltage data in the form
of ‘U’ curves.

Figure 4.4. The data set for a single frame as displayed by the real time software. Data is for a
homogeneous system and therefore symmetrical. Each “U curve” is data recorded during single
current injection cycle (Randall, et al., 2007).

Plane of electrodes
Planelvoltage signal 16 ‘U’ curves of
measured voltage
signals

o Q‘00 )
7/ Slices of 3D
reconstruc ted images in
| | | | | | 2D

Plane 2 voltage signal
Bubble column /_’\
vessel

|~ Compartmentalised

\’_/ column

Figure 4.5. Stages of data processing for ERT image reconstruction.
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4.2. Implemented measurement sequences for the ERT imaging technique

Four measurement strategies are possible with the UCT hardware instrument. Among these,
the case of current stimulation through adjacent electrode pairs and voltage measurement
through adjacent electrode pairs in a ring is often referred to as the Sheffield measurement
sequences (Figure 4.7). In an electrode ring, every current stimulation (i.e. source (positive)
and sink (negative)) through adjacent electrode pairs produces 16 measurable voltage
signals, including the current drive pairs as in the format of Figure 4.6. This means after
successive sequential current stimulations over all possible 16 pairs of electrodes

(independent measurement sequences), 256 (16 x 16) data will be captured.

By these measurement sequences, three out of sixteen voltage measurements are invalid
due to interference effects of voltage measurements through current stimulated electrodes.
Thus, 208 data of the total 256 date sets (a data frame) will be used for reconstruction of the
conductivity distribution in the interior of the section bounded by an electrode ring. Table
A1.13 in appendix G illustrates a scheme of selection of valid data sets for a frame of data

captured for ERT image reconstruction.

EYTE1 EYTEZ EYTE3
DRIVE LAYER SELECT DRIVE ELECTRODE SELECT SENSE LAYER SELECT
3 hits: select 1 of 8 layer 4 bits: select 1 of 16 electrodes 3 hits: select 1 of 8 layer
‘BT ‘BG ‘55 ‘54 B3 |BQ |B’l |BO‘ |BY |E36 ‘85 ‘84 B3 ‘BQ ‘51 ‘BO‘ ‘BT ‘BG ‘55 |B4 B3 |BQ |B1 ‘BO‘
- | |- L | | | I e |
Source layer Sink layer Source Sink Mon-inverting Inwerting
Electrode Electrode Input layer Input layer

End of Table Flag (1=EOT) To differential amplifiers

Figure 4.6. Electrode select sequence table format.

The adjacent current injection and adjacent voltage measurement scheme have been
implemented in this study because it yields a high number of data sets for image
reconstruction. The used measurement scheme is preferred to an opposite current
stimulation scheme and adjacent voltage measurement scheme that produces 12 valid data
of the 16 data captured for every current stimulation. This implies 16 current stimulation
sequences will produce a frame of valid 192 data sets as compared to 208 data sets

generated by the utilized scheme. The selection scheme from a frame of data obtained by

116



opposite current injection and adjacent voltage measurement is presented in Table A1.14 in

appendix G.

Figure 4.7. Adjacent pairs measuring sequence for a 16 electrode system. The figures show the first
two positions of the current injection sequence. The output from the 16 amplifiers is recorded for
each of the 16 current injection positions (Randall, et al., 2007).

Table 4.1. Number of adjacent measurement from rings of electrode and number of measurements
used for image reconstruction

Total number of

Total number of

Current injection strategy Number of measurements
S/N adjacent
(Sixteen Sequences) rings used for
measurements

reconstruction
1 Opposite Two rings 1024 896
2 Adjacent Two rings 1024 928
3 Opposite Three rings 2304 2112
4 Adjacent Three rings 2304 2160
5 Opposite Four rings 4096 3840
6 Adjacent Four rings 4096 3904

The degree of ill-posedness of the inverse problem is reduced by obtaining a high ratio of

measured data to discretised finite element. Thus, a high number of data set will be required

for an accurate 3D reconstruction than a 2D reconstruction (Adler, et al., 2008). When data
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are captured over 2, 3 or 4 rings using varied measurement schemes, Table 4.1 shows the

total captured data and the number of valid date for an image reconstruction respectively.

The specifications of the computer system available for image reconstruction is as follows:
Processor — Intel Core i7-4790 CPU@ 3.60GHz x 8 processor 3.40GHZ; Memory — 15,5GiB; OS
type — 64-bit operating system, Disk — 975,4GB. The present computing system was used to
discretize a cross-section of the column of diameter 29cm into 2500 elements. However, the
time taken to compute the inverse of the Jacobian matrix resulting from 2500 elements is
too high. Given this long length of time for reconstruction, the cross-section of target
domain (cylindrical cell section of the BCR) was discretized in 2D using 832 finite elements.
The discretization of the cross-section was also on the basis of the need to explore the high

temporal capacity of ERT reconstructions to enhance its spatial resolution

The high temporal resolution of ERT images is harnessed for improving its spatial resolution
in this work by coupling ERT to DGD technique to measure the time-variant disengaging gas
void fractions. The results will further be interpreted for determining the characteristic time

of the bubble size disengagement.

4.3. Bubble column reactor used for the hybrid model development

Hydrodynamic regimes studied using ERT images in the present work were set-up in a pilot
scale bubble column reactor of height 1.545 m and diameter 0.29 m as shown in Figure 4.8.
A porous tubular stainless steel gas distributor of height 0.265 m and diameter 0.03m was
mounted at the column base for gas dispersion (Nitrogen gas/air) into the liquid (water). The
local gas holdup fraction along the column height is expected to vary given the sparger
design that produces uniformly distributed bubbles at column sections axially higher from
the sparger. At column sections closer to the gas distributor, the lack of uniform distribution

of bubbles will yield a decrease in bubble resident time with column height.

Along the axial length of the column, pressure ports (i.e. pressure legs) were fabricated at
height 0.245 m, 0.515 m, 0.745 m, 0.995 m and 1.295m from the base of the column. The
axial interval lengths between respective pressure legs were 0.27 m, 0.23 m, 0.25 m and
0.30 m to allow for accurate local gas void fraction measurements at column sections within

the pressure legs.
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A rotameter for measurements of gas flow rates ranging from 4-230 litres per minute(lpm)
was employed in measuring the gas volumetric flow rates into the column. The maximum
attainable superficial gas velocity was 0.016 m/s (64lpm) due to the axial spacing of the four
electrode layers, aerated water level and the column height. The column height restricts
attaining higher superficial gas velocities because the water-head level need be at least 0.2

m above an electrode layer for accurate ERT data.

PVC tubing of various lengths was used to connect cell sections of the BCR to a DP
transmitter. The output differential pressure signals measured by the DP at its high and low

ports were displayed as analogue signals on a Labview plot platform.

The BCR was fitted with eight rings of electrodes to allow for the possibility of capturing
generated voltage signals at the column periphery over multiple layers. Each ring of
electrodes is made up of sixteen rectangular electrode plates of height 20 mm and width 10
mm covering approximately 1.32 litres of 17.536 litres volume of the column section. This is
a section of height 0.27 m and diameter 0.145 m. The low fraction of the volume covered by
periphery 16 electrode plates to the volume of the column section rendered the captured
data inadequate for 3D imaging of the dispersion. Moreover, when data were captured on 4
of the 8 rings located at heights 0.37 m, 0.67 m, 0.93 m and 1.24 m of the column for image
reconstruction in 3D, the computed gas void fractions were inaccurate. The large error in the
gas holdup fractions was due to the low volume ratio of the 2.64 litres covered by the two
sensor rings to the 17.536 litres volume of target column section. The target column section

was bounded at its base and top by the two sensor rings.

Many of the advanced ERT reconstruction algorithms explored in creating the gas dispersion
images in 3D yielded inaccurate results due to a low ratio of measured data(1024) to the
finite element of the interior domain(15000 elements). (Pinheiro, et al., 1998) stated that to
obtain a 3D image by the ERT technique, it is required to use a full 3D data collection
strategy that ensures a created image is made from data collected over the whole body

surface.

The ERT image of air dispersion in a mildly saline solution (conductivity of 1000uS/cm) using

an iterative 3D algorithm with an included 4D regularization parameters is shown in Figure

4.8c. The 4D regularization parameter was developed by the correlation of the data frame
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measurements (1D) and the domain finite image elements (3D). Figure 4.8b is a
reconstruction of the air dispersion using the Newton-Raphson formula with included

Tikhonov regularization parameter that results in the Levenberg - Marquardt algorithm.

(a) (b) (c)

Figure 4.8. Air dispersion through the UCT BCR during online operation and its ERT image
reconstructions: a) Air dispersion through a BCR; b) Image reconstruction using the Gauss-Newton
algorithm without 4D regularization; c) Image reconstruction using the Gauss-Newton algorithm with
4D regularization.

4.4. Local gas-holdup computations by the ERT technique

A semi-batch hydrodynamic fluid flow regime with stagnant liquid phase and the superficial
gas velocity ranging from 0.002 — 0.016m/s was set-up in the BCR described in Section 4.3.
The inlet volumetric gas flow rate was varied such that the air-water multiphase system at a
given volumetric flow rate assumed a steady state operational mode. The ERT data for
imaging the dispersion on the four electrode rings cross-sectional areas embedded in the
four column sections were captured at height 0.37 m, 0.67 m, 0.93 m and 1.24 m. The
degree of well-distribution of bubble population increases with column height especially
from the second to the third column section. The bubbles were packed close to the gas
distributor surface in the first and second column sections because of the use of a porous
tubular gas distributor (as in Figure 4.8a). The local gas void fractions at all cross-sectional
areas within the column sections should be constant and independent of the column height
for a given gas flow rate. This expected results will hold in a well-distributed (approximately
uniform distribution) form of bubble population usually produced by sintered porous flat

plates gas distributors.
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A reconstruction of the dispersed gas phase in 3D could yield accurate values of the mixture
phase conductivity (air-water) required for gas void fraction calculations. However, given the
available column dimensions and the volume covered by the periphery sensor electrode, a
low ratio of measured data to a the number of domain finite elements was obtained. The
obtained fewer measurements to discretized domain elements disallowed accurate

interpretation of gas void fraction from ERT images in 3D.

As a result, reconstruction of the dispersed phase at the column cross-sections in 2D was
investigated for gas holdup calculations depending on superficial gas velocity since the
results were interpretable. The reconstructed images in 2D were evaluated to be
interpretable for gas holdup computations because the graph of its computed TACD
increases with superficial gas velocity. This is an expected result since the gas volume
trapped in the liquid phase increases with superficial gas velocity, which was not obtained

with the reconstructed dispersion in 3D.

4.4.1. ERT data capturing

The ERT data for image reconstruction of the dispersed phase at the local column cross-
sections were captured using the adjacent current injection and adjacent voltage
measurement sequences. The data measurement scheme and pattern of selecting valid data
for the image reconstruction are presented in Table A1.13. A total number of 208 valid data
were sorted out of the total 256 data frame for the 2D image reconstruction. In order to
acquire ERT images of the dispersed gas phase at regions in a BCR during aeration, an
absolute or a difference ERT algorithm could be employed. The absolute algorithm requires
2 data frames of the offset voltage and inhomogeneous voltage signals. The difference
algorithm requires 3 signals of the offset voltage, homogeneous voltage and inhomogeneous

voltage signals.

Studies have shown that the difference algorithm is superior as a functional algorithm than
the absolute algorithm for imaging the transient conductivity distribution changes within the
interior of a BCR. Thus, the difference algorithm was used in this work for image

reconstruction of data captured on the sensor electrode layers placed at 0.37 m, 0.67m,

121



0.93m and 1.24m. The ERT data set was captured at this four electrode layers three times
for accuracy because of the axial movement of the DP for local gas void fraction
measurements.

At each instant of the local time-variant data capturing for a given gas flow rate, the
maximum, the mean and minimum conductivity values of all element within a target region

were calculated.

4.4.2. ERT data capturing modelled by the ERT forward model and reconstruction by the
ERT inverse model
The development of ERT forward model addresses the forward problem of simulating the
periphery voltage signals from the known current stimulations and conductivity distribution
in the interior of a body. Let the domain of an interior conductivity distribution € € C¥ be
denoted by Q; the induced periphery electric potential be U; and the stimulated periphery
current be I;. The ERT forward problem is formulated as given Q of the £ € C¥, the induced
U generated due to periphery I; is expected to satisfy the elliptic partial differential
equation of Eq.(4.1)
V-Evu=0 (4.2

If I; is the current injected into the l;;, electrode area E; with constant impedance Z;, the

complete electrode boundary conditions are

du
Vi=U+ 2§ — (4.2)

Ju
[i = E % ds (43)

Eq

where V] is the constant voltage in electrode E;, n is the outward unit normal vector and
*_
an (4.9
the current density on the boundary inter-electrode gap (Polydorides & Lionheart, 2002). Eq.
(4.2) and Eq.(4.3) are the Dirichlet boundary conditions, while Eq.(4.4) specifies the Newman
boundary condition. The forward problem in many ERT algorithms is addressed through the
use of the finite element method (FEM) developed with a first or second-order shape
functions. The ERT images of interior objects are created through solving the forward and

inverse problems.
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The aim of the inverse conductivity problem is to obtain a stable solution £* which minimizes

the residual error

f@ =1, F@ =V F® -V) = 1, IFE) - VI3 (4.5)

where F(&): C™ - C™ is the non-linear forward operator in a problem with n elements
and m measurements, and V € C™ is the vector of voltage measurement for a fixed set of a
current pattern. Applying Taylor’s expansion to the residual Eq.(4.5), and assuming the
second derivative term of the expansion equals Al (A € R), Eq.(4.5) can be re-written as
Tikhonov regularized solution of Eq.(4.6). The position scalar and identity matrix respectively

are denoted by A and I. The successive iterative solution is denoted as in Eq.(4.7).

huw = (F')'F'(§) + ADTHF'(§)*(V - F(£) (4.6)
Skv1 =Sk + huy (4.7)

The mathematical formulations of the ERT forward and inverse problem were solved using
forward and inverse solver functions contained in the electrical impedance and diffuse
optical reconstruction software (EIDORS) library toolbox. EIDORS is an open source software
library adaptable to ERT data set captured from an ERT instruments for image reconstruction
(Adler, et al., 2008). Included in the EIDORS library of functions are functions developed
from a known knowledge of the peculiarity of the University of Cape Town (UCT) ERT data
acquisition system. The functions ‘eidors_readdata’ and ‘inv_solve’ were explored in solving
the forward and the inverse problems respectively as presented in the computer code cited

in Appendix B.

In Eq.(4.7), the solution of the inverse problem, &, is a vector of 832 conductive values

corresponding to the number of elements used in discretising the cross-sectional area of the

column section. Therefore, for 20 frames of data captured over a known period of time, f,{,

where franges from 1 to 20, an array of (832 x 20) conductive values will be calculated.
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(a) (b)

(c) (d)
Figure 4.9. ERT reconstruction of steady state dispersion at a superficial gas velocity of 0.016m/s at

local column cross-sectional area of the captured data on the time interval of 0.636 seconds: (a) first
section, (b) second section, (c) third section, (d) fourth section.
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(c) (d)

Figure 4.10. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.01m/s at
a local column cross-sectional area of the captured data on the time-interval of 0.636 seconds: (a)
first section, (b) second section, (c) third section, (d) fourth section.

4.4.3. Time and area average of conductivity distribution (TACD) and gas holdup
computations from ERT images

The computation of the area average of conductivity (ACD) values on the cross-section of a
sensor layer is based on the following model. Let the area of a discrete element be 4;, where
i=1,2,..,N, and N is the highest index of elements (i.e. for 832 elements, N = 832). In a
case where the cross section was uniformly discretized, 4; = 4;;,1 = ... = Ay. Let the
conductivity value on each element be fl., wherei = 1,2, ..., N. The ACD is then

f_f _ Iiv=1 foA{
i=14%

where f = 1,2, ...,m, f is the index of the data frames.

Since the size of each discrete element is equal,

o
=W (4.9)
The TACD is then
P Y 5
fy _ &f=154
<€A) Z}n:lf (4.10)
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The mean of the conductivity values on all elements within a target column section over a
known time period will be denoted by the TACD as in Eq.(4.10). The maximum and minimum
conductivity values on all elements within a target column section over a known time period

were calculated using the expression in Eq.(4.11) and Eq.(4.12) respectively.

fmax - max(max(ff’fzf’ 53{;5{7 ey 51}\;)) ; (411)

gmin = min(min(¢/,¢f,¢],¢], ... &) (4.12)

In a 2-phase gas-liquid dispersion system, Maxwell’s relation (Maxwell, 1873), Eq.(4.13),
relates the gas holdup () to the known conductivity of the continuous phase (&),

dispersed phase (&,) and the mixture phase (&,,.). The &, term in Eq.(4.13) is the TACD of

the local mixture phase (i{) computed from the pixel conductivities of the ERT

reconstructed images.

251 + 52 - mec - fmc 52/51

&i = (4.13)
T = 26 -8

If the dispersed phase is a non-conductive material &, = 0, Eq.(4.13) is simplified to

o 251 B mec
0728 e (419

4.4.4. Results of gas void fractions by the analysis of ERT images

The image reconstruction of the dispersion from the ERT data frames captured by the four
electrode ring sensors at the gas flow rate of 0.016 m/s and 0.01 m/s are shown in Figure
4.9(a-d) and Figure 4.10 (a-d) respectively. The reconstructed images at lower superficial gas
velocities ranging from 0.002 to 0.009m/s investigated in this study are displayed in Figure
Al.1 to Figure A1.9 in the appendix. The images in the stated figures are arranged according
to the order of data frame progression from the top left towards the top right, and then

downwards with a termination at the bottom right image.

The images were obtained from analysis of ERT signals data captured over four electrode
layers by the independent 2D measurement scheme. Radial variation in the conductivity

distribution of the locally captured images with time could be observed in some images
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though the 2-phase fluid system was steady state homogeneous flow. The radial
conductivity difference variation can be explained by the local bubble population swirling
resulting in radial variation in conductivity difference. Besides, the ERT high temporal signals
are sensitive to slight variation in the conductivity field. The observed time-variant radial
conductivity variation can also be related to the inverse algorithm technique of imaging

generation.

Table Al.1, Table Al.2, Table Al1.3 and Table A1.4 show the computed maximum, minimum
and TACD values of areas within the first, second, third and fourth electrode layers
respectively for 3 repeated measurements. These ERT data were captured for superficial gas
velocities ranging from 0.002-0.016 m/s. Table A1.5, Table Al1.6, Table A1.7 and Table A1.8
highlight the mean of maximum, minimum and the TACD values of the area conductivity
locally in the column averaged over the number of measurements. Figure 4.11 shows the
relations between the local mean values of TACD over 3 repeated measurements depending

on the superficial gas velocity of data on Table A1.10.
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Figure 4.11. The local ERT TACD of the conductivity difference captured at steady state dispersion
from 3 repeated measurements as a function superficial gas velocity.

The TACD conductivity difference values are negative because of the used ERT difference
algorithm. The difference algorithm creates the dispersion images using the un-aerated and

aerated phases conductivity distributions as well as the offset conductivity distribution.
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Substituting the obtained TACD conductivity difference values into Maxwell’s relation results
in un-interpretable and inaccurate negative gas holdup values (g4s). Thus, in this work, the
correlations for the local ERT TACD conductivity difference and the local DP gas void fraction
measurements depending on superficial gas velocity will be developed. As a result, from a
known ERT conductivity difference value in the column, the corresponding gas void fraction

can be computed.

4.4.5. Conclusions on the local gas holdup computations by the ERT technique

Figure 4.11 shows the graphs of the mean of the local TACD as a function of superficial gas
velocity. The graphical results indicate that the mean conductivities on all elements on the
cross-sections at the column sections decrease with increasing superficial gas velocity (ug).
This is an expected result since an increasing the non-conductive gas (air) volume at any
column section will lead to a decrease in mean conductivity (or increase resistivity) values in

the sections.

The column height (1.545 m) and the need for the water-depth to be at least 0.2 m above
the ERT electrode layer for accurate ERT data disallowed increasing u, to achieve g4 of 0.25.
Thus, the considerable error in the ERT reconstruction at &, greater than 0.25 (Jia, et al.,
2015) was not investigated. The superficial gas velocity of 0.016 m/s that yields the gas void
fraction of 0.047 was the maximum achievable given the present column design and the

axial lengths of the electrode layers.

Moreover, along the increasing column axis at a given superficial gas velocity, the mean
TACD was observed to decrease as shown in Figure 4.11 and Figure 4.9. The difference in the
local TACD is due to the variation in the local resident times of bubbles during axial
swarming in the column. The bubble resident times were noticed to decrease with
increasing column height. In particular, the swirling of bubbles at the third column section
increases the bubble population resident times relative to the fourth column section at
some superficial gas velocities (Figure 4.11). The TACD was higher at lower superficial gas
velocities at Section 4 relative to Section 3 owing to the ratio of height of dispersion to the
column diameter that lies in the range 4-6 (Vijayan, et al., 2007) (Rollbusch, et al., 2015). The
variation in the bubble population resident times was on the account of the geometry of the
tubular gas distributor producing dispersion with the periphery of the first and second

column sections almost un-aerated as shown in Figure 4.9(a-b), Figure 4.10(a-b) and (a-b) of
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Figure Al.1-Figure A1.9. The bubbles were noticed to be uniformly and well-distributed at

Section 3 and 4.

4.5. The differential pressure (DP) transmitter and method of its calibration

The differential pressure is the difference in magnitude between a pressure value and a
reference pressure. Both the absolute and gauge pressure values of a fluid state can be
thought of as the differential pressure of the fluid with reference to the vacuum or a zero
pressure and the atmospheric pressure respectively. By connecting the DP pressure ports to
appropriate BCR pressure legs, the DP of the aerated fluid state with reference the un-
aerated fluid state can be measured. That is the top and the low-pressure legs of the BCR

connected to the DP high and low ports as shown in Figure 4.12.

As depicted in Figure 4.12, the water head should be above the column top pressure leg for
accurate DP recordings using the DP transmitter. The DP transmitter senses the DP inform of
a change in density of the volume of the aerated fluid system and the un-aerated fluid
system. An increase or a decrease in density of fluid in the target column section leads to a
respective increase or decrease of the pressure on the column bottom pressure leg. The
corresponding output signals of the displayed water-head levels were viewed on a Labview

graphical software.

The DP measures the decreasing density as the decreasing DP when the transmitter’s high
and low ports are connected to the bottom and top pressure legs of the column. However,
to ensure the transmitter measures a density decrease as an increase in differential pressure
locally, the transmitter’s high and low ports were respectively connected to the top and
bottom pressure legs. This manner of connection is referred to as ‘cross-connection’ of the
pressure legs in this work and was made in line with the transmitter calibration method. The
‘cross-connection’ was made to allow for easier processing of positive real numbers instead

of negative real numbers as shown in Figure 4.12.
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Figure 4.12. Density measurement by the differential pressure (DP) transmitter.
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Figure 4.13. A diagram of the bubble column reactor fixed with a tubular porous tube air distributor at

its base and electrode layers on its periphery with dimensions used for experimental studies

The BCR used for this work is designed with a dip tubular porous sparger of height 0.265 m
and diameter 0.03 m. The base of the second column section was axially spaced from the
top of the sparger by 0.22 m in an attempt to image well-distributed bubbles given the
sparger geometry. The base of the first column section by the column sectioning was directly
on the sparger’s top surface to gain an insight of the inlet bubble size distribution. By the
column sectioning dimensions (Figure 4.13), the bubble population were distributed at the
centre top of the gas distributor at column section 1 and 2. The bubble population was well-
distributed radially at section 2 and 3 during the bubble evolution. The heights of the first,
second, third and fourth column sections were respectively 0.27 m, 0.23 m, 0.25 m and 0.30
m. The ERT data were captured on the four electrode rings fixed at 0.37 m, 0.67 m, 0.93 m
and 1.24 m.
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Given the BCR geometric dimensions, the sparger design and coupled electrode rings

positions, the BCR was sectioned into four cells for the following reasons:

1. The height of a target BCR section was expected to be more than 0.2 m to achieve a

higher accuracy measurement of the pressure drop;

2. The height of the water level above an electrode layer should be more than 0.2 m to limit
the distortion of the electric field flux shape generated by current stimulation through

boundary electrodes.

Before the calibration of the ERT estimate of gas holdup fractions against the DP
measurement technique, the DP transmitter was initially calibrated against a water depth. In
the experiment, the corresponding DP signal amplitude hpp for a known water height h,,
was initially determined. The background conductivity of the mildly saline bulk solution in
the BCR was initially determined to be 410us/cm before aeration. Accordingly, the ERT
equipment was set for a 4-layer independent data capturing and the DP ports were
connected to appropriate column pressure legs. Thereafter, both the ERT and the DP signals
were simultaneously captured before, during and after air sparging into the fluid system.
The ERT data and the DP data were captured at these three instances to allow for accurate

estimation of the offset values associated with both measurements.

In the first measurement set, the DP ports were connected to the two legs of the column
first section and the ERT and DP data collection were captured. At the column first section,
the bubble population concentration at the centre top of the gas distributor at higher
resident rate hindered accurate interpretation of the DP signal for gas void fraction
measurements. The ERT and DP simultaneous data capturing were repeated when the DP
transmitter was connected to the column second, third, and fourth sections respectively.
The DP signals were interpretable for accurate gas void fraction measurements at Section 2,
3 and 4 because the degree of bubble well-distribution increases with column height. In
addition, the bubble population resident time was noticed to decrease with column height
with higher bubble swirling at Section 3. Notably, during each data capturing using the DP,
the ERT data were measured over four rings to allow for verification of the consistency of

the ERT void fraction estimation.
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4.5.1. Results of DP transmitter calibration

The derivation of the gas hold-up relation in a 2-phase gas-liquid system in terms of the
pressure values before and during aeration as well as the difference of the two values is as
follows. The derivation could also be based on the pressure values at the top and bottom

pressure legs of the column (Figure 4.12) and the density of the gas-liquid mixture phase.

In a 2-phase semi-batch gas-liquid system, the pressure drop along the column is related by

the following expression

dpP

dan = ~Pmd (4.15)

where P, h, p,, and g represent respectively the pressure [kgm™1s72], the column height
[m], the density of the gas-liquid mixture phase [kgm™3] and the acceleration due to
gravity [ms~2]. The negative sign indicates the direction of pressure increase is opposite to
the direction column height increase (Figure 4.12). Integrating Eq.(4.15) along the column
height to determine the differential pressure change due to gas dispersion at a column
section of height H = L+ — Lg, Eq.(4.16) is obtained.

Pt Lt

dp =— fL pm gdh (4.16)

Pp B

The top and bottom positions of the pressure legs on the column are respectively denoted

by Ly and Lgasin Figure 4.12. Evaluating the integral of Eq.(4.16), Eq.(4.17) results as in
(Pg — Pr) = pmg(Lr — Lg) (4.17)

The pressure difference between the bottom and top pressure leg is measurable using the

DP transmitter. Since the difference in height of the column (AL = Ly — Lg) could

directly be measured on the column, Eq.(4.17) could be re-written as in Eq.(4.18).

APceyi = pmgALcey (418)

The density p,,, of the gas-liquid mixture is related to the density of the gas p; and liquid p;,

as well as gas hold-up &4in the column by the expression in Eq.(4.19)
pm = ggp6 + (1—¢4)p1 (4.19)

Substituting Eq.(4.18) into Eq.(4.19) and solving for &g, the following expression is derived.
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e = —AP " PL
97 gAL(p, — ps) ' (pL— Pg) (4.20)

In a case where p; > pg, Eq.(4.21) results from Eq.(4.20).

1 AP
gALp; (4.21)

Sg—

Simplifying Eq.(4.21) further, Eq.(4.22) and Eq.(4.23) are obtained.
_ 9ALp, — gALpym _ gAVpL — gAV P

% gALp, ghvp, (4.22)
A A
9T W, w, (4.23)

where Wy, Wy, and W, are the weights of liquid [kgms 2], mixture of gas-liquid phase and

gas phase respectively.

The weight of a substance immersed or suspended in a liquid is the weight of the volume of
the liquid it displaces. Thus, the weight of the liquid of density p; displaced by the gas of
weight W is the weight W/. The volume of the liquid displaced or volume occupied by the
gas is then V] such that W, = W, = p, V] g. Expressing Eq.(4.23) in terms of volume of fluid
states contained in a column during aeration leads to Eq.(4.24)

. VgV
I Vg W (4.24)

In Eq.(4.24), the gas hold-up fraction is the ratio of the volume occupied by the gas phase in
the aerated fluid state to the total volume occupied by the liquid phase before aeration. The
gas void fraction at a column section was calculated in accordance with Eq.(4.24) using the

following defined variables.

Let the height of water displaced during the aeration of the homogeneous mildly saline bulk
solution be denoted by h,; and the DP reading corresponding to the height of displaced
water head be hpp. By the stated DP calibration correlation, h, was calculated from the DP

reading as in Eq.(4.25).

ha =3 (4.25)
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The h, values in the BCR at section 2, 3 and 4 as a function of superficial gas velocities
ranging from 0.002 to 0.016 m/s are presented in Table 4.2. The DP values were validated by
the water-head level measurements using the DP to gauge the water-depth pressure against

the atmospheric pressure.

Table 4.2. The height of displaced water head during aeration of the liquid phase, h,, (cm) for varied
superficial gas velocities.

Ug (m/s) Section 2 hl(cm) Section 3 hZ(cm) Section 4 h3(cm)
0.002 0.44 0.57 0.91
0.003 0.74 0.88 1.53
0.004 0.85 1.26 2.01
0.005 1.08 1.54 2.39
0.006 1.14 1.72 2.66
0.007 1.34 1.92 3.05
0.008 1.46 2.29 3.37
0.009 1.50 2.35 3.67
0.010 1.70 2.63 4.12
0.016 2.12 4.36 6.58

If the volume of gas (air) in the first column section was calculated as A hl = l@las; and the
volume of the section filled with liquid before aeration, Vl}g, was calculated as A hl, = Vl}g,
the gas void fraction can be calculated as
Ggofm ot
Vlig Achsc hsc (4-26)

In Eq.(4.26), h, and hg. are respectively the heights of column occupied by the gas and
liquid. Table A1.9 (appendix) shows the local gas void fraction in percentage (%) as a
function of superficial gas velocity (m/s). The stated values are the mean values of the gas
void fractions from the DP data sets when the liquid phase was aerated at known superficial
gas velocities. The errors associated with the mean values from a data sets in hundreds were
calculated by the product of the standard deviation and the t-statistic based on 95%
confidence interval. Figure 4.14 shows the graphs of the local gas void fractions as a function

of superficial gas velocity at column section 2, 3 and 4 compared to published results.
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Figure 4.14. Local gas void fraction as a function of superficial gas velocity measured using the DP

The relationship between the gas holdup fraction and the superficial gas velocity is generally
of the form of Eq.(4.27) (Shah, et al., 1982). The value of n was reported to depend on the
flow regime. For the bubbly flow regime, the value of n was found to vary from 0.7 to 1.2

(Deckwer, et al., 1980).
— rilpm
Sg =C Ug (427)

Since bubbly flow regimes were studied, the n was chosen as 0.75. The chosen value was
intended to allow for the determination of C' through a regression analysis of the model
with the measured gas void fractions at section 2. A range of values for C* from 0.5 to 0.9
was sampled to compute the Chi-squared values, X2, based on the method of least square

regression between the model and the measured data. The X? is defined as

n
1
X2 = pZ()’i — f (X1 s X35 A1, e, Q) (4.28)
L=

where ¢ is the common standard deviation in the measured data; y; and f respectively
denotes the measured and the model predicted gas void fraction at a given gas flow rate.
The graph of the calculated Chi-squared values over sampled constants are shown in Figure

4.15.
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Figure 4.15. Graph of chi-squared against sampled constant for fitting model with experimental data.
Figure 4.15 indicates a constant value outside the sampled range will lead to much disparity

between the model and measured data. Figure 4.15 also shows that the constant value of
0.7 minimises the X2 expression. The confidence interval at 95% of the mean of the sampled
constants was calculated using Eq.(4.29)

Xt th-1,a/25% (4.29)

where Sz is the standard error of the mean; t,,_1,4/; is the t-statistic corresponding to the t-
distribution for n — 1 degrees of freedom; and a is the chosen level of probability. Thus, the
value of C! was determined to be 0.740.1 at 95% confidence interval (i.e. @ = 0.05). The

results in Table A1.9 are plotted in Figure 4.16 with the graph lines through the data points.
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Figure 4.16. Local gas void fraction as a function superficial gas velocity.
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The graphs of the gas void fractions along the column axis for varied superficial gas velocities
are displayed in Figure 4.17.
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Figure 4.17. Gas void fraction as a function of column axial length for varied superficial gas velocities
The residual mean square, S?, is a regression analysis quantity used to evaluate the accuracy

of which a parameterised model represents the true underlying relationship between

dependent and independent variables. The S? is defined as

SR

2
$t=— (4.30)

where the residual sum of squares, Sg, is expressed as

Sp = Z()’i — [ (X1 o Xyi5 A, oeny @) (4.31)
=1

n and m respectively represent the number of observations and parameters. The square
root of S2 is the standard deviation of the disparity between model and measurements. The
R-square (S?) is defined as the difference between unity(one) and the ratio of the residual
sum of squares to the total variations accounted for in a measurements (Catherine A., 2001).
The S%and R? values were calculated between the measured local gas void fractions with
gas flow rates against the published empirical correlations by (Hughmark, 1967), (Shah, et
al., 1982) and (Akita & Yoshida, 1973). The empirically developed correlations by (Hughmark,
1967), (Shah, et al., 1982) and (Akita & Yoshida, 1973) were reported to be valid within the

studied superficial gas velocities and operating conditions as reviewed in Section 2.7.1.
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The measured and the calculated local gas void fractions using appropriate correlation were
denoted by y; and f(xy;, ..., x5 a4, .., ) respectively at a given gas flow rate. Table 4.3
shows the calculated S?, R? and the standard deviations by comparing the local gas void

fractions for varied gas flow rates with published results.

Table 4.3. The residual mean squares and the standard deviations of the local gas void fractions over
studied flow rates against published results.

Sec. 2 Sec.3 Sec. 4
Reference results | Shah et al. (1982) | Hughmark (1967) | Akida & Yoshida(1973)
52 0.022 0.082 0.038
Standard deviation 0.149 0.012 0.195
Chi_squre 0.440 0.104 0.238
R_square 0.950 0.988 0.974
F-statistic 155.52 684.187 293.978

4.5.2. Discussion and conclusions on the DP calibration

The graphs of the measured gas void fraction with gas superficial velocity at the second,
third and fourth sections of the column agree respectively with the empirical correlations by
(Shah, et al., 1982), (Hughmark, 1967) and (Akita & Yoshida, 1973) as shown in Figure 4.14.
The trends of the local gas holdup fraction depending on superficial gas velocity were
reported in the study on dynamic gas disengagement by (Sriram & Mann, 1977 ). The local
gas void fraction for a given gas flow rate is observed to increase along the column axis. The
difference in the local gas void fractions is also noticed to increase with an increase in gas

flow rate as shown in Figure 4.16 and Figure 4.17.

The disparity in the local gas void fractions can be attributed to the use of a porous tubular
gas distributor. For all gas flow rates, the gas distributor generated bubble swarm in a way
that the bulk of the bubbles reside in the centre region of the column at the first column

section. The periphery zone was almost un-aerated at the first column section as seen in
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Figure 4.8(a). The bubbles began to be radially distributed at the second column section and
were uniformly well-distributed at the third and fourth column sections. The axial bubble
swarming pattern influenced by the porous tubular sparger accounts for the variation in the
bubble resident times locally in the column. The bubble resident time in the semi-batch fluid
flow was highest in section 1, higher in section 2 and high in section 3 and 4. The decreasing
bubble resident time with increasing column height explains the short bubble travel times at
lower column sections resulting in lower gas void fractions. Similar observations were made
in the study on the influence of sparger type and superficial gas velocity on gas holdup in a

bubble column reactor (Behnoosh, et al., 2009).

As the bubble population swarm, the bubble coalescence phenomenon leads to increase in
the mean bubble size along the column axis up to height of 1.5 m and steady afterwards
(Sattar, et al., 2013) (Laari & Turunen, 2003). Although regions in the column with smaller
bubbles should result in higher gas holdup fraction, the decreasing bubble resident time

with column height contributes to higher gas holdup fractions at higher column sections.

In the study to establish the effects of gas distributor on gas holdup distribution in a column,
the perforated was noticed to produce uniform distribution of gas. The cone and the bubble
cap distributors were observed to produce bubbles that move up the column as large
bubbles in the region close to the column centre (Sailesh. B, et al., 1997). The periphery
regions were observed to be un-aerated, which reflected in the captured dispersion images
at the lower column sections (Sailesh. B, et al., 1997). The bubble evolution pattern
produced by the cone and bubble cap distributors can be likened to the used gas distributor
as shown in Figure 4.8(a). The use of sintered porous plate distributors minimises the bubble
fluctuation velocity at the sparger orificies and ensured uniform distribution of bubbles
radially and axially in the column. The magnitude of the gas holdup fractions generated by
sintered plates were higher than that by perforated plates and the difference increases with

increasing superficial gas velocity (Sailesh. B, et al., 1997).

Thus, the increasing level of uniform distribution of bubbles along column axis contributes to
higher gas holdup values along the column axis at a given gas flow rate. The non-uniformity
of bubble distribution axially in the column also caused the difference in the local gas void

fractions to increase with increasing gas flow rate.
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Furthermore, by the relationship between gas void fraction and superficial gas velocity, the
reported range of the power index n for homogenous regime is 0.7 < n < 1.2 (Shah, et al.,
1982). The range may have resulted from differences in gas holdup fractions generated by
varied gas distributor designs. This is in addition to the column geometric dimensions and
operational conditions in the column. The gas holdup fraction at higher sections of the
column is similar to that produced by a sintered porous or perforated plates, while that at

lower sections is close to that generated by cone or bubble cap or tubular spargers.

4.6. Correlation of the gas void fractions by the ERT and the DP methods

The computed equivalent ERT gas holdups from the mean conductivity values using
Maxwell’s relation do not agree with the actual void fraction computed using the DP
transmitter. Because of the discrepancy, the local ERT conductivity difference value is
calibrated against the DP local gas void fraction over superficial gas velocities ranging from

0.002 — 0.016 m/s to obtain the graphs in Figure 4.18.
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Figure 4.18. The local DP gas void fraction against the local ERT TACD during the steady state gas
dispersion for superficial gas velocity ranging from 0.002-0.016 m/s.

Comparing the dependence of the TACD and the gas holdup fraction on superficial gas

velocity as shown in Figure 4.11 and Figure 4.16, Figure 4.18 shows TACD decreases
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proportionately with increasing gas holdup fraction locally. The decreasing conductivity
difference value with increasing gas flow rate was as a result of increasing non-conductive of
volume of air locally in the column. Describing the results in Figure 4.18, the increasing gas
void fraction leading to proportionate decrease in the TACD along the column height is
shown by comparing the local results for a given superficial gas velocity. The graphs are not
perfect linear relations owing to the slight deviations of the experimentally measured local

gas void fractions from appropriate empirically validated published models.

Moreover, due to the inaccurate measured DP gas void fractions at Section 1, the graph at
Section 2 of Figure 4.18 will be assumed to hold at Section 1 given the sparger design. Thus,
the gas void fractions Section 1 in Figure 4.18 were determined from the known TACD at

Section 1 of Figure 4.11.

4.6.1. Conclusions on the correlation of the ERT data to the DP data for gas void

fraction measurements

It was noticed that the gas void fraction increases along the axial length of the column for all
the gas flow rates studied. The difference in the gas void fractions along the column axis was
also observed to increase with increasing gas flow rate. The disparity in the local gas void
fractions for a given gas flow rate is also seen in the local ERT TACD value. Thus, the
differences in the graphs in Figure 4.16 are also seen in the graphs of the local gas void

fractions against the local ERT gas void fraction estimates in Figure 4.18.

For a given gas flow rate, the local ERT conductivity difference decreases with column
height. The conductivity distribution in the column during aeration is influenced largely by
the non-uniformity in the bubble population distribution axially in the column. The gross
circulation of bubble population at second and third sections accounts for the obtained
conductivity differences at Section 3 and 4. Besides, the varying bubble coalescence rates as
bubble population swarm axially to the top of the column also affect the conductivity

distribution locally in the column.

Moreover, R? is close to unity and the large f-statistic values on Table 4.3 are much larger

than the corresponding critical f-statistic value. These error analysis results indicate the
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trends of the measured gas void fraction with superficial gas velocity are good

representations of empirically determined published models.

The new idea of this chapter is the calibration of the ERT TACD results by difference
algorithm against the DP transmitter results for the measurements of local gas holdup
fractions. The calibration technique yields interpretable estimate of the gas holdup fractions
from the obtained negative ERT conductivity difference values than substituting the negative

conductivity difference values into Maxwell’s relation of Eq.(4.13).
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Chapter 5

Experimental measurements of bubble population parameters from

captured ERT images in the process of dynamic gas disengagement

In Chapter 4, an experimental approach for the measurements of the local gas void fractions
from the calibrated ERT TACD by the DP technique has been described. In order to
accurately predict hydrodynamic parameters in a column, the local gas void fractions, the
bubble size distribution and the BNDD need be known. Moreover, the gas holdup fractions,
the bubble size distribution and the BNDD at the inlet first column section are required
boundary conditions for column simulation by a PBM. Among the methods for analysing
bubble population properties in a column, the dynamic gas disengagement (DGD) technique
has been found to be an effective useful technique (Sriram & Mann, 1977 ). The area
average of conductivity distribution (ACD) captured locally with time in the process of DGD is

analysed in this chapter to obtain the bubble size profile and the BNDD in the column.

The DGD technique is fully described in Section 5.1. Older previous methods employed in
determining the bubble sizes from the time-dependent gas void fractions during DGD are
also described in a subsection of Section 5.1. Thereafter, the new method of interpreting the
ERT time-variant ACD captured during DGD for the measurement of bubble sizes is explained
in a subsection of Section 5.1. The new method of interpretation yielded the ERT data at
discrete time steps when bubble sizes disengaged from the column. The discrete time steps
were further analysed to determine the gas volumes of the disengaging bubble size classes
locally in the column. A schematic of the sequences of ERT measurements and computations
yielding the local BNDD and the axially averaged BNDD as well as the global SMBD is
displayed in Section 5.2.

The obtained results of the local bubble population properties and the axial mean of the
guantities are presented in tables in the respective section of this chapter. In the sections,
the description of the methodologies used to obtain the results is presented alongside the
results. The results of the ERT signal analysis allowing the measurement of the bubble

population properties are then discussed in Section 5.3 to conclude this chapter.
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5.1 Dynamic gas disengagement (DGD) method

The DGD technique is used to compute the gas holdup and the bubble size distribution for
calculating the specific interfacial area and the mass transfer coefficient rates of a gas-liquid
system. The theoretical basis of the static and dynamic holdups are provided to deepen an
understanding of the possibility of exploring these parameters for the computation of

bubble population properties.

Considering a column cross-section containing a gas - liquid dispersion of equal-sized
bubbles with each bubble rising with velocity U, as illustrated in Figure 5.1, a mass balance
model could be developed. The mass balance in the presence of local superimposed liquid
velocity, V; (either downwards(-) or upwards(+)) gives the following relationship between
the local gas holdup &' and the local superficial gas velocity Ug; (Sriram & Mann, 1977 ).

v,
g’ 1—¢ — b (51)

Because the bubble interaction is non-significant at low gas hold-up, an assumption can be
made that the bubble rise velocities should equal to the single bubble rise velocity, Uy, in a
large liquid volume. The spatial uniform hold-up, &, is derivable from Eq.(5.1) to get Eq.(5.2)
in a system having low gas hold-up when the liquid motion is negligible.
Ug
€= U (5.2)

Eqg.(5.2) informs that the hold-up is expected to be linearly proportional to the superficial gas
velocity. It has been observed that in an air-water system, the bubble rise velocity is virtually
unchanged as the bubble size increases from 3 to 8mm (Sriram & Mann, 1977 ). Eq.(5.2) has
also been found to hold in a non-uniform bubble cloud over this size range. The expression
in Eq.(5.2) has been found to be applicable at low gas velocity using spargers that generate
small bubbles. The small bubbles were expected to be produced from a uniform gas

distribution limiting the gross circulation effects (Sriram & Mann, 1977 ).

The graphical relation between the gas hold-up and the gas velocity u,; shows an almost
proportional increase until a certain value of gas velocity is attained. Further from the
critical gas velocity value, the rate of increase of gas hold-up fraction fall-off as shown in
Figure 5.2. The rate of increase in hold-up drops at larger gas velocities due to the presence

of larger bubbles and/or the onset of circulation pattern.
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Figure 5.1. The cross-sectional area of bubble swarming in a column (Sriram & Mann, 1977 ).

Considering a general case where a size distribution of bubbles exists and bubbles of

different sizes rise at different velocities, Eq.(5.1) is modified to obtain

Ug

g 1

i
= [ s v@aa, 53
0

In Eq.(5.3), f(dp)ddy, is the volume fraction of bubbles with size between d;, and dj, + dd,
and U(dyp,) is the rise velocity of bubbles of size d;,. When Eq.(5.3) is applied to a gas-liquid
reactor with no liquid motion and no bubble interactions, the overall static hold-up £(0) in a

spatial uniform fluid system is of the form

_Ug/
“O =1 rauayad, (5.4

The bubble interactions usually arise from bubble coalescence and break-up that cause
radial and axial variations in f(d,). If the value of the overall static hold-up and the rise
velocity function U(dj) are known, a size distribution that satisfies Eq.(5.4) could be found.
Theoretically, there are infinite numbers of distribution functional that satisfy the static
hold-up condition of Eq.(5.4) since the number of equations are fewer than the numbers of
unknowns. The problem of lack of a unique solution to Eq.(5.4) is resolved by observing the
dynamic gas hold-up (transient holdup, &(t)) behaviour that occurs after the gas flow is

shut-off.

During the DGD process, larger faster bubbles disengaged more quickly than smaller slower
bubbles due to greater buoyancy effects of the liquid on larger bubbles than smaller
bubbles. Thus, an accurately sized distribution to Eq.(5.4) will then be expected to satisfy the

transient hold-up condition during DGD in addition to the static hold-up.
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Figure 5.2. A relation between the gas void fraction and the superficial gas velocity.

Figure 5.3a shows the gas-liquid dispersion in a BCR containing bubble population of various
sizes before gas was turned off. Figure 5.3b depicts an equivalent manner in which bubbles
of different sizes are stratified as soon as the gas was turned off (Sriram & Mann, 1977 ). The
rates of disengagement of bubbles by their sizes are illustrated in Figure 5.3c, where larger

bubbles disengaged most quickly and smaller ones least quickly.

In the process of DGD, assuming the height of column section is L, and bubbles of size d},

have velocity U(dp), this bubble class will be completely disengaged from the section in

L
U(dp)’

initial axially homogeneous with no significant bubble interactions. In such a system, the

time, t = In a DGD process, it is usually assumed that the bubble size distribution was

fraction of the volume fraction of bubbles of size dj, in the dispersion after time t from the

start of the DGD process will be given by (1 —t U(db)/L). Accordingly, if the static hold-up

£(0) is known, the transient gas hold-up £(t) during DGD at time t will be
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Figure 5.3. Pictorial representation model of bubble size distribution at various time during DGD
process: a) before turning off the air inlet into the column; b) at the instant the air inlet is switched
off; c) after an elapsed time t after turning off the air and in the process of DGD (Sriram & Mann, 1977
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with the boundary condition that | 1 —tU(db)/L is zero when 1< tU(db)/L . The

physical meaning of the condition associated with Eq.(5.5) is that bubbles of size dj, have left

the dispersion after that time.

Since changing pressure p(t) in the process of DGD can be expressed in term of changing

gas void fractions £(t) as

_ Ap _p(®)
= Ganp, =0T, 59)
Eqg.(5.5) can be re-written as in Eq.(5.7).
p© = po® [ 1) | 1=V, )ag, 57
0

Furthermore, the variation in the bubble rise velocities of the different bubble sizes was due
to varied densities of bubble sizes and buoyancy force effects of the liquid on the bubbles.
The term bubble sizes refer to the mean values of the bubble sizes from the grouping of the

bubble population into classes by their sizes and calculating the mean bubble size in every
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class. The fact that bubbles of different sizes rise at different rates could be used to

determine the bubble size distribution using Eq.(5.7).

5.1.1. The previous method of determining bubble sizes based on the DGD
technique

In the work of (Patel, et al., 1989), the height of dispersion during the bubble disengagement
was determined by visual observation in the process of DGD. However, the pressure
transducer signals were used in the work of (Daly, et al., 1992) to measure the rate of liquid
level drop during the bubble disengagement processes. The use of the pressure drop
technique during the DGD processes has benefits over the visual inspection of dispersion
height since it is applicable for both transparent and opaque bubble column vessel. The data

obtained by the pressure drop technique could also be post-processed.

The basic assumptions on the state of the fluid system made by both (Patel, et al., 1989) and

(Daly, et al., 1992) during the DGD process are as follow:

1. The dispersion is axially homogeneous (i.e. the bubble size distribution was initially axially

homogeneous) at time t = 0;
2. There are no bubble interactions (i.e. bubble coalescence and break-up);

3. There is a constant rate of disengagement processes (i.e. all bubbles disengage

independently of each other);

4. The cross-sectional area occupied by bubble rising at velocity, up;, remains constant

throughout the disengagement.

The analysis of the DGD process in the work of (Patel, et al., 1989) differs from that of (Daly,
et al., 1992) in the method of obtaining a balance of the fluid condition. Patel's analysis of
DGD model is based on a balance of the liquid volume. This means the liquid volume
remains constant while the dispersion volume changes during the DGD process. In Daly's
analysis model, a balance was made on the dispersion volume below a pressure transducer,

which remains constant throughout the entire disengagement process.
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Figure 5.4. Gas-liquid dispersion at varied times during DGD: a) at initial time t=0; b) during first
period of disengagement; c¢) during the second period of disengagement (small bubble
disengagement) (Daly, et al., 1992).

Daly’s analysis of the DGD technique for a simple case of bimodal bubble size distribution is
presented, which could be generalised for a multimodal bubble size distribution (Daly, et al.,
1992). Given an initial state of the 2-phase gas-liquid fluid system of Figure 5.4a, a distinction
between large and small bubble sizes can be made under the pressure transducer. The
distinction between the large and small bubble sizes above the pressure transducer cannot

be made since no information of the dispersed phase is obtained there.

Beginning from the first period of disengagement as in Figure 5.4b, the liquid volume passing
below the pressure transducer must be the same as the gas volume composing of small and
large bubbles. The two bubble sizes eventually rise above the pressure transducer. This
means the liquid volume occupies the spatial volume left by the bubble population.
Accordingly, the liquid volume below the pressure transducer at time t can be expressed in

terms of the bubble rise velocities and holdup of small and large bubbles as follows:
H
He(t)Ax = H(0)Ay, — t(UpsAs + UpAL); t < DP/UbL (5.8)

where A4;, A and A, are cross-sectional areas occupied by large bubbles, small bubbles and

the column respectively; Hpp, H:(0) and H;(t) are height of transducer (DP cell) above the
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distributor, height of the liquid above the transducer at time t = 0 and time t respectively;

U, and Uy are rise velocities of the large and the small bubbles respectively.

Dividing every term in Eq.(5.8) by A, and using the definition of g4, =AS/A and
X
_A; . .
EgoL = /Ax' Eqg.(5.8) can be re-written as in Eq.(5.9)

H,(t) = H,(0) - t(Ubssgos + UbLsgoL); t< HDP/UbL (59)

Figure 5.4c is an illustration of the dispersed state of small and large bubbles in the liquid
phase during the second period of disengagement. The height of liquid above the pressure

transducer during the second period can be expressed as

Ht(t) = Ht(tl) - Ubssgos(t - tl); t= HDP/UbL (510)

where H,(t;) is the liquid height above the transducer at the beginning of period 2; t; is the
time at which all large bubbles passed by the transducer (i.e. t; = HDP/UbL); t —ty is the

required time for the remaining small bubbles to disengaged from the liquid.

In generalising the bimodal bubble size distribution illustrated in Figure 5.4a — c to obtain the
expression for the multimodal size distribution, Eq.(5.11) describes the liquid level drop rate

during the disengagement of bubbles of size j.

N
Hy(t) = He(tj—1) — (¢t - tj—l)z Upi€goi; -1 < €< Hor Upj (5.11)
i=j
In Eq.(5.11), the first period of disengagement is denoted by j = 1; the last period of
disengagement is represented by j = N and t, = 0 denotes the time before DGD process
started.
Furthermore, plotting H:(t) vs t in the expression of Eq.(5.11) should yield a series of N
straight lines with slopes S; and inflexion points ¢; (j = 1to N). Thus, the bubble rise
velocities and volume fractions of bubbles in the dispersion at t = 0 can be calculated from
S;j and ¢; using Eq.(5.12) and Eq.(5.13). Eq.(5.13) is obtained by re-expressing Eq.(5.11) with

the inclusion of Sj term.

H
Upj < PP/, (5.12)
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S O i UbiEgoi)/
9oj Upj

(5.13)

The §; in Eq.(5.13) stands for the slope of the disengagement curve corresponding to the
disengagement of bubbles during period t;_; < t <t;; and the time the last bubble size j
passed above the pressure transducer is denoted by t;. To obtain the volume fraction of

bubbles at various disengagement periods t;, Eq.(5.13) is solved recursively starting with

j=N(forj=N,egy = _SN/UbN).

These two approaches to analysing the DGD technique have been shown to yield the bubble
size distribution in the respective article where the basic assumptions of the fluid system are
taken to be valid. The accumulated volume fraction of gas within a known volume of a

bubble column reactor of height H could also be represented as

N

Eg — gg'] (m:l ) ey N) (5.14)

J=m

where g4 ;is gas holdup of certain bubble class disengaging from the bulk liquid phase
during the period m. The largest bubble class that rises fastest will disengage during the
period, m = 1, while the smallest bubble class that rises slowest will disengage during the
periodm = N.

In determining the characteristic times ¢; of bubble size class disengagements, the output
continuous voltage graph that decreases with decreasing liquid depth in a column section
could be discretised into equally spaced intervals and averaged. The output voltage graph
decreases owing to drop in fluid pressure in a column section as a result of aeration of the
liquid phase as measured by the DP technique. For instance, if the output voltage signal
graph was discretized into 120 points, these points could be averaged over every 10 data

points so as to obtain 12 bubble classes (Daly, et al., 1992).

Following such discretization, if the computed slope between successive points was found to
be less than 0.5%, the points between such successive points will be discarded until discrete
points were reached where the gradient was greater than 0.5% (Daly, et al., 1992). These
discrete points, having slopes greater than or equal to 0.5% will then be used as the next
discrete points from the last point where the slope was greater than 0.5%. The set of time
intervals between the resulting sets of valid discrete points was taken as the time periods of

the disengagement of bubble sizes. The time periods were further used to estimate the
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corresponding bubble rise velocities (i.e. the SMB rise velocities) and bubble sizes (diameters

and volumes) of varied bubble size classes.

Furthermore, (Fransolet, et al., 2005) developed an algorithm based on the minimization of
the pressure signal energy in order to determine the slope breaks separating the classes of
bubble sizes. The algorithm involved knowing a prior slope break positions and de-trending
the pressure signals within each of the apriori determined classes in order to remove linear
trend components. The a-prior slope positions were then adjusted so as to minimise the

energy of the de-trended signals.

The stated methods yielded time steps t; when bubble size classes disengaged from the
column. Visual observation of the hydrodynamic process through the present transparent
BCR shows a higher variation in bubble sizes. Thus, it is intended in this chapter to continue
and improve on the methods of characteristic times of bubble size classes disengagement to

obtain higher bubble size resolution.

Given the higher temporal sensitivity of the ERT images to changing gas void fraction, the
time-varying ERT data during DGD process can be interpreted to determine ¢; accurately.
The sensitivity of the ERT data is approximately 500 frames per second with the used ERT
equipment. This new method of interpreting the gas void fractions equivalent of the ERT

ACD with time ¥R (t) during DGD to obtain t; is explained in the next section.

5.1.2. Development of a novel method of determining bubble sizes by the DGD

technique

Bubble sizes were observed to be randomly distributed in the cylindrical space of the BCR
during a steady state evolution of bubble population from the base of the column to its top
as in Figure 5.3a. However, when the gas disengagement process began, the bubbles were
seen to segregate (as in Figure 5.3b). The segregation was such that the mean size of bubble
population class that disengage from any of the column section fastest was the largest class.
This bubble population class was subsequently followed by the larger bubble size class until
the smallest size class disengage from the column section base. During this DGD process, the
bubble population rise through the second, third and fourth column sections before their

exit to the atmosphere (as shown in Figure 4.13).
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The development of the new method of determining bubble size distribution in a column is
based on analysis of the transient gas void fraction captured by the ERT sensor electrode
layers during DGD process. The new method could be viewed as analysing the time-variant
gas void fraction from the start to the end of the DGD process captured by ERT sensors
instead of pressure transducers. The ERT technique has a high temporal resolution and
sensitive to gas void fraction changes across the column cross-sections than the DP method.
Thus, the time tji when bubble size class j disengaged from a layer i along the column axis is

expected to be accurately captured by ERT method than DP method.

The time-variant gas void fraction captured by the ERT method is sensitive to the size and
axial distribution of bubble sizes (Sriram & Mann, 1977 ) (Daly, et al., 1992). The DGD
process sensitivity to bubble size and axial distribution is illustrated in Figure 5.3(a-c) and
Figure 5.4(a-c). Daly related the pressure drop to bubble size and axial distribution by
expressing the liquid volume below the pressure transducer at time t in terms of the bubble
rise velocities and the holdup of bubble size classes (Eq.(5.11)) (Daly, et al., 1992). The
derivation of the balance of dispersion volume below the DP cell for a multimodal bubble
size distribution is given in Eq.(5.11). This equation describes the rate of liquid level drop
during the disengagement of bubble size j (i.e. j = 1,2, ..., N). A diagrammatic illustration of
the balance of dispersion volume for the case of bimodal bubble classes (N = 2) is given in

Figure 5.4(a —c).

Assuming 5 bubble size classes (i.e. j = 1,2,...,5) dispersion in the liquid, Eq.(5.11) can be
expressed as in Eq.(5.15) to Eqg.(5.19). These equation (Eq.(5.15) and Eq.(5.19)) show the
dependence of the time-variant pressure drop on bubble sizes and axial distribution during
DGD. In Eq.(5.15) to Eq.(5.19), the liquid volume drop with time denotes the pressure drop
with time; the bubble rise velocities is represented by the bubble sizes; and the product of
differential time (¢ —t;) and bubble rise velocities accounts for the axial distribution of
bubble sizes. Simplifying Eq.(5.11) that accounts for balance of dispersion volume during the
first, second, third, fourth and fifth period (i.e. j = 1,2, ...,5) of disengagement, Eq.(5.15) to

Eqg.(5.19) are obtained respectively.

H(t) =

(5.15)
Ht(o) - (t - to)(Ublggol + szggoz + Ub3ggo3 + Ub4ggo4 + Ubsggos)
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H(t) = He(ty) — (t — t1)(Up2€g02 + Upz€goz + Upa€gos + Upsegos) (5.16)

He(t) = Hy(t5) — (t — t2)(Ups&gos + Upaggos + Unsegos) (5.17)
Hy(t) = He(ts) = (t = t3)(Upaggos + Ups&gos) (5.18)
H(t) = He(ts) — (t — t4)(Ups€gos) (5.19)

Furthermore, the disparity in the time when the mean bubble size of disengaging bubble
population left a known column cross-sectional area was explored in this work to calculate
bubble size classes. Knowing the time taken for the migration of a change in the gas void
fraction from a plane to a higher plane allows for the computation of the disengaging bubble
size average rise velocity. The average rise velocity is thus calculated as the ratio of axial
length travelled by the ERT gas void fraction change to difference in its arrival time at a plane

and a higher plane.

The disengaging gas volume locally at the time a bubble size class travel along the axial
length of the column was determined using a DP transmitter connected over column
sections. The DP was connected over the second, third and fourth column sections as shown
in Figure 4.13 for the measurements of the local disengaging gas volume. The disengaging
gas volume at know characteristic bubble disengagement times locally could alternatively be
determined from the known local ERT ACD value. This is by substituting the ERT data into a
correlation model for gas void fraction between the ERT data and the DP data for varied gas

flow rates.

With the DP transmitter connected at a local column section, the local ERT data at four
layers and the DP data were captured during the entire DGD period. These simultaneous
local measurements using the DP transmitter and the ERT ring sensors was repeated
following the DP axial movements from a column section to another. Given the stated
assumptions on the fluid state during DGD process, the disengagement process locally was
expected to be same approximately for a given gas flow rate when the gas inlet was turned-
off repeatedly 3 times. The obtained DP gas void fraction data by the axial movement after
each instant of gas turning-off can, thus, be analysed to determine the gas volume locally

during the DGD process.

Beginning from the instant the gas in-let was turned off, gas volume (or gas void fraction)

locally was noticed to decrease progressively with time until it was zero following complete
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disengagement. The graphs of the time-dependent gas volume during DGD processes at

superficial gas velocities of 0.01 m/s and 0.016 m/s are shown in
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Figure 5.5. The local disengaging gas volume with time at the superficial gas velocity of 0.01 m/s
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Figure 5.6. The local disengaging gas volume with time at the superficial gas velocity of 0.016 m/s.
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5.2. Characteristic times of bubble sizes disengagement during DGD process

The method of calculating the characteristic times of disengagement of bubble sizes is based
on the manner of axial transport of local time-variant ERT estimates of gas void fraction
during DGD process. The form of axial transport of the change in gas void fraction was
captured by the ERT sensor as increasing ACD locally in the column. Due to the higher
temporal resolution of the ERT data over the DP data, the ERT data was analysed for the
calculation of the characteristic times of disengaging bubble sizes. The increasing ERT ACD
change along the column sections was tracked to determine the travel times and the lag

times of the gas void fraction in column sections.

The ERT data analysis also included the computation of the time taken for the axial
migration of the ERT TACD estimate for the gas void fraction changes. The analysis then
allowed for calculating the lag times of the gas void fraction changes across the column
planes in order to calculate the accumulated time periods for the disengagement of bubble
size classes. The ERT voltage data used for image reconstruction were averaged over every
two data frames captured within 0.0106 seconds corresponding to a discrete gas holdup

value.

The simultaneous capturing of ERT data over four layers during DGD process motivated its
interpretation for the calculation of the characteristic disengagement times of bubble size
classes. This approach was explored instead of the interpretation of the local gas void
fraction using the DP transmitter. The local characteristic disengagement times of bubble
size classes could not be determined from the DP transmitter data since 3 or 4 DPs
transmitters were not available for simultaneous capturing of local gas void fraction

changes.

However, the use of 3 DP transmitters to capture the gas volume change at the 3 column
sections simultaneously during the DGD process may not yield expected accurate data. This
is because the DP measures changes in gas void fractions (or gas volume) at the column
sections due to the density changes of the dispersed phase in the continuous phase. The
density of the dispersed phase at a column section depends on the gas volume and volume
of the column section. Thus, gas void fraction changes within the column sectional volume
will be less sensitive to disengaging bubble size classes locally compared to the changes at
column cross-sectional area captured by ERT sensors. Although the gas dispersion was not

uniform globally in the column given the axial distribution of gas void fraction obtained in

158



Chapter 4, the gas dispersion was steady radially and axially at local column section. This was
verified by the local ERT 2D images with time at column section and the local DP
measurements as well as visual observation of the local dispersion. Thus, the DGD analysis is
expected to be valid since the assumption associated to the DGD process approximately

hold in the column at steady state.

As an example, the local time-variant ERT images captured at 0.64 seconds time interval
during DGD process at superficial gas velocity of 0.016 m/s are shown (b) of Figure 5.7,
Figure 5.8, Figure 5.9 and Figure 5.10. The diagrammatic illustration of the local column
sections where data were captured are shown in (a) of Figure 5.7, Figure 5.8, Figure 5.9 and
Figure 5.10. The images in Figure 5.7a and similar ones are arranged in order of time
progression from the top left image towards the top right and then downwards with
termination at bottom right. In these figures, the low conductivity region (high resistivity)
corresponds to the deep blue colour, while the high conductivity region (low resistivity)
corresponds to the white background colour. Table A1.11 shows the local time-dependent
ERT TACD (average over two frames) captured during DGD process at superficial gas velocity

of 0.016 m/s.
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(a) (b)
Figure 5.7 . Diagrammatic illustration of the changing gas holdup with time progression on the first
electrode layer during DGD process; (b) ERT images of the air dispersion at gas flow rate of 0.016m/s
at 0.64 seconds time interval during the DGD process on the first electrode layer
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Figure 5.8. Diagrammatic illustration of the changing gas holdup with time progression on the second
electrode layer during DGD process; (b) ERT images of the air dispersion at the gas flow rate of
0.016m/s at 0.64 seconds time interval during the DGD process on the second electrode layer.
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(a) (b)
Figure 5.9. Diagrammatic illustration of the changing gas holdup with time progression on the third
electrode layer during DGD process; (b) ERT images of the air dispersion at gas flow rate of 0.016m/s
at 0.64 seconds time interval during the DGD process on the third electrode layer
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Figure 5.10. Diagrammatic illustration of the changing gas holdup with time progression on the fourth
electrode layer during DGD process; (b) ERT images of the air dispersion at the gas flow rate of
0.016m/s at 0.64 seconds time interval during the DGD process on the fourth electrode layer.

The analysis of the ERT TACD at local sections of the column on Table A1.11 showed a unit
increase in values of the TACD after certain period of time during the DGD processes. The
time-variant unit increase in the ERT TACD was interpreted to mean the gas volume that
composes of a bubble size class disengage from a column section during the characteristic

time of the bubble size class disengagement.

The time a unit increase in the TACD (approx. to 2 s.f) is seen on ring 1 leads the time it is
observed on ring 2. The time the TACD is seen on ring 2 leads the time it is seen on ring 3.
The lead times are illustrated in Figure 5.11 for a bubble size by the time taken for the gray
area at a column cross-section to migrate axially during DGD process. The lag time in the
migration of a void change could be deduced from the (b) in Figure 5.7 to Figure 5.10. The
first four unit changes in the ERT ACD reach electrode layer 2, 3 and 4 relative to electrode

layer 1 by the lag times of 0.3604, 0.5936 and 0.8904 seconds respectively.

Focussing on a certain bubble size class, the contribution of the mean bubble sizes in the
class disengaging at any time will be dependent on the axial spatial location of the reference
mean bubble sizes. Due to buoyancy liquid effects, visual observation of the DGD process

shows that the mean bubble sizes disengaging at any time from any section, démm of the

column having contributions from varied bubble sizes is such that

Apntat > Qeprzae > Qepvzae > diyrane > > A onas (5.20)
for i=1,2,3,4
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By the notation in Eq.(5.20), the duration of DGD process t ranges from t = [t,im-n, t,inax].
The term At is an increment in time from ¢,,;;, when a unit increase in the ERT TACD lasted
at a reference layer including the lag (delayed travel) time from an initial time at gas inlet
stoppage (t,in)- The term 2At is the increment in time when 2 unit increase in the TACD
lasted including its lag time to a reference layer from its value at t,,;,. Likewise, the term
NAt is the increment in time when N unit increase in the TACD lasted including its lag time

to a reference layer from its value at t,;;;, -

[9———»

-——w),
woLE

t=ty, +(N+3)At t =t +(N+4)At

Figure 5.11. Diagrammatic illustration of changing local ERT estimate of gas void fractions with time
during DGD. The sequences of obtained data are shown in Table 5.1. The gray areas at cross-sections
of the ring sensors are proportional to the degree of conductivity at column cross-sections.
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Table 5.1. The ERT void fraction estimates at column sections at varied time during DGD process
illustrated in Figure 5.11

z(em) tmin | tmin+at| tmin+2at| tmin+3at| tmin+4at| tmin+sat| - tmin+NAt tmin+(N+1)Al
1 1 1 1 1 1 1
37 Etmin | Etmintae | Etmins2ae | Etmintane | Etminsane | Etminisae | Etmin+nat 0
2 1 1 1 1 1 1 1
67 Etmin | Etmin Etmintar | Etmin+2ae | Etmin+sae | Etmin+tane 8tmin+(N—1)At Etmin+nat
3 2 1 1 1 1 1 1
93 Etmin | Etmin Etmin Etminine | Etminszae | Etminszae | Stmin+(N—2)At 8tmin+(N—1)At
4 3 2 1 1 1 1 1
124 Etmin | Etmin Etmin Etmin Etminsae | Etminszac | Stmin+(N—3)At 8tmin+(N—2)At
z(em) | tpins(N+2)At Lmin+ (N+3)At Lin+ (N+4)At
37 0 0 0
67 0 0 0
93 &t 0 0
Umin+NAt
1 1
124 Stmin+(N—1)At Etmin+nat 0

Table 5.1 shows the migration of changes in gas void fractions captured by the ERT images as
a unit increase in the ERT TACD at with time (as shown in Table A1.11) during local bubble
sizes disengagement. The manner of the changing gas void fractions in Table 5.1 illustrated
with Figure 5.11 describes the progression of the changing TACD with time during DGD

process as shown in Figure 5.7 to Figure 5.10.

Comparing the changes in gas void fractions at time t,;,;;, to time t,,in+as On Table 5.1, the
1

tmi

gas void fraction ;. at layer 1 at time t;,,;;, has migrated to layer 2 in time t;;n4a¢- The gas
void fraction etzmm at level 2 at time t,,;;;, has migrated to layer 3 in time ¢,,;,+a¢- The lag or
travel time t;';gl for a change in gas void fraction stiminfrom layer i to layer i + 1 is of the

form of Eq.(5.21), where tll;si and tliast are the times when stimmlasted atleveliand i +1

respectively.
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i1 . .
(tmin+At + tllz:—st — (tminttiast) = tllc-{gl (5.21)

Similar migration of changes in gas void fractions from one column section to the other was
noticed comparing the change in gas void fractions in column sections at time ¢y, jar With
time tyint(j+1)ae- Here j = 1, ..., N means the number of periods of disengagements and N

is the last period of disengagement.

The lag time for the migration of a gas void change to reach higher electrode layers with
reference to the base layer 1 was noticed for every unit increase in the local TACD. It was
expected that the lag time would increase as the larger bubbles disengaged from the column
section, resulting in an overall decrease in the average bubble size. Models of lag times
taking note of differences in the lag times associated with the characteristic times of
disengagement of bubble sizes were tested but the computed local BNDD could not be
interpreted. Thus, it was assumed in present work that the successive lower bubble
population sizes disengaged from the liquid at the same lag time as the first bubble size class

with respect to the electrode sensor layers.

Furthermore, the characteristic time for the disengagement of bubbles in a class locally was
calculated from half the sum of the total time a unit change in the ACD lasted and the lag
time to reach the reference column section. This was done since the ACD were calculated
from the electrode layers embedded in the column sections. Thus, the disengagement

period j of bubbles in class size j from column section i was calculated using the expression

of Eq.(5.22).
tL —t!
i i min+jAt min+(j—1)At
ti = bnin+(j-nae + ( > )F
(5.22)
i=1234andj=12,..,N+1
The term tfanAt denotes the time period the gas void fraction associated to a bubble size

j lasted at column section i. The tliag represents the lag or travel time from the first ring
before the first gas void fraction change (i.e. bubble size j = 1) is captured by the ERT
electrode ring embedded in column section i. The term ti, ;. (i.e. tliag ati =1,2,..) denotes
the initial time of the DGD process from when a unit change in the ERT ACD is sensed on

layer i. The lag times tlzag and tfag can be interpreted as the times the first change in gas
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void fraction was detected at layer 2 and 3 respectively relative to layer 1. Thus, in Eq.(5.22),
for j =1, tmin =0, tmim = tigg = 0.3604,  ty,, =ti, =0.5936 and ty;, = th, =
0.8904 . It was observed that a total number of N bubble size classes disengaged from
respective section of the column. The smallest bubble size class N was noticed to disengage

from section 1, 2, 3 and 4 after time tyiny(v+1)aer  Cmint(N+2)at + Cmin+ (v+3)ac @and

tmin+(N+4)At respectively.

5.3. Results: Stages of interpretation of ERT measurements coupled to the DGD

process for the computation of bubble population parameters

The developed new method of interpreting the ERT ACD during DGD is applied in this section
to estimate the axially averaged BNDD (%7 (7;)). In the following variables that will be
defined, the index i denotes the discrete axial length of column (z), which ranges from
i =1,2,3,4. The index j represents the bubble size class that ranges from j = 1,2,3,...,N,
where N is the last smallest bubble size class. The stages of processing the gas void fractions
in terms of the time-dependent ERT ACD data and the disengaging gas volume locally during

DGD are as follows:

In the following paragraphs an example of the method calculating the characteristic
disengagement times of bubbles leading to the determination of BNDD in the column is
provided. The computed local ACD by the difference reconstruction algorithm are stated in
Table A1.11 for gas flow rates at 0.016 m/s. The calculated ACD area values are negative
because of the use of the difference reconstruction algorithm. The time taken to capture
each ERT data frame to calculate the ERT ACD values during DGD was 0.0106 seconds. The
ERT ACD values increase with time during the DGD process from the moment of turning-off

the gas inlet.

Let the initial local times before the DGD process began be denoted by t!;, at section
i=1,2,3,4. The t,inin were calculated by the number count of the ERT ACD values before a
unit change increase that denotes the disengagement of the first bubble size was observed.
The t!,;,, were calculated at section 1, 2, 3 and 4 by counting and tracking the ERT ACD from
when the gas was turned-off to the end of the span of the ACD values of -12, -20, -26 and -
28 respectively of the data in Table A1.11. The characteristic times of the first bubble size

class disengagement locally were calculated by the ERT data frame count of the span of the
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ERT ACD values vyielding -11, -19, -25 and -27 at section 1, 2,3 and 4 respectively. The
obtained counts were 17, 6, 7 and 6 frames, which were interpreted to mean the times

when a change in gas void fraction of the first bubble size lasted at the column section.

The counted number of data frames were divided by 2 and multiplied by the time taken to
capture a frame (i.e. 0.106 sec.) and then added to the initial DGD start time to obtain the
time for the first bubble size class disengagement (i.e. Eq.(5.22)). The characteristic
disengagement time of the first bubble size class from the ERT ACD should be verified by
accurate determination of the time the DGD process actually start. The characteristic
disengagement of the last bubble size class can be determined from the time the last unit
ERT ACD is observed in the column. The counted number of frames were divided by 2 since
the electrode rings were placed at inter-levels between the column sections. The initial
times in terms of the number or span of data frames were 23, 27, 43 and 43 frames
respectively at layer 1, 2, 3 and 4. Thus, using Eq.(5.23) Eq.(5.24), Eq.(5.25) and Eq.(5.26)

respectively the first bubble size disengaged at section 1, 2,3 and 4 to obtain the result in

Table 5.2.
6
1.3780sec = (43 + E) X 0.0106 + 0.8904 (523)
7
1.0865sec = (43 + E) x 0.0106 + 0.5936 (5.24)
6
0.6784sec = (27 + E) x 0.0106 + 0.3604 (5.25)
(5.26)

17
0.3339sec = (23 + 7) x 0.0106

The axial lengths travelled by the bubble population to reach the first, second, third and
fourth electrode layers are respectively 0.24 m, 0.54 m, 0.80 m and 1.11 m. The average
local bubble rise velocities of the first bubble size class was calculated from the ratio of the
axial lengths to the local characteristic disengagement times. The measured average rise

velocities of bubble size classes are shown in Table 5.3.

In estimating the bubble size classes from the observed discrete time steps when the ERT
ACD increases by a unit value during DGD, the DGD process duration period need be
determined accurately. The actual commencement time of the DGD process should be

accurately determined owing to the short period of swirling of the dispersion in the

166



continuous phase after the gas inlet is turned-off. The time the DGD ends should also be
ascertained due to the ill-conditioning of the ERT inverse problem that was solved to obtain

the conductivity values during DGD process.

The sensitivity of the periphery ERT electrode layers to disturbance of the homogeneous
conductive liquid phase by the dispersed phase increases from the centre towards the
boundary of the column. Thus, the change in gas holdup values at much later times during
the DGD may not be accurately interpreted to compute bubble size classes at those times.
Besides, calculations have shown that five bubble classes are sufficient to accurately

determine SMBD (Daly, et al., 1992).

The correlation of Eq.(5.27) that relates the average bubble rise velocity and its SMBD was
used to determine the SMBD of bubble size classes at a known height of the column

(Fukuma, et al., 1987). The calculated results are shown on Table 5.3.

0.59u?;
dsz;j = l']/g

(5.27)

The graph of the local time-variant gas void fraction measured using the DP was analysed to
determine the disengaging gas volume locally during the DGD process (Figure 5.6). The local
time-variant disengaging gas volume can alternatively be calculated by substituting the ERT

TACD during DGD process into the appropriate local graph in Figure 4.18.

The local disengaging gas volumes associated to the disengaging bubble size classes were
determined from the graphs in Figure 5.6 using the characteristic disengagement times of

bubble size classes. The disengaging local gas volume at column section i during the rising of

bubble size class j at a time tl-[,’jGD was computed by deducting a succeeding later volume
(volgi,jﬂ) from a previous volume value (volgi,j) asin Eq.(5.28).

Avol9;; = vol9;; —vol9,; ;4 (5.28)

_ sy,

volgsij = —¢ (5.29)

The calculated local volume equivalents of SMBDs and the measured differential disengaging
gas volume at tffD are stated in Table 5.4 at Ug of 0.016 m/s and Table A1.17 at Ug of 0.01

m/s.
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The ratio of the volume difference AvolY; ; to the volume of its associated SMBD (Eq.(5.29))

of the bubble size class j (volgzll-’j) at the respective time gives the BND value

tPfP
nf’fT(rj) of the bubble size class locally (Eq.(5.31)). Eqg.(5.31) was derived from Eq.(5.30).
This method of computation was adopted for calculating the BND values locally for other

bubble size classes.

®R?H
n(r) = 4——3f(r1) (5 30)
/3 r )
Avol9 ;
ngi (1) = Wu; (5.31)

where n(r;) is volume of gas in a bubble population class divided by mean volume size of
bubbles in the class and f(r;) is the fraction of bubbles with radius ;. The calculated local
BNDD depending on bubble size class at superficial gas velocity of 0.016 m/s are reported in

Table A1.12. The graphs of the data in Table A1.12 are shown in Figure 5.12(a-d).

Table 5.2. The calculated characteristic times for the disengagement of bubble size classes locally in
the column at the superficial gas velocity of 0.016 m/s.

Layer 1 (tZ?D)(s) Layer 2(t]33’?D)(s) Layer 3(t2DfD)(s) Layer 4(t1DfD)(s)
0.3339 0.6784 1.0865 1.3780
0.5247 0.7632 1.1766 1.4999
0.6784 0.8798 1.2402 1.6483
0.7632 1.0229 1.3568 1.8179
0.848 1.166 1.537 1.9716
0.9434 1.3303 1.7225 2.0882
1.0494 1.5052 1.9186 2.2313
1.1978 1.6536 2.0882 2.4592
1.4045 1.7755 2.2578 2.7613

1.8762 2.4486 3.0051
1.9822 2.5917 3.2489
3.5033
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Table 5.3. Bubble rise velocities and diameters of bubble size classes at column sections at the
superficial gas velocity of 0.016 m/s

Lay. 1 Lay. 2 Lay. 3 Lay. 4 Lay.1 Lay.2 | Lay.3 | Lay. 4
(uf) (ué’) (ué’) (UZ) (d§2,1) (dgz,z) (dgzs) (d§2,4)
(em/s) | (em/s) | (em/s) | (em/s) | (ecm) | (cm) | (em) | (cm)
71.88 79.60 73.63 80.55 3.11 3.81 3.26 3.91
45.74 70.75 67.99 74.00 1.26 3.01 2.78 3.30
35.38 61.38 64.51 67.34 0.75 2.27 2.51 2.73
31.45 52.79 58.96 61.06 0.60 1.68 2.09 2.24
28.30 46.31 52.05 56.30 0.48 1.29 1.63 191
25.44 40.59 46.44 53.16 0.39 0.99 1.30 1.70
22.87 35.88 41.70 49.75 0.31 0.77 1.05 1.49
20.04 32.66 38.31 45.14 0.24 0.64 0.88 1.23
30.41 35.43 40.20 0.56 0.76 0.97

28.78 32.67 36.94 0.50 0.64 0.82

34.17 0.70

The ratio of the sum of AvolY;; over local column sections to the sum of local BNDD

ERT
(nz,i

bubble size class j (v_ol?l,’z’j) as stated in Table A1.12 using Eq.(5.32).

—b  _
vol32,j =

3
i=1 A‘UOlgi'j

Z,i

=1ng (17)

(rj)) over local column sections was calculated to obtain the mean volume for a

(5.32)

Table 5.4. The local volumes of SMBDs and the differential disengaging gas volume during DGD at the

superficial gas velocity of 0.016 m/s.

Lay. 1 Lay. 2 Lay. 3 Lay. 4 Lay. 1 Lay. 2 Lay. 3 Lay. 4
(vol%) | (wol%) | (vol%) | (vol%) | (Avol9) | (Avol9) | (Avol9) | (Avol9)

(ecm?) (ecm?) (cm®) (cm?) (cm?) (ecm?) (cm?) (cm?)
15.758 29.066 18.209 31.216 81.64 43.05 54.42 105.1
1.046 14.337 11.290 18.771 36.95 21.19 31.19 110.7
0.224 6.109 8.232 10.657 40.62 56.04 57.18 118.2
0.111 2.473 4.802 5.922 22.85 68.12 89.82 107.1
0.059 1.127 2.272 3.639 16.80 66.76 101.33 141.4
0.031 0.511 1.147 2.578 52.06 50.99 139.02 116.9
0.016 0.244 0.601 1.732 71.61 49.42 126.02 162.2
0.007 0.139 0.361 0.966 50.44 31.71 94.10 177.6
0.003 0.090 0.226 0.482 47.66 98.45 136.6
0.065 0.139 0.290 50.17 70.17 106.5
0.182 187.8
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The axially averaged SMBD (dffg?) over local sections corresponding to the v_olng was
computed using Eq.(5.33) to obtain the results stated in Table A1.12 at u, of 0.016 m/s and
Table A1.16 at u, of 0.01 m/s.

1

——  [(vol?, x6,\3
d§§§=< 32 /7'[) (5.33)

The mean of the local BNDD (r_lfRT(rj)) over local column sections was computed from the
ratio of sum of Awvol9;; over column sections to the sum of volgz_’i_j over the column
sections to obtain the results in Table A1.12 using Eq.(5.34). The graph of the axially
averaged BNDD (global BNDD) depending on logarithm of bubble volume for varied uys

ranging from 0.005m/s to 0.016 m/s are presented in Figure 5.13(a-g).

ZL—IAUOI i
RERT (1) — J
< 00) =S5 o, (5.34)

The mean of the axially averaged SMBD (d3, ,(7)) over all bubble size classes was computed
from the ratio of sum of the product of A£%"(r;) and d55" to sum of AZR"(r;) over all

bubble size classes as in Eq.(5.35). The obtain value for the d3,,(7) was 0.564 cm at

superficial gas velocity of 0.016 m/s.

Z?]=1 T_lgRT (7}')&32,j
N | RERT (r;) (5.35)

d32,z (r) =

The graphs of the local and global BNDD as a function of bubble volume (Figure 5.12 and
Figure 5.13) are parameterised log-normal distribution of the form of Eq.(5.36). The
determined parameters for the log-normal distributions by the method of linear least square
regression explained in Section 4.5.1 of Chapter 4 are stated in Table 5.6 for each graph in

Figure 5.12 and Figure 5.13.

n(v) =

(In(v) — Bu)?
- —> +D (5.36)

A
———eX
vCoV2m p< 2(Co)?
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Table 5.5. The global SMBD(cm) obtained by the coupling of ERT measurements to the DGD for varied
superficial gas velocities

Uy SMBD(cm) | SMBD(cm) | SMBD(cm) | SMBD(cm) | SMBD(cm) | SMBD(cm)
at at at at

(m/s)/ at at

S/N 0.01m/s | 0.009m/s 0.008m/s 0.007m/s 0.006m/s 0.005m/s
1 2.4250 2.1473 1.5849 1.6923 0.9452 1.3619
2 2.1998 2.0104 1.4708 1.2137 0.1530 0.8694
3 1.6193 1.4750 1.1672 0.9792 0.0321 0.5610
4 1.4553 1.1292 0.8394 0.7785 0.0078 0.5032
5 1.2625 0.9820 0.6284 0.6620 0.0029 0.3289
6 0.9869 0.7520 0.4856 0.5221 0.0011 0.2446
7 0.8314 0.5729 0.3252 0.4966 0.0005 0.1583
8 0.6654 0.4375 0.2570 0.3482 0.0002
9 0.5432 0.3328 0.2158 0.2401
10 0.5138 0.2182 0.1608
11 0.4042

171




Bubble no. density dist, N [cm™3]

Bubble no. density dist, N [cm™3]

7000 T
—<— Expt.
©— Model

6000

5000

4000

3000

2000

1000

0 I ! a0 ‘ ‘

-5 -4 -3 -2 -1 0 1 2
Log(Vol(cm3))[]

(a)

800 ‘
—— Expt.
©— Model ||

700}

600 -

500

400 +

300+

200

100

-3

Log(Vollcm3))[]

(b)

172




600 T T
—— Expt.
©— Model

500
400
300

200

Bubble no. density dist, N [cm™3]

100

I I I I I 1 B e P S

0 L 5
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
Log(Vol(cm3))[]

(c)

1200 T
—— Expt.
©— Model

1000 -

800 -

600 |-

400 +

Bubble no. density dist, N [cm™3]

200

Log(Vol(cm3))[]

(d)

Figure 5.12. The local BNDD as a function of logarithm of bubble volume for superficial gas velocity of
0.016 m/s: (a) at Section 1, (b) at Section 2, (c) at Section 3, (d) at Section 4.
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Figure 5.13. The global BNDD as a function of logarithm of bubble volume at varied superficial gas
velocities: (a) at 0.016 m/s, (b) at 0.01 m/s, (c) at 0.009 m/s, (d) at 0.008 m/s, (e) at 0.007 m/s, (f) at
0.006 m/s, (g) at 0.005 m/s.

Table 5.6. The constant values for the log-normal fits of the local and global BNDD at varied gas flow

rates and the statistical error values

Uy(ms™1) | Section | A B C D X2 R* | f-
statistic
0.016 1 |190+1.0 |2.00+0.02|0.454+0.02 5 | 0.04 |0.99| 433.20
0.016 2 | 650+1.0 |2.1040.02 |2.2040.02| 5 | 033 |0.96 | 10431
0.016 3 |670+1.0 |0.45£0.02 | 1.30£0.02| O | 0.11 |0.99| 291.10
0.016 4 | 2650%+1.0 | 0.534+0.02 | 3.40+0.02 | 0 | 0.80 |0.92| 51.74
0.016 | Global | 580+1.0 |1.20+0.02 |2.1540.02| 0 | 0.34 |0.96 | 109.52
0.010 | Global | 370+1.0 |2.50+0.02 | 1.60+0.02 | 8 | 0.09 |0.99 | 443.88
0.009 | Global | 340+1.0 |2.30+0.02 | 0.79+0.02 | 80 | 0.02 | 1.00 | 1498.10
0.008 | Global | 300+1.0 |0.40+0.02 | 1.30+0.02| 0 | 0.10 |1.00 | 310.80
0.007 | Global | 700+1.0 |1.11+0.02 | 1.00+0.02 | 0 | 0.01 | 1.00 | 2149.40
0.006 | Global | 70+1.0 [0.75+0.02 | 1.25+0.02 | 74 | 0.12 |0.98 | 139.10
0.005 | Global | 1754+1.0 |1.00+0.02 | 1.20+0.02 | 100 | 0.03 | 1.00 | 380.40
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The schematic below summarises the necessary bubble population parameters that were
computed in coupling ERT data to the DGD process for the determination of the global BNDD
(ﬁfRT(rj)) for varied superficial gas velocities. The numbering of the connecting lines in the
flow chart below corresponds to the processing stage numbering of the ERT estimates of gas

void fractions in term of the ACD.

7 0 _ 2 6 . HERT DGD 2
Cd i ’ j
9
v > 4
< \ 8 nERT(r ) Y
—b | Zji j
VOl3y,j / 2 d32,i N
11 3
10 |, H < [s
e (WP
dzjj = 6—2L
[ g ] voly,; .
—ERT( )
I <€
Me ] [ 12 :
| 12 S

332,2(F)

Figure 5.14. A flow chart of bubble population parameter computations leading to the determination
of axially averaged BNDD as a function of bubble size and the global mean of bubble sizes in the
column.

Keys: The connecting lines are labelled from 2 to 12, where the start is the brown box

labelled 1.

5.4. Discussion and Conclusions

In the work of (Daly, et al., 1992), bubble sizes were determined by the discretization of the
graph of pressure signals with time measured in a column during DGD process. The bubble
sizes were calculated by dividing the plot of the gas void fraction of bubbles against time
during DGD process into 5 regions (Haibo, et al., 2007). These methods of determining the

bubble sizes by the DGD technique yielded fewer bubble sizes and inaccurately calculated
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SMBD. Thus, the methods were reviewed in this work by an adoption of a new technique for

determining the characteristic disengagement times of bubble size classes.

The new technique entails simultaneously measurement of the time-variant ERT ACD and
the time-dependent gas void fraction locally in the column using a DP transmitter during
DGD process. The ERT and the DP results were used to interpret the ERT ACD values in terms
of the local gas volume in the column at known times. The discrete times when the local ERT
ACD changed by a unit increase during DGD were interpreted for the calculation of

characteristic disengagement times of bubble size classes.

The variation in the time intervals for the unit changes in ACD for varied superficial gas
velocities results in proportionate characteristic times for bubble size class disengagements.
It was noticed that the time intervals for bubble size class disengagements decrease with
increase in superficial gas velocity by the method of the ERT ACD interpretation. The
determined number of bubbles within a class size and the number of bubble size classes
were found to increase with an increase in superficial gas velocity. This is as a result of an
increase in the rate of bubble coalescence with an increase in gas flow rate that produces
bubbles in larger classes before the commencement of the DGD process (Ribeiro & Lage,

2004), (Hashemi, et al., 2016) (Majumder, et al., 2006).

The decreasing conductivity distribution locally and globally with an increase in the
superficial gas velocity is an evidence to the bubble size characterization and the higher
coalescence rates. In addition, the mean bubble size of the largest bubble size class was
observed to increase with gas flow rate increase as shown in Figure 5.13(a-g), similar to the

trend in results by (Majumder, et al., 2006).

The determined log-normal bubble size distribution models are consistent with findings of
(Akita & Fumitake, 1974), (Ribeiro & Lage, 2004), (Majumder, et al., 2006) (Riquelme, et al.,
2016). It was reported in their experimental work that the bubble size distributions in a
column at the superficial gas velocities studied are log-normal distributions. The
photographic technique was utilized to capture bubbles in a direct—contact evaporator
system and during the absorption of air in varied liquids in the work. The bubble size
distribution obtained indicates that the inlet bubble size distribution at the base of the first

column section was a log-normal distribution.

179



This distribution of bubble population was then influenced significantly by laminar fluid
effects during bubble disengagement to yield varied parameterized log-normal distributions
at higher column sections. The range of bubble sizes also confirms the results obtained in
the work by (Akita & Yoshida, 1974) (Bhavaraju, et al., 1978). The smallest bubble size at the
first column section and the smallest globally for varied superficial gas velocities are
consistent with the bubble size distribution leaving the gas distributor orifices (Bhavaraju, et

al., 1978) (Leonard, et al., 2015).

In order to calculate the bubble sizes leaving the orifices on the surface of the tubular
porous gas sparger in relation to the locally captured bubble sizes, Eq.(5.37) can be used
(Bhavaraju, et al., 1978). The Eq.(5.37) is valid if the volumetric gas flow rate per orifice Qy is
less than the translational volumetric gas flow rate Q1 of the flow regime (i.e. Qy < Q7).
B [ 60d, ]1/ 3 (5.37)
Bo = | =, ——

9(pL = pe)
The Q7 was defined as in Eq.(5.38) and Eq.(5.39) depending on the bubble Reynolds number

ReB

4
_ ng(pL-pe) [_69dy_ 173 (5.38)
Qr = 108y [Q(PL—PG)] for Rep <1
5
[ 60d, 176 (5.39)
=0.38g /2 [—] or Ry » 1 :
Or 92 g —pol T Res

The theoretical correlation of Eq.(5.37) was validated by considerable experimental evidence
(Van, et al., 1950) (Datta, et al., 1950). The limits of the regime where Eq.(5.37) is valid as
derived by (Van, et al., 1950) are

1
031] (od,)* 173
o= [g((paL —)pa)] for Rep <1 (540

od
Qy < 1.66[ - 2(
pP°9°(pL

In Eq.(5.37), d, and dp, are the orifice diameter and the bubble diameter at very low gas

(5.41)

)5 /6
O_ Pc)z] for Reg > 1

rates respectively. The relations in Eq.(5.37) and Eq.(5.38) show the bubble volume is
proportional to the gas flow rate (Francesca, et al., 2014). For superficial gas velocities
ranging from 0.005 — 0.04 m/s, the hydrodynamic flow regimes lie in Taylor’s regime range
defined by R,z > 1. The used tubular gas distributor is of height 0.265 m and radius 0.015
m with each orifice having diameter 250micrometer (250 x 10~®m). Substituting the values
of the fluid physical conditions of density and surface tension as well as the orifice diameter
into Eq.(5.39) and Eq.(5.41), Qr equals 2.79 x 10~7m3/s and the upper bound limit of
Eq.(5.41) is 2.74 X 107%m3/s .
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The total curve surface area of the tubular gas distributor is 249.79cm?. The number of
orifices on the surface of the gas distributor was calculated from the ratio of the total curve
surface area of the distributor to the area of each orifice to obtain 5.09 x 10°. Assuming
that the maximum inter-orifice spacing is the area covered by 20 orifices, the fewest number
of orifices on the gas distributor will be 2.54 x 108. This number of orifices supports the
assertion that the porous sparger has an advantage over perforated distributors or other gas
distributors since its produces millions of small bubbles contacting offering a higher

interfacial area for effective mass transfer rates (Mott, 2006).

Using the calculated number of orifice, 2.54 X 108, the volumetric gas flow rate per orifice
Qy at a superficial gas velocity of 0.016m/s is 4.20 X 10™12m3/s . Since Qy < Qr and Qy is
less than the upper bound of Eq.(5.41) for R,g > 1, Eq.(5.37) was used to calculate the

bubble diameter leaving each orifice of the sparger to obtain 2.2mm.

For superficial gas velocity of 0.016 m/s, the smallest bubble size at Section 1 and globally
are 2.4 mm and 3.9 mm respectively. The smallest bubble size at first layer is consistent with
the predicted bubble size of 2.2mm leaving the orifices given the orifice diameter and

operational conditions in the column (Bhavaraju, et al., 1978).

The liquid phase region above the gas distributor can be divided into two regions (Bhavaraju,
et al., 1978). In region 1 that is directly above the gas distributor, the bubble population
properties are determined by the bubble formation process at the orifice. The size of
bubbles produced by a porous sparger depends on the orifice size distribution and generally
follows a unimodal or bimodal distribution (Nikolaos, et al., 2007). The region 1 is also
characterised by non-uniform distribution of bubbles across the cross-section of the vessel
in which there are multiple orifices (Bhavaraju, et al., 1978). The bubbles originating from
the sparger orifices are different in size from the bubbles rising through the main part of the

column under normal operating conditions (Akita & Yoshida, 1974).
In region 2 that is directly above region 1, the bubble properties are determined by the bulk

liquid motion, which cause bubble breakup and coalescence (Bhavaraju, et al., 1978) (Akita

& Yoshida, 1974). In this region, under normal operating conditions in practice, the sizes of
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the majority of bubbles depend mainly on a balance between the bubble coalescence and

breakup rates (Akita & Yoshida, 1974).

The mean SMBD at the plane of the first electrode ring given the gas void fractions at varied
superficial gas velocities were calculated using Eq.(5.42) and Eq.(5.43) (Akita & Yoshida,
1974) to obtain the result in Table 5.7.

P05 [ g 0.1

o =13 (%) (&) perer (542)
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Table 5.7. Calculated SMBD at the base of the first column section based on the gas void fractions and
interfacial area for varied superficial gas velocities

Uy (m/s) SMBD (mm) Interfacial area (1/m) &g (%)
0.005 6.2 12.54 1.30
0.006 6.1 14.63 1.49
0.007 6.0 17.54 1.75
0.008 5.9 19.37 191
0.009 5.9 20.63 2.02
0.010 5.8 22.72 2.20
0.016 5.7 28.64 2.70

The mean bubble sizes at the base of the first column section on Table 5.7 falls within the
range of bubble sizes captured by the coupled ERT measurements to the DGD process of
Table 5.5 and Table 5.3. The experimental studies by (Laari & Turunen, 2003) as well as the
validated simulation studies by (Sattar, et al., 2013) of an air-water 2-phase flow show the
SMBD increases with increase in column height to 1.5m. The studied superficial gas
velocities by the authors are 0.01, 0.02, 0.06 and 0.08 m/s. Further from the 1.5m height of a
column designed with a porous gas distributor, the SMBD was noticed to be approximately

steady with column height.

The smallest bubble sizes for varied gas flow rates studied are also shown in Table 5.5.

Relating the bubble diameter at the gas distributor surface to the range of global bubble
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sizes for each gas flow rates (i.e. Table 5.5), the bubble population underwent varied
magnitude of collision frequencies at different liquid regions during their axial evolution.
This means the bubble collision frequencies resulting in bubble coalescence rates at the
liquid region 1 differs from that at the liquid region 2 (Sailesh. B, et al., 1997). The bubble
sizes are approximately uniformly distributed at the liquid region 2. The collision frequencies
produced by millions of bubbles at different liquid regions will be determined by the PBM
simulation in the following chapter. This is possible since a comparison of the calculated or
measured bubble size distribution or the calculated or measured SMBD allows for
determining the coalescence and breakup parameters in the column (Laari & Turunen,

2003).

From the log-normal distributions of bubble sizes at column sections, the axially averaged
BNDD was computed to allow for determining the global bubble size distribution in the
column. Accordingly, the mean of the entire bubble population sizes was calculated to
obtain 0.584 cm for the superficial gas velocity of 0.016 m/s. Moreover, the obtained local
and global BNDD validate the effectiveness of the DGD technique for the analysis of bubble
population parameters: the time-variant gas void fraction, SMBD and BNDD of bubble size

classes in a BCR.

Thus, the ERT data captured during DGD has provided data for interpretation of ERT
reconstruction of air dispersion to yielding information on bubble population properties in a
non-invasive, a simple and at a low capital cost means. These bubble parameters could only
be measured alternatively by measurement techniques that yield a high spatial resolution.
However, the alternative techniques may be intrusive, bulky and expensive, such bubble size
analysers, conductivity probe technique and optical probes. Based on the validity of the
results, the developed new technique forms a contribution to the methods of interpreting
ERT images captured during DGD process for bubble population properties computation in a

column.
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Chapter 6

Bubble Population Parameter Measurements by the Method of Modelling

of the Bubble Population Swarming in a Steady State Process

The interpretation of the local ERT TACD to yield local gas void fractions of bubble
population swarming at steady state in a column has been reported in Chapter 4. However,
the local gas void fractions parameter of bubble population are not sufficient to characterise
column operations. Other more representative parameters include the local bubble size
profile (BSF), the BNDD of bubble sizes, bubble population coalescence and breakage rates.
The representative parameters that yield detailed spatial information of bubble population
are useful for computing column hydrodynamic parameters. Typical BCR hydrodynamic
parameters for column scale-up and design are the volumetric gas-liquid mass transfer rates,

gas-liquid interfacial area, the intensity of mixing of the multiphase system and local SMBD.

The ERT images captured during DGD process were analysed in Chapter 5 to determine
bubble size profile and BNDD in the column. The BNDD resulting from analysis of the time-
variant ERT images of DGD process is useful for validating an advanced interpretation of ERT

images of a steady-state multiphase process at higher spatial resolution.

Since the central objective of this study is to predict the steady-state hydrodynamic
parameters of a 2-phase gas-liquid flow, ERT images of steady-state dispersion are
anticipated to allow for the achievement of the objective. Without the coupling of the ERT
data to a physical system model, ERT measurements may not be interpretable to predict
hydrodynamic parameters owing to its low spatial resolution. However, the ERT technique
allows for imaging the dispersion at high temporal resolution. This capability of the ERT
technique will be harnessed to enhance the interpretation of ERT images for predicting

steady-state hydrodynamic parameters in a column.

Achieving the stated objective will be investigated through hybridizing ERT measurements to
PBM for the calculation of the parameters of evolving bubble population at steady state in a
column. The bubble coalescence and breakage phenomena describe the bubble population

interactions influencing their properties during axial swarming in a column.
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6.1. General mathematical framework of a PBM

The particle population in a certain state can change in a closed system due to particle
fission or particle agglomeration. The following definitions are made in describing changes in
particle states arising from particle interactions as explained in Section 2.9.1 and 2.9.7 of
Chapter 2. Let the individual particle state be described by a scalar variable x, while lies on
the positive real line. The variables may be size variables such as diameter, volume or mass.
Let the probability of growth owing to mass transfer from the surrounding continuous phase
be at a rate X, depending on x. Let the probability that there is a particle in state (x, x + dx)
at time (t, t + dt) due to particle fission be denoted by f; (x, t + dt)dx.

In order to derive an expression for f;(x,t + dt)dx, particles may be found in a state
(x,x + dx) at a time interval (t,t + dt) through either of two mutually exclusive ways

explained in detail in Section 2.9.7 of Chapter 2 obtain Eq.(6.1).

8fy , SUfi]
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X

Eq.(6.1) is the PBM framework for the unsteady-state advection transport of f; under the

influence of bubble breakage phenomenon leading to bubble birth and death.

In modelling the agglomeration phenomenon leading to changes in the particle state in a
system, let the particle probability in a state (x, x + dx) at a time interval (¢, t + dt) due to
agglomeration events be given by f;(x,t + dt)dx. Eq.(6.2) describes the unsteady-state
advection transport of f; under the influence of bubble agglomeration phenomenon leading
to bubble birth and death. Eq.(6.2) is obtained by simplifying the re-defined f; as in Section
2.9.1 of Chapter 2.
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When Eq.(6.2) is combined with Eqg.(6.1) accounting for events leading to particle being in
state (x,x + dx) at time (t,t + dt) by agglomeration and fission phenomena, Eq.(6.3) is

obtained.
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which is the framework of the general PBM of particles in a state in a continuous system.
6.2. Adaptation of the general PBM to a PBM suitable for description of a BCR

The general PBM framework is used to describe a balance of BNDD depending on bubble
size class (state of countable entities) of bubbles (particles) in a liquid medium, water
(continuous system). The discretised variable is the bubble size of a bubble population
having different number densities. The column is compartmentalised along its axial length
into discrete sections such that the outlet BNDD obtained from a PBM solution in a local

section is the inlet BNDD at a higher axially placed local column section.

Using this PBM framework, the BNDD varies in space and time due to combined phenomena
of bubble coalescence (particle agglomeration) and bubble breakage (particle fission). Let
the BNDD varying in space and time t be represented by n(v, X, t). Thus, total number of
bubbles in a bubble size class within the range [v,v + dv] occupying spatial range

[X, X + dX] within a time interval [¢t, t + dt] will be of the form n(v, X, t)dv, dX, dt.

The bubble population in the class [v, v + dv] can change within the time interval [t, t + dt]
when bubbles in bubble classes larger than [v, v + dv] break within the time [t,t + dt] to
yield bubbles in class [v, v + dv] within time [t, t 4+ dt]. This means bubble breakage events
leading to bubble birth. Bubbles in bubble class [v, v + dv] can also breakup within the time
[t,t + dt] to yield bubbles in lower bubble classes, i.e. bubble breakage leading to bubble

death in the class.

The bubble breakage phenomenon is as a result of the collision of bubbles with turbulent
eddies in the liquid phase. Let the mean number of daughter bubbles formed from the
break-up of a mother bubble of size v be denoted by m(v)[unit]. Let the probability density
function of daughter bubbles, v’, generated from the rupture of a mother bubble of size v
be denoted by f(v',v)[m™3]. Let the break-up frequency of bubbles of size v’ be denoted
by g(v')[s™1] and let the BNDD be denoted by n(v, X, t) [m~3]. Thus, the bubble breakage

rate is expressed as a product of m(v), f(v',v), g(v') and n(v, X, t). The breakage rate
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leading to change in BND value of bubbles in a class [v, v + dv] with time [t,t + dt] as a
result of bubble breakage leading to bubble birth and death are stated in Eq.(6.4) and

Eq.(6.5) respectively.
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Similarly, the equivalent phenomenon to particle agglomeration changing particle
population in a continuous system is bubble coalescence events causing changes in BND
value of bubble classes. The bubble population in a class range [v,v + dv] can change
within the time interval [t, t + dt] owing to bubble coalescence phenomenon. During these
events, bubbles in lower bubble classes to [v, v + dv] coalesce to produce bubbles in bubble
class [v, v + dv] within time [t, t + dt]. This implies bubble coalescence events leading to
bubble birth. The bubble population of class [v, v + dv] can also change within the time
interval [t, t + dt] due to bubble coalescence events in the class [v, v + dv] with bubbles in
other classes than [v, v + dv] within time [t, t + dt]. When these events occur, the bubble

coalescence events lead to bubble death.

The specific bubble coalescence rate is defined as the product of bubble collision frequency
and coalescence probability. The bubble coalescence rate between bubble size [v, v + dv]
and size [v' —v,v' —v + d(v' — v)] leading to either bubble birth or death in a bubble
class [v,v + dv] within a time interval [t,t + dt] can, thus, be expressed as Eq.(6.6) and

Eq.(6.7) respectively.

,UI

1
Ef nw, X, t)n(v' —v,X,t)q(v,v' — v, t)dv (6.6)
0

n(', X, t)foon(v,X, t)qv,v',t)dv (6.7)
0

Combining the phenomena of bubble coalescence and breakage affecting the bubble
population in a class [v/, v' + dv'] within time [t, t + dt] results in Eq.(6.8) similar to Eq.(6.3)

in the case of particles system.
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The first term on the left-hand side (LHS) of Eq.(6.8) is the unsteady state term that models
the changes in n(v, X,t) with time. The second term on the LHS models the advection
transport of n(v, X, t) depending on bubble sizes, v', changing in space. The first and second
terms on the right-hand side (RHS) denote the breakage phenomenon of bubbles leading to
bubble birth and death respectively. The third and fourth terms on the RHS stand for models

of bubble coalescence phenomenon leading to bubble birth and death respectively.

The experimentally validated coalescence rate developed by (Prince & Blanch, 1990)
expressed in the form of the product of bubble coalescence probability and the sum of
bubble collision frequencies due to turbulence effects, buoyancy effects and laminar effects

as in Eq.(6.9) was explored in this work

dit
qv,v' —v) = <4/3 (bt + 1) (d—Rl) + AS;j (wri - urj)

+0.357B(dy; + dyy) e /3 (dy /2 6.9)
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where the bubble rise velocity u,[ms™1] and cross-sectional area of collision Sl-j[mz] in

Eq.(6.9) are

—(2'14U+0505 d)l/z-s =T, +d,)?
Uy = oudy L2Uogay ; ij—4( bi bj) (6.10)

The bubble collision time ¢;;[s] as well as the bubble coalescence time 7;;[s] as in Eq.(6.9)

are defined respectively as in Eq.(6.11)
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In addition, the bubble breakage rate model developed by (Martinez, et al., 2010) was
explored in this work for bubble breakage rates modelling. The development of the bubble
breakage rate was based on the balance between surface restoring force due to surface
tension and turbulence stress force by eddies on bubble surface. The development lead to
the obtained expression for breakage frequency g(v)[s™!] of Eq.(6.13), daughter bubble
size distribution f(v'; v)[unit] of Eq.(6.14), and function of daughter bubbles formed from a
parent bubble m(v)[unit] of Eq.(6.15). The explored breakage rate model is based on the
assumption that upon breakage, a bubble split into two daughter ones, which is the basis for

Eq.(6.15).

gw) = @)1/3 (613)
V3
sy
fhv) = f;m.ax [V*Z/g B 65/3] [(1 B V*)Z/g B 55/3] qv- (6.14)
m(v) = 2 (6.15)

During the ERT data capturing for imaging the steady-state dispersion, bubble population in
size classes were noticed to change as bubble swarm axially due to significant coalescence
and insignificant breakage phenomena. The size distribution of the bubble population was
not noticed to vary along the radius significantly comparing captured images at sub-sections
in a column section. The sub-section or minor section images at a major or column section
were obtained from multiple 2D slices of 3D images at major local sections (i.e. any of the
four column sections). The radial variation of the captured images along the major sections
is on the account of the axial variation of the gas void fraction at uniform laboratory

temperature of 25 degree Celsius. The axial variation of the gas void fraction was as a result
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of the use of a porous tubular gas distributor mounted at the centre of the base of the

column.

The computed local ERT ACD that was approximately the same at minor discrete sections
within any of the four major local sections was steady with time for all gas flow rates. The
dark area region covered by bubbles on each sensor layer was approximately the same at
minor sections of any of the four major sections. This shows there were negligible radial

changes in the axial dispersion at a major column section.

Thus, a steady quasi-one-dimensional PBM as in Eq.(6.16) was used to simulate the balance
of BNDD based on the balance of gas volume in bubble classes, which change during the
advection transport of bubble population axially in the column.
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Eq.(6.16) is a non-linear system of N equations (for N bubble size classes) given that the
dispersion processes were in an isothermal state. The axis-variant gas void fraction
depending on superficial gas velocity obtained in Chapter 4 will be used as the inlet

boundary conditions at the base of major column sections.

6.3. Method of PBM solution and results

In solving Eq.(6.16), the minimum and maximum of the range of mean bubble sizes of varied
bubble classes determined by ERT measurements coupled to the DGD process were divided
into 30 classes. An assumed inlet BNDD leaving the surface of sparger was used for the inlet
bubble size distribution. The PBM was solved by the method of class allowing to solve for
the changes in bubble population in each bubble class as a result of bubble coalescence and

breakage phenomena.
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The column was compartmentalised into discrete sections to solve for changes in bubble
population in each bubble class along the column axis. Each section height was within an
interval [z,z + dz]. The PBM was solved while ensuring a balance of the gas volume at
discrete column sections during bubble axial swarming under coalescence and breakage
events. The 2D PBM was solved by axial column sectioning such that the outlet BNDD at the
first discrete column section was used as the inlet at the second section. Similar PBM
boundary condition definition approach was used at higher axially placed column sections.

This sectioning approach is consistent with the adopted technique by (Luo, 1993).

The bubble sizes, BNDD and gas void fractions at the inlet base plane of the first column
section need be known as required boundary conditions to solve the PBM. The boundary
condition is useful for calculating the changes in BNDD depending on bubble sizes and axial
spatial position of bubbles in the column. The local gas holdup fractions of Chapter 4 and the
range of the minimum and maximum global bubble sizes of Chapter 5 for the superficial gas
velocity of 0.016 m/s were used a boundary condition. The range of the bubble sizes was
divided into 30 classes and a log-normal distribution of the bubble sizes was used as the inlet
BNDD at the gas flow of 0.016 m/s. The inlet BNDD was assumed by multiplying the standard
deviation parameter of the BNDD by 0.15 to ensure the distribution is less skewed to the left

of the bubble size range.

The parameters, A, B and C, of the specific coalescence rate q(v, v’ — v)[m3s~1] were not
parameterised (l.e. A = 1; B = 1; C = 1) and mean of the logarithm of bubble volumes, y;,
was multiplied by 1.03 (i.e. y; = 1.03u). The integrand terms of the coalescence and
breakage rate models were computed using the trapezoidal method with fine grid steps to
ensure accurate computations. By the formulation of Eq.(6.16) and given the boundary
conditions, the BNDD at other discrete axial column height were calculated using MATLAB
ODE45. The MATLAB ODEA45 is suitable for solving PDEs given the dependency of the source
term models on the BNDD.
ugon(v', z;) ,
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The sensitivity of the BNDD n(v',z) as in Eq.(6.16) to each phenomenon of bubble
coalescence and breakage rates was tested assuming the following conditions in the column:
1) A less turbulent fluid flow regime having a Weber number less than the critical Weber
number of 2.3 before breakage processes begin (Laari & Turunen, 2003) (Prince & Blanch,
1990). At this critical Weber number, the breakage rate process is zero as in Eq.(6.18). The
Eq.(6.18) was solved at the superficial gas velocity of 0.016 m/s while ensuring the balance
of the gas void fraction axial distribution as obtained in Chapter 4 to obtain the results of

Figure 6.1, Figure 6.2 and Figure 6.3.

Figure 6.1. Bubble coalescence rate as PBM source term resulting in BNDD of bubble birth and death

at a discrete axial column length (approx. Inlet region) at the superficial gas velocity of 0.016 m/s and
gas void fraction of 2.7%.
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Figure 6.2. The BNDD at column axial lengths from PBM solution having coalescence source term only
with the conservation of the axial distribution of gas void fraction.
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Figure 6.3. The BNDD at column axial lengths from PBM solution having coalescence source term only
with the conservation of the axial distribution of gas void fraction in 3D.
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Notably, in the PBM solution of Figure 6.3, the elemental column height at the first and
second column sections was 1.25 cm. At the third and fourth sections, the values were 0.65
cm and 0.75 cm respectively. The low elemental volume at Section 3 relative to Section 4
accounts significantly for the low magnitude of BNDD at Section 3 compared to Section 4 as
shown in Figure 6.3. The local gas void fractions are conserved for the PBM results of Figure

6.3.

At first and second sections, the local BNDD is lower to that at the fourth section and higher
than that at the third section due to the differences in the local void fractions and elemental
section volumes. The disparity of the local BNDD at the elemental volume of Section 3 and 4

results owing to the closeness of the local gas void fractions at Section 3 and 4.

The coalescence rate is the product of coalescence frequency and coalescence probability.
The coalescence rate model developed by (Prince & Blanch, 1990) was used as the source
terms model of Eq.(6.18). Using the coalescence rate models without correction, it was
noticed that the gas void fraction (or total volume of gas) at the discrete axial length of the
column, where BNDD was computed, was not conserved. Thus, the coalescence rate model
leading to bubble birth was corrected as in Eq.(6.19) in order to ensure the total volume of

gas was conserved at all discrete height of column where n(v, z) was sought.

The correction model to the bubble birth coalescence rate from the computed bubble birth
and death coalescence rate models by (Prince & Blanch, 1990) to ensure volume
conservation are as follow: Let the coalescence rate leading to birth of bubbles be
represented by CB (vector space); the coalescence rate resulting in death of bubbles be
denoted by CD (vector space) and volume of bubble sizes be represented by V (vector

space), then

Vmin

_B _ fVmin ﬁdv (619)
- v
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At the superficial gas velocity of 0.01 m/s, the gas void fractions (total volume of gas) at the
discrete height of the column without and with correction are shown in Table A1.15 in the
appendix. The gas void fractions in Table A1.15 are represented with the following

notations: % - Gas void fraction using corrected model, £’™- Gas void fraction using
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uncorrected model, Asl-cor— Difference in the gas void fractions for the corrected model and

Aef°"- Difference in gas void fraction for the uncorrected model.

In Figure 6.1, the graph with legend ‘bubble death by coalesce. events’ [m™3] is the product
of coalescence rate resulting in bubble death [m~3s71] and elemental time step [t,t + dt]
[s™1] contributing to the BNDD at z = 1.19c¢m. The legend ‘bubble birth by coalesce.
events’ [m~3] is the product of coalescence rate resulting in bubble birth [m=3s™1] and

elemental time step [t, t + dt] [s™1], contributing to the BNDD at z = 1.19cm.

Figure 6.2 and Figure 6.3 show the n(v,z) resulting from solving Eq.(6.18) at discrete
column height within the range [0, 1.295 m] at stated heights in the legend. The measured
gas void fraction axial distribution as obtained in Chapter 4 at the superficial gas velocity of

0.016 m/s was used as the boundary conditions appropriately.

Figure 6.4. Bubble breakage rate as PBM source term resulting in BNDD of bubble birth and death at a
discrete axial column length (approx. Inlet region) at superficial gas velocity of 0.016 m/s and gas void
fraction of 2.7%.

195



x 10

25
n(v,z=0cm)
n(v,z=1.33e-2cm)
2 n(v,z=28.81cm)
| n(v,z=76.51cm)
! n(v,z=89.01cm)
n(v,z=107.50cm)
— 1.5¢ n(v,z=129.50cm) ||
[32)
E
a
a)
Z
o 1F i
0.5 i
0 | | L L
0 0.5 1 1.5 2 2.5 3

Bubble Vol. [m3] x 10°

Figure 6.5. The BNDD at column axial lengths from PBM solution having breakage source term only
with the conservation of the axial distribution of gas void fraction.
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Figure 6.6. The BNDD at column axial lengths from PBM solution having breakage source term only
with the conservation of the axial distribution of gas void fraction in 3D.

2) In a very dilute system, the rate of bubble coalescence is zero by the description of
Eq.(6.17). Using the same inlet BNDD, bubble sizes and gas void fraction to obtain the results
in Figure 6.1, the PBM of Eq.(6.17) having breakage rate source and sink terms models only

was solved. The breakage rate model is a product of breakage frequency g(v), probability
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density function of daughter bubbles f(v’;v), BNDD n(v,z) and function of daughter
bubbles formed from the breakage of a mother bubble m(v). The g(v) as in Eq.(6.13) was
multiplied by constant 0.76 (E = 0.76) proposed by (Mitre, et al., 2010) and integrated in
solving the PBM of Eq.(6.17) to obtain results shown in Figure 6.4, Figure 6.5 and Figure 6.6.

The graphs with the legend ‘bubble birth by breakage events’ and ‘bubble death by breakage
events’ [m™3] in Figure 6.4 are the product of breakage rate resulting in bubble birth and
death [m™3s71] and elemental time step [t,t + dt] [s™1] contributing to the BNDD at
z = 1.87cm. Figure 6.5 and Figure 6.6 show the resulting BNDD due to the phenomenon of
bubble breakage leading to bubble birth and death at stated column heights denoted in the
legend. The gas void fraction at discrete column heights was conserved for the solutions in
Figure 6.5 and Figure 6.6. Thus, there was no need for correcting the breakage rate leading
to bubble birth and death.

Thereafter, the effects of the combination of coalescence and breakage rates models on the
BNDD at specific column heights was examined by solving the PBM of Eq.(6.16). The same
specific coalescence rate and breakage frequency models that yielded the solution of Figure
6.1 and Figure 6.4 were used to solve the PBM of Eq.(6.16). The obtained solutions to the
PBM of Eq.(6.16) are shown Figure 6.7(a-b).

x 10°
2.5 T
n(v,z=0cm)
—+— n(v,z=5.32e-2cm)
n(v,z=36.26cm
A ( )]

—+— n(v,z=75.49cm)
n(v,z=92.52cm)

—+3— n(v,z=108.23cm)

—+H—n(v,z=129.50cm) ||

o B e B W v
(o= e

0.5 1 15 2 25 3
Bubble Vol. [m3] x 10°

(a)

]
]

197



0.4
ng 0B

3 3 :
Bubble val. [m™] 1.4 Column height [m]

(b)

Figure 6.7. The BNDD along column height resulting from solving a PBM with the source and sink
terms of breakage and coalescence rate models: (a) the BNDD at discrete column height in 2D; (b) the
BNDD at discrete column height in 3D.

Given the fluid state physical properties, the geometric column dimensions and operational
conditions in the column at a superficial gas velocity of 0.016 m/s, the Reynolds number of
the air-water fluid flow system was found to 4640. This Reynolds number indicates that the
fluid flow regime was turbulent where the axial bubble swarming was influenced
significantly by the bubble coalescence and insignificantly by breakage rates phenomena. At
the superficial gas velocity of 0.01, 0.009 and 0.008 m/s, the Reynolds numbers are 2900,

2610 and 2320 respectively indicating the fluid flow regimes are translational.

The fluid flow regime at superficial gas velocities lower than 0.008 m/s is laminar flow since
the Reynolds numbers are less than the critical Reynolds number of 2300. Thus, the bubble
evolution process at superficial gas velocities less than or equal to 0.01 m/s was controlled
by bubble coalescence events majorly and by negligible bubble breakage events (Mitre, et
al., 2010). The computer codes for solving the PBM as well as the PBM source and sink terms
models of bubble coalescence and breakage leading to either bubble birth or death are in

Appendices C1 to C6 respectively.
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6.4. Discussion and conclusions

In deriving a PBM that allows for the computation of the BNDD n(v,z), a number of
breakage rate models and coalescence rate models were explored. A balance of gas volume
at discrete column sectional volume was not obtained with many of the models except for
the coalescence rate model developed by (Prince & Blanch, 1990) and breakage rate model
developed by (Martinez, et al., 2010). In particular, the breakage rate model by (Martinez, et
al., 2010) was suitable because its development included the contributory factor of

probability density function of daughter size distribution.

The Weber number at the highest superficial gas velocity of 0.016 m/s was 1.02, which is
less than the critical Weber number of 2.3 when the phenomenon of bubble breakage is
observed in fluid systems. At the highest superficial gas velocity, the fluid flow regime was
turbulent, while at the value of 0.01, 0.009 and 0.008 m/s, the fluid flow regime was
translational. The fluid flow regime was laminar at the superficial gas velocity less than 0.008
m/s with respect to the operational conditions and column geometric dimensions. Thus, the
changing BNDD during axial bubble swarming was influenced majorly by bubble coalescence

events at all the superficial gas velocities studied.

In this work, the change in n(v,z) was noticed to occur at steady-state and in the axial
direction of the column as verified by the local ERT 2D images of dispersion. Accordingly, a
2D advection-dispersion of BNDD governed by the phenomena of bubble coalescence and
breakage within the framework of PBM was developed to compute the n(v, z) in the axial

direction of the column.

The bubble size, BNDD and gas void fractions determined from ERT measurements coupled
to DGD process were used as the required boundary conditions for the PBM. The motivation
for using these bubble population parameters from ERT measurements as boundary
conditions was to allow for the computation of n(v, z), the coalescence and breakage rate.
The coalescence and breakage rates contributing to the changing n(v, z) with column height

cannot be determined from analysis of ERT signals.

The mathematical formulation of image reconstruction by the ERT technique is a model of
electric potential flux in the body interior due to stimulated periphery current signals. The
ERT spatial resolution is adequate for imaging the local gas void fraction but low for imaging

the countable entities to account for BNDD in the column. Thus, the use ERT measurements
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as boundary conditions for a PBM simulation of bubble swarm, thus, contribute to a new
approach of applying a PBM to determine the extent of bubble coalescence and breakage

rates as bubble interact during axial swarming.

The solution of the PBM for the case of coalescence rate, being the PBM source and sink
terms, accounting only for n(v, z) at a specific height in the column are shown in Figure 6.2
and Figure 6.3. The solutions show the BNDD in lower bubble classes decreases, while that
of bubbles in larger classes increases during axial bubble swarming without parameterized
specific coalescence rate. Figure 6.4 and Figure 6.5 show the resulting n(v,z) when the
source and sink terms of the PBM were due to bubble breakage events leading to bubble
birth and death. The results in Figure 6.4 shows the BND in the lower bubble classes
increases while that of bubbles in the larger classes decreases during axial bubble evolution
in the column. A presentation of the resulting n(v,z) when the PBM was governed by a
combination of bubble breakage rate and coalescence rates in the column is given in Figure

6.7.

It could be seen in Figure 6.7a that the breakage rate contribution at much lower bubble
classes was dominant, which leads to increase in n(v, z) in the column. In the lower bubble
classes, the coalescence rate contribution prevailed over breakage rate since the number
density of bubbles in the range of these classes decreases in the axial direction of the
column. Further from the lower classes range to the larger and much larger classes range,
the coalescence rate was also noticed to dominate breakage rate since the BNDD at these
classes increases. The noticed increase in BNDD at the bubble classes was at a magnitude

less than a case where the source and sink terms were due to coalescence rate alone.

The computed n(v, z) in the column through an integration of ERT measurements to a PBM
based on the use of ERT determined bubble properties as the boundary condition for the
PBM will be validated. The validation technique involves parameterising the inlet n(v,z =
0), bubble coalescence rate, breakage rate and bubble expansion rate in the process of
DGD, such that an agreement is found for two axially averaged BNDDs. The first axially
averaged BNDD will be determined from ERT measurements captured during DGD while the
second will be calculated from the model of DGD process of n(v, z) obtained at steady state
in the column. Furthermore, a good agreement of the axially averaged BNDDs n(v, z) by ERT
and a PBM will be said to have been found when the n(v, z) averaged over bubble sizes by

ERT measurements agrees with n(v, z) averaged over bubble sizes by PBM at steady states.
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Chapter 7

Bubble population balance modelling by dynamic gas disengagement

process (DGD)

The use of the ERT technique to estimate the local gas void fractions of a steady state
dispersion in a semi-batch operation mode has been explained in Chapter 4. Although the
ERT data could capture changes in gas void fractions, it could not be interpreted to
determine other bubble population parameters (BNDD) and the magnitude of bubble
coalescence and breakage rates. The limitation in the use of the ERT data is linked to its low
spatial resolution. In Chapter 5, the ERT data captured during a DGD process were analysed
to compute the local BNDD nfRT=PGD(y 7) and an axially averaged distribution for
nERT=DGD (y, 7 j.e. nERT-DGD (). The simulation of the bubble population evolution in a
column through the computation of the local BNDD based on the Population Balance Model

of BNDD has been described in Chapter 6.

Accurate determination of the bubble population properties, the coalescence and breakage
rates are required in calculating the hydrodynamic parameters of an axial bubble evolution
in a column. In order to interpret ERT measurements for the determination of bubble
population properties, the ERT measurements need be hybridized with models of the
physical properties. The PBM enables the computation of bubble population parameters
(BNDD) through a balance of physical properties of the dispersed and continuous phase.
Thus, the hybrid of the PBM with ERT measurements is expected to allow for an advanced

interpretation of ERT measurements for hydrodynamic parameter predictions in a column.

A steady-state PBM will be hybridized to ERT measurements in this work because the
dispersed phase was distributed at low superficial gas velocities ranging from 0.005m/s —
0.016 m/s. At this flow rate range, the bubbles were visually noticed to swarm axially at
steady state. The hybridization will be developed by solving a steady-state PBM to obtain
n(v,z) in the column. From the n(v, z), the local gas void fractions éP2M~55(z) will be
computed. The ePBM=55(z) will be calculated similar to the local gas void fractions
calculated from the ERT gas void fraction estimates of the steady-state dispersion as in

EERT—SS(Z)'

The PBM results are a conservative system of equations that yields all possible information

about bubbles in the column, however, it is model-based. The ERT technique allows for
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experimental measurements of the local gas void fractions of the dispersed phase only given
its low spatial resolution. The solution of the PBM can, thus, be averaged radially to calculate
the local gas void fractions along the column axis. This gas void fractions from the PBM
results can also be validated with the experimentally validated ERT gas void fractions.
Similarly, using the solution of a steady state PBM as an initial condition for a model of DGD
process, the solution of the DGD model yields the BNDD in the column based on volume
averaging. The volume averaging means the BNDD is averaged along the column axis. The
resulting axially averaged BNDD will be verified by evaluating its consistency with the axially
averaged BNDD determined through the coupling of ERT measurements to the DGD process

as done in Chapter 5.

The four bubble population parameters that should agree before the BNDD solution can be
said to have been found are as follows: the local gas void fractions by the PBM and the ERT
measurements at steady state as well as the BNDD determined by the model of DGD and by
the ERT measurements during DGD. Let the local gas void fractions determined from the ERT
measurements and the PBM simulation based on radial averaging be represented in terms
of BNDD averaged over bubble sizes respectively by (nER7=55(z)) and (nEBM=55(2)). Also,
Let the bubble sizes resulting from the DGD process modelling and from the ERT data during
DGD process based on volume averaging be denoted respectively by (ﬁQ”‘DGD (v)) and
(RERT=DGD (1)), An accurate BNDD will then be determined from the solution of the PBM
provided that the TERT=55(z) agrees with the nfBM~55(z) and that the nZRT~PGD () agrees

with the n¥~PGP ().

Further analysis of the resolved n(v,z) combined with the determined coalescence and
breakage rates that yielded n(v,z) will be utilized to compute the hydrodynamic
parameters in the column. Thus, in order to compute ¥ ~P¢P (1), a derivation of the model
for the DGD process, the method of its solution and the interpretation technique of the

solution are presented in this chapter.

7.1. Derivation of the mathematical model for the transport of bubble

population in the process of DGD

Dynamic gas disengagement process refers to a process where bubbles rise through the
liquid phase at varied velocities followed by bubble detachment from the liquid at varied

times after turning off the gas inlet into a column. The bubble rise velocity of a bubble class
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depends on the mean bubble sizes of the class and the axial positions of the bubble
population class. The observed manner of bubble disengagement from the liquid phase is
illustrated in the diagram of Figure 7.1. Modelling the advection of gas described in Figure
7.1 allows for the computation of the transient hold-up after the bubble swarming at steady

state and during the DGD process.
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Figure 7.1. Diagrammatic illustration of the disengagement model of bubble size distribution at
various times during a DGD process: a) before turning off the air inlet into the column; b) at the
instant the air inlet is switched off; c) after an elapsed time t after turning off the air and in the
process of DGD (Sriram & Mann, 1977 ).

The derivation of the model for the process of DGD is based on the following basic
assumptions on the state of the fluid system made by both (Patel, et al., 1989) and (Daly, et

al., 1992) during DGD process:

1. that dispersion is axially homogeneous (i.e. the bubble size distribution was initially axially

homogeneous) at time t = 0;
2. that there are no bubble interactions (i.e. bubble coalescence and break-up);

3. that there is a constant rate of disengagement (i.e. all bubbles disengage independently of

each other);

4. that the cross-sectional area occupied by bubble rising at velocity, u;, remains constant

throughout the disengagement.

The derivation is, thus, as follows: Let the population of entire bubbles in the column be
grouped into bins or classes j, such that j = 1,2,3, ..., N, and N is the index of largest bubble

class. Let the population of bubbles in a certain class j be denoted by the bubble number
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density, n; [m~3]. The n; is measured in per unit volume since it is the fraction of the gas
volume in a class j of the total gas volume divided by the mean bubble volumes in the class
per the bubble class volume. The BNDD is n(v, z) to indicate that it varies with bubble size v

and axial length z of the column.

Let the density of the gas phase and volume of the mean bubble size in a class j be denoted
respectively by pg ; [kgm™3] and Vg, j [m3]. Moreover, let the density (concentration) of the
volume fraction of gas bubbles in a class j and the volume of the column section be denoted

respectively by C[kgm™3] and V[m3]. The gas density C of a bubble size can also be
expressed as C = ’Dg/yg [kmol/m3], where the gas density and the molar mass of the gas

phase are respectively p,[kgm™3] and y4[kg(kmol)~1].

Thus, the concentration of the volume fraction of gas bubbles in a class j can, thus, be

expressed as

_ Y9.j"Pg
v (7.1)

The advection transport of the BNDD of bubble sizes will be described by a mass balance

taking place within a section or a control volume of the column as in Figure 7.2.

Mass of bubble class
leaving control volume
of BCR during DGD

' s
class enterin
control volume

Figure 7.2. An illustration of the change in mass of bubble population volume of a bubble class per
unit time within a section of a BCR.
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Eq.(7.1) implies that the mass of the gas volume fraction of bubbles in the reference class j is
CiV = Q = vy jn;pgy. The mass balance within the target section as in Figure 7.2 is achieved
by accounting for the change in the mass per unit time in the column. The change in mass
per unit time will be equal to the difference of the mass entering and leaving added to the
rate of mass generation by physical or chemical processes within the time. Moreover, the
rate of change in mass of a bubble class gas volume can be expressed in terms of the
difference in flux of the mass of the bubble class volume fraction flowing per unit area per
unit time through the section denoted by J;and J,[kg(m~2s~1)] added to the mass
generation rates, R; [kmol/(m3s)] as in Eq.(7.2).

V) ac;

5. = AT AL TRV =V 2= AU —J) + RV (7.2

Eq.(7.2) can be re-expressed as Eq.(7.3) where V = AAz

oc, A ac;
5t —pUr )R = -
. (7.3)
=A_Z(]1_]2)+Rj

Given that the flux J is changing in z-direction with gradient of W/, a]/az' then

L2~
AZ

Wo a]/az = =i+t W a]/aZAZ (7.4)

The parameter W, is included because mean bubbles in bubble classes may not actually rise
vertically along the column axis within all control volume during a DGD process. Some of the
bubbles perform fluctuation movements along their rising path (Marco & Mewes, 1999).
This can occur owing to the measured axial variation of the gas void fractions for the studied
superficial gas velocities in Chapter 4. During the DGD initial condition of steady-state
bubble evolution, the degree of well-distribution and radial uniformity of bubble population
increases from the column base with column height. This does not agree absolutely with the
expected assumption of the steady-state DGD initial condition illustrated in Figure 7.1a. The
bubble population was well-distributed at the third and fourth column sections while being
concentrated at the centre top of the sparger at the first and second column sections given

the sparger geometry.
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Besides, the W, will be a correction factor in the model since the stratification form of Figure
7.1c and the four DGD assumptions may not hold absolutely during experimental
measurements. The W, can be interpreted to mean the component factor of the bubble
class rise velocity along the column axis during DGD process. Substituting Eq.(7.4) into

Eq.(7.2) results in Eq.(7.5)

aC; 1 9 )
L= (==Y g 02) + R =W, Y, + R (7.5)
Therefore
aC; 9
=WV lg, 4Ry (7.6)

Furthermore, the mass of the volume fraction of the bubble class moving across the control

volume in a unit time per unit area can be calculated by the expression
Q CV CAAZ CAZ
AMt T ane” Anc ~ ac (7.7)

In the limit as At tends to zero,
CAZ _ 0z

MmO T (e (7.8)

When Eq.(7.8) is substituted into Eq.(7.6), Eq.(7.9) is obtained

a¢; d(Ciug,) aC;
J _ 17°9,] = — , o .
5 = Wo /3, + R =—Woug; /5, +R; (79

where ug ; is the bubble rise velocity of bubble population in class j. The parameter W, will
be determined experimentally for the actual gradient of changing flux within a control

elemental volume during DGD process.

Assuming the gas phase obeys the idea gas behaviour during dispersion, the gas pressure
decreases axially upwards in the column. The decreasing gas pressure leads to decreasing
gas density along the column axis. Thus, the bubble volume changes owing to the change in
gas density along the bubble path in the column. The bubbles volume increases (gas
expansion) during their axial transport in the direction of decreasing liquid pressure or
density in the column. Notably, the changes in the bubble volume may also result from

temperature variations along column axis (Marco & Mewes, 1999).
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At the steady state condition of the flow and before an accumulated time, the bubble
volume changes in the flow due to gas expansion arising from varying liquid density and
mass transfer between the bubbles and liquid. At such steady state, Eq.(7.9) can be

rewritten as Eq.(7.10) to derive the source terms for the DGD process.
(')Cj/

Woug,]' 0z = Rf (7.10)

During the steady state bubble flow regime, the total molar flow rate Q[kmol/s] of bubble
class j changes with respect to bubble volume due to gas expansion as in Eq.(7.11) within an

elemental volume of column section, dV.

9Q

=R;
/017 J (7.11)
The Q is characterised by gas expansion due to changes in gas density and mass transfer
between bubbles and the liquid. Thus, the total molar mass flow Q can be expressed in
terms of cumulative sum of the contributory phenomena to mass such as gas expansion and

mass transfer as in Eq.(7.12) (Marco & Mewes, 1999).

o (Van Gyr) et )] (% (32) 100 ) 52 =

ov ov (7.12)

In Eq.(7.12), y4lkg/kmol], f[unit], n[kmol/(m?s)] and ag [m~1] are respectively the
molar mass of gas phase, the probability density distribution of bubble sizes, molar flux
transferred out of the bubbles and the interfacial area per volume. Thus, the non-steady gas
disengagement process model of Eq.(7.9) becomes Eq.(7.13) with the inclusion of the source
reaction rate terms.

aCi(z,t) dCi(z,t)
T e 7o,

+ Woup, (2, t)

B a(a/at (pgvf(v)) + ygr'tagvf(v))/ (7.13)
- av

Notably, every term in Eq.(7.13) has a unit of kg(m3s)~! by dimensional analysis. The
relative changes in bubble sizes per unit time is calculated by multiplying all bubble volumes
by the same function factor. The function is expected to take into account the effect of a

relative change in bubble volume on the size distribution (Marco & Mewes, 1999). The
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relative change in every bubble volume due to mass transfer from the interaction of the
liquid and bubbles is denoted by the second term of the source in Eq.(7.13). The molar flux nn
is positive (1 > 0) if the mass transfer is directed out of the bubble into the liquid (Marco &
Mewes, 1999). The included W, factor will also allow for parameterising the changing flux
with an elemental control volume on the account of the used source terms model by (Marco
& Mewes, 1999) (Lehr & Mewes, 2001). This source term model was not verified

experimentally in this work but assumed to hold during a DGD process.

Eq.(7.13) describes the rate of change of bubble volume fraction density in a bubble class
moving across a control volume in a unit time per unit area of the column under the
influence of gas expansion due to changes in gas and mass transfer. The first term of
Eq.(7.13) accounts for the change in density of volume fraction of bubble size j along column
axis with time. The second term of Eq.(7.13) denotes the change in density of volume
fraction of bubble size j along the axis of the column. Eq.(7.13) describes the disengagement
of bubbles using the solution of the PBM simulation of steady state bubble evolution in the

column as its initial condition.

7.2. Method of solving the derived mathematical model for the transport of

bubble population in the process of DGD

Eq.(7.13) is re-written as in Eq.(7.14) to indicate the concentration of the gas volume of a
bubble size class is a function of column axis z and bubble size class (in volume v). The
bubble size class is denoted with index j while time with t. The source terms of Eq.(7.14)
describes the phenomenon of gas expansion that occurs along the axial direction of the

column in the process of DGD.

aCi(z,t dCi(z,t)
](Z )/at 7 /(')Z

+ Woup,j(z,t)

) \o(v'fizt) (7.14)
=< (pg)/at +Vgnap> ( ! )/617

forj =1,2,3,...N, and N is the index of largest bubble class in the column.
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The first and the second terms of the left hand side of Eq.(7.14) are respectively the
unsteady state term and the axial transport term of the gas volume concentration of a
bubble class describing its change with time. The velocity, u,, ; [ /], with which the bubble
size class j travels along z is a function of the axial length of the column z and time ¢, since
different bubble sizes rise with varied rise velocities. The velocity relation is expected to hold
since it is assumed that no bubble interactions such as coalescence and breakup phenomena
occur in the process of DGD. The velocity function corresponding to a bubble class j is

denoted by uy, ;(z, t).

The terms on the right hand side of Eq.(7.14) model the expansion of bubble sizes due to
changes in gas density and mass transfer during DGD processes (Lehr & Mewes, 2001). The

symbol v’ represents the volume of the reference bubble class [m3].

The molar flux of the interaction between the bubbles and the liquid can be expressed as
n =K;C,, where K; is the mass transfer rates of the gas to liquid and C, is the gas
concentration or the solubility of gas in the liquid. At the superficial gas velocity of 0.016

m/s, Eq.(7.15) was used to determine the SMBD in the column (Akita & Fumitake, 1974).

-0.12 —0.12

-0.5
dys gD?p,, gD3 Ug
D 26( ly /ULZ /@ (7.15)

The average mass transfer rate corresponding to the SMBD was calculated using Eq.(7.16).

s, 1/ 3/ _3, 1
K, = 0.5g%sD,"2p, /8y fed, /2 (7.16)

The solubility C, of air in water at 25°C and 1 atmospheric pressure is 0.023kg(m3)~*. Thus,
the term ny, was calculated to be 7.84 X 10~%kg/(m?s). From the known local gas void
fraction at Section 1 and 2 given the superficial gas velocity (Chapter 4), the specific gas-
liquid interfacial area was calculated by Eq.(7.17) to obtain 30.57 m™ L.

6ggy
ap - d
vs (7.17)

The changing gas density of a bubble size class per time was calculated based on the axial

pressure drop per time using the ideal gas equation of Eq.(7.18).

209



ap=2P/pr (7.18)

The symbols Ap, AP, R and T denote respectively the axial density change, the axial

pressure change, the individual gas constant and the ambient temperature.

By the PBM simulation, the average height of the elemental column section volume was
calculated as Az. Given a bubble class rise velocity u; ; at an elemental time At, = 1 X
10~*s, the bubble class will transport axially by Az, = up,jAt,. Thus, the time-variant
bubble class density was calculated using Eq.(7.19) based on the elemental axial pressure

change.

Az
Apy =P19%0 [ (7.19)

The stratification of the bubble population and their detachment from the liquid phase at
varied times depending on their sizes illustrated in Figure 7.1a — c is described by Eq.(7.14).
Eq.(7.14) is a set of N PDEs, where N is the number index of largest bubble class (i.e.
j=1,2,3,...N). Every PDE in Eqg.(7.14) corresponding to a transport model of bubbles in a
class j is transformed to an ODE by method of characteristics as explained in Appendix E, in

order to develop an analytical solution to Eq.(7.14).

The characteristic equations that result from Eq.(7.14) as explained in Appendix E are

dz dt  dG
Woup, 1 T op (7.20)

Where p = (a(pg)/at + yénap> g (v fi@ t))/av.

Splitting Eq.(7.20) into two equations, Eq.(7.21) is derived.

dz
T = Woub‘j; dz = Woub‘jdt (721)
Integrating Eq.(7.21) leads to
Z = Woub'j(t - to); zZ = Woub'jt - K; K = Woub,jto (722)

The second equation from Eq.(7.20) is then
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acj _ dz | _ Pdz ) Pz .
—L=——d( = Woup,’ Ci(t,z) = Wottn, + g(n); (7.23)

P Woup) Wou
Since K in Eq.(7.22) and n in Eq.(7.23) are constants, then,

The requirement for the solution Cj(t,z) to satisfy the initial condition is ensured by

substituting Eq.(7.25) into Eq.(7.23) to get Eq.(7.26) — Eq.(7.27).

Pz
Gt 2) = G0,.2) = f(t = 0,2) = () = o+ g (),
oUp,j
(7.25)
Pz
9 =f@) -5
C(t2) = —2 4 g(n) + 9(z — Wowp )
(t,z) = n) = z—Wouy i
J Woub_j g Woub,j 9 07D,
_ Pz P(z — Woup,t) (7.26)
= Woub’j + f(Z — Woub,jt) — W
Ci(t,z) = f(z— Woub,jt) + Pt forj=1,23,..N (7.27)

The analytical solution for the respective equation in the set of Eq.(7.14) forj = 1,2,3,... N is
Eq.(7.27). The solution of Eq.(7.27) is the density of gas in a bubble class j varying along the
column axis and time that satisfies the developed model of DGD process. From the solution
of Eq.(7.27), the gas volume in the bubble classes at any axial length and time during the

process of DGD can be calculated.

7.3. Interpretation technique for the analytical solution of the derived
mathematical model for the transport of bubble population in the process

of DGD

The initial condition implies the bubble class gas concentration before the DGD process
started (i.e. C(t = 0, v,z)). In addition to the initial condition requirement (Eq.(7.25)) that
the solution of Eq.(7.14) need satisfy, it also has to satisfy a boundary condition. The
statement of the boundary condition is that if the expression (Z - Woub’jt) < 0 holds, then
f(z - Woub’jt) = 0 to indicate the concentration of gas volume of bubble size j at time t is
zero at axial length z. This means the concentration of the gas volume is disengaged from

the base of the column z = 0 up to a certain height z of the column.
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Thus, the initial condition of concentration of gas bubbles in a bubble class (; is expressible
in term of the corresponding gas void fraction &4 ; occupied by bubbles in the bubble class j
as in Eq.(7.28). In Eq.(7.28), the total gas volume over all bubble sizes in a target section of
the column is denoted by the term mR?H.

UMb GV VNP _ Vb
J V' pynR2H  p,mR?H  mR*H 9/ (7.28)

The gas volume in a bubble class disengaging from a local column section, which is of
interest, is computable from Eq.(7.28) by multiplying &4 ; by nR%H. The symbols R and H

denote respectively the radius and height of a reference column section.

Let the gas void fraction made up of bubbles in a bubble class j disengaging from a local
section i of the column at time ¢ be denoted by ¢; ;(t). Likewise, let the volume equivalent
of the void fraction ¢; ;j(t) be represented with the symbol v ; ;(t) for i = 1,2,3,4;j =
1,2,3...N, since the ERT data were analysed over four column sections for bubble

population grouped into N classes.

The actual inlet bubble size distribution (BSD) leaving the surface of the gas distributor is
determined by the empirical correlation of Eq.(7.29) (Azad & Sultana, 2006) (Akita &
Yoshida, 1974).

s

d
U5 —1.88( Yo

d, /o (7.29)

In Eq.(7.29), d, is the volume-surface mean diameter of initial bubbles leaving the sparger;
U, is the gas velocity through the gas distributor orifice with diameter d,,. At the superficial
gas velocity of 0.016 m/s, the d,s is 0.32 mm. After leaving the surface of the sparger and
during the bubble axial evolution, the bubbles interact by coalescence resulting in a different
BSD at discrete column heights.

For the case of superficial gas velocity of 0.016 m/s, the maximum and minimum of axially
averaged bubble size profile determined by the ERT method coupled with the DGD process
were 3.67 cm and 0.39 cm respectively. The obtained local and axially averaged BNDD were
log-normal density distributions as explained in Chapter 5. The range of bubble sizes were

grouped into 30 classes to ensure high resolution of BNDD.
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The mean and standard deviation of the bubble size classes for the inlet log-normal BNDD
were parameterised with constants 1 and 0.15 respectively as in Figure 6.7 of Chapter 6. The
PBM solution of Figure 6.7 was used as the initial condition C(t = 0, v, z) with the assumed

parameter W, = 1 during DGD process in solving Eq.(7.14).

The solutions of Eq.(7.14) given the stated boundary and initial conditions were coded in
MATLAB (found in section D of the appendices) to compute the transient hold-up ¢; ;(t)
with time in the column. The results can also be interpreted to mean the local gas volume
corresponding to a bubble class vy ; j(t) disengaging from the column sections with time.
Figure 7.3 shows the time-variant local disengaging gas volume during the DGD process from
the solution of Eq.(7.14) at superficial gas velocity of 0.016 m/s at different w,parameter
values. The solution of the DGD process model using different W, parameters are plotted on
the same graph with the measured time-variant disengaging gas volume locally in Figure
7.3(a-b). In the legends of the graphs, 'M-DGD’ and ‘Expt. DGD ’ denotes solutions by the

DGD process modelling and by experimental measurements respectively.
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Figure 7.3. The time-dependent disengaging local gas volume computed from the solution of the DGD
process model at different wy parameters compared to the experimental data at superficial gas
velocity of 0.016 m/s: (a) wy = 1, (b) wy = 0.5.

From Figure 7.3 results, the gas volume of a particular bubble size class disengaging locally
can be computed if the characteristic local disengagement time of a bubble size class is
known. For example, beginning from the time t,, t = 0, when the air inlet into the column
was turned-off, the first bubble size was observed to disengage from the liquid at time t;.
The second bubble class was noticed to disengage at time t,. The gas volume at a column

section i for the first bubble size class will be

vgi1 = Vi(to) —vi(ty). (7.30)

At the same section i, gas volume composing of bubbles in the second class will be

Vgiz2 = Vi(t) —vi(t3) (7.31)

where v;(t) is the graph of the gas volume in column section i with time t and v, ; ; is the
gas volume for bubble class j at column section i. Similar differential gas volumes at other
time intervals locally will be calculated to compute the gas volume composing of bubbles in
lower classes. The ratio of the gas volume v, ; ; to the mean volume of bubble volumes in a

size class disengaging at a time t will be calculated to compute the BND value of the class.
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Using the characteristic disengagement times of bubble class sizes stated in Table 5.2 at
Uy = 0.016m/s, the local and global BNDD were calculated as outlined in Figure 5.14 of
Chapter 5 to obtain results in Figure 7.4 (a-d). The parameters for the log-normal fits to the
global (G) BNDD using varied values of W, and the statistical errors of the fits are stated in

Table 7.1.
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Figure 7.4. The BNDD against logarithm of bubble volume with varied parameter of W: (a) at Section
1 with W, =1, (b) at Section 1 with w, = 0.5 (c) at Section 2, 3, 4 and globally with W, = 1, (d) at
Section 2, 3, 4 and globally with W, = 0.5 at superficial gas velocity of 0.016 m/s.
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Table 7.1. The constant values for the log-normal fits of the global BNDD by the DGD process model
and the statistical error values.

Uy(ms™") | Section | A B C D X? R? | f- w,
statistic
0.016 G 4704+1.0 | 0.50+0.02 | 11.00+0.02 | 45 | 0.664 | 0.93 | 63.00 1
0.016 G 330+1.0 | 0.91+0.02 | 1.0440.02 0O | 0.06 | 0.99 | 795.06 | 0.5

The resulting log-normal model for BNDD supports the findings of (Akita & Yoshida, 1974)
and those of (Riquelme, et al., 2016), (Majumder, et al., 2006) and (Lage, 1996) who
analysed bubble behaviour in bubble columns to obtain log-normal distributions. A log-
normal distribution was also obtained by (Haibo, et al., 2007) in the analysis of bubble size

distribution in the column in the process of DGD.

7.4. Discussion and conclusions

In Chapter 5, the characteristic disengagement times of bubble size classes locally and
globally were computed from analysis of ERT ACD captured at column cross-sections during
DGD process. The time profile results were interpreted to determine local BNDD in the

process of DGD and globally in the column during steady state bubble evolution.

Chapter 7 focuses on modelling the process of DGD in the column using the solution of PBM
at steady state as an initial condition. It was essential to model the DGD process so that the
solution of the PBM can be related to bubble population properties measured by the ERT
technique in Chapter 4 and 5. The relationship between the BNDD from solution of DGD
model to the BNDD obtained from the ERT data captured during DGD will allow for accurate

hybridizing ERT measurements and PBM.

A reference to the relationship between the static holdup &4, dynamic holdup, the BNDD,
the superficial gas u; and liquid velocities V;, explained in Section 5.1 of chapter 5 is made in
this discussion. The purpose of the reference is to emphasise the importance of an analytic
solution of a model of DGD process in combining a 2D PBM with two 1D ERT experimental
data. An hybrid of ERT measurements and a PBM is, thus, envisaged to lead to accurate

determination of the BNDD of bubble evolution at steady state in the column.
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The relationship between ¢, local ug, local V, and the rise velocity U(d},) of bubble sizes,
dy, was given in Eq.(5.3). In a special case where the liquid motion was zero and no bubble
interaction that could influence bubble sizes such as phenomena of bubble coalescence and
breakage processes, Eq.(5.4) was derived from Eq.(5.3). Eq.(5.4) is an ill-conditioned form
since knowing the static gas holdup £(0) and the bubble rise velocity function u(d;) does

not lead to a unique solution of f(d;)dd} in the column at steady state.

Thus, the ill-conditioning state of Eq.(5.3) was reduced by observing the dynamic gas holdup
behaviour that occurs starting from the initial static holdup condition when the gas inlet into
the column was turned-off. Based on the resulting set of equations (as in Eq.(5.5)), an
accurate solution, f(d,)ddy, satisfying the static holdup equation will also be expected to
satisfy the other transient holdup equations. The derived models in Eq.(5.4) and Eq.(5.5)
ensure the solution of the distribution of gas volume of bubble sizes f(d,)dd, at steady
state is unique. The uniqueness of result is validated through the requirement that it meets

the conditions of static and transient gas void fraction in the column.

This concept of validating the distribution of gas volume of bubble sizes (or BNDD) at steady
state based on the static and transient gas holdup fraction conditions motivated the need
for capturing ERT data during DGD process as well as modelling the DGD process. From the
known values of static and dynamic gas hold values, the inlet BNDD (n(v, z = 0)), expected
coalescence and breakage rate at steady state condition can accurately be parameterised.
The parameterisation will be achieved through the agreement of the static and dynamic gas

holdup by the PBM with that from the ERT measurements.

The purpose of the parameterization will be to reconcile the resulting n(v, z) from the 2D
PBM simulation with the 1D ERT data steady state gas void fractions and the 1D ERT
transient gas void fraction. This calculation is expected to lead to the determination of
distribution of bubble sizes in the column. In hybridizing the 2D PBM and the two 1D ERT
measurements, the resulting n(v, z) from the PBM simulation that satisfies the static and

transient holdup conditions will be sought.

The obtained n(v,z) from the PBM simulation can be validated if it satisfies the static
holdup by verifying that the radially averaged n(v, z) over bubble sizes agree with that from
the ERT static gas holdup measurements. In validating n(v, z) if it meets the transient or

dynamic gas holdup condition, a model of DGD process was developed in this chapter.
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The inclusion of W, parameter in the developed DGD process model by the plug flow
approach is important owing to the assumptions associated with the plug flow model
development that may not hold during experiments. The first key assumption is that the
fluid is perfectly mixed in the radial direction but not in the axial direction. Secondly, that

fluid flow is of constant density with no pressure drop during the flow.

Since perfect fluid mixing was not attained radially coupled with the pressure drop of the
fluid contained in an elemental control volume in the plug flow during DGD process, the

gradient of flux need be accurately modelled.

The method of solving the DGD process model for the concentration of gas volume of
bubble size class to obtain an accurate analytical solution was described in Section 7.2.
Furthermore, the technique of interpreting the solution of the DGD process model was
explained in Section 7.3. The technique yields the transient gas void fraction values during

DGD process. The transient gas void fractions can be validated with ERT data.

Without parameterising the gradient of flux term (i.e. W, = 1.0), the time-variant
disengaging gas volume was noticed to be different significantly from the experimental data
at ug = 0.016 m/s as shown in Figure 7.3a. By multiplying the gradient of flux term by 0.5
(i.e. W, = 0.5), the time-variant local disengaging gas volume differs slightly from the
experimental data as shown in Figure 7.3b. The results in Figure 7.3(a-b) were obtained
using the coalescence rate model by (Prince & Blanch, 1990) and breakage rate by
(Martinez, et al.,, 2010) without parameterisation in computing the DGD model initial
condition. The explored bubble expansion model by (Marco & Mewes, 1999) for the DGD

model source term was also not parameterised.

The Weber number for the steady state fluid flow regime at highest u; = 0.016 m/s was
1.02, which is less than the critical Weber number of 2.3 before bubble breakage events are
observed. Thus, the breakage events will be assumed to be negligible in the steady state
bubble evolution process. The collision frequency will be parameterised in computing the
initial condition for the DGD process model in the next chapter. In addition, the gradient of
the flux term of the plug flow during the DGD process will be parameterised to ensure the
time-varying disengaging gas volume by the DGD process model agree with the
experimental data. When such results agree, the resulting local and global BNDD by the two

approaches will also agree.
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The solution of the DGD model combined with the technique of interpreting the solution
allows for computing the local BNDD as well as axially averaged BNDD (global bubble size
distribution) in the column. The resulting local BNDD and axially averaged BNDD were found
to be parameterised log-normal distributions, which agree with the distribution of the inlet
BNDD. The inlet BNDD was the boundary condition for the PBM simulation of the process in

the column at steady state.

The n(v, z) from the steady state PBM are log-normal distributions, which agree with the
computed distribution of n(v, z = z;, 75, 73, z4) by the DGD process modelling except for the
difference in parameters. Based on these results, the DGD model could be said to be
adequate for describing the DGD process. The newly developed model, thus, contribute to a
new approach of modelling the advection transport of bubble size distribution in the process

of DGD in a column.
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Chapter 8

Hybridization of ERT measurements and a PBM for computation of bubble

population properties in the column

The axial distribution of gas void fraction at steady state and global bubble size distribution
in the column were determined from analysis of ERT images as described in Chapter 4 and
Chapter 5 respectively. The ERT images of dispersion could not be analysed for determining
the size and axial distribution of bubble population during bubble swarm at steady state
because of its low spatial resolution. To address the stated limitation of the use of the ERT
images, a PBM that allows for the computation of all possible bubble population properties
in the column was solved in Chapter 6. Subsequently, the PBM solution was used as an initial
condition for a model of DGD process in Chapter 7. The aim of the present chapter is to
develop a method of hybridizing the 2D PBM with the experimentally measured local gas

void fractions at steady state and in the process of DGD using the ERT technique.

The ERT generated images of dispersion at steady state yield spatial distribution of gas void
fractions of the region occupied by bubbles but not the bubble size distribution. The ERT
images of dispersion during a DGD process does not only yield the spatial distribution of gas
void fractions but also the bubble size distribution globally. Thus, the hybrid model of the
ERT and PBM will be achieved through a correlation of the ERT measurements at steady
state and during the DGD process to that by the PBM. A correlation of such is envisaged to

allow for the predictions of the BNDD in the column.

The measurement of the BNDD at steady state can be accomplished by other techniques
that yield high spatial resolution at the expense of complicated, low accuracy, bulky,
intrusive and expensive methods. A typical example of an alternative technique is the
Electrical Point Probe Technique (Burgess & Calderbank, 1975) and (Steinemann & Buchholz,
1984). The description of the probe positions in the column and its measurement
techniques, as well as the limitations of the technique, are stated in Section 2.8 of Chapter.
The technique was reported in the work by (Burgess & Calderbank, 1975) and later upgraded
in the study by (Steinemann & Buchholz, 1984).

The prediction of bubble population properties using the hybrid of the PBM and the ERT

measurements based on common bubble population parameters both techniques could
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measure is being explored. This approach is expected to be more reliable than the results

from the use of the Electrical Point Probe Technique.

The method of hybridizing ERT measurements and a PBM for bubble swarming axially in the
column will be described in Section 8.1. The hybrid of the ERT measurements and the PBM
in Section 8.1 is intended for the determination of the BNDD, n(v, z), as bubbles swarm
axially at steady state in the column. The accuracies of the resolved BNDDs n(v, z) by the
hybrid of ERT and a PBM for superficial gas velocities of 0.016 and 0.01 m/s based on
equipment available for studies are stated in Section 8.2. The effects of the superficial gas
velocity on calculated n(v, z) based on the ERT and the PBM hybrid method at steady state
are reported in Section 8.3 of this chapter. In section 8.4, the discussion and conclusions on
the developed hybrid model of the ERT and the PBM for determining the n(v, z) in a BCR at
steady state are stated. The effects of superficial gas velocity on the resolved n(v, z) are also

given in Section 8.4.

8.1. Hybridization of ERT measurements and a PBM for determining the BNDD

in a column

The objective of this section is to find the BNDD, n(v, z), which describes the bubble swarm
phenomenon through the liquid phase at superficial gas velocities of 0.016 and 0.01 m/s at
steady state. An accurate hybrid predicted n(v, z) for a given flow rate is expected to be
verified by the experimentally measured ERT static and transient local gas void fraction as

explained in Chapter 7.

Figure 8.1 is a symbolic flow chart that illustrates the sequences of bubble population
parameters to be measured by the ERT and computed by the PBM in hybridizing the ERT and
a PBM. The ERT and a PBM hybrid model is intended to yield n(v, z) in the column at steady

state. An explanation of the symbolic flow chart is provided in the following paragraphs.
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In the context of hybridization of the ERT and the PBM, the static and the dynamic holdup
values were calculated from calibrated ERT TACD using the DP technique. The static gas
holdup values were calculated from the calibrated local ERT TACD during bubble swarming
at steady state. The dynamic holdup values were computed from the calibrated transient
ERT TACD during DGD process in the column. The dynamic gas holdup values measured
during DGD process were further analysed as in Chapter 5 to compute the global bubble size

classes and their number densities BNDD n(v, z) depending on column height.

The information of bubble size classes at discrete column heights allows for the
determination of the mean bubble size class at a known height z using Eq.(8.1). The mean
bubble size class, the static local gas holdup fractions and column sectional volume V. were
used to calculate the average of the local BNDD over bubble sizes at steady state using
Eq.(8.2). This is steady state calculation labelled 1 in Figure 8.1. The obtained local gas void
fractions £(z) of Chapter 4 are stated in Table 8.1. Figure 8.2 is a diagrammatic illustration
of the representation of the average of the BNDD over bubble sizes at column sections (i.e.

radial averaging of BNDD).

Table 8.1. The local gas void fractions at superficial gas velocities of 0.016 and 0.01 m/s.

Column section Section1 & 2 Section 3 Section 4
&(z)(%) at 0.01 m/s 0.0220 0.0206 0.0308
€(z)(%) at 0.016 m/s 0.0270 0.0403 0.0470

UETT(Z) _ Z?Izl 17j(Z)/Z

[y (8.1)
_ERT— Vee(2)
() = UECRT 2) (8.2

The calculations represent a radial averaging of a 2D BNDD to obtain a 1D BNDD as a

function of column height as in Eq.(8.2) (i.e. nERT~55(2)) at steady state.
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Figure 8.2. The axial distribution of static gas holdup fractions in the column determined by the ERT
technique experimentally — numbered 1 in the algorithm of Figure 8.1.

From the determined n(v,z) during the DGD process (denoted by nERT=PGDP(y, 7)), the

nERT=DGD (3, 7) was averaged along the column axis as in Eq.(8.3) to obtain nZRT~PGD (v),
This is the computation labelled 2 in Figure 8.1. The nfRT~PED () can be interpreted as an
axial averaging of the 2D BNDD to obtain a 1D BNDD as a function of bubble size
nERT=DGD (1) as illustrated in the diagram of Figure 8.3.

fL nERT—-DGD (v, 2)dz

RERT-DGD (1) = 70

n

Jy dz (823)
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The resolved global bubble size classes in the column through a coupling of the ERT and DGD
process allowed for the determination of the minimum and maximum range of bubble sizes
depending on u,. From the known upper and lower bound of bubble size classes, the bubble
population were group into 30 classes for higher size resolution. The inlet BNDD n(v, z = 0),
which is the PBM boundary condition was modelled using a guess log-normal distribution to
assume the bubble size distribution leaving the sparger surface. The mean and standard
deviation of the natural logarithm of bubble volumes will be parameterised to obtain the

actual inlet BNDD.

Accordingly, a 2D steady-state PBM was solved to simulate the bubble swarm phenomenon
under the influence of significant bubble coalescence and negligible breakage rates as
source term models. The 2D steady-state PBM was solved since at all gas flow rates studied
the bubble swarming events were visually observed to be steady with respect to time. In
addition, the local gas void fractions by the ERT technique were also noticed to change
insignificantly with respect to time for a given gas flow rate. The solution of the 2D steady-
state PBM is the BNDD, denoted by n?BM~55(v, z), which describes the bubble population

of a bubble class within the range [v, v + dv] at height [z, z + dz].

From nPBM=55(y, z), an average of the BNDD over bubble size, v, (denoted by n5BM=55(z))

was calculated as in Eq.(8.4) based on the result of Eq.(8.1) at local sections of the column.

The calculation of nfBM=55(2) is similar to that of nERT~55(2) as illustrated in the diagram

of Figure 8.4 labelled 3 in Figure 8.1. The obtained PBM solution n?BM~=55(y, z) was then

used as the initial condition for the developed model for the process of DGD in the column.
[Tmax ynPBM (1, 7)dv

M) = S (8.4)

The solution of the DGD model process was analysed, as in Chapter 7, to compute the BNDD,
denoted by n™~PP(y, z). The nM~PGP(y,z) was subsequently averaged along the axial
direction of the column as in Eq.(8.5) to obtain 7} ~P¢P (v). The computation of ¥ ~P6P (v)

is similar to nERT~PC¢D (1) as illustrated in the diagram of Figure 8.4 labelled 4 in Figure 8.1.

au-van ) = Jo ", z>dz/ L
: Iy dz (8.5)
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Figure 8.4. The simulation of bubble swarm phenomenon using a 2D steady-state PBM and modelling
of the DGD process after gas dispersion was turned-off that yielded BNDD as a function of bubble size
and space — numbered 3 and 4 respectively in the algorithm of Figure 8.1.

Accordingly, in order to resolve the actual n(v,z) of the steady state bubble swarm, the
inlet BNDD n(v,z = 0), the specific coalescence rate q(v,v') and the breakage frequency
g(v,v") as well as the gradient of flux term a]/az during DGD model were parameterised.

The parameterisation was intended to ensure the steady and unsteady ERT measurements
agree with PBM and DGD model computations. The ERT measurements agreeing with PBM
computations means Eq.(8.2) (label 1 in Figure 8.1) agrees with Eq.(8.4) (label 3 in Figure
8.1); and Eq.(8.3) (label 2 in Figure 8.1) agrees with Eq.(8.5) (label 4 in Figure 8.1).

The solution of the PBM, n(v,z), on parametersing the inlet n(v,z = 0), the q(v,v"),

g(,v") and a]/az that lead to an agreement of Eq.(8.2) and Eq.(8.3) respectively with

Eq.(8.4) and Eq.(8.5) was taken as the actual BNDD (n(v, z)) in the column for a known Ug.

The turbulent, laminar and buoyancy collision frequencies are contributory bubble collision

properties to the specific coalescence rate as described in Chapter 6. The breakage
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frequency is a function of the energy dissipation rate due to turbulent eddies and a bubble
size. In estimating the bubble breakage frequency, the energy dissipation rate was assumed

to be 2m?s~3 at the u, of 0.016 m/s (Martinez, et al., 2010).

The stated constant values of Table 8.2 were parameters for physical quantities to obtain
the actual solution n(v,z) of Figure 8.5 for the case of the gas flow rate at 0.016 m/s
meeting the required conditions. The parameterization of the bubble breakage frequency
was made to indicate the phenomenon of bubble breakage was negligible during bubble
swarming at the u, of 0.016 m/s. The parameters for the quantities were adjusted until the
best fits of Figure 8.7 and Figure 8.8 were obtained. The statistical errors associated with the
fits and the accuracy of the determined n(v, z) is evaluated in Section 8.2. The required
consistency of the model with the conditions of steady and unsteady state ERT estimates of
gas void fractions are described in the following paragraphs.

Table 8.2. Parameters for physical quantities to determine the BNDD by the hybrid of ERT and a PBM
method at superficial gas velocity of 0.016 m/s

Lb Ub Avg. of Std. of BCF TCF LCF BBF W,
bs(unit) | bs(unit) )
(m?) (m?) (unit) | (unit) | (unit) (unit) (unit)
3.00 25.85 1.03 0.15 1 3 1 1.00 0.80
x1078 | x107¢ | £107° | £107° x107° | +107°

Keys: Lb — Lower bound of bubble sizes (bs), Ub — Upper bound of bs, TCF — turbulent coalescence
frequency, LCF — laminar coalescence frequency, BCF — buoyancy coalescence frequency, Avg.- Mean
of logarithm of bs, Std. — Standard deviation of logarithm of bs, BBF- Bubble breakage frequency, W, -

scaling factor for the flux gradient at elemental column section volume during DGD.

In the computations labelled 4 in Figure 8.1, the result of Figure 8.5 was used as an initial
condition for the model of the DGD process to obtain the solution of the DGD process of
Figure 8.6. The solution of the DGD model was the graph of time-variant disengaging gas
volume locally in the column. The disengaged gas volumes at characteristic disengagement
times of bubble size classes were analysed from the solution of the DGD model similar to the
measured time-variant disengaging gas volume of Chapter 5. The obtained results are

presented in Table 8.3.
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The local and the global BNDD were obtained by the ratio of the characteristic disengaged
gas volume to the disengaged mean bubble volume at the characteristic time by the scheme
of Figure 5.14. Following this scheme, the local BNDD on Table 8.4 were obtained at
uy = 0.016 m/s. The axially averaged BNDD was calculated from the results in column 1 to 4
of Table 8.4 to obtain the result of column 5 of Table 8.4 using Eq.(8.5). The results of the
axially averaged BNDD determined from ERT images captured during DGD, Eq.(8.3), are

displayed in column 8 of Table 8.4.

The two graphs of axially averaged BNDD by a model of DGD and by experimental
measurement during DGD against the logarithm of axially averaged bubble volume are

shown in Figure 8.7. In this figure, the legends ‘Model DGD data (PBM data)’ and Expt. DGD

data’ denote the averaged of modelled and measured BNDD against the volume of &13"12‘,’]‘-1”

and &gﬁ respectively. These are the computations labelled 4 and 2 in Figure 8.1 (i.e.

Eq.(8.5) and Eq.(8.3)).

BNDD [m™]

0s

Bubble vol. [m”] Calumn height [rn]

Figure 8.5. A solution of PBM yielding the BNDD depending on bubble volume and column height
satisfying the static and dynamic holdup conditions at the superficial gas velocity of 0.016 m/s.
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Figure 8.6. The solution of the DGD process model showing the time-variant disengaging gas volume
locally at the superficial gas velocity of 0.016 m/s. The characteristic times of disengagement of
bubble size classes are indicated by the circle symbols on the graphs.
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Figure 8.7. Axially averaged BNDD depending on the logarithm of bubble volume during DGD process
by the ERT measurement and a model of DGD process at the superficial gas velocity of 0.016 m/s.
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Table 8.3. The disengaged gas volumes locally from the solution of DGD process model at local
characteristic times of disengagement of bubble size classes.

Sec.1 Sec. 2 Sec. 3 Sec. 4
(em®) (em?®) (em?®) (em?)

56.22 58.29 111.05
140.82 80.91 39.69 125.90

99.74 73.27 122.16

93.19 126.28 100.52
110.35 108.00 127.48 81.34
53.05 129.41 128.91 90.76
61.20 109.12 126.05 141.91
64.61 79.38 114.74 196.24
74.53 50.73 123.90 163.43
97.68 32.00 60.27 172.78
140.04 85.86
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Table 8.4. The local BNDD and axially averaged BNDD as well as the axially averaged SMBD depending
on bubble size class obtained from the solution of DGD process model and ERT measurement at the
superficial gas velocity of 0.016 m/s.

Key: nM~PGP G and S mean nM?4¢1-PGD  Global and Column section respectively

nM=DGD | nM=DED | nM=DGD | u—pGn —ERT-DGD
(v, 2) wz) | (v2) (v,z) | nM-DGD@) | a¥iPdet | d5xT ()
(em™) | (em™) [ (em™) | (cm™3) | (m™3) | (em) | (ecm)| (em™®)
S1 S2 S3 S4 G
1.9 3.2 3.6 2.9 3.67 3.67 2.6
8.9 5.6 3.5 6.7 6.4 3.10 3.12 4.1
16.3 8.9 11.5 11.8 2.49 2.53 9.3
37.7 26.3 17.0 24.2 1.96 1.99 20.1
105.4 95.8 56.1 22.4 52.8 1.43 1.55 42.8
236.8 253.1 112.4 35.2 90.2 1.06 1.14 77.9
553.9 447.9 209.9 81.9 163.1 0.86 0.99 134.2
1100.3 572.8 317.6 203.1 298.4 0.73 0.86 210.0
2406.2 560.9 547.9 339.0 497.3 0.59 0.60 403.4
5973.9 492.7 433.6 595.3 710.5 0.45 0.46 584.5
18938.4 472.4 1194.3 0.28 0.39 1259.7

From the local gas holdup fractions at steady state by the ERT technique and the solution of
the 2D steady-state PBM of Figure 8.5, the BNDDs averaged over bubble sizes were
calculated using Eq.(8.2) and Eq.(8.4). The results of the n"BM=55(z) and nfRT=55(z) are

shown in Figure 8.8.

The results shown in Figure 8.8 were obtained from the procedure shown in Figure 8.1. The
step labelled 1 in Figure 8.1 yielded the results represented by the legend “ ERT & DP data at
steady state” in Figure 8.8. Likewise, the step labelled 3 in Figure 8.1 yielded the result with

the legend “steady state PBM data” in Figure 8.8. The results of Figure 8.8 indicate the
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determined BNDD (n(v,z)) by the hybrid prediction is valid with respect to the axial
distribution of gas holdup fraction measured by ERT data calibration against DP data. The

accuracy of the result is quantified in the next section.

3.2 T T T T T

©— ERT & DP data at steady state
3.1r —<— steady state PBM data 7

2.8+ B

2.7+ B

2.6+ B

Radially averaged BNDD (cm'3)

2.5F R

2'3 Il I I Il I I
0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3

Column height (m)

Figure 8.8. BNDD averaged over bubble size (volume) against column height during bubble population
swarming at steady state by the ERT measurement and the PBM at the superficial gas velocity of
0.016 m/s.
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8.2. Validation of the hybrid predicted BNDD and statistical error analysis

In Figure 8.7, the AERT=DPED () using Eq.(8.3) and nM~P4P (v) using Eq.(8.5) are plotted.
The mean diameters of bubble sizes from the BNDDs by the ERT data measurements and the

DGD process model shown in Figure 8.7 are 0.56 cm and 0.52 cm respectively.

The errors between nERT=55(z) and aPBM~55(z) as well as between AERT=PGD () and
aM=DPGD () were evaluated by the linear least square regression defined in Chapter 4. The
obtained Chi-square (X?), R-square (R?)) and f-statistic of the error analysis are stated in
Table 8.5.

Table 8.5. The statistical error analysis of the compared ERT steady and dynamic data with PBM and
model of DGD process for superficial gas velocity of 0.016 m/s

Statistical error X? R? f-statistic f-critical (alpha

analysis level of 5%)
nERT=SS(7) 23x107* 1 13160.00 19.00

and T_lPBM_SS(Z)

nERT=DGD (1) 0.26 0.97 170.70 5.12

and nM~PED ()

The least square regression method allows evaluating the extent to which the model results
captured the experimental results. The closeness of the R? to unity, the larger the f-statistic
above the critical value and the lower the X? suggest the model results significantly

captured the experimental results.

The percentage of the difference of the mean diameters by the experimental and model
approaches to the experimental approach is used to estimate the uncertainty (error) of the
determined n(v, z). Thus, the uncertainty of the determined n(v, z) at the superficial gas
velocity of 0.016 m/s being valid with respect to the ERT dynamic gas holdup during DGD
was estimated to be 8.5%. This means the certainty that the determined n(v, z) is valid with

respect to dynamic gas holdup captured by ERT technique during DGD process was 91.5%.
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The average of the nfRT=55(z) and the n”BM~55(z) of Figure 8.8 in the axial direction of the
column were 2.88 (cm™3) and 2.88 (cm™3) respectively. The error in the difference of the
two graphs measured by the ratio of the difference of the average of nRT~55(z) and
nPBM=55(7) to the average of nfRT=55(z) along the column height was 0.0%. Thus, the
certainty (accuracy) that the determined n(v, z) of Figure 8.5 is valid with respect to the

axial distribution of gas holdup measured by ERT technique at steady state was 100.0%.

The value of the uncertainty is related to the use of a tubular sparger and one DP transmitter
available for this study that was moved along the column axis for local gas void fraction
measurements. The use of a DP transmitter at every column section will address the

observed error of the resolved n(v, z) being valid with respect to the ERT measurements.

8.3. Effects of superficial gas velocity on the computed BNDD based on the

hybridization of ERT measurements and a PBM

The aims of this section are as follows: 1) evaluate the validity of developed method of
hybridizing the ERT measurements and the PBM through a determination of the n(v, z) at
lower superficial gas velocities; 2) observe the effects of superficial gas velocity on the

determined n(v, z) by the ERT and the PBM hybrid model.

The hybrid predicted n(v,z) for the case of u; = 0.016 m/s allowed for estimating the
bubble coalescence rate, breakage rate and the inlet BNDD n(v,z = 0) as reported in
Section 8.1. Similarly, the n(v,z) of the bubble swarming phenomenon given u, values
lower than 0.016 m/s (i.e. 0.005 — 0.01 m/s) were sought by implementing the algorithm of

Figure 8.1.

The gas dispersion into the column at uy = 0.016 m/s to set-up a semi-batch flow regime at
steady state was reduced to 0.01 m/s. Subsequently, the ERT measurements of step 1 and
step 2 of Figure 8.1 were made. In the computations of step 3 and 4 of Figure 8.1, the
turbulent frequency, the mean and standard deviation of the logarithm of bubble volume

classes as well as the flux gradients within elemental volume section were parameterised.

The constants used to multiply quantities were varied over a known range to obtain the
mean values of Table 8.6 in order to resolve the n(v, z). Following such parameterisation,
the n(v, z) of Figure 8.9 was determined based on the extent of agreement of nZRT=55(z)

and nPBM=55(z) of Figure 8.11 as well as nfRT~PGD () and 7™ ~PEP () of Figure 8.10. The
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statistical error analysis between the average BNDD by ERT technique radially and axially in
comparison to that by the PBM and model of DGD process respectively are stated in Table
8.7.

Table 8.6. Parameters for physical quantities to determine the BNDD by the hybrid of ERT and a PBM
method at varied superficial gas velocities

Uy Lb Ub Avg. of | Std. of | BCF TCF LCF BBF W,
bs(unit) | bs(unit) )
m/s | (m3) | (m3) (unit) | (unit) | (unit) | (unit) | (unit)
0.01 3.00 7.47 1.05 0.13 1 3 1 1.00 0.80
x107% | x107¢ | +107% | +10°3 +1073 x107% | £ 1073
0.009 | 5.44 5.19 1.03 0.13 1 3 1 1.00 0.80
x107° | x107¢ | +107% | +10°3 +1073 x107% | £ 1073
0.008 | 2.18 2.09 1.05 0.15 1 1.8 1 1.00 0.80
x107° | x107¢ | +107% | +10°3 +1073 x107% | £ 1073
0.007 | 7.25 2.54 1.03 0.15 1 1.8 1 1.00 0.80
X107 | x107¢ | +1072 | +1073 +1073 x107° | + 1073
0.006 | 2.50 1.48 1.00 0.12 1 1.0 1 1.00 1.00
x1071% | x107¢ | +1073 | +1073 +1073 x107° | + 1073
0.005 | 2.10 1.32 1.00 1.11 1 1.0 1 1.00 1.00
X107 | x107¢ | +1073 | +1073 +1073 x107° | + 1073
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Figure 8.9. Solution of PBM vyielding the BNDD depending on bubble volume and column height
satisfying the static and dynamic holdup conditions at the superficial gas velocity of 0.01 m/s.
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Figure 8.10. Axially averaged BNDD depending on logarithm of bubble volume during DGD process by
the ERT measurement and a model of DGD process at the superficial gas velocity of 0.01 m/s.

238



8.5 T T T T
©— ERT & DP data at steady state
st o6 4 —<— steady state PBM data

N
a1
T

|

Radially averaged BNDD (cm'3)
(o]
6]
L

4'5 1 L L 1 L L
0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3

Column height (m)

Figure 8.11. BNDD averaged over bubble size (volume) against column height during bubble
population swarming at steady state by the ERT measurement and the PBM at superficial gas velocity
of 0.01 m/s.
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Table 8.7. The statistical error analysis of the compared BNDD from ERT steady and dynamic data with
that by PBM and model of DGD process at varied superficial gas velocities

U, | Statistical error X2 R? | f-statistic | f-critical (a evel of 5%)

(m/s) | analysis

0.01 | AERT=SS(z) 27x107* | 1 |12611.13 19.00
and 77"PBM—SS(Z)
nERT=DGD (7)) 0.85 0.92 | 48.66 5.12
and nM~P6D ()

0.009 | nERT=5S(z) 26x107* | 1 | 11399.8 19.00
and 77"PBM—SS(Z)
pERT=DGD (7)) 0.29 0.97 | 199.49 5.32
and nM~PGD ()

0.008 | nERT=5S(z) 40x107* | 1 |28389.97 19.00
and ﬁPBM_SS(Z)
pERT=DGD (7)) 0.30 0.97 | 117.30 5.32
and nM~P6D ()

0.007 | nERT=5S(z) 85x 1075 | 1 |35375.50 19.00
and 77"PBM—SS(Z)
pERT=DGD (7)) 0.32 0.96 | 84.85 5.59
and nM~P6D ()

0.006 | nERT=5S(z) 1.72x107* | 1 |17443.35 19.00
and 77"PBM—SS(Z)
nERT=DGD () 0.58 0.92 | 33.42 5.99
and nM~P6D ()

0.005 | nERT=SS(z) 1.08x 1073 | 1 | 6948.67 19.00
and 77"PBM—SS(Z)
nERT=DGD () 0.21 0.97 | 82.48 6.61
and nM~PGD ()
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Table 8.8. The mass transfer rates and the time-variant bubble class density resulting pressure
variation leading to bubble expansion during DGD processes for varied superficial gas velocities

Ug &g(unit) nyyap At, Inlet mean bubble volume
Apg 5
(m/s) at kg / (s) (m3)
(m3s)
kg/
Section (mgs)
1&2
0016 | 270 |[240x107*| 1x107*s |8.74x 107> 9.864¢ — 7
0.010| 220 |190x107™%| 1x107%s |8.74x 107> 2.715e — 7
0.009 | 202 [1.73x107*| 1x107%*s | 4.74x 1075 1.844e — 7
0.008| 191 [1.63x107*| 1x107%*s |4.74x 1075 5.330e — 8
0.007 | 1.75 |[148x107*| 1x107%*s | 4.74x 1075 1.090e — 7
0.006 | 1.49 |1.25%x107*|0.5x107%s | 2.74x 107> 6.070e — 8
0.005| 1.30 |1.08%x107*|0.5x107%s | 2.74 x 107> 7.280e — 8

The gas-liquid mass transfer rates and the time-variant bubble class density due to axial
pressure variation resulted in bubble expansion during DGD process. The explained method
of calculating the niyga, in Section 7.2 of Chapter 7 was used to obtain the ny,a, for varied
Uy as shown in Table 8.8. The ny,a, values were calculated based on g, at Section 1 and 2

because the DGD process starts from the column base.

Since the mass transfer rate decreases with a decrease in ugy, the time-variant bubble class
density was also assumed to decrease with a decrease in Ug. Thus, the assumed elemental
time step was scaled by half at u, values of 0.006 and 0.005 m/s. The assumption is
expected to be valid since the gas-liquid interfacial area contributing to axial pressure

variation decrease with a decrease in Ug.

On reduction of the gas dispersion to achieve a u; = 0.009 m/s, the BNDD n(v, z) of the

bubble evolution was resolved following the scheme of Figure 8.1. The gas dispersion at the
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volumetric flow rate of 20lpm produced u,; = 0.005m/s in the column. This was the
minimum ug4value studied since the global gas void fraction was 0.0154. At u, lower than

0.005 m/s, the accuracy of the measured static and dynamic gas void fractions were low.

For each of the lower superficial gas velocities (i.e. 0.008, 0.007, 0.006 and 0.005 m/s), the
ERT measurements were captured during bubble swarm at steady state and in the process
of DGD to compute nFRT=S5(z) and nFRT=PED (). Similar approach of developing the
boundary condition for the PBM at higher u, values (i.e. 0.0016 and 0.001 m/s) was

repeated for lower flow u, values.

Table 8.6 highlights the parameter values used in adjusting the inlet bubble size distribution,
the turbulent, laminar, buoyancy driven collision rate and the breakage frequency. The
parameters in Table 8.6 were adjusted to ensure the determined n(v, z) for a given uy is
valid with respect to the ERT measurements at steady state and during DGD (labelled 1 and
2 in Figure 8.1). Additionally, Table 8.6 displays the parameter values used to scale the
gradient of flux within an elemental column section during DGD processes. The scaling was
necessary owing to the bubble expansion and fluctuating axial transport of bubbles along

the column axis during DGD processes.

The steady state nZR7=55(2) and nfRT~PGP (1) were calculated from the experimental ERT
static and transient gas void fraction at uy = 0.009 m/s. The graphs of the 7"~5%(z) and
nERT=DGD (1) gre shown respectively in Figure 8.12 with the legend ‘ERT & DP data at steady
state’ and Figure 8.14 with the legend 'ERT DGD Data’. The BNDD n(v, z) of Figure 8.13 was
the steady-state PBM solution based on the stated parameter of Table 8.6 satisfying the
required steady and transient conditions. The function n”2M~55(z) was calculated from the

PBM solution and the function 7 ~P¢P (v) was calculated from the model of DGD process in

line with schemes of Figure 5.14 and Figure 8.1.

The graph of n?BM=55(z) is shown in Figure 8.12 with the legend ‘Steady state PBM data’,
while the graph of nM~PGP(v) is shown in Figure 8.14 with the legend ‘Model DGD Data’.
The statistical error between nfRT=55(2) and n?BM=55(z) as well as between nFRT=PGD (3)

and 1M~PCP (1) are stated in Table 8.7 at u; = 0.009 m/s.
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Figure 8.12. BNDD averaged over bubble size (volume) against column height during bubble
population swarming at steady state by the ERT measurement and the PBM at superficial gas velocity
of 0.009 m/s.
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Figure 8.13. The solution of PBM yielding the BNDD depending on bubble volume and column height
satisfying the static and dynamic holdup conditions at the superficial gas velocity of 0.009 m/s.
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Figure 8.14. Axially averaged BNDD depending on the logarithm of bubble volume during DGD
process by the ERT measurement and a model of DGD process at the superficial gas velocity of 0.009
m/s.

Similar experimental static and transient ERT measurements as in u, = 0.009 m/s were
made at u; = 0.008 m/s to obtain the ifR7~55(2) and AT ~PCP (1) of Figure 8.15(a and c)
respectively. The graph of nfRT=55(2) is represented with the legend ‘ERT & DP Data at
steady state’ while the graph of nfRT=PEP (1) with the legend ‘Expt. DGD data’. Figure 8.15b
shows the PBM solution at u;, = 0.008 m/s satisfying the static and transient conditions by
the parameters on Table 8.6 and the statistical error analysis of Table 8.7. The computed
aPBM=SS(z) and nM~PCP () from the PBM solution are shown in Figure 8.15(a and c) with

the legends ‘steady state PBM data’ and ‘Model DGD data’.
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Figure 8.15. BNDD graphs at superficial gas velocity of 0.008 m/s (a) BNDD averaged over bubble size
(volume) against column height by the ERT measurement and the PBM (b) Solution of PBM yielding
the BNDD depending on bubble volume and column height satisfying the static and dynamic holdup
conditions, (c) Axially averaged BNDD depending on the logarithm of bubble volume during DGD
process by the ERT measurement and a model of DGD process.

At superficial gas velocity of 0.007 m/s, the resolved PBM solution based on the extent of
agreement of nERT=55(z) and n"BM=55(2) as well as nfRT-PCD () and n™~PEP(v) are
shown in Figure 8.16a. The graphs of n£RT=55(z) and n?BM~55(z) are shown in Figure 8.16b
by the similar legend representations at higher u, values. In addition, the graphs of
nERT=PED (1) and aM~PEP(v) at u, = 0.007 m/s are displayed in Figure 8.16c. The
parameters for the inlet BNDD, coalescence, breakage rates and flux gradient during DGD

process are stated in Table 8.6. The statistical error analysis of the radially and axially

averaged experimental measured BNDD to that by modelling are reported Table 8.7.
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Figure 8.16. BNDD graphs at the superficial gas velocity of 0.007 m/s (a) Solution of PBM yielding the
BNDD depending on bubble volume and column height satisfying the static and dynamic holdup
conditions, (b) BNDD averaged over bubble size (volume) against column height by the ERT
measurement and the PBM (c) Axially averaged BNDD depending on logarithm of bubble volume
during DGD process by the ERT measurement and a model of DGD process.

Similarly, at uy, = 0.006 m/s, the resolve PBM solution producing the functions 1%%7~55(z)
and nfRT-DGD () agreeing with the functions nPEM~55(z) and nM~PCP (v) respectively are
shown in Figure 8.17a. The graphs of nfRT=55(z) and nPBM~55(z) as well as nfRT~PED ()
and M ~PEP () are shown in Figure 8.17(b and c) respectively. The legend representations
are consistent with the used legends at higher u, values. Moreover, the parameters for the
inlet BNDD, coalescence rate, breakage rate and the flux gradient during DGD process are

stated in Table 8.6 yielding the statistical error results in Table 8.7.
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Figure 8.17. BNDD graphs at the superficial gas velocity of 0.006 m/s (a) Solution of PBM yielding the
BNDD depending on bubble volume and column height satisfying the static and dynamic holdup
conditions, (b) BNDD averaged over bubble size (volume) against column height by the ERT
measurement and the PBM (c) Axially averaged BNDD depending on the logarithm of bubble volume
during DGD process by the ERT measurement and a model of DGD process.

The inlet BNDD and the breakage rate were parameterised as stated in Table 8.6 combined
with published coalescence rate and flux gradient without parameterisation to resolve the
BNDD at u, = 0.005m/s as in Figure 8.18a. Figure 8.18 (b and c) show respectively the
extent of agreement of nFRT=55(z) and nPBM=SS(z) as well as nfRT-PCP(y) and

aM=DPGD () based on the statistical error of Table 8.7.
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Figure 8.18. BNDD graphs at the superficial gas velocity of 0.005 m/s (a) Solution of PBM yielding the
BNDD depending on bubble volume and column height satisfying the static and dynamic holdup
conditions, (b) BNDD averaged over bubble size (volume) against column height by the ERT
measurement and the PBM (c) Axially averaged BNDD depending on the logarithm of bubble volume
during DGD process by the ERT measurement and a model of DGD process.

The plots in Figure 8.19 - Figure 8.25 show the gas void fractions (v, z) per volume of

bubble size class of bubble classes calculated from the hybrid predicted n(v, z) at superficial

gas velocities ranging from 0.005 m/s — 0.016 m/s.
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Figure 8.19. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.016 m/s.

=

,

—
=
d -
—
=

Gas-void fraction per volume [rﬁa]

0.4

0.8 08

3 .
Bubble vol. [rm7] W Column height [m]

Figure 8.20. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.01 m/s.
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Figure 8.21. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.009 m/s.
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Figure 8.22. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.008 m/s.
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Figure 8.23 The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.007 m/s.
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Figure 8.24. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.006 m/s.
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Figure 8.25. The gas void fraction as a function of bubble class volume and column height at the
superficial gas velocity of 0.005 m/s.

8.4. Discussion and conclusions

The Electrical Point Probe measurement technique, being an alternative technique for
measuring bubble population parameters, is cumbersome, bulky, complicated, expensive
and intrusive as described in Chapter 2. However, the ERT technique is portable, low-cost,
non-invasive, non-intrusive and simple to set-up. The ERT data captured from the column
could be reconstructed either online or off-line post-processing to image the gas dispersion

based on conductivity contrasting within a BCR.

The BNDD n(v,z) describing the bubble evolution in the column at steady state was
determined such that the calculated dynamic and static gas holdup fractions agree with
measured dynamic and static gas holdup fractions respectively by the ERT technique. In
determining the n(v,z) at higher superficial gas velocities, the turbulent driven collision
frequency was parameterised. The parameter values stated in Table 8.6 were used since the
degree of turbulence in the liquid phase increases with increase in superficial gas velocity.
Thus, the plots of n(v, z) in Section 8.3 for varied gas flow rates show the turbulence driven

coalescence rate increases with superficial gas velocity.
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The resolved n(v,z) also indicate the laminar and buoyancy driven collision rates were
steady for all the gas flow rates studied since with no parameterization, the BNDDs n(v, z)
were predicted at estimated certainty. The parameter values for the flux gradient within an
elemental control volume during DGD processes range from 0.8 to 1.0 as stated in Table 8.2
and Table 8.6. The parameter W, = 0.8 at higher u, values lead to the hybrid predicted
BNDDs owing to high bubble population within the control volumes. The high bubble
population affects the bubble rise velocity of the mean bubble class more significantly than a
situation of less population. Thus, without parameterising the flux gradient or W, = 1.0, the

hybrid predicted BNDDs were determined at lower u, values.

Although at the highest u, the fluid regime was turbulent, there were insignificant breakage
events since the fluid Weber number was less than the critical Weber number for bubble
breakage. The use of the fixed low-value parameters stated in Table 8.6 were applicable
since the hydrodynamic regime ranged from translational to low turbulence at the highest
u, 0f 0.016 m/s. The uy 0f 0.016 m/s was the highest possible gas flow rate studied owing to
the column height available for this work. Further from this gas flow rate, the displaced
liquid phase by aeration process spill-off the column. Besides, the water- head level should

be at least 0.2 m above an ERT electrode sensor for accurate imaging of the dispersion.

Additionally, the resolved n(v, z) confirms that the breakage rate events in the column for
all the flow rates were negligible. The confirmation is based on the insignificant parameter
for the breakage rate that yields n(v,z) satisfying the required static and dynamic gas

holdup conditions at known accuracy values.

The calculated bubble class void fractions per volume of a bubble class locally from the
resolved BNDD based on the ERT/PBM hybrid model are shown in Figure 8.19 - Figure 8.25
for varied superficial gas velocities. The graph of the bubble class void fraction depending on
bubble size for a given superficial gas velocity was a scaled surface plot in comparison to the
associated BNDD. The graph for a given u, was obtained from the ratio of the product of

BNDD and the mean bubble volume to the volume of the elemental column section.

Moreover, the total gas volume at local column sections calculated from the resolved BNDD
in the column increases with increase in superficial gas velocity of gas dispersion. The
increase in total local gas volume with increase in superficial gas velocity of dispersion is

consistent with existing theories since the gas void fraction at column sections increases
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with increase in superficial gas velocity. Notably, the minimum spatial resolution of the ERT
and PBM hybrid algorithm for each u, corresponds to the lower bound of bubble size range

that yielded the hybrid predicted BNDD.

The resolved BNDD n(v, z) changes with varying superficial gas velocities as determined by
the ERT/PBM hybrid model. As shown in the plots of results of Section 8.3, the resolved
n(v, z) was not noticed to increase with increasing superficial gas velocity, though the gas
volume at local column sections increases with increasing gas volumetric flow rate. The
n(v, z) for varied gas flow rates were obtained because the global mean size class of bubble
classes increases with increasing superficial gas velocity locally but not at the same rate as
the total volume of gas. This is noticed for the inlet mean bubble volume at higher u, in
Table 8.8 and results in Chapter 5. Thus, the BNDD, which is the ratio of gas volume in a
bubble class to the mean bubble volume in the class does not show increasing values with

increasing superficial gas velocity.
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Chapter 9

Hydrodynamic parameter predictions using the hybrid of ERT and PBM

technique in a column

The method of hybrid prediction of BNDD of bubble swarm based on the hybrid algorithm of
ERT and PBM has been explained in Chapter 8. The objective of this chapter is to explore the
hybrid predicted BNDD n(v, z) for hydrodynamic parameter predictions in a column, which

is useful for its performance description and scale-up design.

In designing a BCR to achieve effective product yield, sufficient information on the following
hydrodynamic parameters should be known: specific gas-liquid interfacial area, axial solid
dispersion coefficients, SMBD, axial dispersion coefficients of the gas and liquid, overall heat
transfer coefficient of the multiphase system, mass transfer rates for all species, gas holdup
and physicochemical properties of the liquid medium (Kantarci, et al., 2005). The following
problem on process design of column operation for its scale-up is considered to show the
importance of knowledge of axial and size distribution (or BNDD) of bubbles for a column

scale-up design.

1) Air, composing of mostly Nitrogen gas, was distributed into a mildly saline solution of
depth 1.39 m contained in a BCR of height 1.545 m and diameter 0.29 m at the ambient
temperature of 25°C. The large excess gas was sparged through a porous tubular gas
distributor of height 0.265 m and diameter 0.03 m located at the column base. The
multiphase dispersion was semi-batch in a steady state such that there was approximately
zero dissolved Nitrogen gas throughout the experiment. a) Determine the axial distribution
of Nitrogen consumption rate; b) the axial distribution of intensity of the multiphase mixing;
3) the axial gas and liquid dispersion coefficient when the dispersed phase was distributed at
varied superficial gas velocities ranging from [0.005 — 0.016 m/s] on the interval of 0.001

m/s?

2a) Suppose the multiphase process in the pilot scale BCR design was to be scale-up based
on the geometric symmetry design, what superficial gas flow rate would ensure a volumetric
gas-liquid mass transfer rate of 0.3[s~1] and a SMBD of 0.045 m compared to the values for

the parameters at a superficial gas velocity of 0.016 m/s with the present pilot scale column?
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2b) What are the effects of the determined superficial gas velocity on the mixing time and

the gas and liquid axial dispersion coefficients respectively?

In Section 9.1 of this chapter, an account of the application of the hybrid predicted BNDDs
for the hydrodynamic parameter predictions in the column is given. An exploration of the
hybrid algorithm predictions for column scale-up design is reported in Section 9.2. The
results of the use of an alternative experimentally validated simulation model by other
researchers for hydrodynamic parameter predictions in a column are presented in Section
9.3. The conclusions on the novel hybrid of ERT and PBM for hydrodynamic parameter
predictions in a column with the objectives of performance description and column scale-up

design are given in Section 9.4.

9.1. Application of the hybrid of ERT and PBM algorithm for hydrodynamic

parameter predictions in a column

The axial distribution of the Nitrogen gas (air) consumption rate of question 1 requires the
calculation of the axial distribution of the volumetric gas-liquid mass transfer rates for varied
ugs. This is required because there was approximately zero dissolved Nitrogen gas

throughout the experiment, thus, the Nitrogen gas was mostly absorbed by the liquid.

The theoretical framework for the development of the empirical correlation for K; is
presented since the K; is required for calculating the volumetric mass transfer rates, K; a.
Moreover, the local gas holdup fractions £,(z) and the SMBDs d,,; need be known for the
calculation of K;a as stated in Eq.(9.3) and Eq.(9.7) respectively. Thus, &,(2) and d, are

calculated prior to the determination of K; and then K; a by the following definitions.

The coefficient K; is actually an average value of K since the local value of K; should vary
on the surface of one bubble and depends on the bubble size (Akita & Yoshida, 1974). If the

number of bubbles n per unit aerated liquid volume V. be represented by n/VC and the

diameter of spherical shaped bubble by d, the gas holdup fraction in a unit aerated liquid
volume can be expressed as (Akita & Yoshida, 1974) and (Jun, et al., 2015)
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dmax

g,(2) = v d’n(d, z) dd (9.1)

Admin
The volumetric mass transfer rate is the product of K; and the specific gas-liquid interfacial
area a. Thus, the local volumetric mass transfer rate will then be of the form

dmax

KLa@:VlC f K,d?n(d, z) dd 9.2)

Amin

Dividing Eq.(9.2) by Eq.(9.1), we have

[ 1
| [4max K, d2n(d, z)dd |
— I dmin I

K;a(z) 659(2) f;nrln;x d3n(d, Z)de (93)

By the definition of the volume-surface mean bubble diameter d,,; and the mean value of K,
asin

dys(z) = i

[émax q3n(d, z)dd/

Jyme d*n(d, 2)dd (9.4)
p fmex K, d?n(d, 2)dd
7) = min
+® fimex q2n(d, 2)dd (9.5)

Eg.(9.1) can be combined with Eq.(9.5) to obtain Eq.(9.6).

K,
K. (2) = La(z) /6sg @ dys (9.6)
1
(4D, Uy 2 (9.7)
L= ( d,g )

The local average K; can be computed using Eqg.(9.7) (Shimizu, et al., 2000) by the Higbie
penetration theory where D; is the air-water diffusivity. Accordingly, from the knowledge of
the local K;, and K; a from Eq.(9.3), the local specific interfacial area can be calculated using

Eq.(9.8).
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K
a(z) = La(Z)/KL @ ©8)

The enumerated equations will be used accordingly to calculate the hydrodynamic

parameters in answering the posed questions.
9.1.1. Gas holdup fraction calculations

The local BNDD n(v,z) in Eq.(9.9) is expressed in terms of column section height H[m],
column radius R[m] and radius of mean bubble size r[m] in a bubble class between
[r,r + dr]. The symbol f(v) denotes the gas volume fraction in a bubble class v of the total
gas volume in the column section. The axial distribution of the gas holdup fractions in the
column was determined using Eq.(9.10) derived from Eq.(9.9).
3
gg(2)R°H
nw,z) =—F——7f(w

=g =W (9.9)
The Eq.(9.10) indicates the size and axial distribution of bubbles, n(v, z), in the column is
required for calculating the axial distribution of gas holdup fractions where the mean bubble
sizeinaclassis 7, = 4/573.

Vmax

n(v,z) vy
| St =@ (9.10)

Vmin
The determined axial and size distribution of bubbles by the hybrid of ERT and PBM
predictions, thus, allows for the calculation of the axial distribution of gas holdup fractions.
The resolved axial and size distribution of bubbles (BNDD) for varied superficial gas velocities
are displayed in Figure 8.5, Figure 8.9, Figure 8.13, Figure 8.15, Figure 8.16, Figure 8.17 and
Figure 8.18 of Section 8.3 in Chapter 8.

Using the n(v,z) at known ug, the Eq.(9.10) was used to compute the axial distribution of
gas holdup fractions for varied ugs. The plot of the axial distribution of gas holdup fraction
results in Figure 9.1 for stated u, values were obtained from the corresponding n(v,z) of

Section 8.3 in Chapter 8.
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Figure 9.1. Axial distribution of gas holdup in the column at varied superficial gas velocities.

The graphs of Figure 9.1 show an increase in axial distribution of gas holdup fractions with
an increase in ug, which is expected since the gas volume at a local column section increases
with increase in superficial gas velocity. The trend of the axial distribution of ¢ at a given u,
is due to the form of the fluid dispersion produced by the tubular gas distributor as
discussed in Chapter 4. The bubbles were radially well-distributed at Section 3 and 4 while
being dispersed through the column centre and top of the sparger at Section 1 and 2. The
decrease in bubble resident time with an increase in column height contributes to the
increase in the gas void fraction with column height. As discussed in Chapter 4, the g, at
Section 1 and 2, Section 3 as well as Section 4 are in agreement with the empirical
correlation of (Shah, et al.,, 1982), (Hughmark, 1967) and (Akita & Yoshida, 1973)
respectively. The obtained R-square statistical analysis between the gas void fraction at
Section 1 and 2, Section 3 and Section 4 and the published correlations are 95%, 99% and
97% respectively. The results of Figure 9.1 agree with that obtained in the work of (Shimizu,
et al., 2000) of Figure 9.10 globally and specifically for the axial distribution of Figure 9.11 at
ug = 0.01m/s.
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9.1.2. SMBD calculations

In order to calculate the K; (z)[mS™1] as in Eq.(9.7), the axial distribution of the SMBD
d,s(z) should be known. The local d,;(z) was calculated using Eq.(9.4) from the known
n(v, z) with respect to u,. The results of the axial distribution of the SMBD depending on

the superficial gas velocity are displayed in Figure 9.2.

¥, dus(2)

dvs= ————
- n(d_vs(2)) (9.11)
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Figure 9.2. The axial distribution of mean bubble diameter in the column at varied superficial gas
velocities.

The Eq.(9.11) was derived from Eq.(9.4) to calculate the global SMBD for varied flow rates.
At all studied Ugs, the axial distributions of the SMBD show the bubble size increases along
the column height. This occurred due to significant bubble coalescence rates and
insignificant bubble breakage rates during axial bubble swarming in the column. The extent
of increase of the d,s along the column height decreases with a decrease in u,. These
results are consistent with the coalescence rate parameters for varied ugs that yielded the
PBM solution and solution of DGD process model agreeing with the experimental

measurements.
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Similar graphical trend was obtained by (Sattar, et al., 2013), (Laari & Turunen, 2005) and
(Laari & Turunen, 2003) in their work where tubular sparger with 2000 holes was used
within the range of studied uys. The obtained graphs shown in Figure 9.2 indicate the axial
distribution of SMBD increases with increase in gas flow rate u, ranging from 0.008-
0.016m/s. At lower Ugs of 0.005, 0.006 and 0.007 m/s, the obtained axial distribution of the
mean d, are based on the range of bubble sizes and the inlet BNDD parameter satisfying

the experimental measurements.
9.1.3. Liquid-phase mass transfer coefficients

From the calculated d,; for varied ugs, the local K (z) were calculated using Eq.(9.7) to
obtain Figure 9.3. The resolved hybrid predicted n(v,z) was required for calculating the
local K; (z) since d,,; depends on n(v, z) in the column as in Eq.(9.4). The axial distribution
of the volumetric mass transfer rates K;a(z) for varied uys based on the interpretation of
Eq.(9.3) and Eq.(9.6) were calculated from the product of K; (z) and the local specific gas-
liquid interfacial area a(z). The a(z) for varied uys were calculated using Eq.(9.12) (Akita &
Yoshida, 1974), (Shah, et al., 1982) owing to its validity at the operational conditions in the

column to obtain the graphs in Figure 9.4.

2,05 3
_1 g9Dc"py, 9Dc _
a= /(396)< - > < =] &” (9.12)
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Figure 9.3. The axial distribution of the volumetric mass transfer coefficient at varied superficial gas
velocities in the column
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The K|, decreases with u, at larger uys (0.008 — 0.016 m/s) because the d, increases with
ug owing to the balance of the bubble birth and death caused by the significant coalescence
events and insignificant breakage events. The trend of the graph of d,,; against u, at lower
ug of Figure 9.2 is also observed in the relation between K; and u, at lower uys (0.005 -
0.007 m/s). At the lower ug s, the order of increase in d,,; was from 0.006, 0.005 to 0.007 as

captured by the ERT imaging technique.

Due to the significant coalescence events contributing to an increase in d,¢ along column
height (i.e. Figure 9.2) at a given ug, the K; decreases with the column height at a given u,

as shown in Figure 9.3.
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Figure 9.4. The axial distribution of the specific gas-liquid interfacial area at varied superficial gas
velocities in the column.

The graphs in Figure 9.4 shows an increase in a with increase in uy because of the
dependence of a on g4 as in Eq.(9.12). In addition, by the proposed correlation between &,
and Ug of the form &y X Cug; 0.7 <n < 1.2 (Shah, et al.,, 1982) for bubbly fluid flow
regime, the g, increases with u,. The alternative proposed correlation of Eq.(9.13) by
(Nagel, et al., 1979) and (Schumpe & Deckwe, 1981) shows an increase of a with increase in

&g for n > 0 as well as an increase of a with increase in Ug.
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Given the used tubular gas distributor design that produced uniform and well-distributed

bubbles at planes much higher along the column axis, the obtained trend of ¢, along the

column height influences the local a as observed in the graphs of Figure 9.4. Since the a

varies with £, by Eq.(9.12), the validity of the measured g, suggests that the calculated a for

a given ug is accurate in line with the experimental results by (Akita & Yoshida, 1974).

Accordingly, the obtained graphs for the gas-liquid volumetric mass transfer rates K; a(z)

for varied ugs are displayed in Figure 9.5.
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Figure 9.5. The axial distribution of the volumetric gas-liquid mass rates at varied superficial gas
velocities in the column.

The product of the trends of the axial distribution of K; and a are observed in the axial
distribution of K; a over the range of ugs. The K a is observed to increase with an increase
in the u, largely except for the measurement at u,; = 0.008 m/s at lower sections. This
occurred due to the K; at 0.008 m/s being lower than that at lower ug as shown in Figure

9.3.
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The axial distribution of &, is not steady owing to the used tubular gas distributor that
generated dispersion that increases along the column axis as shown in Figure 9.1. The
validation of the local gas holdup fraction against u; has been discussed in Chapter 4. A
sintered porous or perforated flat plate will generate uniformly well-distributed bubble

population locally and globally in the column compared to the used sparger.

The graphs in Figure 9.5 were obtained owing to the increasing &, with column height at a
given u, that lead to increase in the K, a from the lower column section to the higher
column section. However, at each column section for all the ugs, the K, a decreases with
column height owing to the dominant K; term. The K; decreases with column height for all
the uys studied owing to the increase in the d,; with column height. The d,,; was noticed to
increase along the column height as a result the balance of the bubble birth and death on

the account of bubble coalescence and breakage events during axial bubble swarming.

The results of Figure 9.5 at ug = 0.01m/s and & = 0.0308 at the fourth column section
agree with the values obtained in the work of (Shimizu, et al., 2000) though a column with
the diameter of 0.2 m was used as in Figure 9.13. The trend of the corresponding gas void
fraction of Figure 9.11 also agrees with the measured ¢; at uy = 0.01m/s at the fourth
column section. A simulation model for the prediction of gas holdup and volumetric mass
transfer rates was developed by (Shimizu, et al.,, 2000) in their work. Their results were
validated with well-established correlation model of (Akita & Yoshida, 1973), (Kawase, et al.,

1987), (Shah, et al., 1982) and their experimental measurements as in Figure 9.12.

Furthermore, the global hybrid-predicted K a over the range of studied u,s were validated
against the empirical correlation of Eq.(9.14) (Kantarci, et al., 2005) (Shah, et al., 1982) that

is valid for u, ranging from 0.002 —0.08 m/s.

Kia = bug (9.14)

The correlation was proposed based on the oxygen transfer in tap water in a BCR were the
parameter b and n were estimated to be 0.467 and 0.82 respectively at 17.7% mean error.
The graph of the global hybrid-predicted K;a against u, agrees with the correlation of
Eq.(9.14) with b = 0.42 and n = 0.82 as in Figure 9.6 by the statistical error on Table 9.1. In
addition, the hybrid-predicted K, a against u, agrees with the correlation of Eq.(9.15) valid

in an air-water fluid system with u, ranging from 0.003-0.4 m/s (Akita & Yoshida, 1973)
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(Shah, et al., 1982). The accuracy level of the agreement between the two results is stated in

Table 9.1.

0.62 0.31

_Di v, \O5([ gDZp, gDZ2 11
K.a ‘9_30'6( ’/Dl) Pty C/vlz & (9.15)

0.016

I
—+—— Hybrid of ERT & PBM prediction
—+H— Shah et al.(1982)& Kantarci et al.(2005)
0.014f —<— Akida & Yoshida(1973)  f----- - 1
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|
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Figure 9.6. The global hybrid-predicted volumetric mass transfer rate against superficial gas velocity
compared to empirical correlation results.
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Table 9.1. Statistical error results of the comparison of global mass transfer rates as a function of
superficial gas velocity by the hybrid technique and empirical correlations

Mean of K;a | Chi-square R-square f-statistic f-critical
over uys (/s)

Empirical 0.00857 0.85786 0.8578 35.9650 5.9874
correlation
by Shah et
al.(1982) &
Kantarci et

al. (2005)

Hybrid of 0.00833
ERT & PBM
prediction

Hybrid of 0.00833 1.0831 0.8195 27.2371 5.9874
ERT & PBM
prediction

Empirical 0.00784
correlation
of Akida &

Yoshida
(1973)

Moreover, the validity of the global K;a depending on u, based on the accuracy level
indicates the axial distribution of the d,,; of Figure 9.2 depending on u is valid. This notion is
made since the analysed hybrid predicted n(v, z) to calculate K; a was used to calculate the

dys for a given ug.

9.1.4. Intensity of interphase mixing and phase dispersion rates

Furthermore, the intensity of mixing denoted by @[unit] is computed from the ratio of the
mixing time to the mass transfer time (Deckwer & Schumpe, 1993) to address the question
1b. The mixing time model from the correlation of (Camacho, et al., 2004) varies with u, as
in Eq.(9.17) where a = 0.385, k = 0.35 and n = 1 for a Newtonian fluid. Since the mixing
time t,,, is of Eq.(9.17) and mass transfer time MTT,, equals Eq.(9.16), the intensity of mixing
equals Eq.(9.18) (Deckwer, 1986).

MTTw(2) = (a5) (9.16)

_(1+n) HZ
tn=2"%3 a L

kD 3(ugg) 3 (9.17)
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¢ =t K, a(z) (9.18)

The graph of the mixing time as a function of u, for a dispersion height H, = 1.29m is
shown in Figure 9.7. The mass transfer time MTT,,, however, depends on the gas holdup
(Laari & Turunen, 2005) values &(z) and d,s (z) calculated from the resolved n(v, z) by the
hybrid of ERT and PBM method. Thus, using Eq.(9.18), the axial distribution of the intensity
of mixing @(z) for varied u, given the axial distribution of K;a were calculated as shown in
Figure 9.8. Since Figure 9.5 and Figure 9.7 are valid, the results in Figure 9.8 are expected to

be valid.
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Figure 9.7. The mixing time as a function of superficial gas velocity at the stated dispersion height
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Figure 9.8. Axial distribution of the intensity of mixing in the column at varied superficial gas
velocities.

The graphs of the axial distribution of intensity of mixing for varied u, values of Figure 9.8
show the axial distribution of intensity of mixing increases with increase in u, except at
ug = 0.008 m/s. The axial distribution of d,,s at u; = 0.008 m/s accounts for the trend of
@(z) at this ug. Moreover, the trend of the axial distribution of @ at a given Ug is similar to

that of K; a since the K; a factor is dominant in the product resulting in @.

In solving question 1c, the axial dispersion rates of gas and liquid phases depending on the
column diameter D¢ and the u, of dispersion, were solved using Eq.(9.19) and Eq.(9.20)
respectively(Deckwer & Schumpe, 1993) (Camacho, et al., 2004). Figure 9.9 relates the gas

and liquid phases dispersion rates to u, of air in the column.
4 1
E, = 0.343D; /3(gu,) /3 (9.19)

3
Eg = 20D¢ /2u,, (9.20)
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Figure 9.9. Axial dispersion of gas and liquid in the column against superficial gas velocity of
dispersion.

The results of Figure 9.9 indicate that E;[m?2s~!] and Ej, increase with U;, which were

expected given the mathematical relationship between E; and U; as well as E; and Ug;.

9.2. Exploration of the hybrid predictions of hydrodynamic parameters for

column scale-up design

The question 2(a-c) posed at the introductory section of this chapter are addressed in this
section. From the results of Figure 9.5 and Figure 9.2, at u, of 0.016 m/s, the global k;a was
0.0124[s~1], while the global SMBD d,,; was 0.0131[m]. In question 2a, the column design is
expected to be enhanced for an optimal multiphase flow by the geometric scale-up
approach (Nauman, 2008) to ensure the value of k; a is 0.3s~! and d,, is 0.045m. The scale-

up factors for these quantities were calculated as follows:

Let the scale-up factors for k; a and d,; be denoted respectively by f, 4 and fg , then

_03 _
fina =""/0.0124 = 2419 (9.21)
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_ 0.045 _
fan, = 7"/0.0131 = 344 (9.22)

Given Eq.(9.7) and Eq.(9.12), the k; a can be re-written as in Eq.(9.23)

e 0.1

0.25 2 (05 3
-1 gdvs) (4DL) 9Dc"pyL gDc 1.13
k10 ="/3p,) <0.59 Td s o ) % (9.23)

Since the K a in the full-scale plant unit is a factor of 24.19 to the K; a in a pilot scale unit,

the expression of Eq.(9.24) is expected to hold.

= 24.19

[KL a] Full-scale plant(z)/
[KLa]Pilot—scale plant(1) (924)

Additionally, since g[ms~2], p;[kgm™3], D;[m?s71], o[kgs™?] and v;[m?s~] are

constants in the two plant units, Eq.(9.24) can be re-written as

[Kials (Tl \"* (Dl (leal, )
[KLa]1‘<[dvs]z> <[DC]1> k) AP (9.25)

Based on the geometry symmetry approach, the column diameter D, scales by 51/3, where

S is defined as in Eq.(9.26) or Eq.(9.27) (Nauman, 2008).

_ mass flow through a full — scale plant g
" mass flow through a pilot — scale plant ~ ~ t"roughput (9.26)

volume of fluid in a full — scale plant

Svolume =

volume of fluid in a pilot — scale plant (9.27)
The SMBD, d,,, will also scale by 51/3, such that

1 1/
Sd,,f =3 and SKL'Z =1 (9.28)

Substituting the scaling factors for the column diameter and SMBD into Eq.(9.25), the results
in Eq.(9.29) to Eq.(9.31) are obtained.

(3.44)70%(1)03 (513 = 23.1 (9.29)
0.7343(S.)'13 = 24.19 (9.30)
Se = 22.04 (9.31)
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The result of Eq.(9.31) implies that the gas holdup should be increased by a factor of 22.04
from the initial values of 3.81% to 83.97% for the full-scale plant unit. In order to achieve
the gas holdup of 83.97% in the column, the Ug of 0.016 m/s should be increased to 0.99
m/s based on the correlation between the gas void fraction and the ug by (Shah, et al.,

1982).

With a view to addressing question 2b for the effects of the scale-up approach on the mixing

time, Eq.(9.17) is re-written as in Eq.(9.32), where C denotes the constant.

< 9.32)
tm = 4—1/
D /3(ugg) ’

By the geometry symmetry scaling approach, Eq.(9.33) holds.

[tmD4/3(ugg)1/3] =C= [tmD4/3(ugg)1/3] (9.33)

pilot plant Full—-scale palnt

The scale-up factor of the mixing time is, then, computed as in Eq.(9.34) to Eq.(9.35).

4 1
[tm]l.  ([D]1)3 [ug]l 3
[tm]s <[D]2> <[ug]2> (9.34)

1
[t,] 4 /0.016\3
2 (1)3(W) =0.2528 (9.35)

[tm]l -

The ratio of column diameter of the full-scale plant to the pilot scale plant (first term on the
RHS of Eq.(9.34)) is 1 by the geometric symmetry approach. The results of Eq.(9.35) show
the mixing time decreases by a factor of 0.2528 owing to the increase in superficial gas

velocity to the value of 0.99 m/s.

The effect of the scale-up approach on the axial liquid dispersion rate (question 2c) was
solved by rewriting Eq.(9.19) in terms of variables as in Eq.(9.36) to obtain the results in

Eq.(9.39).
[EL]1 [EL]>

[u;/3Dc4/3] —tT [u;/3Dc4/3] (9.36)

1 2
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[u;/3DC4/3]1 B (9.37)
1
[\ 4 B,
([ugL) AT (9.38)
[EL]
B ] = 61879215 = 3.955 (9.39)

Furthermore, the effect of the scale-up technique on the axial gas dispersion rate (question

2c) was determined by expressing Eq.(9.20) as in Eq.(9.40)

(Bl _ . _ B

[Uc]z [UG]l (9'40)
[Ecl,  [Ugly
ol Wel, 0 87° (9.41)

The Eq.(9.40) is simplified to Eq.(9.41) to calculate the axial gas dispersion rate, which

increases by a factor of 61.875.and the liquid dispersion increased by a factor of 3.995.

9.3. Hydrodynamic parameter predictions by experimentally validated
simulation method

The hydrodynamic parameters for enhanced designing of a column could either be
estimated by experimental measurements or from validated correlation models or
simulation models with experimental data. A simulation model was developed by (Shimizu,
et al.,, 2000) based on the phenomena of bubble coalescence and breakup rates for
prediction of gas holdup and volumetric mass transfer coefficient in a BCR. The developed
simulation model was validated by an experimental study set-up in two columns of

dimensions 0.2m and 0.155m in diameter and 1.7m and 0.834m in height respectively.

The results of the simulation model for the measurements of the changes in the global gas
holdup with increasing u,; were compared to experimental results as well as well-known

correlation models by (Hughmark, 1967) and (Kawase, et al., 1992) as in Figure 9.10.

276



®  Experimental data
—— Hughinark(1967)

- Kawase et al (1992)

01 Simulation ]

Crars hodd-up, @ -]

0.05

T

0 L I L L
1] 0.01 0.02 0.03 0.04 0.05

Superficial gas velocity, U,, fms”]

Figure 9.10. Gas hold-up in a 0.2m diameter column against superficial gas velocity.

The results in Figure 9.10 were validated with experimental results of processes set-up in a
column with the diameter of 0.2m. The axial distribution of gas holdups in the column at two
superficial gas velocities of 0.01 m/s and 0.04 m/s were also calculated from the simulation

model as shown in Figure 9.11.
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Figure 9.11. Axial distribution of gas hold-up in a bubble column reactor (Dy=0.2m).

Furthermore, changes in volumetric mass transfer rates with respect to an increase in u,

were obtained from the simulation model (Shimizu, et al., 2000). The results were compared
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to the experimental measurements as well as results from validated correlations as shown in

Figure 9.12. For the two Uugs of 0.01 m/s and 0.04 m/s, the axial distribution of the gas-liquid

volumetric mass transfer rates in the column were obtained as displayed in Figure 9.13.

Figure 9.12. Gas-liquid mass transfer
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Figure 9.13. Axial distribution of gas-liquid mass transfer rate in a bubble column reactor (D;=0.2m).

The graphs of Figure 9.12 and Figure 9.13 provide additional experimental results for

validating the hybrid predictions of hydrodynamic parameters using the newly developed

hybrid algorithm. The results of gas void fractions and axial distribution of gas holdup

fractions at u, of 0.01 m/s as in Figure 9.10 and Figure 9.11 are in agreement with the
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hybrid prediction of Figure 9.1 especially at Section 4 at u; = 0.01 m/s . The results of the
K a of Figure 9.12 and Figure 9.13 for u; = 0.01 m/s are, also, in agreement with that by

hybrid predictions of Figure 9.5 particularly at u; = 0.01 m/s at Section 4 for the same u.

9.4. Conclusions on the hybrid predictions of hydrodynamic parameters

The axial and size distribution of bubble swarm is an essential bubble population parameters
influencing the design of a BCR for an optimal performance and efficient product yield. From
the knowledge of the size and axial distribution of bubble population, all hydrodynamic
parameters useful for performance evaluation of a column and for column scale-up design

can be estimated.

In addressing the problem of column scale-up design in this chapter, the resolved size and
axial distribution of bubble swarm at steady state by the hybrid technique allowed for the
prediction of hydrodynamic parameters in the column. The hybrid technique allowed for
hydrodynamic parameter predictions through a non-invasive, a non-radioactive, a low-
capital-cost, a simple and portable measurement method. The hybrid predicted
hydrodynamic parameters agree with published experimental results with associated errors

quantified.

Furthermore, the novel hybrid hydrodynamic parameter predictions were explored for
scaling the pilot-scale column to a full-scale plant column to achieve a higher volumetric gas-
liquid mass transfer rates. The effects of the adjusted parameters in the scale-up on the
intensity of multiphase mixing time and the axial liquid and gas dispersion rates were also

determined.
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Chapter 10

Conclusions

The central goal of this study is to investigate the possibility of harnessing ERT
measurements of high temporal resolution but a low spatial resolution for the
measurements of bubble population parameters. The knowledge of the bubble population
parameters is required for performance description of a column and its scale-up design. The
performance description and scale-up design of a column were expected to be achieved
through the computation of the hydrodynamic parameters from determined bubble
population properties. The measurement of the bubble population parameters can
accurately be achieved by a technique that yields both high spatial and temporal resolution.
Given these requirements, the ERT measurements without being fused to models of a
physical system of a multiphase process will not be suitable for BCR hydrodynamic

parameter measurements.

“It was hypothesised in this work that a higher accuracy in interpretation of ERT
measurements for accurate hydrodynamic parameter predictions in a column will result

from coupling models of a physical system to ERT measurements”

In testing this hypothesis, the images of the steady state axial bubble swarming process was
captured by the ERT technique since the ERT low spatial resolution is useful for gas void
fraction measurements. The local gas void fractions of the dispersion were simultaneously
captured using a differential pressure transmitter by the differential pressure (DP)
technique. The differential pressure measurements of the local gas void fractions were
validated by the water-head displacement technique. The local DP g, for uy ranging from
0.002-0.016 m/s were compared with published results and good agreements were found

with associated errors evaluated as reported in Chapter 4.

The trend of the axial distribution of &, for a given u, was related to the used tubular gas
porous sparger design. The bubbles were observed to be uniform and well-distributed at
column sections at higher planes well-above the gas distributor region. The bubbles were
dispersed through the centre and top of the sparger at the lower column sections closer to
the sparger region. The pattern of dispersion leads to variation in bubble population resident

times along the column axis during their axial advection transport.
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Following the validation of the local &, over a range of ug, the local ERT TACD captured
locally were calibrated against the DP data for u, ranging from 0.002-0.016 m/s. Based on
the local calibration graphs, given the ERT TACD, the local gas holdup fraction can be

calculated.

In Chapter 5, the high temporal resolution of ERT measurements was harnessed by coupling
ERT measurements to DGD process for determination of global bubble size distribution
nERT=DED (1) in the column over a range of u,. The characteristic times for the
disengagement of bubble size classes were determined by calculating the time span or
periods for a unit change in the time-variant ERT ACD during a DGD process. The dynamic
gas disengagement technique (DGD) describes the phenomenon of bubble population
detaching from the liquid phase at varied times due to the difference in bubble sizes rising at

varied velocities. By the DGD technique, bubble size classes disengaged according to their

sizes with the largest size detaching earliest and the smallest size latest.

The ERT ACD increases with time during a DGD process owing to the decrease in the non-
conductive gas volume locally and globally in the column. Thus, for every unit increase in the
ERT ACD during a DGD process, the mean disengaging bubble size will be larger than the
mean disengaging bubble size at a later unit increase in the ERT ACD. The adopted approach
of calculating the characteristic disengagement times of bubble classes yielded a high
resolution of bubble classes. The number of captured bubble classes was observed to
increase with an increase in u,. This can be attributed to significant bubble coalescence
events that increase with u, increase yielding bubbles in larger classes. The increase in

bubble sizes, thus, increased the length of the disengagement period.

The determined bubble size classes and the obtained log-normal distribution are consistent
with empirical correlation results and published distribution as reported in the discussion of

Chapter 5.

In Chapter 6, the physical phenomenon of bubble population advection under the influence
of bubble coalescence and breakage events controlling the bubble sizes were modelled. The
conservative steady state population balance model (PBM) was explored to describe the
changing BNDD locally governed by the bubble birth and death by the PBM source terms.
The published bubble coalescence model explored was corrected to ensure conservation of

gas volume locally. The adopted breakage rate model yielded conservation of gas volume
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locally as the bubble population evolve. Because the studied fluid regimes range from
homogeneous to transitional regime, there were insignificant breakage events during bubble
swarming. Accordingly, the breakage rate was parameterised to ensure insignificant source
term contributions in solving the PBM solution. The PBM solutions were subsequently used

as initial conditions for DGD processes at varied uys.

The DGD process described in Chapter 5 was modelled in Chapter 7 to allow for the
determination of BNDD depending on bubble size and column height during steady state
bubble evolution. The adopted source term models were published correlations in which the
component density variation term was calculated by the ideal gas equation while the mass
transfer term by the product of K; and a. Using the PBM solution as the initial condition for
the developed DGD process model, the DGD process model was solved to obtain the time-

dependent local gas volume during a DGD process.

The solution of the DGD process model was analysed by a developed scheme in Chapter 5
for the calculation of the axially averaged BNDD from the known characteristic times of
disengagement of bubble classes. At higher u, values, the flux gradient within an elemental
column section was multiplied by 0.8 to ensure the measured characteristic disengaging gas
volumes of classes agree with the modelled results. The parameterisation of the flux
gradient was necessary owing to the fluctuating axial transport of bubbles in a bubble class
around the column axis during a DGD process. In addition, the utilised gas sparger produced
uniform bubble distribution at column section 3 and 4. Thus, the DGD assumptions may not

accurately hold at lower column section 1 and 2.

At lower u, values, the bubble population in classes within an elemental volume was
relatively lesser compared to that at higher ugs. It was observed that without
parameterising the flux gradient (or multiplied by 1), the measured characteristic
disengaging gas volume of bubble classes agree with the modelled results at lower ugs. The
resulting local and global BNDDs nM~P¢P () from the analysis of the solution of DGD
process model were a log-normal distribution which agrees with results in the literature by

alternative techniques.

The size distribution of bubbles in the process of DGD by the ERT measurements and a
method of DGD process modelling forms the first criterion for determining the actual axial

and size distribution (ANSD) of bubble swarm, n(v, z), in the column. The solution of the
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PBM yields the BNDD as a function of column axis and bubble size in the column. The ERT
radially averaged BNDD (denoted by nfRT~55(z)) was calculated from the gas holdup
fraction measurements by the ERT technique and bubble sizes at local sections of the
column. The PBM radially averaged BNDD (denoted by n”2M~55(z)) was calculated from the
ratio of gas volume in a bubble class to the mean bubble volume in the class by analysis of
the PBM solution. The AERT=5S(z) and nPBM~=55(z) form the second criterion for
determining the actual axial and size distribution (ANSD) of bubble swarm, n(v, z), in the

column.

The actual ANSD n(v,z) at u, of 0.016 m/s was determined through parameterisation of
inlet BNDD, the bubble coalescence frequency, bubble breakage frequency and the flux
gradient during DGD Process. The parameterisation was intended to ensure the n¥~P¢P (v)
and nERT=55(z) agree with the nfRT=PGD () and nPBM=55(2) respectively. The developed
ERT and PBM hybrid algorithm was further validated by utilising it to resolve the ANSD at
lower ugs ranging from 0.01-0.005 m/s. The computed ANSD of bubble swarm at these
lower ugys also allowed for the assessment of the effects of u,; on the determined ANSD of

bubbles. The statistical errors between the graphs of nZRT-PGP(y) and aM~PCP(v) for

varied ugys that do not lie perfectly on each other are stated in Chapter 8.

Furthermore, the resolved ANSD of bubble swarm at steady state by the hybrid algorithm of
ERT measurements and a PBM was analysed for the hydrodynamic parameter predictions.
The predicted hydrodynamic parameters using empirically validated correlation models
were useful for an enhanced design and scale-up of a column. The predicted hydrodynamic
parameters values agree with results by empirically validated simulation methods and
empirically correlations in literature. The statistical error between the hybrid predicted mass
transfer rates and by empirical correlations are stated in Chapter 9. The validity of the hybrid
predicted hydrodynamic parameters by a low-capital cost, a non-intrusive, a portable, a non-

radio-active technique proves the basis of the hypothesis.
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Recommendations

Further work on the developed hybrid of ERT and a PBM algorithm for hydrodynamic
parameter predictions in a column using more suitable equipment is encouraged with a view
to addressing observed errors in the results. Further extension of the hybrid algorithm of
ERT and a PBM will be to include an unsteady state term in the PBM for hybrid prediction of
hydrodynamic parameters in an unsteady state system. A hybrid algorithm of such will be
efficient for hydrodynamic parameter predictions of an unsteady multiphase flow (for

example gas-liquid flow) at higher superficial gas velocities (0.30-0.50 m/s) in a column.

An unsteady state 4D PBM (i.e. 3D space and 1D bubble size) should be solved based on the
finite element method (FEM) for adequate fusion with the ERT measurements since the ERT
imaging is based on FEM. In addition, the hybrid of ERT and PBM should also be explored for
hydrodynamic parameter predictions of 3-phase systems (solid, liquid and gas) in catalysis,

crystallisation, bioprocess and mineral processing research studies.
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Appendix A

Tables of graphical results in Chapter 4 and the area average of conductivity
distribution with time during gas disengagement process
Table Al.1. The maximum, minimum and TACD values of the area within the first electrode layer for 3

repeated measurements for superficial gas velocities ranging from 0.002-0.016 m/s.
Key - U, represents gas flow rates (m/s).

Uy Max. value of cond. Min. value of cond.
(m/s) (unit) Mean value of cond. (unit) (unit)
Meas. 1 2 3 1 2 3 1 2 3

0.002 | 8.41|10.77 | 8.89 -3.6 -3.6 | -3.63| -37.54| -40.43 | -36.26
0.003 | 9.69|11.13 | 1133 | -4.81| -484 | -4.76 -54.1 | -58.64 -60.7

0.004 | 12.19 | 10.05 | 114 | -5.75| -6.15| -547| -70.83 | -62.49 | -65.15

0.005|1053 | 945| 792 | -7.83| -735| -7.74| -80.86 | -77.99 | -72.67

0.006 | 11.42 | 9.01| 9.02| -831| -8.09| -829| -94.29| -87.63| -84.75

0.007 | 14.13 | 22.47 | 11.19| -9.58 | -7.52| -9.88|-100.51 | -108.58 | -106.36

0.008 | 11.11 | 15.13 | 11.13 | -10.89 | -10.92 | -10.78 | -116.22 | -117.05 | -122.63

0.009 | 13.49 | 11.15| 9.38 | -11.8 |-12.21 | -11.73 | -124.53 | -132.92 | -120.75

0.010 | 19.46 | 11.94 | 17.67 | -13.56 | -14.13 | -12.41 | -146.62 | -132.8 | -134.74

0.016 | 17.76 | 25.31 | 16.98 | -24.72 | -23.99 | -24.79 | -231.59 | -239.66 | -235.35
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Table Al1.2. The maximum, minimum and TACD values of the area within the second electrode layer
for 3 repeated measurements for superficial gas velocities ranging from 0.002-0.016 m/s.

Vs Max. value of cond. (unit) | Mean value of cond. (unit) Min. value of cond. (unit)
(m/s)
Meas. 1 2 3 1 2 3 1 2 3

0.002 | 8.08 7.81| 6.23 -3.2| -3.72| -398| -36.73 | -36.45| -31.81

0.003 | 837| 10.86| 9.36| -6.09| -533| -554 -49.3 | -55.05| -45.64

0.004 | 12.57 | 10.85|12.25| -7.59| -768 | -599| -49.95| -58.19| -5891

0.005 | 1549 | 1459 | 1565 (-10.71 | -9.31| -10.1 -76.5 | -93.07 -75.8

0.006 | 20.15 | 14.13 | 19.01 | -11.27 | -9.98 | -10.99 | -95.68 | -87.74 | -90.32

0.007 | 23.96 | 127.67 | 19.91 | -12.01 | -10.11 | -12.37 | -106.1 | -166.83 | -114.29

0.008 | 34.3| 79.37|21.82|-11.77 | -14.56 | -15.06 | -133.4 | -128.11 | -135.18

0.009 | 16.54 | 30.96 | 22.71 | -16.78 | -16.2 | -17.84 | -160.47 | -142.76 | -146.39

0.010 | 42.61 | 26.39| 48.7|-17.03 | -19.7|-17.01 | -172.41 | -158.83 | -169.78

0.016 | 60.30 | 98.63 | 65.92 | -36.91 | -32.83 | -37.28 | -375.55 | -374.62 | -359.64

Table A1.3. The maximum, minimum and TACD values of the area within the third electrode layer for
3 repeated measurements for superficial gas velocities ranging from 0.002-0.016 m/s.

V; (m/s) Max. value of cond. Mean value of cond. Min. value of cond.

Meas. 1 2 3 1 2 3 1 2 3

0.002 7.44 746 | 7.15| 467 | -447 | -492| -3433 | -37.81| -34.24

0.003 7.98 9.65| 843 -81| -7.29| -7.33] -51.58| -43.54| -52.11

0.004 11.00 | 11.21|11.76 | -9.02 | -9.46| -9.19| -60.74| -54.72 | -55.98

0.005 11.13 | 13.86| 13.33 | -12.87 | -10.97 | -11.33 -73.7 | -86.17 | -74.17

0.006 22.08 | 16.45|17.42(-14.51 | -12.69 | -13.87 | -101.89 | -89.37 | -98.96

0.007 22.86 | 30.16 | 29.95( -15.92 | -15.32 | -15.51 | -119.98 | -140.25 | -128.86

0.008 95.72 | 26.17 | 18.07 | -16.01 | -18.24 | -18.93 | -16.01 | -128.23 | -130.65

0.009 40.51 | 29.87 | 29.09 | -20.86 | -20.24 | -20.41 | -154.83 | -183.42 | -144.44

0.010 45.34 | 33.52 | 40.2|-22.45|-22.82 | -22.99 | -197.98 | -159.86 | -173.35

0.016 | 121.63 | 107.36 | 65.38 | -45.02 | -40.97 | -45.86 | -353.51 | -355.69 | -386.08
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Table Al.4. The maximum, minimum and TACD values of the area within the fourth electrode layer for
3 repeated measurements for superficial gas velocities ranging from 0.002-0.016 m/s.

V; (m/s) Max. value of cond. Mean value of cond. Min. value of cond.

Meas. 1 2 3 1 2 3 1 2 3

0.002 833 | 9.22| 881| -445| -413| -413| -30.55| -33.78 | -28.11
0.003 9.24| 899 | 933| -751| -666| -7.29 | -41.64 | -39.69| -42.32

0.004 | 10.64 | 11.67 | 1062 | -8.24 | -939| -9.87| -5493| -47.71| -52.85

0.005 | 11.34 | 12.26 | 14.43 | -11.55 | -11.69 | -10.27 | -61.83 | -68.16 | -70.10

0.006 | 17.36 | 17.22 | 20.65 | -13.04 | -12.96 | -12.64 | -75.01 | -84.85 | -96.67

0.007 | 24.94 | 30.32 | 24.07 | -15.09 | -16.23 | -15.11 | -113.74 | -109.46 | -131.37

0.008 | 53.95| 19.18 | 26.08 | -18.00 | -17.33 | -17.91 | -144.17 | -116.40 | -150.28

0.009 | 44.50 | 33.33 | 36.40 | -21.31 | -20.11 | -20.49 | -161.58 | -161.35 | -215.20

0.01 |37.37 (3191|4750 -22.2|-23.21|-23.90 | -183.59 | -161.00 | -177.08

0.016 | 61.14 | 81.45 | 67.58 | -47.72 | -45.04 | -45.5 | -430.03 | -471.64 | -354.35

Table A1.5. The mean of maximum, minimum and TACD of the area within the first electrode
averaged over the number of measurements.

Uy Averaged over 3 repeated measurement
(m/s) | Mean(a™*) | Mean(/)) | Mean(a™™")
0.002 9.36 -3.61 -38.08
0.003 10.72 -4.80 -57.81
0.004 11.21 -5.79 -66.16
0.005 9.30 -7.64 -77.17
0.006 9.82 -8.23 -88.89
0.007 15.93 -8.99 -105.15
0.008 12.46 -10.86 -118.63
0.009 11.34 -11.91 -126.07
0.010 16.36 -13.37 -138.05
0.016 20.02 -24.50 -235.53
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Table A1.6. The mean of maximum, minimum and TACD values of the area within the second
electrode averaged over the number of measurements.

Uy Averaged over 3 repeated measurement
(m/s) | Mean(a™) | Mean(5]) | Mean(a™™)
0.002 7.37 -3.63 -35.00
0.003 9.53 -5.65 -50.00
0.004 11.89 -7.09 -55.68
0.005 15.24 -10.04 -81.79
0.006 17.76 -10.75 -91.25
0.007 57.18 -11.50 -129.07
0.008 45.16 -13.80 -132.23
0.009 23.40 -16.94 -149.87
0.01 39.23 -17.91 -167.01
0.016 74.95 -35.67 -369.94

Table A1.7. The mean of maximum, minimum and the TACD of the area within the third electrode
averaged over the number of measurements.

Uy Averaged over 3 repeated measurements
(M/3) ["Mean(o™4%) Mean(g)) | Mean(c™™)
0.002 7.35 -4.69 -35.46
0.003 8.69 -7.57 -49.08
0.004 11.32 -9.22 -57.15
0.005 12.77 -11.72 -78.01
0.006 18.65 -13.69 -96.74
0.007 27.66 -15.58 -129.70
0.008 46.65 -17.73 -91.63
0.009 33.16 -20.50 -160.90
0.010 39.69 -22.75 -177.06
0.016 98.12 -43.95 -365.09
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Table A1.8. The mean of maximum, minimum and the TACD of the area within the fourth electrode

averaged over the number of measurements.

Uy Averaged over 3 repeated measurements
(m/s) | Mean(c™) | Mean(g]) | Mean(c™")
0.002 8.79 -4.24 -30.81
0.003 9.19 -7.15 -41.22
0.004 10.98 -9.17 -51.83
0.005 12.68 -11.17 -66.70
0.006 18.41 -12.88 -85.51
0.007 26.44 -15.48 -118.19
0.008 33.07 -17.75 -136.95
0.009 38.08 -20.64 -179.38
0.010 38.93 -23.10 -173.89
0.016 70.06 -46.09 -418.673

ERT images of gas dispersion at lower superficial gas velocity values are displayed in the
following figures. When the superficial gas velocity values was 0.009m/s, the following

images were obtained.

@
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(c) (d)

Figure Al.1. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.009 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

For the case of gas volumetric flow rate of 0.008m/s, the reconstructed images of the
dispersion are shown below.
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(c) (d)

Figure A1.2. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.008 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

When the air inlet was reduced to 0.007m/s, the ERT images of the dispersed phase at target
sections of the column are displayed below.

@ (b)

304



(c) (d)
Figure A1.3. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.007 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

When the air inlet was reduced to 0.006m/s, the ERT images of the dispersed phase at target
sections of the column are displayed below.

@ (b)
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(c) (d)

Figure A1.4. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.006 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

The ERT images of the gas phase on further reduction of the gas inlet velocity of 0.005 m/s
are presented below.

(a) (b)
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(c) (d)
Figure A1.5. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.005 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,

(b) second section, (c) third section, (d) fourth section.

When the inlet gas superficial velocity was reduced to 0.004 m/s, the following images are
the scan of the dispersed phase in the continuous water phase.

@ (b)
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(c) (d)

Figure Al.6. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.004 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

The reconstructed images of the dispersed phase on reducing the superficial gas velocity to
0.003 m/s are shown below.

(a) (b)
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(c) (d)

Figure A1.7. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.003 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

For the case of inlet superficial gas velocity of 0.002 m/s, the reconstructed images of the
dispersion by the difference ERT algorithm are shown below.

@ (b)
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(c) (d)

Figure A1.8. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0.002 m/s
at the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section,
(b) second section, (c) third section, (d) fourth section.

The reconstructed images of the continuous water phase before aeration of the fluid system
are shown in Figure A1.9.

@ (b)
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Figure A1.9. ERT reconstruction of steady state dispersion at the superficial gas velocity of 0 m/s at
the column cross-sectional area of data captured at 0.636 seconds time interval: (a) first section, (b)
second section, (c) third section, (d) fourth section.

Table A1.9. Local gas void fraction, £4(%), as a function of superficial gas velocity (m/s).

ug(m/s) &5 (%) &5 (%) &g (%)

H. of section (cm) 23 25 30
0.002 0.58+0.003 0.55+0.003 0.7+0.006
0.003 0.92+0.005 0.931+0.004 1.16+0.001
0.004 1.194-0.005 1.284+0.004 1.53+0.001
0.005 1.3040.006 1.504+0.004 1.81+0.002
0.006 1.49+0.005 1.70+0.005 2.014+0.002
0.007 1.7540.006 1.95+0.003 2.30+0.003
0.008 1.91+0.007 2.204+0.003 2.53+0.003
0.009 2.0240.005 2.30+0.005 2.754+0.004
0.010 2.20+0.006 2.60+0.004 3.08+0.003
0.016 2.7040.000 4.03+0.003 4.71+0.004
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Table A1.10. The ERT mean conductivity difference values at layers 1, 2, 3 and 4 of the electrode

arrays.

Ug Mean(@{) Mean(@{) Mean(@{) Mean(@{)
(m/s) layer 1 layer 2 layer 3 layer 4
0.002 -3.61 -3.63 -4.69 -4.24
0.003 -4.80 -5.65 -7.57 -7.15
0.004 -5.79 -7.09 -9.22 -9.17
0.005 -7.64 -10.04 -11.72 -11.17
0.006 -8.23 -10.75 -13.69 -12.88
0.007 -8.99 -11.50 -15.58 -15.48
0.008 -10.86 -13.80 -17.73 -17.75
0.009 -11.91 -16.94 -20.50 -20.64
0.010 -13.37 -17.91 -22.75 -23.10
0.016 -24.50 -35.67 -43.95 -46.09
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Table A1.11. Computed ACD from captured ERT data frames with time during DGD process the first,
second, third and fourth column sections after the steady state fluid flow at the gas flow rate of 0.016
m/s.

S/N | Ringl | Ring2 Ring 3 Ring 4 S/N Ring1 | Ring2 | Ring3 Ring 4
1 -16 -23 -30 -32 34 -11 -19 -27 -29
2 -16 -23 -30 -32 35 -11 -18 -27 -28
3 -16 -23 -30 -32 36 -10 -19 -26 -28
4 -15 -23 -30 -32 37 -11 -18 -26 -28
5 -15 -22 -30 -32 38 -10 -18 -26 -28
6 -15 -22 -29 -31 39 -11 -18 -26 -28
7 -15 -22 -28 -31 40 -11 -18 -26 -28
8 -14 -21 -29 -30 41 -11 -18 -26 -28
9 -13 -21 -28 -30 42 -10 -18 -26 -28
10 -14 -21 -28 -30 43 -10 -18 -25 -28
11 -13 -21 -28 -29 a4 -11 -18 -26 -28
12 -13 -20 -28 -30 45 -10 -17 -25 -27
13 -12 -21 -28 -30 46 -10 -17 -25 -27
14 -13 -21 -28 -30 47 -11 -18 -25 -27
15 -13 -21 -28 -29 48 -10 -17 -25 -27
16 -13 -20 -28 -30 49 -10 -17 -25 -27
17 -13 -20 -28 -30 50 -10 -17 -24 -27
18 -12 -20 -28 -30 51 -10 -17 -25 -26
19 -12 -20 -28 -30 52 -10 -17 -24 -27
20 -12 -20 -28 -30 53 -10 -16 -24 -26
21 -12 -20 -27 -30 54 -10 -17 -24 -26
22 -12 -20 -27 -30 55 -10 -17 -24 -27
23 -12 -20 -27 -30 56 -10 -17 -24 -26
24 -12 -20 -27 -30 57 -10 -16 -24 -26
25 -11 -20 -27 -30 58 -10 -16 -24 -26
26 -11 -20 -27 -30 59 -10 -16 -24 -26
27 -11 -20 -27 -29 60 -10 -16 -24 -26
28 -11 -20 -27 -29 61 -9 -16 -23 -26
29 -12 -19 -27 -29 62 -9 -16 -23 -26
30 -11 -19 -27 -30 63 -10 -16 -22 -26
31 -11 -19 -27 -29 64 -9 -16 -22 -26
32 -11 -19 -27 -29 65 -9 -16 -22 -25
33 -11 -19 -27 -28 66 -9 -16 -23 -26
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Ring 4 Ring1 | Ring2 | Ring 3 Ring 4
Ring 1 Ring2 | Ring3 | (cnt2. (cnt2. | (cnt2. | (cnt2.) (cnt2.

S/N (cnt2.) (cnt2.) | (cnt2.) ) S/N ) ) )

67 -9 -16 -22 -26 10 -5 -14 -20 -23
68 -8 -16 -23 -25 10 -5 -13 -20 -23
69 -9 -15 -22 -25 10 -5 -14 -19 -23
70 -9 -16 -22 -25 10 -5 -13 -20 -23
71 -8 -16 -22 -25 10 -5 -13 -20 -23
72 -8 -15 -22 -25 10 -5 -13 -20 -23
73 -8 -15 -21 -25 10 -4 -14 -20 -23
74 -8 -16 -22 -25 10 -4 -13 -20 -22
75 -8 -15 -22 -25 10 -4 -13 -20 -23
76 -8 -15 -22 -24 11 -4 -13 -20 -22
77 -7 -15 -22 -25 11 -4 -13 -20 -22
78 -7 -15 -22 -25 11 -4 -13 -20 -22
79 -7 -15 -22 -24 11 -4 -13 -20 -22
80 -7 -15 -22 -24 11 -4 -13 -20 -22
81 -7 -14 -22 -24 11 -4 -13 -20 -22
82 -7 -15 -22 -24 11 -4 -12 -20 -22
83 -7 -14 -21 -24 11 -4 -12 -20 -22
84 -6 -14 -21 -24 11 -4 -12 -19 -22
85 -6 -14 -21 -24 11 -4 -12 -19 -22
86 -7 -14 -21 -24 12 -4 -12 -20 -22
87 -6 -14 -21 -24 12 -3 -12 -19 -22
88 -6 -14 -21 -24 12 -4 -12 -19 -21
89 -6 -14 -21 -24 12 -3 -12 -19 -21
90 -6 -15 -21 -24 12 -3 -11 -19 -22
91 -6 -14 -21 -24 12 -3 -12 -19 -21
92 -6 -14 -21 -24 12 -4 -11 -19 -22
93 -6 -14 -21 -24 12 -3 -12 -19 -22
94 -6 -14 -21 -24 12 -4 -12 -19 -21
95 -5 -13 -21 -24 12 -4 -12 -18 -21
96 -5 -14 -21 -23 13 -3 -11 -19 -21
97 -5 -14 -20 -24 13 -3 -11 -19 -21
98 -5 -14 -20 -24 13 -3 -11 -19 -21
99 -5 -14 -20 -24 13 -3 -11 -19 -21
100 -5 -14 -20 -23 13 -3 -11 -18 -21
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Ring 1 Ring Ring 3 Ring 4 Ring1l | Ring2 | Ring3 | Ring4
S/N (cnt3.) | 2(cnt3.) (cnt3.) | (cnt3.) | S/N | (cnt3.) | (cnt3.) | (cnt3.) | (cnt3.)
135 -3 -11 -19 -20 | 169 -8 -16 -19
136 -3 -11 -19 -20 | 170 -8 -16 -19
137 -3 -11 -18 -21 | 171 -7 -16 -19
138 -2 -11 -18 -20 | 172 -7 -16 -20
139 -3 -10 -18 -20 | 173 -7 -16 -20
140 -3 -10 -18 -20 | 174 -7 -16 -19
141 -3 -10 -18 -20 | 175 -7 -16 -19
142 -3 -10 -19 -20 | 176 -7 -16 -20
143 -3 -10 -18 -21 | 177 -7 -16 -19
144 -2 -10 -18 -20 | 178 -7 -16 -19
145 -3 -10 -18 -20 | 179 -7 -16 -19
146 -10 -18 -21 | 180 -7 -16 -19
147 -9 -18 -21 | 181 -6 -16 -19
148 -10 -18 -21 | 182 -6 -15 -19
149 -9 -18 -20 | 183 -7 -16 -19
150 -9 -17 -20 | 184 -6 -16 -19
151 -9 -17 -20 | 185 -6 -15 -19
152 -9 -17 -20 | 186 -6 -15 -19
153 -9 -17 -20 | 187 -6 -15 -19
154 -9 -17 -20 | 188 -6 -15 -19
155 -9 -17 -20 | 189 -6 -15 -19
156 -9 -17 -20 | 190 -5 -15 -19
157 -8 -17 -20 | 191 -6 -15 -19
158 -9 -17 -19 | 192 -5 -14 -18
159 -8 -17 -20 | 193 -5 -14 -19
160 -8 -17 -19 | 194 -6 -14 -19
161 -8 -17 -20 | 195 -5 -15 -18
162 -8 -17 -19 | 196 -6 -14 -18
163 -8 -17 -20 | 197 -5 -14 -18
164 -8 -17 -20 | 198 -5 -14 -18
165 -8 -16 -19 | 199 -5 -14 -18
166 -8 -16 -20 | 200 -5 -14 -18
167 -8 -16 -19 | 201 -5 -14 -18
168 -8 -16 -20 | 202 -5 -13 -18
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Ring1l | Ring2 | Ring 3
Ring 1 Ring 2 Ring 3 Ring 4 (cnt4. | (cnt4. | (cnt4. | Ring 4
S/N | (cnt4)) (cnt4.) (cnt4.) (cnt4.) S/N ) ) ) (cnt4.)
203 -5 -13 -18 237 -3 -10 -17
204 -4 -14 -18 238 -3 -10 -16
205 -5 -13 -18 239 -3 -10 -17
206 -4 -13 -18 240 -2 -10 -16
207 -4 -13 -18 241 -3 -9 -16
208 -5 -13 -17 242 -3 -10 -16
209 -5 -13 -18 243 -9 -16
210 -4 -13 -18 244 -9 -16
211 -5 -12 -17 245 -9 -16
212 -4 -13 -18 246 -9 -16
213 -4 -13 -17 247 -8 -16
214 -4 -13 -18 248 -8 -16
215 -4 -12 -17 249 -9 -16
216 -4 -12 -17 250 -8 -16
217 -4 -12 -17 251 -8 -16
218 -4 -12 -18 252 -8 -16
219 -4 -12 -17 253 -8 -16
220 -4 -12 -17 254 -8 -16
221 -3 -11 -17 255 -8 -16
222 -4 -11 -18 256 -7 -16
223 -4 -11 -17 257 -7 -16
224 -3 -11 -17 258 -7 -16
225 -3 -11 -17 259 -7 -15
226 -3 -11 -17 260 -7 -15
227 -3 -10 -17 261 -7 -15
228 -4 -11 -17 262 -7 -16
229 -2 -11 -17 263 -7 -16
230 -3 -11 -17 264 -7 -15
231 -3 -10 -17 265 -7 -15
232 -3 -10 -17 266 -7 -15
233 -3 -11 -17 267 -6 -15
234 -3 -10 -17 268 -7 -15
235 -3 -10 -17 269 -6 -15
236 -3 -10 -17 270 -6 -15
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Ringl | Ring2 | Ring3 | Ring4 Ring 1 Ring 1 Ring2 | Ring4
S/N | (cnt5.) | (cnt5.) | (cnt5.) | (cnt5.) | S/N (cnt5.) (cnt5.) | (cnt5.) | (cnt5.)
271 -6 -15 309 -4 -12
272 -6 -15 310 -3 -12
273 -6 -14 311 -3 -11
274 -6 -14 312 -3 -11
275 -6 -14 313 -3 -11
276 -6 -14 314 -3 -11
277 -6 -14 315 -3 -11
278 -5 -14 316 -3 -11
279 -6 -14 317 -3 -11
280 -6 -14 318 -3 -11
281 -5 -14 319 -3 -10
282 -5 -14 320 -3 -10
283 -5 -14 321 -3 -10
284 -5 -14 322 -3 -10
285 -5 -14 323 -3 -10
286 -5 -13 324 -3 -10
287 -5 -13 325 -3 -10
288 -5 -14 326 -3 -9
289 -5 -13 327 -3 -9
290 -4 -13 328 -3 -9
291 -5 -13 329 -9
292 -4 -13 330 -10
293 -4 -13 331 -9
294 -4 -13 332 -9
295 -4 -12 333 -9
296 -4 -13 334 -9
297 -4 -13 335 -9
298 -4 -13 336 -9
299 -4 -13 337 -8
300 -4 -12 338 -9
301 -4 -12 339 -8
302 -4 -13 340 -8
303 -4 -12 341 -8
304 -4 -12 342 -8
305 -3 -13 343 -8
306 -4 -12 344 -8
307 -3 -12 345 -7
308 -4 -12 346 -8
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Ringl | Ring2 | Ring3 | Ring4 Ring 1 Ring 2 Ring3 | Ring4

S/N | (cnt6.) | (cnt6.) | (cnt6.) | (cnt6.) | S/N (cnt6.) (cnt6.) | (cnt6.) | (cnt6.)
347 -8 385 -4
348 -7 386 -4
349 -7 387 -4
350 -8 388 -4
351 -7 389 -4
352 -7 390 -4
353 -7 391 -4
354 -7 392 -4
355 -7 393 -4
356 7 3944 4
357 -7 395 -3
358 -6 396 -3
359 -6 397 -3
360 -6 398 -4
361 -6 399 -3
362 -6 400 -3
363 -6 401 -3
364 -6 402 -3
365 -6 403 -3
366 -6 404 -3
367 -5 405 -3
368 -6 406 -3
369 -5 407 -3
370 -6 408 -3
371 -5 409 -3
372 -6 410 -3
373 -5 411 -3
374 -5 412 -3
375 -5 413 -2
376 -5 414 -3
377 -5 415 -2
378 -5 416 -3
379 -4 417 -2
380 -5 418 -3
381 -5 419 -3
382 -4 420 -3
383 -5 421

384 -4 422
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Table A1.12. The axially averaged SMBDs, bubble volumes, local BNDD and the axially averaged BNDD
of bubble size classes at superficial gas velocity of 0.016 m/s.

vold, () | di3; | nf57(r;) | 5" (1) | nEE"(ry) | mza’ (1) | 2™ (1))
(em®) | (em) | (em™3) | (cm™3) | (em™3) | (em™3) | (em™)
25.85 3.67 1.48 2.99 3.37 2.6
15.98 3.12 5.18 1.48 2.76 5.90 4.1
4.29 2.02 35.31 9.17 6.95 11.09 10.3
4.12 1.99 27.54 18.71 18.08 20.1
2.17 l.61 59.21 44.60 38.85 44.0
0.78 1.14 | 181.30 99.75 121.22 45.33 77.9
0.51 0.99 | 206.77 202.84 209.83 93.66 134.2
0.33 0.86 | 286.10 228.81 260.47 183.82 210.0
0.11 0.60 | 1680.65 | 526.95 435.36 283.24 403.4
0.05 0.46 | 437955 | 77231 504.88 366.80 584.5
0.03 0.39 | 6821.87 1033.39 | 1259.7

319




Appendix B

Computer code for ERT image reconstruction of gas dispersion

The MATLAB code for image reconstruction of the 2 phase air-water system for the
calculation of area average of conductivity distribution at cross sections of the column and
gas void fractions by the ERT technique is found in Section 1 of the software file, which is

accessible  on the web link  https://sourceforge.net/projects/bubble-column-

model/?source=typ redirect
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Appendix C

Computer code for PBM simulation of bubble swarm at steady state in the
direction of axial length of the column
The developed algorithm coded in MATLAB for the simulation of bubble column phenomena
depending on bubble size and axial length of the column by the framework of Population
Balance Model could be found in Section 2 of the software file, which is accessible on the

web link https://sourceforge.net/projects/bubble-column-model/?source=typ redirect
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Appendix D

Computer code for solving the derived mathematical model for advection

transport of bubble population in the process of dynamic gas disengagement

The developed algorithm coded in MATLAB for solving the derived mathematical model for
the advection transport of bubble population in the process of dynamic gas disengagement
is found in Section 3 of the software file that is accessible on the web link

https://sourceforge.net/projects/bubble-column-model/?source=typ redirect

322



Appendix E

Method of characteristics for solving a model of dynamic gas disengagement

By the method of characteristics, a first order PDE of the form

aCi(t,z) aC;i(t, z)
! Z/(')t ! Z/az=

a(t,z) + b(t, 2) w(t,z)

(E.1)

forj =1,23,..N

has a solution C;(t, z) if at each point (¢, z) on the surface of the solution S = {t,z,C(t,2))},

(a(t,2), b(t, 2), w(t, 2))- (acj 2092 —1> =0 (E2)

The normal to the surface S at the point (¢t,z C(t,z)) is given by

N(t,z) = <6Cj(t,z)/at’(3€j(t, Z)/az,—l) From Eq.(E.2), if the vector

aCi(t, z) aCi(t,z)
J /at' J /azr_l

(a(t,z),b(t,z),w(t, 2)) is perpendicular to ( ) at each point

(t, z,C(t, Z)), then the vector (a(t, z), b(t, z), w(t, z)) lies in the tangent plane to S.

By the condition of Eq.(E.2), a solution is sought such that at each point (t, z,C(t, z)) on the
surface of the solution, the vector (a(t,z),b(t,z),w(t,z)) lies in the tangent plane. To
construct such a solution, a curve C’' which lies on the surface is considered. Curve C’ is
parameterized by s such that at each point on the curve C', the vector
(a(t(s),z(s)), b(t(s),z(s)),w(t(s),z(s))) is tangent to the curve.

By this approach, the curve C' = {t(s), z(s), C(t(s),z(s))} will satisfy the following
system of ODEs

dt
v a(t(s),z(s)) (E.3)
dz
=5 = b(t(s),2(s)) (E4)
dc )
w = w(t(s),z(s)) (E.5)
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Curve C'of this kind is referred to as integral curve or characteristic curve for the vector

(a(t,z),b(t,z),w(t,z)) and Eq.(E.3) — Eq.(E.5) are known as characteristic equations.

Accordingly, in order to solve Eq.(7.14) , a search for an integral curve for the vector field

v

a(t,2) = 1,b(t,2) = up(z,6), w(t,z) = <i’ﬂ + &>6(v itz t))/a

ayp
pg Dt g g/ﬂg

associated with the PDE of each bubble class will be made.
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Appendix F

ERT measurement sequences for image reconstruction

Table A1.13. Selection of 13 data per stimulation yielding 208 data out of 256 data from 16 current
stimulation through adjacent electrodes in a ring. Shaded readings are unused leaving out valid 13
data plotted for each of 16 "u" curves.
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Table Al1.14. Selection of 12 data per stimulation yielding 192 data out of 256 data from 16 current
stimulation through adjacent electrodes in a ring. Shaded readings are unused leaving out valid 12
data plotted for each of 16 “u” curves.
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Table A1.15. The gas void fraction and their differences along the height of column computed with

and without corrected model for the rate of coalescence at discrete axial length in the column.

sl(,'or Asl(]or £l(Inc Aglync 8?01‘ Agl(,‘or sg]nc Asl{]nc
Tl | w | e || e | e | o | o
0.000 0.03 0.00 0.03 0.00 | 0.68 0.03 0.00 0.03 5.24
0.007 0.03 0.00 0.03 0.05| 0.71 0.03 0.00 0.03 5.54
0.014 0.03 0.00 0.03 0.10 | 0.74 0.03 0.00 0.03 5.83
0.022 0.03 0.00 0.03 0.14 | 0.77 0.03 0.00 0.03 6.14
0.029 0.03 0.00 0.03 0.19 | 0.81 0.03 0.00 0.03 6.45
0.061 0.03 0.00 0.03 0.41| 0.84 0.03 0.00 0.03 6.76
0.094 0.03 0.00 0.03 0.63 | 0.87 0.03 0.00 0.03 7.07
0.126 0.03 0.00 0.03 0.86 | 0.90 0.03 0.00 0.03 7.40
0.158 0.03 0.00 0.03 1.09 | 0.94 0.03 0.00 0.03 7.72
0.191 0.03 0.00 0.03 132 | 097 0.03 0.00 0.03 8.06
0.223 0.03 0.00 0.03 1.55| 1.00 0.03 0.00 0.03 8.39
0.255 0.03 0.00 0.03 1.79 | 1.03 0.03 0.00 0.03 8.73
0.288 0.03 0.00 0.03 2.03 | 1.07 0.03 0.00 0.03 9.08
0.32 0.03 0.00 0.03 2.28 | 1.10 0.03 0.00 0.03 9.43
0.35 0.03 0.00 0.03 2.53 | 1.13 0.03 0.00 0.03 9.79
0.39 0.03 0.00 0.03 2.78 | 1.16 0.03 0.00 0.03 10.15
0.42 0.03 0.00 0.03 3.04 | 1.19 0.03 0.00 0.03 10.51
0.45 0.03 0.00 0.03 3.30 | 1.22 0.03 0.00 0.03 10.80
0.48 0.03 0.00 0.03 3.56 | 1.25 0.03 0.00 0.03 11.09
0.51 0.03 0.00 0.03 3.83 | 1.27 0.03 0.00 0.03 11.39
0.55 0.03 0.00 0.03 411 | 1.30 0.03 0.00 0.03 11.68
0.58 0.03 0.00 0.03 4.38
0.61 0.03 0.00 0.03 4.67
0.64 0.03 0.00 0.03 4.95
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Table A1.16. The local and global SMBD of bubble size in classes at u, of 0.01m/s.

d32,1,j d32,2,j d32,3,j d32.4.j d32,

(ecm) | (cm) | (cm) | (em) [ (cm)

2.254 | 2.381 | 2.860 | 2.258 | 2.425
1.427 | 2.041 | 2.401 | 2.004 | 2.200
0.000 | 1.787 | 1.983 | 1.659 | 1.619
0.000 | 1.517 | 1.677 | 1.352 | 1.455
0.000 | 1.224 | 1.504 | 1.104 | 1.262
1.002 | 0.954 | 1.180 | 0.870 | 0.987
0.000 | 0.667 | 0.884 | 0.696 | 0.831
0.000 | 0.485| 0.778 | 0.603 | 0.665
0.658 | 0.381 | 0.709 | 0.540 | 0.543
0.412 | 0.306 | 0.629 | 0.491 | 0.514
0.000 | 0.000 | 0.562 | 0.440 | 0.404
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Table A1.17. The volume of gas disengaging from local sections of the column at varied time for gas
flow at 0.01m/s.

Volume of gas (cm?) released to atmosphere during DGD vs time (s)

thj’ Avolfj tzG,f-’ Avolg,j tg? Avol3g’j tf’? Avol;zj
(s) (cm?3) (s) (cm?3) (s) (cm?) (s) (cm?)
0.3922 3959 [ 0.8586 36.39 | 1.1607 3847 | 1.8126 62.78
0.4929 55.79 | 0.9275 26.13 | 1.2667 60.72 | 1.9239 76.09
0.5883 61.94 | 0.9911 47.32 | 1.3939 826 | 21147 12663
0.7261 11132 | 1.0759 55.29 | 1.5158 1957 [ 23426 115.12
0.9169 104.79 | 1.1978 62.37 | 1.6006 119.16 | 2.5917 | 145.85
1.3568 85.99 | 1.8073 65.25 | 2.9203 | 122.99
1.6218 92.21 | 2.0882 60.77 | 3.2648 93.12
1.9027 70.65 | 2.226 4939 | 3.5086 55.65
2.1465 4552 | 2.332 5333 | 3.7047 41.13
2.3956 35.18 | 2.4751 31.82 | 3.8849 46.80
2.6182 44.07 | 4.1075 54.32
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