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ABSTRACT

The transient Back flow cell model (BFCM) has been presented as an alternative 

approach to describe the hydrodynamics o f  ozone bubble columns. Compared to the 

traditionally used models, transient BFCM provided a more flexible, reliable, and 

accurate tool to describe the backmixing in the liquid phase.

The two-phase steady-state axial dispersion model (2P-ADM ) and BFCM have 

been developed for describing the performance o f ozone bubble columns. Although, the 

2P-ADM and BFCM  have proven to be adequate for modeling the ozonation process, the 

BFCM was easier to formulate and solve.

A modified steady-state non-isobaric one-phase axial dispersion model (IP-A D M ) 

has been developed. The IP-ADM is composed o f  a single non-homogeneous linear 

second-order ordinary differential that was solved analytically. Compared to 2PADM, the 

1P-ADM has provided reliable predictions o f the dissolved and gaseous ozone 

concentrations.

An impinging-jet bubble column, that utilized two venturi injectors, has been tested 

for the ozone m ass transfer applications. The venturi injectors created impinging gas- 

liquid jets in the am bient fluid and that caused an increase in the turbulence produced in 

the ambient fluid and therefore, the gas-liquid mass transfer rates increased. The 1P- 

ADM was applied to analyze.the measured dissolved and gaseous ozone concentrations.
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Excellent conformity between the measured and the predicted concentrations was 

observed. Therefore, the 1P-ADM model has proven to be an efficient, adequate, and 

easy-to-use tool for describing the ozonation in the im pinging-jet bubble column.

Compared to conventional diffuser ozone bubble columns, the impinging-jet design 

has provided comparable reduction efficiencies o f  the impurities present in Kraft pulp 

mill effluents. However, the impinging-jet bubble colum n was more effective due to its 

smaller reactor volume and lower off-gas ozone concentrations.

A 2-D laser particle dynam ics analyzer was used to measure the characteristics o f  

the gas bubbles in the impinging-jet bubble column using clean deionized water and 

ozonated Kraft pulp mill effluent as the test liquid. The count mean bubble diameter (dB) 

and Sauter mean bubble diam eter (ds) were smaller than those obtained in conventional 

bubble columns and that has led to a significant increase in the specific bubbles’ 

interfacial area and gas hold-up.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENT

I would like to express my sincere and great appreciation to Dr. Daniel W. Smith 

for his guidance, support, encouragement, and patience throughout my research program. 

I also would like to thank him for encouraging me to attend many technical conferences 

and gave me the opportunity to submit and publish a num ber o f  papers.

I also want to express my great appreciation and thanks to my great brother and 

friend Mr. Ahmed Gamal El-Din who has been always there when I needed him and with 

whom I shared great discussions throughout my research program. He also has provided 

me with great suggestions and thoughts throughout the preparation o f  my thesis.

A special thank you to my great collogue and friend Mr. Kevin McCullum for his 

help during some o f  my experimental laboratory work. I also appreciate the suggestions 

and fruitful discussions he has shared with me throughout m y research program.

I would to thank all the technical staff at the Environmental Engineering Laboratory 

at the University o f  Alberta for their great assistance during the laboratory program. 

Especially, Mr. Nick Chemuka, Mrs. Maria Demeter, and Mrs. Debra Long. I also 

appreciate the assistance by Mr. Garry Solonynko during the setting-up o f  the 

experimental apparatus.

The financial support throughout the research project was provided to Dr. Daniel 

W. Smith by the Sustainable Forest Management (SFM ) network and the Natural 

Sciences and Engineering Research Council o f Canada (NSERC) is greatly appreciated.

Finally a special thank you to my parents and m y brother for their guidance, 

encouragement, understanding, and sacrifices during the course o f  the long journey o f  my 

graduate studies.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER 1. GENERAL INTRODUCTION.......................................................................... I

1.1 BA CK G RO UN D .................................................................................................. 1

1.2 FUNDAMENTALS OF THE OZONATION PROCESS.......................... 6

1.2.1 Backmixing Process............................................................................................. 6

1.2.2 Ozone Auto-Decomposition Process............................................................... 6

1.2.3 Mass Transfer P rocess........................................................................................ 8

1.2.3.1 Mass Transfer Without Chemical R eac tions................................................. 8

1.2.3.2 Mass Transfer With Chemical R eactions....................................................... 8

1.3 Practical ASPECTS OF OZONE C O N TA C TO R S....................................10

1.3.1 Types o f  Ozone Contactors.............................................................................. 10

1.3.2 Designing Ozone C ontactors.......................................................................... 12

1.4 OBJECTIVES AND SCOPES OF TH E RESEARCH PROGRA M  13

1.5 REFER EN C ES................................................................................................... 16

CHAPTER 2. DEVELOPMENT OF TRANSIENT BACK FLOW CELL MODEL

(BFCM) FOR BUBBLE COLUM NS*..........................................................20

2.1 IN TRO DUCTIO N.............................................................................................20

2.2 TRACER TE ST S............................................................................................... 21

2.3 T H E O R Y .............................................................................................................23

2.3.1 Axial Dispersion M odel................................................................................... 23

2.3.2 Transient Continuous-Flow-Stirred-Tank-Reactors In-Series M o d e l... 26

2.4 Transient Back Flow Cell Model (B F C M )..................................................27

2.4.1 Development o f  the Transient BFCM ........................................................... 27

2.4.2 Numerical Simulations o f  the Transient B F C M ........................................ 33

2.4.2.1 Numerical Solution Technique.......................................................................33

2.4.2.2 Results...................................................................................................................34

2.5 TESTING OF THE TRANSIENT B FC M ...................................................43

2.5.1 Experimental Study........................................................................................... 43

2.5.2 Data Analysis Technique.................................................................................43

2.5.3 Results...................................................................................................................45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 CONCLUSIONS...................................................................................................49

2.7 R EFER EN C ES..................................................................................................... 50

CHAPTER 3. OZONE MASS TRANSFER IN W A TER TREATMENT: MASS

TRANSFER MODELING OF O ZO N E BUBBLE CO LU M N S*.......... 52

3.1 INTRO DUCTIO N ............................................................................................... 52

3.2 THEORETICAL BACKGROUND.................................................................53

3.3 DEVELOPMENT OF THE BACK FLOW CELL M ODEL (BFCM).. 56

3 .3 .1 Transient B F C M ...................................................................................................56

3.3.2 Steady-State B FC M .............................................................................................59

3.4 RESULTS AND DISCUSSION....................................................................... 63

3.4.1 Transient B F C M .................................................................................................. 63

3.4.2 Steady-state BFCM ..............................................................................................64

3.5 CONCLUSIONS.................................................................................................. 67

3.6 R EFER EN C ES.....................................................................................................6 8

CHAPTER 4. TW O-PHASE NON-ISOBARIC AXIAL DISPERSION MODELS

FOR M ODELING THE OZONATION PROCESS DYNAM ICS-I. 

MODELS DEVELOPMENT............................................................................70

4.1 INTRODU CTION ............................................................................................... 70

4.1.1 Ozonation Process D ynam ics............................................................................70

4.1.2 Bubble Colum n Param eters............................................................................... 70

4.1.3 Dispersion Models for Two-Phase F low s...................................................... 71

4.2 PROCESSES FUNDAM ENTALS.................................................................. 72

4.2.1 Slow-Chemical-Reaction-Kinetics-Regime System s..................................72

4.2.2 Fast-Chemical-Reaction-Kinetics-Regime Systems.................................... 74

4.3 DEVELOPMENT OF THE TW O-PHASE AXIAL DISPERSION

MODEL (2P-ADM ) EQ U ATIO NS................................................................76

4.3.1 Considering the Gas-Phase D ispersion.......................................................... 77

4.3.1.1 W astewater T reatment Conditions................................................................... 77

4.3.1.2 Boundary Conditions.......................................................................................... 81

4.3.2 Special Conditions o f the Tw o-Phase Axial Dispersion Model

(2P-A D M ).............................................................................................................83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.2.1 Consideration o f  the Gas-Phase Dispersion (W ater Treatment 

Conditions)............................................................................................................ 83

4.3.2.2 Neglecting the Gas-Phase Dispersion.............................................................83

4.4 NUMERICAL SOLUTION TECHNIQUE....................................................85

4.4.1 2P-ADM W ith Gas-Phase Dispersion (W astewater Treatment

Conditions)............................................................................................................ 8 6

4.4.2 2P-ADM W ith Gas-Phase Dispersion (W ater Treatment C onditions).. 89

4.4.3 2P-ADM without gas phase dispersion............................................................89

4.5 CONCLUSIONS................................................................................................... 90

4.6 REFERENCES......................................................................................................91

CHAPTER 5. TWO-PHASE NON-ISOBARIC AXIAL DISPERSION M ODELS

FOR M ODELING THE OZONATION PROCESS DYNAM ICS-II. 

NUMERICAL ANALYSES AND EXPERIMENTAL 

VERIFICATION*............................................................................................... 93

5.1 IN TRO DUCTIO N ................................................................................................93

5.2 NUMERICAL SIMULATIONS AND SENSITIVITY ANALYSES... 94

5.2.1 Numerical Solution Techniques o f  the 2P-ADM  Equations....................... 94

5.2.2 Operating Conditions for Water Treatment Applications............................95

5.2.3 Operating Conditions for Wastewater Treatment Applications................. 96

5.2.4 Operating Conditions for Model Testing (W ater Treatment

Applications).........................................................................................................97

5.3 RESULTS AND DISCU SSION ....................................................................... 98

5.3.1 Counter-Current Flow Mode (Water Treatment A pplications).................98

5.3.2 Co-Current Flow M ode (W ater Treatment A pplications).........................108

5.3.3 Counter-Current and Co-Current Flow Modes (Wastewater

Treatment A pplications)..................................................................................112

5.3.4 Model Testing for W ater Treatment Applications...................................... 115

5.4 CONCLUSIONS................................................................................................. 117

5.5 REFERENCES................................................................................................... 118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6 . THEORETICAL ANALYSIS AND EXPERIMENTAL

VERIFICATION OF OZONE MASS TRANSFER IN BUBBLE 

C O LU M N S*......................................................................................................119

6.1 IN TRODU CTION .............................................................................................119

6.2 THEORETICAL BACKGROUND.............................................................. 121

6.3 OUTLINE OF THE M ATHEMATICAL MODELS AND THE

NUM ERICAL SOLUTIONS TECH N IQ U ES.......................................... 124

6.3.1 Axial Dispersion Model (A D M ).................................................................... 124

6.3.2 Back Flow Cell Model (B F C M ).................................................................... 126

6.4 OPERATING CONDITIONS FOR MODELS TESTING AND

NUM ERICAL ANA LY SES.......................................................................... 129

6.4.1 W ater T reatm ent................................................................................................ 129

6.4.2 W astewater T reatm ent......................................................................................130

6.5 RESULTS AND D ISCU SSION .................................................................... 131

6.5.1 W ater Treatment: Initial Testing o f  the M o d els .........................................131

6.5.2 W astewater Treatm ent...................................................................................... 133

6 . 6  CONCLUSIONS................................................................................................ 139

6.7 R EFER EN C ES...................................................................................................140

CHAPTER 7. DESIGNING OZONE BUBBLE COLUMNS: A SPREADSHEET

APPROACH TO AXIAL DISPERSION M O D EL *................................142

7.1 IN TRODU CTION .............................................................................................142

7.2 DISPERSION MODELS FOR TWO-PHASE FLOW S...........................145

7.2.1 Process Fundamentals.......................................................................................145

7.2.2 Mass Transfer Process w ith Chemical R eactions...................................... 147

7.2.3 Tw o-Phase Axial Dispersion Model (2P-A D M )....................................... 149

7.2.4 Development o f the One-Phase Axial Dispersion Model

(IP -A D M )...........................................................................................................151

7.3 OPERATING CONDITIONS FOR THE M ODEL SIMULATIONS

AND TE ST IN G ................................................................................................ 158

7.3.1 W ater Treatment Conditions........................................................................... 158

7.3.2 W astewater Treatment Conditions.................................................................158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.4 RESULTS AND DISCUSSION..................................................................... 160

7.4.1 Theoretical Analyses o f  the IP-ADM Predictions...................................... 160

7.4.1.1 Water Treatm ent Applications: Counter-Current Flow M ode..................160

7.4.1.1 Water Treatm ent Applications: Co-Current Flow M ode...........................164

7.4.1.2 W astewater Treatment Applications: Counter-Current and

Co-Current Flow M odes................................................................................. 168

7.4.2 Initial M odel Testing for Water Treatment Conditions............................. 171

7.5 CONCLUSIONS.................................................................................................174

7.6 R EFER EN C ES................................................................................................... 175

CHAPTER 8 . DEVELOPMENT OF DESIGN PARAMETERS OF AN

IM PINGING-JET BUBBLE C O LU M N *.................................................. 178

8.1 IN TRO D U CTIO N ............................................................................................. 178

8.2 OUTLINE OF THE MODIFIED NON-ISOBARIC ONE-PHASE

AXIAL DISPERSION MODEL (IP -A D M )..............................................181

8.3 EXPERIM ENTAL AND DATA ANALYSES METHODS....................186

8.3.1 Bench Tests: Ozone Auto-Decomposition kinetics Study.........................186

8.3.2 Pilot-Scale Tests: Ozone Mass Transfer Study........................................... 188

8.3.3 Data Analysis M ethod for the Kinetics S tu d y .............................................193

8.3.4 Data Analysis M ethod for the Mass Transfer Study...................................193

8.4 EXPERIM ENTAL RESULTS........................................................................ 194

8.4.1 Bench Tests: Ozone Auto-Decomposition Kinetics Study....................... 194

8.4.2 Pilot-Scale Tests: Ozone Mass Transfer Study........................................... 196

8.5 DEVELOPMENT OF PROCESS-PARAMETER

CO RRELA TIO N S........................................................................................... 200

8.5.1 Correlations o f  the Mass Transfer Coefficient............................................201

8.5.2 Correlations o f  the Backmixing C oefficient............................................... 209

8.5.3 Correlations o f  the Gas-phase-Concentration-Decrease Exponent 212

8 . 6  CONCLUSIONS................................................................................................214

8.7 REFER EN C ES.................................................................................................. 215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 9. MAXIMIZING THE ENHANCED OZONE OXIDATION OF 

KRAFT PULP MILL EFFLUENTS IN AN IMPINGING-JET 

BUBBLE C O L U M N *.................................................................................... 219

9.1 INTRO DU CTION ............................................................................................. 219

9.2 FUNDAMENTALS OF THE OZONATION PROCESS.........................222

9.3 THE M ODIFIED NON-ISOBARIC ONE-PHASE AXIAL

DISPERSION MODEL (1P-ADM )............................................................. 222

9.4 EXPERIMENTAL METHODS...................................................................... 223

9.4.1 Bench Tests: Ozone Auto-Decomposition Kinetics Study........................223

9.4.2 Pilot-Scale Tests: Continuous-Flow Mode/Ozonation o f W ater and

Pulp Mill E ffluen t............................................................................................ 224

9.4.3 Pilot-Scale Tests: Semibatch-Flow M ode/Ozonation o f Pulp mill

Effluent............................................................................................................... 227

9.4.4 Pulp Mill Effluent Characterization............................................................... 227

9.5 RESULTS AND DISCUSSION..................................................................... 228

9.5.1 Bench Tests: Ozone Auto-Decomposition K inetics.................................. 228

9.5.2 Pilot-Scale Tests: Ozone Mass Transfer in W ater......................................230

9.5.3 Ozone Mass Transfer in Pulp Mill Effluent: Gas Absorption

D ynam ics............................................................................................................232

9.5.4 Ozone Oxidation Efficiencies..........................................................................237

9.6 CONCLUSIONS................................................................................................ 241

9.7 REFERENCES...................................................................................................243

CH APTER 10. COMPARING DIFFERENT DESIGNS AND SCALES OF

BUBBLE COLUM NS FOR THEIR EFFECTIVENESS IN 

TREATING KRAFT PULP M ILL EFFLUENTS*................................. 246

10.1 INTRODU CTION .............................................................................................246

10.2 EXPERIMENTAL METHODS...................................................................... 248

10.2.1 Extra-Coarse-Bubble Diffuser Ozone Contactor........................................248

10.2.2 Impinging-Jet Ozone Contactor...................................................................... 249

10.2.2.1 Continuous-Flow M ode.................................................................................. 249

10.2.2.2 Semibatch-Flow M ode.................................................................................... 252

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.2.3 Fine-Bubble D iffuser Ozone Contactor.......................................................252

10.2.4 Characterization o f  the Pulp Mill Wastewater........................................... 252

10.3 RESULTS AND D ISCU SSIO N ...................................................................253

10.3.1 Ozonation Treatm ent Efficiencies............................................................... 253

10.3.1.1 Extra-Coarse-Bubble D iffuser Ozone Contactor.......................................253

10.3.1.2 Impinging-Jet Ozone C ontactor....................................................................255

10.3.2 Ozone Gas Absorption D ynam ics................................................................ 259

10.3.3 Modeling o f  the Ozonation Treatment Efficiencies.................................. 264

10.3.4 Scale-Up o f  the Ozonation Process.............................................................. 269

10.4 CONCLUSIONS............................................................................................... 272

10.5 R EFER EN C ES................................................................................................. 273

CHAPTER 11. Measurements o f  the Size, Rise Velocity, and Specific Interfacial

Area o f  Bubbles in an Impinging-Jet Bubble Column*........................... 275

11.1 IN TRO D U CTIO N ........................................................................................... 275

11.2 M EASUREM ENT M ETH ODS.................................................................... 277

11.2.1 Particle Dynamics A nalyzer..........................................................................277

11.2.1.1 Operating P rincip le .......................................................................................... 277

11.2.1.2 Principle o f  the Bubble Rise Velocity Measurement................................277

11.2.1.3 Principle o f  the Bubble Size and Concentration M easurements............ 278

11.2.1.4 PDA System Configuration and Operational Settings A djustm ent...... 280

11.2.2 Digital Photographic Measurements of the Bubble Size and the 

Bubble Rise V elocity .......................................................................................280

11.2.3 Experimental Set-Up for the Photographic and the PDA S tud ies.........282

11.2.4 Experimental Set-Up for the Ozonation o f  Kraft Pulp Mill E ffluent.. 283

11.3 RESULTS AND D ISCU SSIO N ...................................................................285

11.3.1 Digital Photographic M easurem ents............................................................285

11.3.2 Particle Dynam ics Analyzer M easurements...............................................287

11.3.2.1 Deionized W ate r ...............................................................................................287

11.3.2.2 Kraft pulp m ill effluen t................................................................................... 297

11.4 Conclusions........................................................................................................ 305

11.5 R EFER E N C E S................................................................................................. 307

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 12. GENERAL CONCLUSIONS AND RECOMMENDATIONS 309

12.1 GNERAL O VERVIEW ...................................................................................309

12.2 CONCLUSIONS............................................................................................... 311

12.3 RECOMMENDATIONS................................................................................ 317

APPENDIX A. CURRICULUM V ITA E................................................................................. 319

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 3.1 Operating conditions for the co-current flow mode.........................................64

Table 3.2 Operating conditions for the counter-current flow

mode...........................................................................................................................65

Table 5.1 Operating conditions for the counter-current flow mode (water

treatment).................................................................................................................. 97

Table 5.2 Operating conditions for the co-current flow mode (water treatm ent) 98

Table 6.1 Mathematical representation o f  the ADM (Gamal El-Din and

Smith, 2000)........................................................................................................... 125

Table 6.2 Mathematical representation o f  the BFCM (Gamal El-Din and

Smith, 2000)........................................................................................................... 127

Table 6.3 Dimensionless parameters pertaining to the ADM and the BFCM  129

Table 6.4 Operating conditions for the co-current and counter-current flow

modes (w ater treatment)...................................................................................... 130

Table 7.1 Dimensionless parameters that are used to describe the IP-ADM  and

the 2P-ADM..................................................................................................... 150

Table 7.2 Mathematical representation o f  the 2P-ADM for water and

wastewater treatment applications.................................................................... 151

Table 7.3 Coefficients o f  the exponential model used for the prediction o f  the

gaseous ozone profiles......................................................................................... 153

Table 7.4 Operating conditions for the counter-current flow mode (water

treatment)................................................................................................................ 159

Table 7.5 Operating conditions for the co-current flow mode (water treatm ent)... 160

Table 8.1 Dimensionless parameters pertaining to the 1P-ADM.................................. 184

Table 8.2 Mathematical representation o f  the 1P-ADM differential equation

and boundary conditions..................................................................................... 184

Table 8.3 Main Average characteristics o f  the deionized water.................................... 187

Table 8.4 Operating conditions o f  the pilot-scale ozone mass transfer

experiments.............................................................................................................192

Table 9.1 Average characteristics o f  the deionized water...............................................224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 9.2 Average characteristics o f  the pulp mill effluent............................................ 228

Table 10.1 Average characteristics o f  the raw pulp mill effluent....................................251

Table 10.2 Regression parameters for the m odeling o f  the induced reduction

efficiencies o f  color, AOX, COD, and TO C.................................................. 268

Table 10.3 A comparison between three different scales and designs o f  ozone

contactors in terms o f  the color, AOX, COD, and TOC

reduction efficiencies........................................................................................... 270

Table 11.1 PDA system configuration and operational settings...................................... 281

Table 11.2 Kraft pulp mill effluent average characteristics.............................................. 283

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 2.1 Theoretical RTD curves for the transient ADM under closed-closed

or closed-open boundary conditions...............................................................25

Figure 2.2 Theoretical RTD curves for the transient CFSTR’s in-series model 26

Figure 2.3 Transient BFCM schematic for non-reactive tracer for a co-current

flow conditions...................................................................................................28

Figure 2.4 Theoretical RTD’s for Nbfcm = 10 at the bottom sampling port.................35

Figure 2.5 Theoretical RTD’s for Nbfcm = 10 at the top sampling port....................... 35

Figure 2.6 Effect o f Pei. and Nbfcm on the theoretical RTD’s at the middle

sampling port for PeL = 1.0..............................................................................36

Figure 2.7 Effect o f PeL and Nbfcm on the theoretical RTD’s at the top sampling

port for PeL = 1.0............................................................................................... 37

Figure 2.8 Effect o f PeL and Nbfcm on the theoretical RTD’s at the middle

sampling port for PeL = 40.0............................................................................37

Figure 2.9 Effect o f PeL and Nbfcm on the theoretical RTD’s at the top sampling

port for PeL = 40.0............................................................................................. 38

Figure 2.10 Comparison between the transient BFCM, ADM, and CFSTR’s

in-series model on the theoretical RTD’s for PeL = 1.0 and Nbfcm =

Nfcstr -  10......................................................................................................... 39

Figure 2.11 Comparison between the transient BFCM, ADM, and CFSTR’s

in-series model on the theoretical RTD’s for PeL = 20.0 and Nbfcm =

Nfcstr = 10......................................................................................................... 39

Figure 2.12 Comparison between the transient BFCM, ADM, and CFSTR’s

in-series model on the theoretical RTD’s for PeL = 1.0 and Nbfcm =

Nfcstr = 20.........................................................................................................40

Figure 2.13 Comparison between the transient BFCM, ADM, and CFSTR’s

in-series model on the theoretical RTD’s for PeL = 20.0 and NBfcm =

Nfcstr = 20.........................................................................................................41

Figure 2.14 Theoretical RTD’s for Nbfcm = 20.0 and variable PeL along the

column height (j = 1 to 4).................................................................................42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.15 Theoretical R T D ’s for N b f c m  =  20.0 and variable PeL along the

column height (j = 5 to 20)................................................................................... 42

Figure 2.16 Experimental and predicted R T D ’s in a counter-current flow m ode 44

Figure 2.17 Experimental and predicted R T D ’s in a co-current flow mode....................45

Figure 2.18 Comparison between the transient BFCM and the regression

model predictions o f  back flow  ratios................................................................47

Figure 2.19 Comparison between the transient BFCM, ADM, and CFSTR’s

model in predicting the R TD ’s in a co-current bubble column....................47

Figure 3.1 BFCM schematic for co-current flow conditions in bubble colum ns...........56

Figure 3.2 Theoretical RTD at the bottom  sampling port...................................................63

Figure 3.3 Theoretical RTD at the top sampling port.......................................................... 64

Figure 3.4 Steady-state BFCM  testing for co-current flow mode.................................... 65

Figure 3.5 Steady-state BFCM  testing for counter-current flow mode........................... 6 6

Figure 4.1 Schematic representation o f  the co-current axial dispersion m odel............. 77

Figure 4.2 Computational upwind finite difference scheme...............................................85

Figure 5.1 PeL and PeG effects on the 2P-ADM  predicted dissolved

ozone concentration profiles in the counter-current flow mode 

and for water treatment applications ((PeL = 1.0, 2.5, 5.0, 10.0, 20.0, 

and oo) and (PeG = 12.4/124.0, 30.9/309.0, 61.8/618.0,

123.7/1237.0, 247.3/2473.0, and oo))................................................................. 99

Figure 5.2 PeL and PeG effects on the 2P-ADM  predicted gaseous

ozone concentration and superficial gas velocity profiles in the 

counter-current flow mode and for water treatment applications 

((PeL = 1 .0 , 2.5, 5.0, 1 0 .0 , 2 0 .0 , and oo) and (PeG = 12.4/124.0,

30.9/309.0, 61.8/618.0, 123.7/1237.0, 247.3/2473.0, and oo))....................100

Figure 5.3 kLa effects on the 2P-ADM predicted dissolved ozone concentration

profiles in the counter-current flow mode and for water 

treatment applications (kLa = 1.0 x 10-3, 3.0 x 10-3, 5.0 x 10 '3,

7.0 x 10"3, 1.0 x 10 '2, 1.5 x 10"2, and 2.0 x 10~ 2 s ' 1)..................................101

Figure 5.4 kLa effects on the 2P-ADM predicted gaseous ozone concentration

and superficial gas velocity profiles in the counter-current flow mode

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and for water treatment applications (kLa = 1.0 x 10 3, 3.0 x 10 3,

5.0 x 10~\ 7.0 x 10"3, 1.0 x 10'2, 1.5 x 10"2, and 2.0 x 10“ 2 s-1)...............102

Figure 5.5 Da effects on the 2P-ADM predicted dissolved ozone

concentration profiles in the counter-current flow mode and for 

water treatment applications (Da = 0.0000,0.0505,0.0831, 0.1010,

0.5050, 1.0000, 3.0000, and 6.0000)..............................................................  103

Figure 5.6 Da effects on the 2P-ADM predicted gaseous ozone concentration

and superficial gas velocity profiles in the counter-current flow mode 

and for water treatment applications (Da = 0.0000,0.0505, 0.0831,

0.1010, 0.5050, 1.0000, 3.0000, and 6.0000)...............................................  104

Figure 5.7 P j or a  effects on the 2P-ADM predicted dissolved ozone

concentration profiles in the counter-current flow mode and for 

water treatment applications (PT = 101.3, 303.9, 506.5, 709.1,

1013.0, and oo lcPa)............................................................................................ 105

Figure 5.8 Pt or a  effects on the 2P-ADM predicted gaseous ozone concentration

and superficial gas velocity profiles in the counter-current flow mode 

and for water treatment applications (Pt = 101.3, 303.9, 506.5,

709.1, 1013.0, and o° kPa).................................................................................. 107

Figure 5.9 kLa effects on the 2P-ADM predicted dissolved ozone

concentration profiles in the co-current flow mode and for water 

treatment applications (kLa = 1.0 x 10-3, 3.0 x 10“3, 5.0 x 10-3,

7.0 x 10 '3, 1.0 x 10"2, 1.5 x 10'2, and 2.0 x 10" 2 s_1)....................................110

Figure 5.10 kLa effects on the 2P-ADM predicted gaseous ozone concentration

and superficial gas velocity profiles in the co-current flow mode and 

for w ater treatment applications (kLa = 1.0 x 10-3, 3.0 x 10-3,

5.0 x 10~3, 7.0 x 10"3, 1.0 x 10-2 , 1.5 x 10"2, and 2.0 x 10” 2 s"1)............. 111

Figure 5.11 Da and M effects on the 2P-ADM predicted dissolved ozone

concentration profiles in the counter and co-current flow mode and

for wastewater treatment applications (Da = 89 and M = 0.037 to

Da =  8900000 and M = 11.659).......................................................................  113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.12 kLa effects on the 2P-ADM predicted gaseous ozone concentration 

and superficial gas velocity profiles in the counter and co-current 

flow modes and for wastewater treatm ent applications (kLa =

1.0 x 10~3, 3.0 x 10 '3, 5.0 x 10"3, 7.0 x 10“3, l.O x 10~2, 1.5 x 10 '2,

and 2.0 x 10~ 2 s ' 1).................................................................................................. 114

Figure 5.13 Comparison between the predicted and the measured dissolved

ozone concentration profiles in a counter-current fme-bubble

diffuser ozone bubble column for w ater treatment applications................115

Figure 5.14 Comparison between the predicted and the measured dissolved

ozone concentration profiles in a co-current fine-bubble diffuser

ozone bubble colum n for water treatm ent applications................................ 116

Figure 6 .1 Reaction kinetics regimes for ozone absorption process (adapted

from Zhou and Smith, 1997).............................................................................  120

Figure 6.2 Schematic representation o f  the co-current ADM.......................................... 124

Figure 6.3 Schematic representation o f  the co-current BFCM........................................ 126

Figure 6.4 Comparison between the predicted and the measured dissolved

ozone concentrations in a co-current bubble column for w ater

treatment applications...........................................................................................132

Figure 6.5 Comparison between the predicted and the measured dissolved

ozone concentrations in a counter-current bubble column for

water treatment applications................................................................................132

Figure 6 . 6  Effect o f  PeL on the dissolved ozone profiles in the co-current flow

mode for wastew ater treatment applications ((PeL = 1.0, 2.5, 5.0,

10.0, 20.0, and oo), Da = 89, kLa = 5.0 x 10"3 s '1, M = 0.037,

a = 0.48, and yo = 0.00675)...............................................................................  134

Figure 6.7 Effects o f  PeL on the gaseous ozone and the superficial gas

velocity profiles in the co-current flow mode for w astew ater 

treatment applications ((PeL = 1.0, 2.5, 5.0,10.0, 20.0, and oo),

Da = 89, kLa = 5.0 x 10' 3 s ' 1, M = 0.037, a  = 0.48, and y0  =  0.00675).. 135 

F igure 6 . 8  Effect o f  kLa on the dissolved ozone profiles in the co-current flow 

mode for w astew ater treatment applications ((kLa = 1 . 0  x 1 0 ~3,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.0 x 10 '3, 5.0 x 10 '3, 7.0 x 10"3, 1.0 x 10 '2, 1.5 x 10~2, and

2.0 x 10~ 2  s~‘), PeL = 5.0, Da = 89, M = 0.037, a  = 0.48,

and y0  = 0 .00675)................................................................................................  136

Figure 6.9 Effects o f  kLa on the gaseous ozone and the superficial gas

velocity profiles in the co-current flow mode for wastewater 

treatment applications ((kLa = 1.0 x 10-3, 3.0 x 10-3, 5.0 x 10”3,

7.0 x 10~3, 1.0 x 1 0 "2, 1.5 x 10~\ and 2.0 x 1 0 “ 2 s_1), PeL = 5.0,

Da = 89, M  = 0.037, a  = 0.48, and y0  = 0.00675)........................................  137

Figure 7.1 Reaction kinetics regimes for ozone absorption process (adapted

from Zhou and Smith, 1997)............................................................................. 144

Figure 7.2 Schematic representation o f the co-current ADM .......................................... 149

Figure 7.3 Typical gaseous ozone profiles in bubble columns for

water and w astew ater treatment conditions.................................................... 152

Figure 7.4 PeL effects on the concentration profiles in the counter-current

flow mode and water treatment applications.................................................. 161

Figure 7.5 kLa effects on the concentration profiles in the counter-current

flow mode and water treatment applications.................................................. 162

Figure 7.6 Da effects on the concentration profiles in the counter-current

flow mode and water treatment applications.................................................. 162

Figure 7.7 PeL effects on the concentration profiles in the co-current flow

mode and w ater treatment applications............................................................164

Figure 7.8 kLa effects on the concentration profiles in the co-current flow

mode and w ater treatment applications............................................................ 166

Figure 7.9 Da effects on the concentration profiles in the co-current flow

mode and w ater treatment applications............................................................ 167

Figure 7.10 PeL effects on the concentration profiles in the wastewater

treatment applications.......................................................................................... 169

Figure 7.11 kLa effects on the concentration profiles in the wastewater

treatment applications.......................................................................................... 169

Figure 7.12 Da and M effects on the concentration profiles in the w astewater

treatment applications.......................................................................................... 170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 7.13 Comparison between the predicted and the experimental dissolved 

ozone concentrations in an ozone bubble column under water

treatment conditions for the counter-current flow mode............................. 172

Figure 7.14 Comparison between the predicted and the experimental dissolved

ozone concentrations in an ozone bubble column under water

treatment conditions for the co-current flow mode.......................................172

Figure 8.1 Schematic representation o f  the IP-A D M ........................................................182

Figure 8.2 Schematic o f  the headspace-free reactor...........................................................186

Figure 8.3 Schematics o f  the pilot-scale impinging-jet bubble column

and the configuration o f  the Mazzei® injector (model 384)...................... 189

Figure 8.4 Typical ozone auto-decomposition kinetics in deionized water..................194

Figure 8.5 The effect o f  water temperature on the ozone auto-decomposition

rate constant............................................................................................................195

Figure 8 . 6  Typical dim ensionless dissolved ozone concentration profiles

in the im pinging-jet bubble column operated in a gas-injection mode... 197 

Figure 8.7 Typical dim ensionless dissolved ozone concentration profiles

in the im pinging-jet bubble column operated in a gas-ejection m ode .... 197 

Figure 8 . 8  Effects o f  the ug and u l on the gas bubble diameters and

concentrations in the injection mode................................................................205

Figure 8.9 Comparison o f  the kL.a correlations for gas sparging under

positive pressure in various types o f  bubble columns................................. 207

Figure 8 .10 Comparison o f  the k[.a correlations for gas sparging under

negative pressure in various types o f  bubble colum ns................................ 208

Figure 8 .11 Comparison between the 1P-ADM and the non-linear

regression correlations o f  ki.a.............................................................................208

Figure 8.12 Comparison between the 1 P-ADM and the non-linear

regression correlations o f  D l..............................................................................2 1 1

Figure 8.13 Comparison between the 1 P-ADM and the linear regression

correlations o f  a.\................................................................................................... 2 1 2

Figure 9 . 1  Schematic o f  the floating-lid headspace-free reactor................................... 223

Figure 9.2 Schematic o f  the experimental set-up o f  the pilot-scale

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



impinging-jet bubble colum n............................................................................ 226

Figure 9.3 The effect o f  water temperature on the ozone auto-decomposition

kinetics in deionized w ater.................................................................................230

Figure 9.4 A comparison between the k ia ’s predicted using the 1 P-ADM

and the non-linear regression analyses........................................................... 232

Figure 9.5 The effect o f  ozonation on Ek[.a values.......................................................... 234

Figure 9.6 The effect o f  ozonation on E values.................................................................235

Figure 9.7 The effect o f  the ozone contact time on the amounts o f

the applied, utilized, and exhausted ozone.....................................................236

Figure 9.8 A comparison between the measured and the predicted off-gas

ozone concentrations............................................................................................237

Figure 9.9 The ozonation treatment reduction efficiencies o f  color, AOX,

TOC, and COD.....................................................................................................238

Figure 9.10 The ozonation effects on the biodegradability o f  pulp mill effluents 240

Figure 10.1 Schematic o f  the experimental set-up o f  the extra-coarse-bubble

diffuser ozone contactor......................................................................................248

Figure 10.2 Schematic o f  the experimental set-up o f  the pilot-scale

impinging-jet ozone contactor.......................................................................... 250

Figure 10.3 Reduction efficiencies o f  color, AOX, COD, and TOC in the

extra-coarse-bubble diffuser ozone contactor................................................ 254

Figure 10.4 The effect o f  ozonation on the BOD 5 o f  the pulp mill wastewater

treated in the extra-coarse-bubble diffuser ozone contactor.......................255

Figure 10.5 Reduction efficiencies o f  color, AOX, COD, and TOC in the

impinging-jet ozone contactor operated in a semibatch-flow mode.........257

Figure 10.6 Reduction efficiencies o f  color, AOX, COD, and TOC in the

impinging-jet ozone contactor operated in a continuous-flow mode 257

Figure 10.7 The effect o f  ozonation on the BOD 5  o f  the pulp mill wastewater

treated in the impinging-jet ozone contactor..................................................258

Figure 10.8 The effect o f  ozonation on the off-gas ozone concentration

profiles in three different ozone contactors operated in a semibatch- 

flow m ode.............................................................................................................. 260

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 10.9 The effect o f  ozonation on the off-gas to the feed-gas

ozone concentrations’ ratio in the impinging-jet ozone contactor

operated in a continuous-flow mode................................................................261

Figure 10.10 The effect o f  ozonation on the E values in three different ozone

contactors operated in a semibatch-flow mode..............................................263

Figure 1 0 . 1 1  The effect o f  ozonation on the ESto values in three different

ozone contactors operated in a semibatch-flow m ode................................. 263

Figure 10.12 The effect o f  ozonation on the BOD5/COD ratio o f  the treated Kraft

pulp mill wastewater in the impinging-jet ozone contactor....................... 264

Figure 10.13 The effect o f  ozonation on the color/COD ratio o f  the treated Kraft

pulp mill wastewater in the impinging-jet ozone contactor....................... 265

Figure 10.14 The effect o f  ozonation on the AOX/COD ratio o f  the treated Kraft

pulp mill wastewater in the impinging-jet ozone contactor....................... 266

Figure 10.15 The effect o f  ozonation on the TOC/COD ratio o f  the treated Kraft

pulp mill wastewater in the impinging-jet ozone contactor....................... 266

Figure 10.16 A comparison between the predicted and the measured

reduction efficiencies o f  A O X ...........................................................................269

Figure 11.1 Components o f  the particle dynamics analyzer set-up................................. 279

Figure 11.2 Schematic o f  the experimental set-up o f  the pilot-scale impinging-

jet bubble column................................................................................................. 282

Figure 11.3 Schematic o f  the ozonation system set-up.......................................................284

Figure 11.4 A digital image o f  the air bubbles at u l = 7.7 x 10” 3 m s - 1  and

uG = 1 . 0  x I 0 ” 3 m s” 1............................................................................................. 286

Figure 11.5 A digital image o f  the air bubbles at uL = 7.7 x 10” 3 m s” 1 and

uG = 7.8 x 10“ 3 ms” 1............................................................................................. 286

Figure 11. 6  A digital image o f  the air bubbles at u l  = 1.9 x 10“ 2  m s” 1 and

uG = 8.7 x 10” 4  ms” 1............................................................................................. 287

Figure 11.7 Definition o f  angle <f>............................................................................................. 287

Figure 11.8 Effects o f  uG and ul on de and ds in deionized w ater................................... 288

Figure 11.9 A typical plot o f  the count-based bubble size distribution in deionized

water at high uG and low ul................................................................................289

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 11.10 A typical plot o f  the volume-based bubble size distribution in

deionized w ater at high Ug and low ul.............................................................290

Figure 11.11 A typical plot o f  the surface area-based bubble size distribution in

deionized w ater at high Ug and low ul.............................................................291

Figure 11.12 A typical plot o f  the count-based bubble size distribution in deionized

water at low ug and low ul................................................................................. 292

Figure 11.13 Effects o f  Ug and ul on Cb in deionized water.............................................. 292

Figure 11.14 Effects o f  Ug and Ul on the gas-phase axial turbulence % in

deionized w ater..................................................................................................... 293

Figure 11.15 Typical probability density distributions o f  the gas-phase u and

v in deionized w ater.............................................................................................295

Figure 11.16 Effects o f  Ug and Ul on u in deionized w ater..................................................296

Figure 11.17 Effects o f  Ug and Ul on eg in deionized w ater................................................297

Figure 11.18 Effects o f  uG and ul on a in deionized w ater.................................................. 297

Figure 11.19 Effects o f  Ug and ul on da and ds in raw  Kraft pulp mill effluent............. 299

Figure 11.20 Effects o f  AO3 on da and ds in Kraft pulp mill effluent.............................. 300

Figure 11.21 Effects o f  ug and ul on Cb in raw Kraft pulp mill effluent..........................301

Figure 11.22 Effects o f  ug and ul on eg in raw Kraft pulp mill effluent...........................302

Figure 11.23 Effects o f  Ug and ul on a in raw Kraft pulp mill effluent.............................302

Figure 11.24 A typical plot o f  the count-based bubble size distribution in raw Kraft

pulp mill effluent at low ug and low ul...........................................................303

Figure 11.25 A typical plot o f  the count-based bubble size distribution in raw Kraft

pulp mill effluent at high ug and low ul..........................................................304

Figure 11.26 A typical plot o f  the count-based bubble size distribution in raw Kraft

pulp mill effluent at low ug and high u L..........................................................304

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF SYMBOLS

A ' to E ' dim ensionless linear regression coefficients in Equation 8.20

a ' input param eter o f  the 1 P-ADM  defined in Equations 7.17 and 8.11,

mgL ' 1

A gas bubbles’ surface area, m 2

a gas bubbles’ specific interfacial area, m ' 1

ai dim ensionless empirical coefficient o f  the gas-phase mole fraction

decrease along column height 

A j to N j dimensionless coefficients in the algebraic equations o f  the 2 P - A D M

A O X  absorbable organic halides, m gL -1

b ' input param eter o f  the 1 P-ADM  defined in Equations 7 .18 and 8 .12,

mgL ' 1

BOD 5  biochemical oxygen demand, mgL ' 1

Co instantaneously-mixed tracer concentration in the first cell in the

transient BFCM or transient CFSTR ’s in-series model, mgL ' 1 

Cb gas bubbles concentration, #bubblesL _1

Cg gas-phase ozone concentration, mgL ' 1

C G jn feed-gas ozone concentration, mgL ' 1

C G.ofr off-gas (i.e., exhaust-gas) ozone concentration, mgL ' 1

C, recorded tracer concentration at time step (Atj), mgL ' 1

Cj tracer concentration in cell number “j ” in the transient BFCM,

mgL ' 1

C L instantaneous dissolved ozone concentration, mgL

ĉ  [..measured measured tracer concentration, mgL ' 1

f
[..predicted predicted tracer concentration, mgL " 1

C l, dissolved ozone concentration at depth ( i ), mgL ' 1

C ‘l equilibrium dissolved ozone concentration, mgL ' 1
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CL, equilibrium dissolved ozone concentration at depth ( I ), mgL 1

uII©u

instantaneous tracer concentration, mgL " 1

Co tracer concentration in the influent to the reactor, mgL " 1

COD chemical oxygen demand, mgL ' 1

D bubble colum n diameter, m

Da dimensionless Damkohler number

Dg gas-phase axial dispersion coefficient, m2 s"'

d l liquid-phase axial dispersion coefficient, m2 s_l

D0 ; oxygen gas diffusivity in the liquid phase, m 2 s_l

Do, ozone gas diffusivity in the liquid phase, m2 s“l

D, dimensionless input parameter o f  the 1 P-ADM defined in Equations 7.29 

and S. 8

dB count mean diameter o f  gas bubbles, pm

ds Sauter (i.e., volume-to-surface area) mean diam eter o f  gas bubbles, pm

E dimensionless enhancement factor

E(0) dimensionless residence time density function, as a function o f  the 

dimensionless time (0 )

E(t) residence tim e density function, as a function o f  the time (t), s " 1

E, dimensionless input parameter o f  the 1 P-ADM defined in Equations 7.30 

and 8.9

EkLa enhanced overall mass transfer coefficient, s" 1

EstL dimensionless enhanced liquid-phase Stanton number

fj dimensionless correction factor for the volume o f  cell number “j ” in 

the transient BFCM

fz.j dimensionless correction factor for the dimensionless distance (Z) 

for cell num ber “j ” in the transient BFCM

g gravitational acceleration, ms" 2

G/L dimensionless gas-to-liquid flowrate ratio (= Qg/Q l)

hcj height o f  cell number “j ” in the transient BFCM, m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H Henry’s law constant, kPaLmg ' 1

Ha dimensionless Hatta number

I diffusive flux o f  the dissolved mass, molm ’V 1

kL local mass transfer coefficient, m s - 1

ki_a overall mass transfer coefficient, s- 1

kw specific ozone utilization rate constant, s_1

Ko dimensionless input parameter o f  the 1 P-ADM defined in Equations 7.27

and 8 . 6

Ki dimensionless input parameter o f  the 1 P-ADM defined in Equations 7.28

and 8.7

ki empirical ozone auto-decomposition rate constant, s ' 1

k 2 empirical ozone auto-decomposition rate constant, s” 1

k 3 empirical ozone auto-decomposition rate constant, Lmg- 1

L total height o f  the bubble column, m

t. axial distance (i.e., axial coordinate) along the column height, m

M dimensionless enhancement factor

M mass o f  the injected tracer, kg

N dimensionless input parameter o f  the 1 P-ADM defined in Equations 7.31

and 8 . 1 0

N total number o f  the time steps in the numerical simulation o f  the transient

BFCM

N total number o f  elements used in the finite difference scheme in the

solution o f  the 2P-ADM 

N b f c m  number o f  cells in the transient BFCM

N c f s t r  number o f  cells in the transient C FSTR ’s in-series model

P liquid hydrostatic pressure, kPa

Pe dimensionless Peclet number

Q'B j back flowrate for cell number “j ” in the transient BFCM, m 3 s - 1

QB j exchange flowrate for cell number “j ” in the transient BFCM,
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Q G o feed-gas flowrate flowing into the first cell in the steady-state

BFCM, m V

Q g j gas flowrate flowing out o f  cell number “j ” *n the steady-state

BFCM, m V  

Q l  liquid flowrate, m V

r- dimensionless back-flow ratio o f  cell num ber “j ” in the transient BFCM

Tj dimensionless exchange-flow ratio o f  cell number “j ” in the transient

BFCM

R Universal gas constant, atmLmole“loK.” 1

Rej dimensionless je t Reynolds number

St dimensionless Stanton number

T fluid temperature, °C or °K

t ozone contact time, s

tj acquisition time o f the tracer data, s

tm mean o f the residence time distribution (RTD), s

TOC total organic carbon, m gL - 1

u instantaneous bubble rise velocity, ms- 1

ug superficial gas velocity =  feed-gas flowrate/cross-sectional area o f  the

bubble column (cross-sectional area o f  the straight section in case o f  the 

impinging-jet bubble column), ms- 1  

Ul superficial liquid velocity = liquid flowrate/cross-sectional area o f

the bubble column (cross-sectional area o f  the straight section in case o f  

the impinging-jet bubble column), ms- 1  

Vc j volume o f cell num ber “j ” in the transient BFCM, m 3

V total volume o f the bubble column, m3

Vc average cell volume in the transient BFCM, m 3

V I effective reactor volume, m 3
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X dimensionless dissolved ozone concentration in the liquid phase

Y dimensionless ozone concentration in the gas phase

Yj normalized tracer concentration in cell num ber “j ” in the transient

BFCM

y dimensionless ozone m olar fraction in the gas phase

y z ozone molar fraction in the gas phase at dimensionless axial co-ordinate

(Z)

y, ozone molar fraction in the gas phase at depth £

Z dimensionless distance (i.e., axial coordinate) along the column

height

Zj act actual dimensionless distance o f  cell number “j ” in the transient

BFCM

Zj.ave average dimensionless distance o f  cell number “j ” in the transient

BFCM

Greek Letters

AOj amount o f the utilized ozone, mgL 1

Atj time step during the acquisition o f  the tracer data, s

AZ dimensionless numerical spatial step in the numerical solution o f the 2P

ADM

A0 dimensionless tim e step during the acquisition o f  the tracer data

a  non-linear regression param eter in Equations 8.15 and 8.17

a i  input parameter o f  the 1 P-ADM defined in Equations 7.20 and 8.11,

mgL ' 1

P non-linear regression param eter in Equations 8.15 and 8.17

Pi input parameter o f  the 1 P-ADM defined in Equations 7.21 and 8.12,

mgL ' 1

€ dimensionless fluid-phase hold-up
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0 dimensionless temperature correction factor in v an ’t Hoff-Arrhenius

relationship

X\ dimensionless input param eter o f  the IP-ADM defined in Equations 7.34

and 8.4

A.2 dimensionless input param eter o f  the IP-ADM defined in Equations 7.34

and 8.5

0  dimensionless time in the modeling o f  the hydrodynamics o f  the bubble

column

p liquid density, kgm - 3

(To variance o f  the RTD as a function o f the dim ensionless time (0)

a f  variance o f  the RTD as a function o f time (t), s 2

t mean theoretical hydraulic retention time o f  the bubble column, s

i|/ rate o f  gas absorption into the liquid phase, mgL_1s~'

Y non-linear regression param eter in Equation 8.17

Subscripts

0

act

avg

B

BFCM

c

CFSTR

G

i

in

inf

j

bottom o f  the bubble colum n, i.e., at Z = 0

actual

average

back or exchange flow 

back flow cell model 

cell

continuous-flow-stirred-tank reactors model 

gas phase

num ber o f  the time step during the acquisition o f  the tracer data

feed-gas

influent

cell number in the BFCM
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j identifier o f  the elem ent number in the finite difference scheme used to

solve the 2P-ADM  ( N + 1 > j  > - 1 )

L liquid phase

m mean

N number o f  the top elem ent in the finite difference scheme o f  the 2P-ADM

N+l number o f  the im aginary element in the finite difference scheme o f  the 2P

ADM

Oj oxygen gas

O3 ozone gas

out off-gas

T top o f  the bubble column

t time

T top o f  the column, i.e., at Z = 1

- 1  number o f  the im aginary element beneath the bottom of the column
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CHAPTER 1. GENERAL INTRODUCTION

1.1 BACKGROUND

Most o f  the models that dealt with ozone contactors w ere directed to the water 

treatment applications with very little done to model the ozonation process for 

wastewater treatment. Most o f  the models are two-phase flow (i.e., gas-liquid) models 

that are applied to predict the dissolved and the gaseous ozone profiles along bubble 

columns. In order to simplify the design process o f  ozone bubble columns, many o f  those 

models were based on one o f  the following two liquid-phase flow regimes: (1) complete 

mixing or; (2) plug flow (Alvarez-Cuenca et al., 1980; Alvarez-Cuenca et al., 1981; 

Chang and Chian, 1981; Laplanche et al., 1991; Hull et al., 1992; Lev and Regli, 1992). 

Although, the actual flow pattern in bubble columns is usually closer to being mixed flow 

rather than plug flow, but still not completely mixed flow (Zhou, 1995). Very few studies 

were conducted using the type o f  models that consider the backmixing process in the 

liquid-phase flow. One o f  those studies was the one conducted by Zhou et al. (1994), in 

which, they modeled the performance o f  ozone bubble columns by using the two-phase 

axial dispersion model, or referred to as the 2P-ADM , and an elaborate numerical 

technique w as needed to solve the model equations. The 2P-ADM  demonstrated excellent 

capability o f  predicting the dissolved ozone profiles in ozone contactors.

The design o f  ozone bubble columns usually encounter two major sources o f  

uncertainties: (1) the complications and unreliable methods used in measuring and 

estimating the operating parameters o f  bubble columns; and (2) the application o f  the 

pertinent design model, particularly, when designing an ozonation treatment facility for a 

complex chem ical systems such as the effluents produced from the pulping and bleaching 

processes. Although constructing ozone contactors is an easy task, optimizing their 

operations is not as simple. The operating parameters o f  ozone contactors are interrelated 

and thus, they cause difficulty in the design, operation, and scale-up. Therefore, reliable 

and accurate m ethods o f  measuring and estimating such param eters should be applied.
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A num ber o f  processes occur simultaneously during the  ozonation process. Those 

processes are: the convection and the backmixing processes o f  the liquid and gas phases 

flowing through the contacting chamber; the ozone gas m ass transfer process; the ozone 

auto-decomposition process, and the competitive reactive processes o f  the constituents in 

water and w astew ater with dissolved ozone (Zhou et al., 1994). Besides those processes, 

the contactor configuration, the operating conditions, and the  w ater or wastewater quality 

influence the overall performance o f  the ozonation process. For any ozonation system, it 

is crucial to quantify the dissolved ozone to achieve reliable rational design and optimum 

operation o f  ozone contactors. M eanwhile, quantifying the gaseous ozone, i.e., the ozone 

off-gas leaving the contactor, is essential for achieving optim um  and reliable design o f  

the off-gas destruction facilities.

Several studies have been conducted to study the fundam entals o f  the processes that 

control the perform ance o f  ozone contactors in water treatm ent over the past decades 

with a few er number o f  studies aimed at investigating the ozone mass transfer 

mechanisms and the effect o f chemical reactions on the rate o f  ozone absorption when 

treating industrial wastewater. Kraft pulp mill effluents are characterized by their high 

concentrations o f  color, AOX (absorbable organic halides), COD (chemical oxygen 

demand), and TOC (total organic carbon). Recently, the color and AOX-causing 

contaminants have become the center o f  attention as a result o f  their high resistance 

towards conventional biological treatm ent processes. In o rder to comply with the more 

stringent effluent discharge regulations, the focus o f  the pulp mill effluent treatment 

industry has shifted from the conventional biological treatm ent processes to other 

treatment alternatives (Haberl et al., 1991; Zhou and Sm ith, 1997). Ozonation has 

emerged as a  very promising technology for treating pulp m ill effluents due to its high 

reduction efficiencies o f  color and AOX-causing com pounds (Bauman and Lutz, 1974; 

Zhou and Smith, 1997). Ozone can selectively react w ith  the chromophoric (color- 

causing) and halogenated (AOX-causing) functional groups through fast oxidation 

reactions as a  result o f  these com pounds’ electrophilic nature (Bauman and Lutz, 1974). 

They observed that the color reduction efficiency was dependent mainly on the am ount o f  

the utilized ozone (AO3), but to som e extent it was also dependent on the wastewater
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initial characteristics in terms o f  color, COD, pH, and dissolved and suspended solids’ 

concentrations.

Ozone contactors that utilize bubble diffusers are the most com mon practice used 

for treating w ater and wastewater. In water treatment applications, ozonation is limited by 

the mass transfer process as it is considered the controlling process that dictates the 

overall perform ance o f  ozone contactors (Zhou et al., 1994; Gamal El-Din and Smith, 

2000). In order to achieve higher treatm ent levels in ozone contactors, the configuration 

and the design o f  the contacting unit and the type o f  the gas absorber need to be modified 

in an attempt to achieve higher turbulent mixing in the liquid phase. According to the 

theory o f  surface renewal proposed by Danckwerts (1970), an increase in the mixing 

intensity will cause the liquid film at the gas-liquid interface to be renewed at a higher 

rate leading to a higher local mass transfer coefficient (k[_). The ozone gas-absorption in 

water treatment is assumed to follow the slow-reaction kinetics regime (Zhou et al., 

1994; Gamal El-Din and Smith, 2000). Since the ozone gas diffusivity in the liquid phase 

is much sm aller than that in the gas phase, the gas diffusion through the liquid film 

becomes the rate-limiting step o f  the mass transfer process (Valentin, 1967). High 

turbulent shear stresses will also cause the liquid film to become thinner, and as a result, 

the ozone gas will diffuse through the liquid film at a higher rate causing ki. to increase. 

Higher turbulent shear stresses will also cause the gas bubbles to becom e smaller. As a 

result, the gas bubbles’ specific interfacial area (gas bubbles’ surface area/bubbly bed 

volume) will increase leading to higher overall mass transfer coefficient (kL.a).

In the study o f  Witze (1974), when two axisymmetrical circular turbulent air jets 

(i.e., having the same nozzle diam eter and momentum) intersected at an angle o f  180°, 

the resultant je t behaved like a radial je t which grew at about three times the rate o f a 

single radial je t. As a result o f  the impingement, higher turbulent shear stresses were 

developed in the ambient fluid and a region o f  backflow was observed. Guo and Sharp

(1996) studied the characteristics o f  radial je ts and mixing under buoyant conditions. 

They observed that the turbulence intensity increased with the width o f  the orifice. Unger 

and Muzzio (1999) investigated the effect o f  a je t impingement at an intersecting angle o f
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90° on the mixing characteristics. It was observed that efficient and homogeneous mixing 

occurred at je ts’ Reynolds numbers (R e/s) greater than 300. Fitzgerald and Holley (1979) 

used two turbulent je ts  intersecting at an angle o f  90° to investigate the resultant effects 

on the mixing behaviour. They observed more uniform and improved m ixing across the 

annular tube.

Many researchers have attempted to improve the performance o f  bubble columns by 

maximizing the rate o f  physical gas absorption process. These attempts included: adding 

internal baffles (Catros, 1986), utilizing perforated plates (Chen et al., 1986), inducing 

internal liquid circulation in air-lift reactors (Lewis and Davidson, 1985), and utilizing 

motionless mixers (W ang and Fan, 1978). M any researchers utilized gas injectors in 

order to improve the m ass transfer process. W achsmann et al. (1984) studied the mass 

transfer process using an injection-type nozzle. Gas was introduced under positive and 

negative pressures. They observed remarkable increase in the overall mass transfer 

coefficient (kia) due to the generation o f  bubbles that had a  large specific interfacial area. 

They also observed that the values o f  k[.a in the gas-injection mode varied from those in 

the gas-ejection mode. Thalasso et al. (1995) used a venturi-type injector to increase the 

gas transfer rates and that led to an improvement in the performance o f  the bioreactor that 

they investigated. U nder gas injection mode, they observed an increase in k ia  as the 

liquid superficial velocity (u l) and the gas superficial velocity (ug) increased. In a gas- 

liquid spouted vessel, gas was absorbed under positive pressure into the liquid-phase flow 

(Nishikawa et al., 1977). It was observed that as ug and u l  increased, k ia  increased and 

kL.a was more dependent on ug than on ul. W ang and Fan (1978) studied the mass 

transfer process in bubble columns packed with motionless mixers. They observed that 

k|_a was dependent on ug and u l and as ug and u l  increased, kL.a increased. Huynh et al. 

(1991) studied the m ass transfer process in an upward venturi-bubble column 

combination. They correlated k[.a with ug and u l for the bubble/venturi combination. As 

ug and u l increased, ki.a increased. The increase in ug could have caused an increase in 

the gas bubbles’ specific interfacial area while the increase in u l could have resulted in an 

increase in the liquid shear stresses (Huynh et al., 1991).
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Gas hold-up ( e g )  is one o f  the important variables that characterize the 

hydrodynamics o f  the gas-liquid, i.e., the two-phase flows, in bubble columns. It is 

defined as the fraction o f  the dispersed volum e occupied by the gas bubbles, eg can affect 

the performance o f bubble columns in tw o ways: (1) it provides the fractional volume of 

the gas phase and therefore, its residence time inside the reactor; and (2) in conjunction 

with the knowledge o f  the Sauter mean (i.e., volume-to-surface area mean) bubble 

diameter, it allows the determination o f  the and the gas bubbles’ specific interfacial area 

(Jamialahmadi and Muller-Steinhagen, 1992). W ith the knowledge o f  gas hold-up and 

Sauter mean diameter, the gas bubbles’ specific interfacial area can be determined. Zhou 

and Smith (2000) investigated the effects o f  gas flowrates on the gas bubbles’ specific 

interfacial area using a 2D-Laser particle dynamics analyzer. They observed a 

proportional increase in the gas bubbles’ specific interfacial area with the increase in ug 

as a result o f  the linear increase in the gas hold-up. The same phenomenon was also 

reported by Roustan et al. (1996).

The use o f computational fluid dynam ics (CFD) has grown over the past decade 

since it can offer detailed predictions o f  the behaviour and the characteristics o f 

multiphase flows such as gas-liquid flow in bubble columns. CFD can lead to significant 

improvements in the area o f  scale-up o f  bubble columns. In order to achieve successful 

application o f  CFD in the scale-up process, a better understanding of the fundamentals o f 

the gas-liquid flow phenomena has to be provided. Gas-liquid flows are com plex in their 

nature and their behaviour can vary substantially depending on the design, configuration, 

and operating conditions o f the bubble columns. It is very hard to conduct experimental 

measurements inside gas-liquid flows because o f  their sensitive nature to any 

disturbances caused by intrusive measuring devices such as electric probes (M udde et al., 

1998). As a result, the use o f  non-intrusive measurement techniques such as laser 

Doppler anemometry and Phase Doppler anem om etry measurement systems can provide 

great tools for characterization and better understanding o f  the local rather than the global 

flow phenomena (Mudde et al., 1998).
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1.2 FUNDAMENTALS OF THE OZONATIO N PROCESS

A num ber o f  processes occur sim ultaneously during the ozonation process. Those 

processes are: the convection and the backm ixing processes o f  the liquid and gas phases 

flowing through the contacting chamber; the ozone gas mass transfer process; the ozone 

auto-decomposition process, and the com petitive reactive processes o f  the constituents in 

w ater and wastewater with dissolved ozone (Zhou et al., 1994).

1.2.1 Backmixing Process

There are several models that account for backmixing in the liquid phase. Among 

those m odels that are available for predicting the performance o f  bubble columns, is the 

axial dispersion model (ADM). In the ADM , a diffusion-like process is assumed and 

superim posed on a plug flow (Levenspiel, 1972). An empirical F ick’s law is applied by 

replacing the molecular diffusion coefficient by the axial dispersion coefficient (D l) as 

the m ixing parameter:

SC
Diffusive mass flux = - D ,  — -  [1.11

1 df.

where: C l = dissolved ozone concentration (m gL-1) and Dl = axial dispersion coefficient 

(m2s-1). In the D l, the effects o f  the non-uniform  velocity profile (shear dispersion), the 

molecular, and eddy diffusivities are lum ped together. Equation 1.1 can be also applied to 

describe the backmixing process in the gas phase.

1.2.2 Ozone Auto-Decomposition Process

The overall ozone auto-decomposition rate is influenced by the concentration and 

the history o f  the ozonation process and this ozone auto-decomposition process could be 

represented by a modified pseudo-first-order rate expression (Yurteri and Gurol, 1988; 

Oke et al., 1998). In the experimental study o f  Oke et al. (1998), it was shown that the
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com monly used first-order kinetics expression with a constant reaction rate constant was 

inadequate in describing the ozone auto-decomposition process especially in situations 

where the initial ozone dem and was significant. It was demonstrated that the reaction rate 

constant was continuously decreasing along the course o f  ozonation as a result o f  the 

changes in the water characteristics. As a result, an exponentially decreasing function was 

proposed as a better alternative to describe the ozone auto-decomposition kinetics (Oke et 

al., 1998). In that expression, the reaction rate constant was replaced by a variable 

referred to as the specific ozone utilization rate constant (kw) that is a function o f  the 

utilized ozone dose (AO 3 ):

where: C l = instantaneous dissolved ozone concentration (mgL ‘), kw = specific ozone

constant (Lmg-1), t =  reaction time (s), and AO 3 = amount o f  the utilized ozone (mgL-1). 

ki, k?, and k3 are empirical constants that can be obtained by applying non-linear 

regression analysis to the kinetics data and they  are also characteristics o f  the water to be 

treated.

According to Equation 1.2, as the am ount o f  the utilized ozone increases along the 

course o f  ozonation, kw will decrease. At the beginning o f  the ozonation, i.e., when the 

amount o f  the utilized ozone is zero, kw is equal to k| + k? as the ozone auto

decomposition process is only attributed to the initial ozone demand. In the study o f  Oke 

et al. (1998) and for clean deionized water, the initial ozone demand was practically 

equal to zero and therefore, kw could be assum ed constant during the course o f  the 

ozonation.

[ 1.2]

utilization rate constant (s ’), ki = empirical non-linear regression constant (s l), k2 = 

empirical non-linear regression constant (s-1), k3 = empirical non-linear regression
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1.2.3 Mass Transfer Process

1.2.3.1 Mass Transfer W ithout Chemical Reactions

The two-film model is usually  used to describe the absorption o f  ozone gas from the 

gas phase into the liquid phase. Assuming that no chemical reactions between the 

dissolved gas and any constituents, that can be resent in the liquid phase, occur during the 

mass transfer process, the gas-absorption rate (»(/) is defined as:

where: \\i = gas-absorption rate (mgL 's  '), ku = local liquid mass transfer coefficient

much faster in the gas phase than in the liquid phase, the mass transfer in the liquid phase 

is assumed to be the rate-controlling step. Consequently, the overall mass transfer 

coefficient (ki_a) is considered to entirely consist o f  the local mass transfer coefficient in 

the liquid phase.

1.2.3.2 Mass Transfer W ith Chem ical Reactions

Chemical reactions occur during the ozonation o f  wastewater. In such applications, 

the dimensionless squared H atta number (Hi; = M ) is often applied to com pare between

the amount o f  dissolved gas tha t reacts at the gas-liquid interface or in the liquid film near 

the interface and the am ount o f  dissolved gas that reaches the bulk liquid in an unreacted 

state:

[1.3]

(ms '), a = gas bubbles’ specific interfacial area (m '),C*L = concentration o f  the 

dissolved ozone in equilibrium with the bulk ozone gas (mgL-1), and C l =  concentration 

o f  the dissolved ozone in the bulk  liquid (mgL-1). Due to the fact that ozone gas diffuses

[1.4]
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where: H a = E = Vm  = dim ensionless Hatta number, Icl = local m ass transfer coefficient 

(m s-1), D 0) = molecular diffusivity o f  ozone gas in water (m2s_l), and kw = specific

ozone utilization rate constant (s-1). For pseudo-first-order irreversible reactions, the 

location o f  those reactions that take place during the gas absorption process could  be 

classified into two categories (Kramers and Westertrep, 1963; Kastanek et al., 1993). 

Reactions would take place in the bulk o f  the liquid or at the gas-liquid interface and/or in 

the liquid film near the interface at Ha < 0.03 and Ha > 5.00, respectively (K ram ers and 

W estertrep, 1963; Kastanek et al., 1993). Although, generally for bubble columns it can 

also be assumed that at that at Ha > 3.00, reactions would still be fast enough to occur 

predom inantly at the gas-liquid interface and/or in the liquid film near the interface 

(Kastanek et al., 1993). Therefore, reactions would simultaneously take place in both 

regions at at 0.03 < Ha < 3.00. Equation 1.4 is only applicable in situations w here two 

conditions have to be satisfied: (1) V m  »  1; and (2) fast or instantaneous irreversible 

first-order reactions with no bulk liquid concentration where the driving force for the 

m ass transfer process will be m axim ized (Danckwerts, 1970). As a result, Equation 1.3 

becomes:

where: Ek[.a = enhanced overall mass transfer coefficient (s-1). Zhou and Smith (1999) 

proposed that for wastewater ozonation, both the ozone auto-decomposition and its 

reactions with the organic and inorganic constituents in w astew ater could be lumped 

together in a first-order rate constant (kw). Danckwerts (1970) proposed the following 

equation for the conditions w hen M > 0 and C l > 0:

W hen M »  1 and Cl approaches zero (i.e., C L s  0), Equation 1.6 reduces to Equation 

1.5. The effects o f  chemical reactions on the local mass transfer coefficient for an

i|/ = E kLaC [ [1.5]

[1.6]
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irreversible first-order reaction could be neglected and the gas absorption could be dealt 

w ith as pure physical absorption when M approaches zero (Danckwerts, 1970). 

Therefore, this assumption is valid when:

, D 0 k w
H ; = E = M = V - «  1 [1.7]

K

kw was reported to be 4.7 x 10”4 s”1 for the deionized water tested by Zhou (1995). 

Yurteri and Gurol (1988) reported that kw was in the order o f  2.8 x 10-3 s"1 for the tested 

raw surface water. The diffusivity o f ozone in w ater was determined by the W ilke-Chang 

formula to be 1.74 x 10-9 m V  (at 20 °C) which is comparable to the value o f  1.71 x 10_9 

m2s~l obtained using the equation recommended by Johnson and Davis (1996). ki. was 

reported to be in the order o f  3.1 x 10"4 m s-1 for clean water and in the order o f 1.9 x 10”4 

m s-1 for water containing organic substances (Beltran et al., 1997). Substituting for these 

typical values o f  D, kw, and k[_ into Equation 1.4 yields squared-Hatta numbers o f  8.5 x 

10“6 and 1.4 x 1(T4 for the deionized and the surface water, respectively. Based on these 

small Hatta numbers, it can be concluded that the chemical reactions that occur during 

the course o f clean or surface water ozonation has negligible effect on the local mass 

transfer coefficient and hence, Equation 1.3 will be applied for ozone absorption without 

any modification.

1.3 PRACTICAL ASPECTS OF OZONE CONTACTORS

1.3.1 Types o f  Ozone Contactors

Several designs o f  ozone contactors have been used in water and wastewater ozone 

treatment applications (Langlais et al. 1991). The type o f ozone contactor, to be used in a 

specific ozone treatment application, would depend on the goal o f  the treatment process. 

Several designs o f  ozone contactors have been used in the ozone treatment industry. 

Those designs included:

(1) conventional diffuser contactors;

(l.a )  fine diffuser
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( l.b ) coarse diffuser 

(1 .c) extra-coarse diffuser

(2) turbine mixer contactors;

(2.a) positive gas pressure

(2.b) negative gas pressure (aspirator)

(3) side stream gas injector followed by gas-liquid separators;

(3.a) positive gas pressure 

(3.b) negative gas pressure

(4) packed bubble colum ns;

(5) spray chambers;

(6) deep U tube contactors

(7) porous plate diffuser contactors; and

(8) submerged static radial turbine contactors

Among those several designs, the conventional fine-diffuser contactor design is the 

most w idely applied practice in both North America and Europe (Zhou, 1995). Based on 

the gas and liquid flow patterns, conventional diffuser contactors can be further 

generalized into three types (Zhou, 1995):

(1) counter-current pattern, where the liquid phase flows downwards in an 

opposite direction to that o f  the rising gas bubbles;

(2) co-current pattern, where both the liquid and gas phases flow upwards; and

(3) reactive pattern, w here no ozone gas is introduced while the liquid phase can 

still have a residual ozone concentration.

The first two flow patterns allow  for dissolving the ozone gas from the gas phase into the 

liquid phase, while the reactive pattern provides the opportunity for further contact 

between the residual ozone and the different constituents present in the liquid phase.

Ozone contacting facilities are usually divided into several chambers, ranging from 

two to six chambers in series and there are usually practical limits to the number o f  

chambers due to the cost o f  installing baffles and the buildup o f  the headloss (Zhou,
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1995). M ost o f  the conventional fine bubble contactors, in both North America and 

Europe, utilize two or three chambers for the ozone contacting and reaction purposes 

(Zhou, 1995).

1.3.2 Designing Ozone Contactors

In designing ozone contactors, some challenges can be experienced as a result o f 

some distinct properties o f ozone gas (Zhou, 1995). Most o f  the available commercial 

ozone generators can produce a ozone concentration in the gas phase (> 10 % w/w) and 

that will lim it the driving force available for the mass transfer process. This is a result o f 

the low dissolved ozone concentration that is in equilibrium with the bulk ozone gas due 

to the low solubility o f  ozone gas in water. Second, ozone is an unstable gas and can react 

with a variety o f  constituents present in the liquid phase (Zhou, 1995). Ozone reactions 

are complex in nature and therefore, it does not allow for a reliable prediction of the 

ozone consumption rate (Zhou, 1995). Also, the knowledge o f  scaling-up o f  an ozonation 

treatment system has not been well understood because o f  the com plexity o f  ozone 

chemistry and the lack o f  reliable process design parameters (Zhou and Smith, 1997).

If the ozonation process involves mass-transfer-limited reactions such as the 

oxidation o f  the color or AOX-causing organic compounds, it is crucial to maximize the 

ozone mass transfer process. Alternatively, if  the ozonation process involves chemical- 

reaction-rate-limited reactions, such as in during disinfection, it is recommended to 

maintain a desired residual ozone concentration for a specified time period. Therefore, a 

series o f  m ultiple chambers was suggested. A sufficient am ount o f  ozone should be 

applied to achieve a high dissolved ozone concentration in the first cham ber to satisfy the 

initial ozone demand. Then, additional ozone should be applied at a  lower dose in the 

subsequent chambers to maintain the required residual concentration.

The hydrodynamic behaviour o f  ozone contactors has been recently identified as 

another key-design component (Lev and Regli, 1992). In typical full-scale diffuser 

contactors w ith two chambers in series, the liquid-phase backm ixing was equivalent to
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that in reactor com posed o f  two to five CFSTR’s (continuous-flow-stirred-tank-reactors) 

in-series (Roustan et al., 1993). They concluded that the liquid-phase backmixing 

depends on the w ater and gas fiowrates as well as the geometry and the configuration o f  

ozone contactors. Regarding the hydrodynamics o f  the gas phase and due to the large 

buoyancy o f  the gas bubbles, it usually assumed that the backm ixing in the gas phase is 

negligible (Zhou et al., 1994). As a result, the gas-phase is assumed to flow in perfect 

plug flow regime. However, this assumption is usually valid in ozone contactors and 

bubble columns w ith large aspect (L/D) ratios. Deckwer (1976) suggested that the 

performance o f  bubble columns could be affected by the gas phase dispersion in columns 

with diameters greater than 500 mm. As a result, the need for proper designs and 

configurations o f  ozone contactors has become the focus o f  the ozone treatment industry. 

Designing and configuring ozone contactors properly will lead to high and efficient 

ozone mass transfer rates and will ensure that the required retention times, for the 

intended ozone treatm ents, are satisfied. In order to design ozone contactors properly, 

accurate and reliable models are needed. Those models can be also useful for the on-line 

process control. Those models should be developed such that they take into consideration 

the various processes that occur simultaneously during the ozonation process.

1.4 OBJECTIVES AND SCOPES OF THE RESEARCH PROGRAM

As discussed earlier, the performance o f ozone contactors is controlled by the 

combined effects o f  the hydrodynamics, ozone mass transfer, and ozone reactions with 

the constituents that can be present in the liquid phase. Although great advancements in 

the area o f  ozone treatm ent have been achieved, there is still a great dem and for:

(1) more efficient and compact designs o f  ozone contactors that can provide 

higher treatm ent levels in more compact contactors and thus, the cost o f  the 

treatm ent process will be lowered;

(2) the developm ent o f  reliable ozonation process parameters that can be used to 

predict the performance o f  the ozone treatment; and
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(3) the development o f  a rational design approach that integrates the variables that 

affect the performance o f  the ozonation process and therefore, it can be used 

in the design and on-line process control o f  ozone contactors.

The main scope o f  this research project was to design a new compact ozone 

contactor that can provide higher treatm ent levels than those in the conventional ozone 

contactor designs.

This research program was designed to achieve several objectives. Those objectives 

included:

(1) development o f  a reliable, accurate, and simple-to-use model (transient back 

flow cell model (BFCM)) that can be used for m odeling the hydrodynamics o f  

ozone contactors (Chapter 2);

(2) development o f  models (steady-state two-phase axial dispersion model (2P- 

ADM) and steady-state BFCM )) that integrate the various processes that occur 

simultaneously during the ozonation process and therefore, those models can 

be used for the design and on-line process control o f  ozone contactors 

(Chapters 3,4, and 5);

(3) com paring the steady-state 2P-ADM  with the steady-state BFCM in terms o f  

their predictions o f  the perform ance o f  ozone contactors (Chapter 6);

(4) development o f  a simpler version o f  the axial dispersion model or referred to 

as the one-phase axial dispersion model (1 P-ADM ) and comparing its 

predictions o f  the performance o f  ozone contactors with those o f  the 2P-ADM 

(Chapter 7);

(5) modeling the ozone mass transfer process in the new design o f ozone 

contactors o r referred to as the impinging-jet bubble column for ozone 

treatment applications in w ater and wastewater (Chapters 8 and 9);

(6) com paring the performance o f  the impinging-jet bubble column with two 

other conventional ozone contactors for their performance during the 

ozonation o f  Kraft pulp mill effluents (Chapter 10); and
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(7) conducting a  phase Doppler anemometry (PDA) study to characterize the gas 

phase in term s o f  the bubble size, the bubble size distribution, the bubble rise 

velocity, the axial and radial mixing intensities in the impinging-jet bubble 

column during the treatment o f  water and Kraft pulp mill effluent (Chapter

ID 

AS a result, a num ber o f  models were developed first to describe the hydrodynamics 

and the overall ozonation process for water and w astew ater treatment applications. Then, 

those models were initially tested using some existing experimental data that was 

obtained in a conventional fine-diffuser ozone bubble column.

The second step o f  this research work involved designing a new compact ozone 

contactor that can provide higher treatment levels than those in the conventional ozone 

contactor designs. For that purpose, an impinging-jet ozone bubble column was designed 

and constructed. This ozone bubble column was used for ozone applications in water and 

wastewater treatment. O ne o f  the previously developed models, was used for describing 

the performance o f  the impinging-jet ozone bubble column when used for water 

treatment applications.

The third step o f  this research work involved treating Kraft pulp mill effluents in 

the impinging-jet ozone bubble column for further exploration o f  the advantages o f  using 

this new ozone bubble column design over the com m on conventional designs o f  ozone 

bubble columns when used for treating highly reactive wastewaters such as Kraft pulp 

mill effluents.

The last step o f  this research work involved the use o f  a laser Doppler system for 

characterizing the gas bubbles produced in the im pinging-jet bubble column in both water 

and Kraft pulp mill effluents. This study will lead to  further understanding o f  the ozone 

mass transfer process during w ater and wastewater treatm ent applications.
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CHAPTER 2. DEVELOPMENT OF TRANSIENT BACK FLOW CELL MODEL

(BFCM) FOR BUBBLE COLUMNS*

2.1 INTRODUCTION

Water and wastewater ozonation is usually conducted by dissolving the on-site 

generated ozone gas in the liquid phase. This is often achieved by using an ozone bubble 

colum n as the reacting chamber where ozone gas is bubbled through the liquid phase by 

utilizing conventional bubble diffusers, turbine mixers, negative pressure gas ejectors, 

positive pressure gas injectors, etc. In all these different bubble columns’ designs there 

are number o f  processes that occur simultaneously. These processes are convection and 

backm ixing o f  the liquid and gas phases flowing through the contacting chamber, ozone 

gas mass transfer from the gas phase to the liquid phase, ozone decay, and competitive 

reactions with the constituents in w ater and wastewater with the dissolved ozone (Zhou et 

al., 1994).

The rates o f  the individual phase transport and transformation processes, contactor 

configuration, operating conditions, and w ater or wastewater quality influence the overall 

performance o f  any ozonation system. Backm ixing o f  the gas phase is another important 

hydrodynamic property to be considered for the modeling, the design, and the 

optim ization o f  the bubble columns’ perform ance (Zahradnik and Fialova, 1996).

Backmixing in the liquid phase flowing through bubble columns has been studied 

by  several investigators to better understand the mixing behavior of bubble columns 

(O hki and Inoune, 1970; Deckwer et al., 1973; Hikita and Kikukawa, 1974; Chianese et 

al., 1981; Ogawa et al., 1982; Houzelot et al., 1985; Le Sauze et al., 1992). Therefore, 

the topic o f  gas and liquid phase backm ixing in two-phase (i.e., gas-liquid) flows has 

received major attention in the chem ical engineering field. Especially with regard to the 

gas phase backm ixing, several investigators studied the effect o f  gas phase backmixing in 

bubble columns (Reith et al., 1968; Deckwer, 1976; Van Vuuren, 1988; Kawagoe et al., 

1989; Wachi and Nojima, 1990; Shetty et al., 1992; Zahradnik and Fialova, 1996).

A  version o f  this chapter has been published. Gamal Ei-Din, M. and D.W. Smith, Ozone 
Sci. & Eng. 23(4): 313-326 (2001).
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In bubble columns with diam eters larger than 140 mm, the gas phase dispersion is 

higher due to the occurrence o f  eddies at larger scales. In bubble columns with diameters 

less than 140 mm and large aspect ratios ( L /D » 1), the gas-phase dispersion coefficient is 

less than the liquid-phase dispersion coefficient by an order o f  magnitude (Reith et al., 

1968). Based on the theoretical calculations o f  Deckwer (1976), the gas-phase 

backm ixing could be neglected in bubble columns with diameters o f  less than 500 mm. 

Therefore, the gas phase could be considered in the plug flow regime. Thus, it is essential 

to adequately and accurately characterize these fundamental processes and determ ine the 

variables that control and dictate the overall performance o f  any ozonation system.

2.2 TRACER TESTS

Two types o f  tracer tests have been widely used to characterize the backm ixing 

process in non-ideal flow conditions in a chemical reactor: pulse or stimulus-input tests 

and step-input tests. The results from these two types o f  tracer inputs are interrelated and 

can provide similar information on the residence time distribution o f  the fluid elements 

inside a chemical reactor (Levenspiel, 1972). In a pulse-input test, a pulse o r stim ulus o f  

non-reactive tracer is introduced into the fluid influent line just upstream o f  the contactor 

inlet at time zero. As the injection time is minimized compared to the hydraulic 

theoretical retention time o f  the reactor (few seconds compared to few minutes), the pulse 

input can be assumed to be an ideal pulse, and therefore, it can be represented by the 

Dirac 6 function. Simultaneously with the tracer injection, the concentrations o f  the tracer 

inside the reactor at different points along the reactor height and at the effluent exit point 

from the reactor are continuously recorded till the tracer is recovered. That can be 

confirm ed by the residence tim e density (RTD) curve returning back to the background 

level o f  the tracer in the tested liquid. The measured concentrations (after being corrected 

for the background tracer level in the tested water, i.e., the background noise) are then 

norm alized to produce a curve with an area o f  unity above the time axis. This curve 

represents the RTD function (E(t)) that is described mathematically as:
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x

jE (t) • dt = 1 [2 .1]
0

where: tm = mean residence tim e o f  the RTD (s) and E(t) = residence tim e density

the variance ( o f )  (Levenspiel, 1972). Respectively, the mean and the variance represent 

the location and the spread o f  the RTD. M athematically, they can be calculated from the 

discrete pulse-input tracer test data as follows:

where: tj = data acquisition time (s), Atj = time step (s), Cj = recorded tracer concentration

at time step (Atj) (mgL-1), and a 2 = variance o f  the RTD as a function o f  tim e (s2). The

results can then be used to estim ate the traditional mixing parameters: the dim ensionless 

Peclet num ber (Pei.) and the equivalent number o f  the continuous-flow-stirred-tank- 

reactors (CFSTR) in-series ( N c f s t r ) -  With respect to the sampling points inside the 

reactor, the boundary conditions can be considered as closed-open conditions and for the 

sampling point at the effluent exit point, the boundary conditions can be considered as 

closed-closed conditions (Levenspiel, 1972). For the closed-open boundary conditions:

function (s '). The RTD curve is often characterized by the mean residence tim e (tm) and

[2.2]

and

[2.3]

, a  2 3 1
O’” = —— = ------+ ------ = ------ [2.4]
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where: x =  theoretical hydraulic retention tim e o f  the bubble column (s) and CTq =

variance o f  the RTD as a function o f  the dimensionless time (0). And for the closed- 

closed boundary conditions:

If potassium  chloride or sodium chloride is used as the tracer material, the dissolved 

electrolytes can have an effect on the surface tension o f the solution resulting in change 

in the bubble sizes and the bubbles’ coalescence. At high dissolved electrolyte 

concentrations (> 5,000 mgLT1), the bubble rise velocity and the bubbles’ coalescence

decrease resulting in higher gas hold-up and thus, causes the dispersion number

to decrease. This effect can be ignored if  the dissolved electrolyte concentrations are low 

(< 1,000 to  2,000 mgL-1) (Jamialahmadi and Miiller-Steinhagen, 1990). Since tap w ater 

or deionized water could contain traces o f  these electrolytes, the recorded experimental 

RTD must be corrected for those traces by obtaining the base line RTD for the tested 

water. Therefore, the background noise can be eliminated. Com paring the theoretical 

RTD curves with the corrected-experimental RTD curves and using a minimization 

technique to reduce the summation o f  the squared residuals (SSR) between the tw o 

curves, the mixing parameters can be accurately determined.

2.3 THEORY

2.3.1 Axial Dispersion Model

Assuming that the liquid phase is in axial dispersion regim e, i.e., a diffusion-like 

process is assumed and is superimposed on a plug flow regim e (Levenspiel, 1972), the 

transient axial dispersion model (transient ADM ) for a pulse-input can be mathematically 

described as:

[2.5]
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[2.6]

where: i  = distance along the colum n height (m), t = measurement time (s), Da = axial

where: L = total column height (m), Z =  dimensionless distance along the column height, 

Co = Ct = instantaneous tracer concentration (mgL-1), 0 = dimensionless time, and e L = 

dimensionless liquid-phase hold-up. For small Peclet numbers (Pei. < 100) and for both 

the closed-closed and the closed-open boundary conditions, the analytical solution o f  

Equation 2.7 is not available (Levenspiel, 1972). Therefore, Levenspiel (1972) suggested 

that the analytical solution o f  Equation 2.7 that can be obtained for small deviations from 

plug flow conditions (Pei. > 100) at any  given boundary conditions can still be applied to

dispersion coefficient o f  the liquid phase (m 2s-1), Ct = instantaneous tracer concentration 

(mgL-1), and ul = superficial liquid velocity (ms-1). For a bubble column o f  a total 

height, L (m), Equation 2.6 can be w ritten in a dimensionless form as follows:

ac9 1 d 2C 8C
[2.7]

ae PeL 5Z2 dz

where:

[2 .8]

0 =  - [2.9]
T

and

t
Z = -  

L
[2.10]
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the closed-closed and the closed-open boundary conditions for situations where PeL is 

slightly less than 100. As a result, the theoretical RTD for a pulse-input tracer test under 

those operating and boundary conditions, can be represented by:

theoretical En =
n

exp - P e L
(1 - O f [2.11]

P eL

and

V
experimental E0 = — C 0 [2.12]

M

where: E0 = dim ensionless residence tim e density function as a function o f  the

dimensionless time (0), V = volume o f  the bubble column (m3), and M = mass o f  the 

injected tracer (kg).

4.0

3.0

a  2.0

0.0
5.03.0 4.01.0 2.00.0

Dimensionless time, 6

Figure 2.1 Theoretical RTD curves for the transient ADM under closed-closed or 

closed-open boundary conditions.
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The theoretical RTD curves for such cases are shown in Figure 2.1. A t low PeL (PeL 

«  100), the pulse response is broad and it passes the measurement point slowly enough 

that it changes and spreads causing the E0 curve to be non-symmetrical. As shown in

Figure 2.1, as the PeL approaches 100 or exceeds 100, the RTD narrows as the liquid flow 

approaches plug flow conditions.

4.0

^CFSTR =  5 0
3.0

^CFSTR — 2 0

tu 2.0

CFSTR

0.0
5.03.0 4.01.0 2.00.0

Dimensionless time. 9

Figure 2.2 Theoretical RTD curves for the transient CFSTR’s in-series model.

2.3.2 Transient Continuous-Flow-Stirred-Tank-Reactors In-Series Model

For a transient continuous-flow-stirred-tank-reactors (transient C FSTR ’s) in-series 

model, the theoretical RTD for a pulse-input tracer test can be represented by:

p  _  N  CFSTR ( h i  C FST R ® ) CTST* p  1 1 1

•  S  ^ -------- 1 1V CFSTR * / •

The CFSTR’s in-series model is usually m ore reliable than the ADM  for the flow 

conditions where the dispersion numbers are large (Levenspiel, 1972). The theoretical 

RTD curves, for C FSTR ’s in-series model, are shown in Figure 2.2. Despite being
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appropriate to describe the hydrodynam ic behavior o f  tall bubble columns that have large 

aspect ratios, the ADM  and the C FST R ’s in-series model have limitations when they are 

used to describe the hydrodynamics o f  full-scale ozone contactors.

2.4 TRANSIENT BACK FLOW C EL L MODEL (BFCM )

2.4.1 Development o f  the Transient BFCM

Transient BFCM hypothesizes both  back flow and exchange flow to characterize 

the axial dispersion in the liquid phase (Zhou, 1995). Figure 2.3 represents a transient 

BFCM schematic for co-current flow conditions in bubble columns. It consists o f  two 

series o f  com pletely mixed cells, one series representing the liquid phase and the other 

representing the gas phase and each has a number o f  cells equals N b f c m -  A s shown in 

Figure 2.3, it is assumed that the m ixing  parameter PeL varies along the reactor height. 

Three different distinct regions o f  m ixing have been considered, which is usually the case 

in tall bubble colum ns with aspect ratio (L/D) »  1. In tall bubble columns and as the 

liquid flow passes through the reactor, the PeL will increase as the backmixing decreases 

along the colum n height from that in the intense mixing zone near the column entrance. 

In full-scale industrial ozone m ulti-cham ber reactors, the aspect ratio is usually not very 

large. Because o f  the complex nature o f  such systems, the shape o f  the overflow 

structure, the presence o f intermediate baffles, and the shape and location o f  the gas 

diffusers should be considered along with the aspect ratio in characterizing the 

hydrodynamic behavior o f those system s.

The assum ptions that govern the transient BFCM are as follows: (1) back flow 

occurs only in the liquid phase; (2) backflow  is negligible in the gas phase due to the 

large buoyancy o f  gas bubbles and large reactor aspect ratio, i.e., the gas phase is 

assumed to be in a plug flow regime; (3) the ozone bubble column is operated at constant 

liquid and gas flowrates; (4) no m ass transfer and chemical decay should be considered 

for the inert tracer; and (5) gas hold-up and bubbles’ interfacial area are constant along 

the column height. In order to ensure that the gas phase flow conditions are close to be in 

a plug flow regim e, the number o f  m ixed cells ( N b f c m )  has to be equal to or greater than
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10. Although, in some situations, the number o f  cells that are needed to model bubble 

columns o f  small aspect ratios are less than 10, the assumption that the gas phase is in 

plug flow regime could still be moderately valid due to the large buoyancy o f  gas 

bubbles.

gas phase liquid phase

B FC M

BFCM

B , j

Ql+Qb

Figure 2.3 Transient BFCM schematic for non-reactive tracer for a co-current flow 

conditions.

Variable cell volume along the reactor length is considered in the model 

development to obtain a model that can be used to describe the hydrodynamics in ozone 

contactors of multiple chambers that have variable dimensions. By employing the mass 

balance with respect to the inert tracer around the cell number “ 1”, the mathematical 

relationship for the transient BFCM  can be written as follows:

Q lC . + Q ' s jC j - ( Q l + Q b . , ) c 1 =  ^ V t f, [2 .1 4 ]
dt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

where: Co = tracer concentration in the influent to the first cell in the reactor (mgL-1), Ci 

= tracer concentration in the first cell in the reactor (mgL-1), C i = tracer concentration in 

the second cell in the reactor (mgL-1), Q L = liquid flowrate (m3s-1), Q B j = exchange

flowrate for cell number “ 1” (m3s-1), Q  B 2 = back flowrate for cell num ber “2” (m 3s-1),

Vc = average cell volume (m3) and it is equal to the total volume o f  the bubble column 

(V) divided by the number o f cells ( N b f c m ) ,  and f  = dimensionless correction factor for 

the volume o f  cell number “ 1”. D ividing Equation 2.14 by VcCo where:

C ; =  —  = —  [2.15]
0 v  V/c N BFCM

and

f, = — CJ ~ [2.16]
V.

V/
N̂ BFCM

where: C’ = instantaneously-mixed tracer concentration in the first cell (mgL l), M =

mass o f  the injected tracer (kg), N b f c m  =  number o f  cells in-series in the transient BFCM, 

and Vc j = volume o f  cell number “j ” (m3). Then, substituting in the resultant equation

for:

Qr , = - ^ -  [2.17]
Q l

and

r ; = 5 k l  [2.18]
’ Q l
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where: ri = dimensionless exchange-flow ratio for cell number “ 1” and r2 = 

dim ensionless back-flow ratio for cell number “2”. As a result:

dV« 1 + r, r2
dt f ,X /' ‘ f,T /

” T
BFCM

 Y 2 [2.19]

7N /  N^  BFCM /  E

where:

C EY -  J -  °>
j C ' Nv "0 BFCM

[2.20]

and

Z = f  Z = fj .a c t  Z. j  j. avg l Z. j
j - 0 5  _

j=M 

. i=l
+ hc.J/ / 
+ , 2

N
[2 .21]

BFCM

where: Yj = normalized tracer concentration in cell number “j ”  in the transient BFCM, 

fz j = dimensionless correction factor for the dimensionless distance (Z) for cell number

“j ” , h c j = height o f cell num ber “j ”  (m), Z j act = actual dimensionless distance o f  cell

num ber “j ” , Z javg = average dimensionless distance o f cell number “j ” , and j  = cell

num ber in the transient BFCM. Following the same procedure used to derive Equation

2 .1 9 , one can obtain the transient BFCM equations for the cells from j  =  2 to j  =  Nbfcm as 

follows:

fo r  1 <  j  <  N bfcm^

dY: 1 + r . 1 + r ' + r, r'+I_______________________________________ _
- Y,., -  f -J  Y- + - r - p —  Yj+I [2.22]

dt fjX /  H f j T/  j f jT/
BFCM BFCM BFCM
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and for j  = N bfcm:

dYM 1 + rw 1 + r'B̂FCM _l Yn -------^ - Y n [2.23]iN ncni I C  _ acrki Jdt f v X NafCM_t fN T /
^  BFCM /  ^  BFCM /

N  BFCM /  ^ B F C M

where:

r, = —  ------ 0.5 [2.24]
P e i_i

r, = -*— - - 0 . 5  [2.25]
pe L2

=  N b f c m _ J _ 0 5  [ 2 2 6 ]

P e U3

By em ploying a liquid-flow balance on each cell from j =  1 to j  = N b f c m ,  one can obtain: 

QB.,= Q'B.2 = r ,Q L for j  = 1 [2.27]

Qb.2 = Qb . 3 = ^ Q l  for j = 2 [2.28]

Q b. ^ Q 'b.h ^ Q l for 3 < j < j - l  [2.29]

Q'b. ^ Q b.h ^ Q l for 3 < j < j [2.30]

where: j  = number o f  the cell at which the PeL changes from P eu, to PeL3.

Q B.j= Qb.j+i = r3Q L forJ ^ J' ^  Nbfcm- 1 [2.31]
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Q ’b.j+2 -Qb.h-i = ^ Q l  f o r j + 1  < j  <  N b fc m -1  [2 -3 2 ]

and

Q b . n bfcm — Q b . n . i bfcm — r3Q L for j  N b f c m  [2-33]

The transient BFCM and the transient ADM describe the backmixing o f  the liquid 

phase using different mixing param eters PeL, N b f c m ,  and r '.  These parameters are 

interrelated by the following equation:

r - =  2 i B F C M _ 0 5  [ 2  3 4 J

PeL

Equation 2.34 is an approximate relationship between the two models based on ignoring 

the higher-order term s in the Taylor series when the differential equation

representing the transient ADM is transformed into a  finite-difference equation 

(Mecklenburgh and Hartland, 1968). The term r ' in Equation 2.34 refers to the 

backmixing between stages whilst the 0.5 refers to the perfect mixing within each stage.

These two effects are added together to give the total backm ixing effect N BFCM.

P e L

(Mecklenburgh and Hartland, 1975). Stagewise systems m ay rather be said to consist o f  

finite regions o f  perfect mixing connected by regions o f  zero volume but with finite 

backmixing (Hartland and Mecklenburgh, 1968). This means that a series o f  stages will 

always inherent backmixing although if  there is no interstage backmixing (when r ' = 0 )  

(Mecklenburgh and Hartland, 1975). For this situation:

PeL= 2 N BFCM [2.35]

In the transient BFCM, ideal plug flow conditions exist i f  r ' = -0 .5 , although, this ideal 

situation can not exist in nature (M ecklenburgh and Hartland, 1975).
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2.4.2 Num erical Simulations o f  the Transient BFCM

2.4.2.1 Num erical Solution Technique

Equations 2.19, 2.22, and 2.23, are N b f c m  differential equations in N b f c m  unknowns 

(Yj’s). Those differential equations can be solved num erically by applying an explicit 

technique for the time discretization. This explicit technique allows the transformation o f  

the equations from their differential form into an algebraic form. Solving the N b f c m  

algebraic equations simultaneously at tim e step “n+1” allows for Y "+l values to be

determined as functions o f  Y" values at tim e step “n” for j  =  1 to j = N b f c m  as follows:

for j = 1:

dY,n+I Y,n+I - Y "  Y,n+1 -  Y," _  1 + r, r '
dt At xA0 f ,V  f , t /

Y," + - — f ------ Y" [2.36]

N  ' NBFCM ^  BFCM

for 1 < j  < N bfcm :

Hvn+I Y n+1- Y "  Yn+I- Y n 1 + r l + r' + r r'
— 1—  = —  -  =  - ---------— =  7 ---------- Y ; , - —  L Yjn — —----- Y;+1 [2.37]

dt At tA0 f j t  J fj t  J f j t /  1
N N  - N'  BFCM . BFCM /  BFCM

and for j  = N b f c m :

dYN Y ^ 1 - Y J  Y"+‘ - Y ”
N BFCM BFCM BFCM N  BFCM BFCM

dt At tA0
1 + Tk, , l + r^ [2-38]

M - — “ _______________ N  BFCM y

:m - 1  f  ^  /  N b f o i
N bfcm  /

/  ^  BFCM

BFCM

BFCM
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The initial condition for this system o f  equations is as follows: 

at t = 0 :

Y , = l
Yj = 0 f o r l < j < N BFCM

The Dirac 5 function representing the ideal pulse tracer input is represented numerically 

by an assumption o f  Yi = 1 at t = 0 as an ideal instantaneous and com plete mixing o f  the 

injected mass o f  the tracer is assumed to take place at t = 0 in cell number “ 1”. The 

system o f Equations 2.36 to 2.38 w as solved for a wide range o f  simulated operating 

conditions. These conditions included: (1) a wide range o f  the com pletely mixed cells in

series ( N b f c m  = 6 to 20); (2) a w ide range o f  Peclet numbers (PeL = 1.0 to 40.0); (3) 

Peclet number was assumed to be constant along the column height unless otherwise it 

was mentioned that it varied along the column height; and (4) constant cell volume and 

cross-sectional area w ere assumed along the column height.

2.4.2.2 Results

The effect o f  Peclet number (P cl) on the theoretical RTD for N b f c m  equal to 10 are 

shown in Figures 2 . 4  and 2 .5 ,  in which the RTD is presented in term s o f  Y j that is related 

to E0 j as shown in Equation 2 .2 0 .  At the bottom sampling port and as PeL increases, the

RTD narrows as observed before for the ADM theoretical RTD’s as a  result o f  the liquid- 

phase flow conditions being approaching a plug flow regime. At the top sampling port 

and as the PeL increases, the RTD narrows and becomes more symmetrical, and the peak 

o f  the RTD increases. Sim ilar trends to those observed in Figures 2.4 and 2.5 were 

observed at the m iddle sampling port with higher peaks o f  the RTD,s than those predicted 

at the top sampling port. Generally, the peak o f  the RTD gets sm aller and the RTD 

becomes more symmetrical as the sampling ports get closer to the effluent exit point from 

the reactor as a result o f  the liquid phase flow conditions are approaching more towards a 

plug flow regime.
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1.00

N b fc m  “  1® 

Bottom Port
0.80

PeL = 20.0
0.60

0.40

PeL increases

PeL= 1.00.20

0.00
0.0 1.0 2.0 3.0 4.0

Dimensionless time, 0

Figure 2.4 Theoretical RTD’s for N b f c m  = 10 at the bottom sampling port.

0.20
=  10BFCM

Top Port
PeL= 20.0

0.15

"  0.10

PeL increases

PeL= 1.0
0.05

0.00
0.0 1.0 2.0 3.0 4.0

Dimensionless time, 6

Figure 2.5 Theoretical RTD’s for N b f c m  = 10 at the top sam pling port.

Figures 2.6 to 2.9 depict the effects o f  the N b f c m  and the PeL on the theoretical 

RTD at the middle and the top sampling ports. For an N b f c m  equal to o r less than 14, not 

all the PeL range w as applicable for model simulations because at high PeL, r ' 

approached -0.5 and therefore, that produced unstable solution o f  the transient BFCM
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equations, i.e., an oscillating solution. The -0 .5  is the extreme lim it o f  the model that 

corresponds to an ideal plug flow mode that does not exist in nature. The dimensionless 

time step used in those m odel simulations was set equal to 0.008. A ttem pts to reduce that 

dimensionless time step below  0.008 were done in order to obtain solutions for the cases 

o f  high P e L  and low N b f c m ,  but still no success was achieved. This could be explained by 

the fact that as P e L  increases, larger N b f c m  ( N b f c m  larger than 1 0 )  is needed to describe 

the hydrodynamics o f  bubble columns as the liquid flow approaches plug flow 

conditions.

2.5

2.0
'BFCM

u

increasesBFCM

0.5

0.0
3.0 5.04.00.0 1.0 2.0

Dimensionless time, 6

Figure 2.6 Effect o f  PeL and N b f c m  on the theoretical RTD’s at the middle sampling 

port for PeL = 1.0.

Figures 2.6 and 2.7 show that varying the N b f c m  from 6 to 20 at PeL = 1.0 causes 

the peaks o f the RTD ’s to increase w hich contradicts with w hat Zhou (1995) has 

reported. All the peaks alm ost occur at the sam e point o f dim ensionless time with a slight 

shift and all the RTD’s are broad and non-symmetrical. This suggests that as the pulse- 

input slowly passes the sampling port it spreads. This is usually the case for bubble 

columns that have small aspect ratios. As the PeL increases to 40.0, i.e., the liquid phase
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is approaching plug flow conditions, w e start to observe symmetrical RTD ’s at different 

Nbfcm (1 4  <  N BFCM < 2 0 ) as show n in Figures 2.8 and 2 .9 .

2.5

2.0

iBFCm  increases
su

0.5

0.0
5.01.0 2.0 3.0 4.00.0

Dimensionless time, 6

Figure 2.7 Effect o f  PeL and N B f c m  on the theoretical RTD ’s at the top sampling port

for PeL = 1 0.

6.0

PeL = 40.0 
Middle Port 

BFCM = t4 to 20

bfcm increases
5.0

4.0

u f  3.0

2.0

1.0

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Dimensionless time, 0

Figure 2.8 Effect o f  PeL and N B f c m  on the theoretical RTD ’s at the middle sampling 

port for PeL =  40.0,
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Interestingly, a t both the middle and the top sampling ports, the RTD ’s are spread 

with almost the sam e width, but the increase in the peak as Nbfcm  increases from 14 to 

20, is higher than that at PeL = 1.0. For Nbfcm  < 10, the assumption o f  the gas phase 

being in a plug flow regime might not be very accurate, although it can still be 

moderately valid due to the large buoyancy o f  the gas bubbles. Therefore, those cases for 

Nbfcm  < 10 were included in the model simulations for the sake o f  comparison.

6.0

Peu = 40.0 
Top Port 

= 14 to 20
5.0

4.0

'b f c m  increases
u f 3.0

2.0

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Dimensionless time. 0

Figure 2.9  Effect o f  PeL and Nbfcm on the theoretical RTD’s at the top sampling port 

for PeL = 40.0 .

Comparisons between the transient BFCM , ADM, and CFSTR’s in-series model for 

predicting the RTD ’s for PeL = 1.0 and 2 0 .0  at the middle and the top sampling ports 

respectively, are shown in Figures 2 .10  to 2 .1 3 . For 10 cells in-series and PeL = 1.0, the 

transient ADM predicts lower peak o f  the RTD compared to the one predicted by the 

transient BFCM. This can be explained by the PeL being very small and therefore, the 

assumption that the flow conditions are slightly deviated from the ideal plug flow 

conditions is not satisfied which makes the transient ADM not adequate for predicting the 

liquid phase backm ixing under those flow conditions.
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2.0

BFCM _ Ncfstr — 10 
PeL = 1.0 
Top Port

CFSTR's In-Series Model

BFCM

0.5

ADM

o.o
3.01.0 4.0 5.00.0 2.0

Dimensionless time, 0

Figure 2.10 Comparison between the transient BFCM, ADM, and C FST R ’s in-series 

model on the theoretical RTD’s for PeL = 1.0 and N B f c m  =  N f c s t r  = 10.

2.0

BFCM — N CfSTR — 1 0

PeL = 20.0 
Top Port

BFCM

CFSTR's In-Series Model

OU ADM

0.5

0.0
3.0 5.01.0 4.00.0 2.0

Dimensionless time, 6

Figure 2.11 Comparison between the transient BFCM, ADM, and C FST R ’s in-series

model on the theoretical RTD’s for PeL = 20.0 and N B f c m  =  N f c s t r  = 10.

At the same PeL, the transient CFSTR’s in-series model predicts higher peak o f  the 

RTD compared to the transient BFCM and the predicted RTD is symmetrical rather than
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being non-symmetrical which is usually the case when tracer tests are conducted in 

bubble column reactors. This can be explained by the fact that the transient CFSTR’s in

series model does not account for the backmixing between the cells w hich is large at this 

low Pet.. At PeL = 20.0, all three models predict symmetrical R TD ’s that have almost 

identical spreads and peaks as the backmixing ratio in the transient BFCM  gets smaller at 

this high PeL.

4.0

=  20= N,CFSTR

PeL = 1.0 
Top Port

BFCM

3.0

BFCM

uT 2.0

CFSTR's In-Series Model

ADM

o.o
5.03.0 4.00.0 1.0 2.0

Dimensionless time, 0

Figure 2.12 Comparison between the transient BFCM, ADM, and CFSTR’s in-series 

model on the theoretical RTD ’s for P e L  = 1.0 and N b f c m  =  N f c s t r  = 20.

At PeL = 1.0, Figure 2.12 depicts a similar trend to the one observed in Figure 2.10 

except that the RTD predicted by the transient CFSTR’s in-series m odel has a slightly 

lower peak than the one predicted by the transient BFCM. The large num ber o f  cells in- 

series ( N b f c m  = 20) at this very small PeL could have caused an increase in the RTD peak 

suggesting that the effect o f the N b f c m  on the peak o f  the RTD is larger than the effect o f 

the backmixing. As shown in Figure 2.13, as the PeL increases to 20.0 for the same 

number o f  cells ( N c f s t r  = 20), the transient CFSTR’s in-series m odel and the transient 

ADM predict lower peak o f  the RTD compared to the one predicted by the transient 

BFCM. This can be explained by the transient BFCM performance being closer to plug
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flow conditions than the performances o f  the transient ADM and the transient CFSTR’s 

in-series model.

4.0

BFCM “  NCFSTR — 20 
PeL = 20.0 
Top Port3.0

BFCM

u f  2.0

CFSTR's In-Series Model

ADM

o.o
2.0 5.01.0 3.0 4.00.0

Dimensionless time, 6

Figure 2.13 Comparison between the transient BFCM , ADM, and CFSTR’s in-series 

model on  the theoretical RTD’s for PeL = 20.0 and N b f c m  -  N f c s t r  = 20.

Figures 12.4 and 2.15 show the theoretical R T D ’s for a situation where the PeL 

varies along the column height as in tall bubble columns. PeL was assumed to equal 0.40 

from Z = 0.00 to 0.05, 6.67 from Z = 0.05 to 0.53, and 9.00 from Z = 0.53 to 1.00. As 

shown and as the sam pling port moves along the reactor height, i.e., as the cell number 

increases, the RTD’s peak  gets smaller and the RTD becom es more symmetrical, but still 

skewed to the left.
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Figure 2.14

>

Figure 2.15

1.00

=  201,1 BFCM

PeL = 0.40 from Z = 0.00 to 0.05 
PeL = 6.67 from Z = 0.05 to 0.53 
PeL = 9.00 from Z = 0.53 to 1.00

0.80

0.60

0.40

0.20  ■

0.00
0.8 1.00.0 0.2 0.4 0.6

Dimensionless time. 6

Theoretical R TD ’s for N Bfcm =  20 .0  and variable PeL along the column 

height (j = 1 to 4).

o.io
N bfcm  ~  20  

PeL = 0.40 from Z = 0.00 to 0.05 
PeL = 6.67 from Z = 0.05 to 0.53 
PeL = 9.00 from Z = 0.53 to 1.00

0.08

0.06

j = 5 to 20

0.04

j = 200.02

0.00
0.0 0.5 1.0 1.5 2.0 2.5

Dimensionless time, 6

Theoretical R T D ’s for N b f c m  = 20.0 and variable PeL along the column 

height (j = 5 to 20).
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2.5 TESTING OF THE TRA NSIENT BFCM

2.5.1 Experimental Study

The experimental tracer data o f  Zhou (1995) was used for testing the applicability 

o f the transient BFCM to describe the hydrodynamics in a fine-diffuser bubble column. 

The experimental set-up used in the study conducted by Zhou (1995) consisted o f  a glass 

bubble column with an inside diam eter o f  100 mm and a total column height o f  2,000 

mm. The w ater depth was m aintained constant at 1,750 mm using an overflow weir. The 

tracer samples were collected from six sampling ports equally spaced along the column 

height as well as from the effluent exit line. The fme-bubble diffuser used in this bubble 

column was a 25 mm spherical fused crystalline aluminum stone that was elevated 5 mm 

from the bottom  o f  the reactor to allow for good mixing between the gas bubbles and the 

liquid phase. The weir placed at the top o f  the column had 8 mm holes faced downward 

at the bottom o f  the headspace cap. This configuration helped minimizing the occurrence 

o f swamp flows at the column exit (Zhou, 1995) and therefore, it could be concluded that 

the backm ixing along the colum n height was uniform. The contactor was operated at two 

different flow modes: (1) the counter-current and (2) the co-current flow modes. The 

system was run for about eight turnovers to insure stable and steady-state operations 

before a Rhodamine WT tracer was injected upstream o f  the w ater inlet point into the 

column. The concentration o f  the Rhodamine in the collected samples ranged from 0 to 

10~2 mgL-1 and was measured using the fluorescence method. In this experimental study, 

the theoretical hydraulic retention time ranged from 120 to 390 s and the gas-to-liquid 

flowrate (G/L) ratio ranged from 0.04 to 0.73.

2.5.2 Data Analysis Technique

Since the bubble column had a constant cross-sectional area, the cell volume was 

set constant along the column height and the cell volume correction factor, represented by 

Equation 2.16, was equal to 1. Also, since a uniform backm ixing can be assumed along 

the column height due to the reactor configuration, PeL was assum ed to be constant along 

the column height. As a result, the exchange-flow ratio (r) w as equal to the back-flow
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ratio ( r ' ) and both were constant along the column height. The solutions o f  the transient 

BFCM equations were obtained using a spreadsheet program  that was developed with a 

user-specified tolerance set equal to  10”4. The target cell in this spreadsheet program  was 

the summation o f  squared residuals (SSR) o f  the tracer concentrations. The minimization 

technique was used to minimize the SSR by changing the back-flow ratio ( r ' ) according 

to the following equation:

SSR(r') = 2  -  C Lpredictea f  [2.39]

where: CLnKJSun.d = measured tracer concentration (m gL-1) and C Uprcdlc,ed = predicted

tracer concentration (mgL-1). D uring the transient BFCM testing, a minimum SSR was 

always achieved as a result o f  having no problems with respect to the divergence o f  the 

model equations to reach a final solution. The initial “guess value” o f  the PeL was 

calculated using Equation 2.24 w here r = r ' . PeL was calculated using the tracer data o f  

Zhou (1995) and by applying Equations 2.4 and 2.5 for the closed-open and closed- 

closed boundary conditions, respectively. After exam ining a different num ber o f  cells 

( N b f c m )  for the transient BFCM analyses, it was found that 10 cells gave the lowest 

SSR’s.

0.8 

0.6

'a
£  0.4 

uf

0.2 

0.0
0.0 5.0 10.0 15.0 20.0 25.0

Time, t (min)

Figure 2.16 Experimental and predicted RTD’s in a  counter-current flow mode.

4  HRT = 2.0 min, Measured RTD (Zhou, 1995)

—  HRT = 2.0 min. Predicted RTD-Transient 
BFCM

■ HRT = 5.0 min, Measured RTD (Zhou, 1995)

—  HRT = 5.0 min, Predicted RTD-Transient 
BFCM
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2.5.3 Results

The transient BFCM  predictions o f  the RTD curves at the reactor exit point in the 

bubble column for the counter-current and the co-current flow modes are shown in 

Figures 2.16 and 2.17, respectively. Under a  small hydraulic retention tim e o f  120 s, the 

RTD curves were symmetrical. As the hydraulic retention time increased, tailing effects 

were observed and the R T D ’s were more asymmetrical rather than symmetrical. There 

were slight differences between the observed and the predicted RTD ’s in the two 

operating modes with the counter-current flow mode exhibiting higher backmixing. 

Examining the predicted back-flow ratios yielded findings that are in agreem ent with the 

literature. As the gas flowrate increased, the back-flow ratios increased in both the 

counter and the co-current flow modes. An explanation o f  this phenomenon is that as the 

gas flowrate increases, the bubbles’ sizes increase and as a result, the circulation induced 

by the gas flow inside the bubble column will increase causing the backm ixing to 

increase. By contrast, as the liquid flowrate increased, the back-flow ratios decreased as a 

result o f  the liquid flow being closer to plug flow conditions.

0.8

* HRT = 2.0 min, Measured RTD (Zhou, 1995)

0 .6  - i \I t
 HRT = 2.0 min, Predicted RTD-Transient

BFCM
■ HRT = 5.0 min, Measured RTD (Zhou, 1995)

 HRT = 5.0 min, Predicted RTD-Transient
BFCM

o.o 5.0 10.0 15.0 20.0 25.0

Time, t (min)

Figure 2.17 Experimental and predicted RTD’s in a  co-current flow mode.
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Linear regression analyses o f  the predicted back-flow ratios obtained using the 

transient BFCM were conducted in order to obtain relationships that can be used to 

predict the back-flow (i.e., exchange-flow) ratios under different operating conditions in 

terms o f  the liquid flowrates, the gas flowrates, and the counter-current versus the co

current flow modes. Zhou (1995) proposed a generalized model for both the counter- 

current and the co-current flow modes in which log (r+0.5) was correlated to log(uG) and 

log(uL). The log o f (r+0.5) was chosen for the proposed model for better comparison with 

the previous studies in the literature. This generalized model can be expressed as follows:

log(r + 0.5) = a + b • log(uG) + c • log(uL) [2.40]

Zhou (1995) used the pooled data o f  the counter-current and the co-current flow 

modes to obtain the regression constants a, b, and c. They were determined to be 2.45,

0.40, and -1 .03 , respectively, with a correlation coefficient (r) equal to 0.96. In another 

attem pt to model the back-flow ratio as a function o f  the gas and liquid flowrates, the 

data o f  the counter-current flow mode was analyzed separately from the data o f  the co

current flow mode. The proposed model predicted higher back-flow ratios under the 

counter-current flow mode at the same gas and liquid flowrates. The regression analyses 

produced regression constants (a, b, and c) o f -1 .06, 0.34, and -0.95, respectively, for the 

counter-current flow mode with a correlation coefficient equal to 1.00. For the co-current 

flow mode, the regression constants (a, b, and c) were -1.64, 0.36, and -1.21, 

respectively, with a correlation coefficient equal to 0.99. It can be concluded that the gas 

flowrate has similar effect on the back-flow ratio in the counter-current and the co- 

current flow modes while the liquid flowrate has higher effect on the back-flow ratio in 

the co-current flow mode. Figure 2.18 depicts the transient BFCM predictions o f  the 

back-flow ratios versus the predictions o f  the proposed regression model (Equation 2.40). 

An excellent correlation between the two sets o f  back-flow ratios is evident.
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2.0

A Counter-Current Flow Mode-Zhou (1995) 

■ Co-Current Flow Mode-Zhou (1995)
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2.00.5 1.0 1.50.0
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predic ted  (r+0.5)

Figure 2.18 Comparison between the transient BFCM and the regression model 

predictions o f  back flow ratios.
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* HRT = 2.0 min, co-current flow mode, 
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Figure 2.19 Comparison between the transient BFCM, ADM, and CFSTR’s model in 

predicting the RTD’s in a co-current bubble column.

In order to com pare the predictions o f  the transient BFCM with the predictions o f  

the traditionally used transient ADM and transient CFSTR’s model, the R TD ’s obtained
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by  the three models are shown in Figure 2.19. From the tracer data and by applying 

Equation 2.5, the PeL num ber and N c f s t r  were determ ined and used as initial guesses to 

determ ine the actual P e L  and N c f s t r  using a similar m inim ization technique to the one 

previously used for the transient BFCM. The values o f  these parameters obtained using 

the experimental tracer data should only be used as initial guesses. This is due to the 

problem s usually encountered while conducting tracer experiments. Those problem s 

m ight be caused by some unrecorded data points as a  result o f  using longer sampling 

intervals. It is shown that the transient BFCM was superior to the other models in 

describing the backmixing process in bubble columns. The transient ADM predicted 

sim ilar RTD ’s using either the equation for small deviations from plug flow conditions o r 

the equation for open-open boundary conditions presented in Levenspiel (1972). By 

applying the minimization technique, the two equations predicted a PeL o f  19.2 while the 

tracer data yielded a PeL o f  9.8. Both equations w ere not suitable for describing the 

hydrodynam ics due to the inappropriate boundary conditions’ assumptions associated 

w ith them. The inadequacy o f  the transient ADM in describing the hydrodynamics is also 

evident from Figure 2.19. The equation representing small deviations from plug flow 

conditions is not suitable due to the fact that actual conditions in the bubble column are 

closer to complete mixing conditions rather than plug flow conditions. On the other hand, 

the equation representing the open-open boundary conditions is not suitable for the actual 

boundary equations encountered in the bubble colum n due to the configuration at the 

colum n exit. The actual boundary conditions are usually closed-closed or closed-open 

conditions and unfortunately, no analytical solutions are available o f  the transient ADM  

for these conditions. The transient BFCM produced a  PeL o f  17.9 based on a number o f  

cells equal to 10. The transient CFSTR’s model produced an N c f s t r  o f  5.5 and 7.0 using 

the experimental and the simulated RTD’s, respectively. Applying a number o f  cells 

equal to 7 in the transient C FSTR ’s model produced a  PeL o f  12.9. As shown in Figure

2.19, the transient CFSTR’s model predicted an RTD curve that was similar to the one 

predicted by the transient BFCM  except for a lower peak. Using a number o f  cells equal 

to 7 in the transient C FSTR ’s model does not ensure plug flow conditions in the gas 

phase. Therefore, using the steady-state CFSTR’s m odel to describe the overall ozonation 

process will not be appropriate.
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2.6 CONCLUSIONS

As compared to the traditionally used transient ADM and transient CFSTR’s in

series model, the transient BFCM can adequately describe the backmixing in the liquid 

phase in bubble columns over a wide range o f  operating conditions and under any given 

boundary conditions. Therefore, it has some advantages over the transient ADM and the 

transient CFSTR’s in-series model. These advantages are as follows: (1) the transient 

BFCM can account for variable backmixing coefficient (i.e., variable Pei.) along the 

column height or along the length o f  a contacting chamber w hile predicting 

simultaneously the RTD curves at various sampling ports; (2) the transient BFCM has the 

capability to account for variable cross-sectional area along the column height or along 

the length o f  a contacting chamber; (3) the analytical solution o f  the transient ADM for a 

tracer pulse-input is only available for small deviations from plug flow conditions 

(Equation 2.11) under any given boundary conditions and for large deviations from plug 

flow conditions under only open-open boundary conditions. The closed-closed and 

closed-open boundary conditions are usually the cases in ozone contacting chambers. 

Therefore, in order to use the solution o f  transient ADM  for a tracer pulse-input under 

small deviations from plug flow conditions (Equation 2 .1 1) to describe the backm ixing in 

the liquid phase in such ozone reactors will lead to inadequate m odeling o f  the 

hydrodynamics; and (4) the transient BFCM is easy to formulate and solve using a 

spreadsheet program even for the cases where the m ixing parameters are variable along 

the column height.

The num ber o f  cells in-series, as one o f  the m ixing parameters to be considered for 

the transient BFCM simulations, has to be chosen carefully so that the transient BFCM 

predictions, o f  the hydrodynamic behavior in ozone contactors perform ance under 

different operating conditions, are closer to the actual backmixing conditions. The 

transient BFCM should be expanded to account for the backmixing in the  gas phase to 

allow studying the effect o f  the gas-phase backm ixing on the hydrodynamic performance 

o f  ozone bubble columns o f  small aspect ratios and full-scale ozone contactors where the 

gas phase can no longer be considered in the plug flow regime.
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CHAPTER 3. OZONE MASS TRANSFER IN WATER TREATMENT: MASS 

TRANSFER MODELING OF OZONE BUBBLE COLUMNS*

3.1 INTRODUCTION

Ozonation o f water is usually conducted in ozone bubble colum ns as the reacting 

chambers where ozone gas is bubbled through the liquid phase by utilizing conventional 

bubble diffusers, turbine mixers, negative pressure gas ejectors, positive pressure gas 

injectors, etc. During ozonation, a num ber o f  processes occur simultaneously. Those 

processes are convection and backmixing o f  the liquid flowing through the contacting 

chamber, convection o f  the gas flowing through the contacting chamber, ozone gas mass 

transfer from the gas phase to the liquid phase, ozone auto-decomposition, and 

com petitive reactivity o f  constituents in water w ith dissolved ozone (Zhou et al., 1994). 

The rates o f  individual phase transport and chem ical transformation processes, contactor 

configuration, operating conditions, and water quality influence the overall performance 

o f  any ozonation system (Zhou, 1995). Ozonation process relies in its effectiveness on 

the concentration o f  dissolved ozone. Quantifying the dissolved ozone is crucial to obtain 

optimized designs and operations o f ozone contactors.

Mathematical models that are often applied to predict the dissolved ozone profiles 

along bubble columns are based on one o f  the following liquid-phase flow regime 

assumptions: (1) com plete mixing or (2) plug flow (Alvarez-Cuenca et al., 1980; 

Alvarez-Cuenca et al., 1981; Chang and Chian, 1981; Laplanche et al., 1991; Hull et al., 

1992; Lev et al., 1992). Applying such simplified models to describe the performance o f  

ozone bubble columns w ill lead to unoptimized and unreliable designs and consequently 

poor performance o f  ozone contactors. The actual flow pattern in bubble columns is 

usually closer to being m ixed flow rather than being plug flow, but still not completely 

mixed flow. Thus, it is essential to accurately characterize those fundamental processes 

and determine the variables that control and dictate the overall performance o f  any 

ozonation system.

A version o f  this chapter has been published. Gam al El-Din, M. and D.W. Smith, Wat. 
Sci. &  Technol.: Wat. Suppl. 1: 123-130 (2001).
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This chapter presents: (1) formulation o f  the steady-state BFCM  for modeling the 

ozone mass transfer process in bubble columns; and (2) initial testing o f  the steady-state 

BFCM  using the pilot-scale experimental data o f  Zhou (1995).

3.2 THEORETICAL BACKGROUND

In bubble columns, non-ideal flow conditions affect the rate o f  absorption and 

concentration profiles o f  dissolved ozone in tubular bubble columns. The backmixing 

process o f  the liquid phase involves the redistribution o f liquid elements either by 

slippage due to shear forces o r by turbulent eddies. Since, the redistribution process is 

repeated a considerable number o f  times during the flow o f  the fluid through the 

contacting chamber, it was assumed that these disturbances are statistical in nature as in 

m olecular diffusion. Therefore, the empirical Fick’s law is applied with replacing the 

m olecular diffusion coefficient by a m ixing parameter, the axial dispersion coefficient 

(D l), which combines the effects o f  a non-uniform velocity profile (shear dispersion), 

molecular and eddy diffusivities:

The mass transfer o f  ozone gas from the gas phase into the liquid phase can be 

described and quantified by the two-film model:

where: = gas-absorption rate (mgL 's  ') , k|_ = local liquid mass transfer coefficient

dissolved ozone in equilibrium with the bulk  ozone gas (mgL-1), and C l = concentration

the gas phase than in the liquid phase, the mass transfer in the liquid phase becomes a

Diffusive mass flux = - D L [3.1]

[3.2]

(m s ’), a = gas bubbles’ specific interfacial area (m '),C*L = concentration o f the

o f  the dissolved ozone in the bulk liquid (m gL '). Since ozone gas diffuses much faster in
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rate-controlling step and the overall mass transfer coefficient is considered to consist 

entirely o f  the local mass transfer coefficient in the liquid phase (Zhou, 1995).

As ozone gas dissolves in water, it starts decaying through two pathways, auto

decomposition and oxidation o f  impurities in the liquid phase due to its extremely high 

oxidative properties (Hoigne, 1982). The overall ozone auto-decomposition rate is 

influenced by the concentration and the history o f  the ozonation process and this ozone 

auto-decomposition process could be represented by a modified pseudo-first-order rate 

expression (Yurteri and G urol, 1988; Oke et al., 1998). In the experimental study o f  Oke 

et al. (1998), it was shown that the commonly used first-order kinetics expression with a 

constant reaction rate constant was inadequate in describing the ozone auto

decomposition process especially in situations where the initial ozone demand was 

significant. It was dem onstrated that the reaction rate constant was continuously 

decreasing along the course o f  ozonation as a result o f the changes in the water 

characteristics. As a result, an exponentially decreasing function was proposed as a better 

alternative to describe the ozone auto-decomposition kinetics (Oke et al., 1998). In that 

expression, the reaction rate constant was replaced by a variable referred to as the 

specific ozone utilization rate constant (kw) that is a function o f  the utilized ozone dose 

(A 03):

^  = - k . c L = - ( k ,  + M - l '” ')< :L [3.3)
dt

where: C l = instantaneous dissolved ozone concentration (mgL-1), kw = specific ozone 

utilization rate constant (s-1), k[ = empirical non-linear regression constant (s_1), k 2 = 

empirical non-linear regression constant (s_I), k3 =  empirical non-linear regression 

constant (L m g '1), t = reaction time (s), and A 03 = amount o f the utilized ozone (mgL-1). 

k[, k 2 , and k3 are em pirical constants that can be obtained by applying non-linear 

regression analysis to the kinetics data and they are also characteristics o f  the water to be 

treated. According to Equation 1.2, as the amount o f  the utilized ozone increases along 

the course o f  ozonation, kw will decrease. At the beginning o f  the ozonation, i.e., when
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the amount o f  the utilized ozone is zero, kw is equal to k| + k2  as the ozone auto

decomposition process is only attributed to the initial ozone dem and. In the study o f  Oke 

et al. (1998) and for clean deionized water, the initial ozone dem and was practically 

equal to zero and therefore, kw could be assumed constant during the course o f  the 

ozonation.

For an irreversible first-order reaction, Danckwerts (1970) proposed a criterion for 

neglecting the effect o f  chemical reactions on the local mass transfer coefficient and 

hence, the gas absorption can be dealt with as pure physical absorption in which the 

dissolved gas diffuses from the surface to  the bulk liquid without reacting on the way:

, D 0  k w
H j = E ' = M = — *——  «  I (i.e., it reaches zero) [3.4]

k 'L

where: Ha = E =  V m  =  dimensionless Hatta number, k|. = local m ass transfer coefficient

(ms-1), D0 3  = m olecular diffusivity o f  ozone gas in water (m 2 s-1), and kw = specific

ozone utilization rate constant (s-1). kw w as reported to be 4.7 x 10- 4  s- 1  for the deionized 

water tested by Zhou (1995). Yurteri and Gurol (1988) reported that kw was in the order 

o f  2.8 x 10- 3  s - 1  for the tested raw surface water. The diffusivity o f  ozone in water was 

determined by the W ilke-Chang formula to be 1.74 x 10- 9  m 2 s - 1  (at 20 °C) which is 

comparable to the value o f  1.71 x 10" 9  m 2 s - 1  obtained using the equation recommended 

by Johnson and D avis (1996). kL was reported to be in the order o f  3.1 x 10- 4  ms-1  for 

clean water and in the order o f  1.9 x 10- 4  ms- 1  for water containing organic substances 

(Beltran et al., 1997). Substituting for these typical values o f  D, kw, and kL into Equation

3.4 yields squared-H atta numbers o f  8.5 x 10" 6  and 1.4 x 10- 4  for the deionized and the 

surface water, respectively. Based on these small Hatta numbers, it can be concluded that 

the chemical reactions that occur during the course o f  clean o r surface water ozonation 

has negligible effect on the local mass transfer coefficient and hence, Equation 3.2 will be 

applied for ozone absorption without any modification.
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3.3 DEVELOPMENT OF THE BACK FLOW CELL MODEL (BFCM )

3.3.1 Transient BFCM

BFCM hypothesizes both back flow and exchange flow to characterize the axial 

dispersion in the liquid phase (Zhou, 1995). Figure 3.1 represents a BFCM  schematic for 

co-current flow conditions in bubble columns, where the back flow ratio is equal to the 

exchange flow ratio, and both are constant along the column height. BFCM  consists o f  

two series o f  com pletely mixed cells, one series representing the liquid phase and the 

other representing the gas phase and each has a number o f  cells equals N b f c m - The 

assumptions that govern the transient BFCM are: (1) back flow occurs only in the liquid 

phase; (2 ) back flow is negligible in the gas phase due to the large buoyancy o f  gas 

bubbles; (3) ozone bubble column is operated at constant liquid and gas flow rates; (4) 

gas hold-up and gas bubbles’ interfacial surface area are constant along the column 

height; and (5) the inert tracer material does not exhibit any mass transfer or chemical 

decay.

I
Gas phase I Liquid phase

BFCM

^  Back flow

Q l + Q b

V G.j-l ]  /  J 
Interphase mass transfer q Exchange flow

Q g , o  | Q l 

I

Figure 3.1 BFCM schematic for co-current flow conditions in bubble columns.
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For the gas phase to  flow in a regime close to the plug flow conditions, the number 

o f  the completely m ixed cells (Nbfcm ) has to be equal to o r greater than 10. By 

employing the mass balance with respect to the inert tracer around cell number 1 , the 

mathematical relationship for the TBFCM is as follows:

Q lC„ + Q bC . - ( Q l + Q „ )C , = Vc [3.5]
at

where: Vc is the cell volume and is equal to the total volume o f  the bubble column (V) 

divided by the num ber o f  cells (N Bfcm)- Dividing Equation 3.5 by VcC„ where:

c ;  = —  = —  [3.6]
0 y  y /  L J

e / N BFCM

and M = volume o f  inert tracer, substituting in the resultant equation for:

r = ^ -  [3.7]
Q l

where r is the back flow ratio, and rearranging, one can obtain:

^ -  = ----- Y ,+ — 7 ^--------------- Y, [3.8]
^  T/n  T/nBFCM BFCM

where:

C VC E
Y = —  = — — i—  = — B-± -  [3.9]

C 0 MNbFCM ^bfcm
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Following the same procedure used to derive Equation 3.8, one can obtain the transient 

BFCM equations for the cells from j  = 2 to j  = N b f c m  as follows. For 2 < j < N b f c m -  1:

= 1 + r y H ------ Xĵ L -  Yj + — -----Yh  [3.10]
T/n  t/ n  T/n/  BFCM /  BFCM /  BFCM

and for j  = N BFc m :

d Y NaFCM _ — f _  Y   Yn [3.11]
J j .  J  BFCM 1 J  /  •’ BFCM

N /  n' BFCM •' BFCM

BFCM and ADM describe the backmixing o f  the liquid phase using different mixing 

parameters ( P e L ,  N b f c m ,  and r). Those param eters are interrelated by the following 

relationship (M ecklenburgh and Hartland, 1975):

N D N
r _  j2BF£M. -  0.5 = BFCM _ 0-5 [3.12]

PeL u l L

Equations 3.8, 3.10, and 3 .1 1 are N BFc m  first-order ordinary differential equations in 

N b f c m  unknowns (Y j’s). Those differential equations were solved numerically by 

applying an explicit technique for time discretisation to transform them into a  system o f  

linear algebraic equations which were then solved using a simple spreadsheet program. 

The initial conditions for that system of equations (for pulse-input tracer tests) are as 

follows:

at t = 0:

Y| = 1
^  = 0  f o r 2 < j < N BFCM
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3.3.2 Steady-State BFCM

The assumptions that govern the application o f  the BFCM  for modeling two-phase 

flows in ozone bubble columns are the sam e as the assumptions, 1 through 4, used to 

derive the TBFCM  equations. In addition to those assumptions, further assumptions are 

needed. Those assumptions include: (1) ozone mass transfer process is limited by the 

mass rate in the liquid phase; (2) enhancement factor o f  the mass transfer due to the 

occurrence o f  chem ical reactions was assumed to be 1.0 as the absorption o f  ozone in 

water could be considered to occur in the slow-reaction kinetics regime; (3) steady-state 

isothermal operation; (4) Henry’s law applies; (5) gas-phase constituents, other than 

ozone, are assumed to be inerts; (6) local m ass transfer coefficient (kL) is constant along 

the column height; (7) owing to the hydrostatic head, total pressure varies linearly with 

the column depth; (8) superficial gas velocity is variable due to ozone absorption, ozone 

gas depletion, and hydrostatic pressure decrease along the column height; and (9) ozone 

auto-decomposition, in the liquid phase, is described by a pseudo-first-order rate 

expression and is negligible in the gas phase.

For a co-current flow mode and by referring to Figure 1, the basic mass balance 

with respect to the dissolved ozone within each cell leads to the following equations.

For j  =1:

BFCM [3.13]

^ ŵ li£l w ( Q l + Q b)Cu - 0
^  n p r\AN

F o r 2 < j  < N bfcm- 1:

(Q l Q  B L. j-l Q b ^ U j + I  + ^La(^-'Lj ^ ' L . j ) x r
BFCM [3.14]

^w ^Lj£L w (Q l + 2 Q b )CLj - 0
N nprvi

- ( Q l + 2 Q b )Cu j = 0
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For j  -  N bfcm:

(Q l + Q b)C LNbfcm-I + k La (C LNBFCM " C l-N̂ cm }BFCM *-*NBFCM '  X T
^  BFCM [3.15]

- k wCL.N|JFCM£L— (Q l + Q bJ C ^ ,  = 0
LN BFCM

For cell number j, and for the gaseous ozone and total gas respectively, the basic m ass 

balance leads to the following equations:

Qc.i-,C0H -Q 0.,c0i - k La(cL, -C y )——— = 0  [3.16]
N  BFCM

-  QojCTj -  kLa(c-M -  CLJ) - ------= 0 [3.17]
N  BFCM

The hydrostatic head Pj in the column decreases linearly with the depth 1 assuming that 

the change in the liquid hold-up is negligible, therefore:

P, = P T + P § e l
V ^  BFCM J

L = Po[l + a ( j - 0 .5 ) ]  [3.18]

w here a  is defined by Equation 3.22. The equilibrium concentration ( C*u j) is given by:

c L . ^ y ,  [3.19]

The gaseous ozone concentration (CGi) and the total gas concentration (CTj) 

respectively, are given by:
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Introducing the following dimensionless terms into Equations 3.13 to 3.17:

- p g e LLa  = —
N P^  BFCM 1 0

Q l

stL=
^BFCMUL

St k LaL RT
^ B F C M U G.O ^

D, = k A L
N  BFCM U L

x  =^=i- 
J c-L0

Y , = i
y0

q Q.j =
Q o i

Q g.o
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and rearranging the resultant equations, yields the steady-state BFCM  equations. For 

dissolved ozone and j  =  I :

X 0 - ( l  + r + D a + S tL)X, + rX , + S tl/ l  + - V  = 0
v 2 /

[3.30]

For 2 < j < Nbfcm- I-

(I + r)X H -(1  + 2r + D , + S tL )X, + rX H + S tL[l + « 0  -  0 .5 ) ^  = 0 [3.31]

For j  = N b f c m -

(l + r)X NoFcM_, - ( l  + r + D 3 + S tL)XNoFci| + S tL[ l + a ( N BFCV1 - 0 .5 )]y Nbfcm = 0  [3-32]

For gaseous ozone and cell number j:

(1 + a ( j  -  1.5))q0.H Yh  -  (1 + a ( j  -  0.5))q<3.1 Yj -  S t0 [(l + a ( j  -  0.5))Y, -  X j J = 0 [3.33]

For total gas and cell num ber j:

(1 + a ( j  - 1 ,5))qGH -(1  +  a ( j  -  0.5))qaj -  S tG y 0[(l +  a ( j  - 0.5))Yj -  X j J =  0 [3.34]

Based on the definitions o f  variables (Equations 27 to 29), the zero-index variables are:

X „ = £ = !  [3.35]
C[,o

Y0 =1 [3.36]

q G.o =  1 P . 3 7 ]
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A similar approach could be used to derive the equations for the counter-current 

flow mode. Equations 3.30 to 3.34 represent the steady-state BFCM for two-phase ozone 

absorption in surface waters systems and can be used to predict the perform ance of 

bubble columns as long as the operating parameters (PeL, S tL, StG, Da, a ,  and y0) are 

specified.

3.4 RESULTS AND DISCUSSION

3.4.1 Transient BFCM

The system o f  Equations 3.8, 3.10, and 3.11 was solved, for N b f c m  = 10 and PeL 

ranging from 1 to 20, to exam ine the effect o f  PeL or r on the theoretical RTD. As shown 

in Figure 3.2, as PeL increases, the RTD at the bottom port narrows as the liquid phase 

flow conditions are approaching plug flow. The effect o f  PeL on RTD at the top sampling 

port is shown in Figure 3.3. As PeL increases, the RTD narrows and becom es more 

symmetrical and the peak increases as well, suggesting that the liquid flow conditions are 

approaching plug flow.

1.00
Nbfcm ”  1® 

Bottom Port
0.80

PeL = 20.0
0.60

0.40

PeL increases

PeL = 1.00.20

0.00
0.0 1.0 2.0 3.0 4.0

Dimensionless time, 6

Figure 3.2 Theoretical RTD ’s for N b f c m  = 10 at the bottom sampling port.
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0.20
=  10’ BFCM

Top Port
PeL = 20.0

0.15

0.10

PeLincreases

PeL= 1.0
0.05

0.00
0.0 1.0 2.0 3.0 4.0

Dimensionless time. 0

Figure 3.3 Theoretical RTD ’s for N b f c m  = 10 at the top sampling port.

3.4.2 Steady-state BFCM

The predictions o f  the steady-state BFCM were tested using the pilot-scale 

experimental data o f Zhou (1995). The bubble column used in the experiments was a 

cylindrical glass column with an inside diameter o f  100 mm and a height o f  2,000 mm. 

The w ater depth was kept constant at 1,750 mm. The gas sparger used was a 25 mm 

spherical fused crystalline alum inum  stone. The water samples were withdrawn from six 

bell-shaped sampling taps that w ere installed at equal intervals along the colum n height. 

The operating conditions for the co-current and counter-current flow modes are shown in 

Tables 3.1 and 3.2 respectively.

Table 3.1 Operating conditions for the co-current flow mode.

Ca
se

 
# 7.

w
■b
flO

z

-J

flu u 8 c/a
J3
Vi Q £ * 5 j  

w  j f

DW 4 10 34.48 -0.21 -0.014 0.024 0.125 0.006 0.013 7.20
DW5 10 17.86 0.06 -0.014 0.176 0.126 0.006 0.002 0.92
DW 9 10 4.63 1.66 -0.014 0.024 0.008 0.014 0.002 0.88
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Table 3.2 Operating conditions for the counter-current flow mode.

C
as

e# 3?
ibaz

-1
a. ht 8 t/5 t/3

SS
a £ * Li 

w  jf

DW 17
DW 18

10
10

10.53
5.35

0.45
1.37

-0.014
-0.014

0.056
0.379

0.112
0.130

0.014
0.014

0.010 
0.002

5.56
0.92

The num ber o f  completely m ixed cells ( N b f c m )  was set equal to 10. A pseudo-first- 

order specific ozone utilization rate constant was assumed to  equal 4.7 x 10-4 s ' 1 for 

deionized water based on the measurements o f Zhou (1995). Steady-state BFCM 

equations (Equations 3.30 to 3.34) were solved numerically using Newton Raphson 

technique by utilizing the TKSOLVER™  software. The program  executed until a user- 

specified comparison tolerance o f  10”6 was satisfied. The program  execution time was 

less than 1 s using a 366 MHz processor.

0.60

0.40
* ©
CJ
u

0.20

0.00
1.000.800.40 0.600.00 0.20

Dimensionless column height, Z

 DW5-Model ♦ DW5-Exp. (Zhou, 1995)

- - -  DW4-Mode! ■ DW4-Exp. (Zhou, 1995)

Figure 3.4 Steady-state BFCM testing for co-current flow mode.
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 DW 18-Model ♦ D W 18-Exp. (Zhou, 1995)

—  DW 17-Model ■ DW17-Exp. (Zhou, 1995)

Figure 3.5 Steady-state BFCM testing for counter-current flow mode.

Figures 3.4 and 3.5 illustrate the applicability o f  the steady-state BFCM to describe 

the performance o f  an ozone bubble column that utilizes diffusers as the gas spargers in 

the co and counter-current flow modes, respectively. As shown, there was good 

agreement between the experim ental dissolved ozone profiles and the predicted ozone 

profiles, except for few data points, where there was small deviation between the 

measured and the predicted dissolved ozone concentrations.
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3.5 CONCLUSIONS

The steady-state BFCM has proven to provide good predictions o f  the performance 

o f  a pilot-scale fine-diffuser ozone bubble column. The model predictions should be 

further tested for different designs and scales o f  ozone bubble columns and under 

different operating conditions. Also, the model should be further expanded to account for 

variable mass transfer coefficient along the height bubble column for special bubble 

column designs where the mass transfer process is enhanced near the entrance o f  the 

contactor rather than along the entire column height.
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CHAPTER 4. TWO-PHASE NON-ISOBARIC AXIAL DISPERSION MODELS

FOR MODELING THE OZONATION PROCESS DYNAMICS-I. MODELS

DEVELOPMENT

4.1 INTRODUCTION

4.1.1 Ozonation Process Dynamics

Ozonation o f  water and wastewater has been focused on, over the past two decades, 

as an advanced oxidation process (AOP) alternative for water and wastewater treatment. 

During ozonation o f water and wastewater, it is important to quantify the dissolved and 

gaseous ozone concentrations in order to evaluate the effectiveness o f  the ozonation 

process. Regarding wastewater ozone treatment applications, the experimental data o f  

Zhou and Smith (2000, 1997) showed that the ozonation o f  Kraft pulp m ill effluents is a 

dynamic process. As a result, the enhanced overall mass transfer coefficient (Ekia), the 

induced enhancement factor (E) o f  the fast o r instantaneous chemical reactions, the 

reaction rate constant (kw) between ozone and the liquid-phase impurities, mainly organic 

compounds, were dependent on the amount o f  the utilized ozone. Also, the reduction 

efficiencies o f  color, AOX (absorbable organic halides), TOC (total organic carbon), and 

COD (chemical oxygen dem and) varied over the course o f ozonation. As the amount o f  

the utilized ozone increases, Ek[_a and kw will decrease gradually after m ost o f  the highly 

reactive organic compounds are depleted. As the ozonation treatment proceeds, the color 

and AOX reduction efficiencies will decline gradually (Zhou and Smith, (2000, 1997).

4.1.2 Bubble Column Parameters

It is becoming more important to develop more efficient, accurate, and reliable 

models that can be used for describing the perform ance o f  ozone contactors to reduce the 

operating costs and to insure that the treatment objectives are met. By applying the 

appropriate design models, optimized designs and operating conditions o f  both the ozone 

contactors and the ozone off-gas destruction facilities can be achieved. The number o f  

process variables, that affect the performance o f  ozone contactors, is large and obtaining
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accurate estimates o f  those variables becomes a difficult task, especially, in situations 

w here ozonation is carried out in complex chemical systems such as Kraft pulp mill 

effluents. Those process variables, that are dependent on the ozonation process operating 

conditions, can be estimated by applying sim ple mathematical models. Some o f  the 

process variables are influenced by the ozone contactor configuration, the type o f  the gas 

sparging technique, and the chemical com position o f  the treated liquid phase (Deckwer, 

1976). Those variables include: the gas and liquid hold-ups; the enhanced overall mass 

transfer coefficient; the enhancement factor; the gas bubbles’ specific interfacial area; 

and the backmixing coefficient.

4.1.3 Dispersion Models for Two-Phase Flows

It is well known that in non-ideal flow conditions that exist in bubble columns, 

applying inappropriate design models can lead to significant lowering o f  the treatment 

efficiency o f  the bubble column. A large num ber o f  those models were based on one o f  

the following two liquid-phase flow regim es’ assumptions: (1) complete mixing flow 

regime; o r (2) ideal plug flow regime. Although, the actual flow pattern in bubble 

columns is usually closer to the completely m ixed flow regime rather than the plug flow 

regim e (Zhou, 1995).

The objective o f  this chapter was to present more accurate two-phase axial 

dispersion models (2P-ADM’s) for describing the performance o f ozone bubble columns. 

Those dispersion models take into consideration the opposite effects o f  shrinkage o f  the 

gas phase caused by ozone gas absorption and ozone auto-decomposition. Those models 

also consider the gas-phase expansion caused by the reduced hydrostatic head. As a 

result, the superficial gas velocity will be considered to vary along the column height and 

ozone bubble columns will be dealt with as non-isobaric two-phase systems.

In bubble columns with small aspect (L/D) ratios, the order o f  magnitude o f  the gas 

phase dispersion coefficient (Dg) can be com parable to that o f  the liquid phase dispersion 

coefficient (D l) (Deckwer, 1976). Therefore, during the development o f  the two-phase
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axial dispersion models (2P-AD M ’s), two conditions were considered: Dg = D i/10, and 

Dg = D[_. The low-end o f  the gas-phase dispersion coefficient represents situations where 

gas bubbles are relatively large and due to their high buoyancy, they can rise inside the 

colum ns with high velocities but still those bubbles will be partially backmixed. 

M eanwhile, the high gas-phase dispersion coefficient represents situations where gas 

bubbles are relatively sm all and their buoyancy is relatively small. As a result, the gas 

phase can be assumed to  be backmixed to a large extent and since the small bubbles are 

recirculated along with the liquid phase recirculation, it is assumed that their backmixing 

coefficient can be equal to that o f  the liquid phase (Shetty et al., 1992). In the other type 

o f  the dispersion models, the gas phase is assumed to follow an ideal plug flow regime, 

and hence, the gas phase dispersion will be neglected in the development the model 

equations, i.e., Dg = 0. This condition can be reasonably valid in bubble colum ns with 

large aspect ratios.

The most com putationally efficient mechanistic models are those, for which, 

closed-form analytical solutions can be obtained. Unfortunately, for adequate and 

accurate description o f  the performance o f bubble columns, dispersion models are needed 

and the analytical solutions o f  the equations representing those models are not available 

due to their complex construction. Those m odels are represented by non-linear 

differential equations that have to be solved sim ultaneously via numerical techniques.

4.2 PROCESSES FUNDAMENTALS

4.2.1 Slow-Chemical-Reaction-Kinetics-Regime Systems

During the ozonation o f  surface waters, the chemical reactions between the 

dissolved ozone and the organic and inorganic constituents in the liquid phase are 

considered to be in the slow-reaction-kinetics regim e (Zhou et al., 1994; Gam al El-Din 

and Smith, 2000). In o rder to describe the backm ixing in the liquid phase, a diffusion-like 

process is assumed and superimposed on plug flow (Levenspiel, 1972). An empirical 

F ick’s law is applied by  replacing the m olecular diffusion coefficient by the axial
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dispersion coefficient (D l) as the mixing param eter in which the effects o f  the shear 

dispersion, molecular and eddy diffiisivities are lumped together:

dC
Diffusive liquid-phase m ass flux = - D L [4.1]

where: C l = dissolved ozone concentration (mgL ') and D l = liquid-phase axial 

dispersion coefficient (m 2s_1). After a com prehensive review o f  the literature, it was 

found that the dispersion models that are applied to describe the performance o f  ozone 

bubble columns are based on the assumption that the gas phase follows an ideal plug flow 

regime and therefore, the gas phase backmixing was neglected. Development o f  new 

theoretically-based m odels such as the axial dispersion models that account for the 

backmixing in the liquid and gas phases simultaneously can lead to a great progress in the 

area o f  the design o f  ozone bubble columns. Deckwer (1976) suggested that the 

performance o f bubble colum ns could be affected by the gas phase dispersion in columns 

w ith diameters greater than 500 mm. Although in columns with small diameters the 

assumption o f  the gas phase being in an ideal plug flow regime can be valid (W achi and 

Morikawa, 1987), gas phase dispersion can be a significant factor in the ozonation 

process scale-up. In homogeneous bubble flow regimes, the bubble sizes are relatively 

small and their buoyancy is low and therefore, they are assumed to be backmixed (Shetty 

et al., 1992). Gas phase backmixing can be measured experimentally using several 

techniques such as gas disengaging technique (GDT) or thermal conductivity detectors 

(TCD), etc. In those techniques, gases o f  low solubility such as helium are used as the 

tracer gases. There are several models, available in the literature, that can be used to 

estimate the gas phase backm ixing (Towell and Ackermann 1972; M angartz and Pilhofer, 

1981; Wachi and Nojima, 1990). In most o f  those models, the gas phase backmixing is 

m ainly dependent on the superficial gas velocity and the column diameter. In order to 

describe the backmixing in the gas phase, a  diffusion-like process is assumed and 

superimposed on plug flow and Fick’s law is applied by replacing the molecular diffusion 

coefficient by the axial dispersion coefficient (D g) as the mixing parameter:
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Diffusive gas-phase mass flux = - D G [4.2]

where: Cg = gaseous ozone concentration (m gL ')  and Dc = gas-phase axial dispersion

coefficient (m2s ’).

The overall ozone auto-decomposition process was represented b y  the modified 

pseudo-first-order rate expression as recommended by Oke. et al. (1998). The two-film 

model was applied to describe the ozone gas absorption in water. Assum ing that no 

chemical reactions, between the dissolved gas and any constituents present in the liquid 

phase, occur during the mass transfer process, the gas-absorption rate (\\t) is defined as:

dissolved ozone in equilibrium with the bulk ozone gas (mgL-1), and C l =  concentration 

o f  the dissolved ozone in the bulk liquid (mgL-1).

4.2.2 Fast-Chemical-Reaction-Kinetics-Regime Systems

The backmixing in the liquid and gas phases are also represented b y  Equations 4.1 

and 4.2, respectively. Chemical reactions occur during the ozonation o f  wastewater. In 

such applications, the dimensionless squared H atta number ( H, = M ) is often applied to 

compare between the amount o f  dissolved gas that reacts at the gas-liquid interface or in 

the liquid film near the interface and the am ount o f  dissolved gas that reaches the bulk 

liquid in an unreacted state:

[4.3]

where: vj; = gas-absorption rate (mgL 's '), kL = local liquid mass transfer coefficient 

(ms-1), a = gas bubbles’ specific interfacial area (m-1),C*L = concentration o f  the

[4.4]
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where: H a = E = Vm  = dimensionless Hatta number, ki. = local m ass transfer coefficient 

(ms-1), D0j = molecular diffusivity o f  ozone gas in water (m2s-1), and kw = specific

ozone utilization rate constant (s-1). For pseudo-first-order irreversible reactions, the 

location o f those reactions that take place during the gas absorption process could be 

classified into two categories (K ram ers and Westertrep, 1963; Kastanek et al., 1993). 

Reactions would take place in the bulk o f  the liquid or at the gas-liquid interface and/or in 

the liquid film near the interface at Ha <  0.03 and Ha > 5.00, respectively (Kramers and 

Westertrep, 1963; Kastanek et al., 1993). Although, generally for bubble columns it can 

also be assumed that at that at Ha >  3.00, reactions would still be fast enough to occur 

predominantly at the gas-liquid interface and/or in the liquid film near the interface 

(Kastanek et al., 1993). Therefore, reactions would simultaneously take place in both 

regions at at 0.03 < Ha <  3.00. Equation 4.4 is only applicable in situations where two 

conditions have to be satisfied: (1) V m  »  1; and (2) fast or instantaneous irreversible 

first-order reactions with no bulk liquid concentration where the driving force for the 

mass transfer process will be m axim ized (Danckwerts, 1970). As a result, Equation 4.3 

becomes:

q/ = E kLaC‘L [4.5]

where: EkL.a = enhanced overall m ass transfer coefficient (s-1). Zhou and Smith (1999) 

proposed that for wastewater ozonation, both the ozone auto-decomposition and its 

reactions with the organic and inorganic constituents in wastewater could be lumped 

together in a first-order rate constant (kw). Danckwerts (1970) proposed the following 

equation for the conditions when M > 0 and C l > 0:

M/ = k LaVl + M |C ‘L - - ^ 7  
V 1 + M J

[4.6]

W hen M »  1 and C l approaches zero  (i.e., C L = 0 ) ,  Equation 4.6 reduces to Equation 

4.5. The effects o f  chemical reactions on the local mass transfer coefficient for an
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irreversible first-order reaction could be neglected and the gas absorption could be dealt 

with as pure physical absorption when M approaches zero (Danckwerts, 1970). 

Therefore, this assumption is valid when:

H ; = E : = M = ^ t « l  [4.7]
L

kw was reported to be 4.7 x 1(T4 s”1 for the deionized water tested by Zhou (1995). 

Yurteri and Gurol (1988) reported that kw was in the order o f  2.8 x 10-3 s-1 for the  tested 

raw surface water. The diffusivity o f  ozone in water was determined by the W ilke-Chang 

formula to be 1.74 x 10~9 m2s-1 (at 20 °C) which is comparable to the value o f  1.71 x 10-9 

m2s_I obtained using the equation recom mended by Johnson and Davis (1996). kL was 

reported to be in the order o f  3.1 x 10-4 ms-1 for clean water and in the order o f  1.9 x KT4 

ms-1 for water containing organic substances (Beltran et al., 1997). Substituting for these 

typical values o f  D, kw, and kL into Equation 4.4 yields squared-Hatta numbers o f  8.5 x 

10“6 and 1.4 x KT4 for the deionized and the surface water, respectively. Based on  these 

small Hatta numbers, it can be concluded that the chemical reactions that occur during 

the course o f  clean or surface water ozonation has negligible effect on the local mass 

transfer coefficient and hence, Equation 4.3 will be applied for ozone absorption w ithout 

any modification.

4.3 DEVELOPMENT OF THE TW O-PHASE AXIAL DISPERSION MODEL (2P- 

ADM ) EQUATIONS

W hen modeling a tw o-phase flow, the assumptions that govern the tw o-phase axial 

dispersion model (2P-ADM) are: (1) backm ixing (i.e., dispersion) occurs in the liquid 

and gas phases; (2) ozone bubble column is operated at constant liquid and gas flowrates; 

(3) gas hold-up and gas bubbles’ specific interfacial area are constant along the colum n 

height; (4) ozone mass transfer resistance for the ozone absorption is confined to the 

liquid side alone; (5) the enhancem ent factor (E) o f  the mass transfer due to the 

occurrence o f  chemical reactions was assumed to be 1 (i.e., M = 0) as the absorption o f
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ozone in water treatm ent could be considered in the slow-reaction-kinetics regime and for 

wastewater the fast-reaction regime was assum ed to prevail and the enhancement factor 

was assumed to be higher than l(i.e., M > 0); (6) steady-state isothermal operation for the 

liquid and gas phases; (7) Henry’s law applies; (8) other air constituents are assumed to 

be inert gases; (9) local mass transfer coefficient (k t) is constant along the column height; 

(10) owing to the hydrostatic head, the total pressure (P) varies linearly with the column 

height; (11) superficial gas velocity is variable due to ozone gas absorption and depletion, 

and hydrostatic pressure decrease along the column height; and (12) overall ozone auto

decomposition rate is assumed to follow a  pseudo-first-order expression in the liquid 

phase, whereas negligible in the gas phase.

Liquid flow Gas flow

cCL
G, ( + df

< . 4/

Interphase mass 
transfer

cCL x,
I = -D,

Liquid dispersion Liquid and gas Gas dispersion
convection

Figure 4.1 Schematic representation o f  the co-current axial dispersion model.

4.3.1 Considering the Gas-Phase Dispersion

4 .3 .1 .1 W astewater Treatment Conditions

Considering the control volume shown in Figure 4.1 and conducting mass balance 

o f  the liquid and gas phases for wastewater treatment and steady-state conditions, yields:
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d~C dC  C*
- ^ D L6L+ a 'u L- ^  + k La V r r M ( C L , - — 1̂ ) - k . C L,e L = 0  [4.8]

d £~ at 1 +  M

i ^ D GEG- ^ ^ 5 ^ - k LaV U M (C *L, - - ^ - )  = 0 [4.9]
d£2 G G d£ L 1 + M

where: a ' is an identifier o f  the liquid phase flow direction, a ' = +1 for counter-current 

flow conditions and a ' = -1  for co-current flow conditions. Equations 4.8 and 4.9 are the 

steady-state mass balance equations for the liquid and gas phases, respectively. The 

relationships o f P ,, P0, C ’u, , and C ’L0 are as follows:

P ,= P T + pgeL(L -C )  [4.10]

P0 = P T +pgELL [4.11]

c . = Pr + pg M L - 0 y,  [4 [2 ]
H

= [413]

From Equations 4.10 and 4.11, it can be seen that the hydrostatic head pressure (P) is 

assumed to decreases linearly with the column depth (£).  In order to account for the 

dependency of the superficial gas velocity ( u G, )  on the column depth, a  mass balance o f

the inert gas phase constituents is considered. Since the concentration o f  ozone in the gas 

phase is usually sm all, the total amount o f  the gas will not be decreased significantly 

along the column height. Thus, the mass balance o f  the inert gas phase constituents 

yields:

E f f V F j h l L o  [4.14]
d£ d£
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where: C^, = concentration o f  the inert constituents in the gas phase and it can be 

described as follows by:

C „ ,= n"-' = P"-' - P 'Q - y ' )
V RT RT

[4.15]

Therefore, substituting for Equation 4.15 into Equation 4.14 yields:

d 2
d^2

P,(i-y,)
RT

D GEG ------
G G d I

uG.,P,0-y ,)
RT

=  0 [4.16]

The ozone gas concentration ( C G, )  is represented by:

_ n 0]> PT + p g e L( L - l )  

a ' V RT
[4.17]

The partial pressure o f  the liquid vapour in the gas phase w as assumed to be negligible 

with respect to the total pressure. Introducing the following dimensionless quantities:

Z = -  
L

[4.18]

a  _  Pg£LL 

Pt

p = l + a

u l L
P eL =

D ls l

[4.19]

[4.20]

[4.21]
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u,- L
PeG = - ° £ -  

D gs g
[4 .22 ]

StL =
k LaL

[4.23]

s t G =
k LaL RT 

“ go H
[4.24]

D, =
k wELL

[4.25]

C ,,X =  L' 'LJ H C L(H

c'uo (PT+ pgs LL) y 0 PT( 1 + a )yo
[4.26]

Y = —  [4.27]
y0

and

U = - ^  [4.28]
U G.o

where: y0 = inlet ozone molar fraction in the gas phase and u G0 = inlet superficial gas

velocity at i  = 0 . Equations 4.18,4.19, and 4.20 are substituted into Equations 4.10,4 .12, 

and 4.17. Then, the resultant equations and the dimensionless quantities are substituted 

into Equations 4.8, 4.9, and 4.16. Simplifying and rearranging the resultant equations 

gives:

1 d~X + a' —  + StL^ 1 + M ( p - a Z ) Y - f - 7£^=r + DJ ) x = 0  [4.29]
PeL dZ2 dZ  P W l  + M
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1 d 2Y T 2 a  
PeG dZ 2 [ ( P - a Z ) P e G

+ U ^  = V lT M  S tG Y(1 -  y 0Y)

[4.30]

dU _  a  
dZ " ( p - a Z )

U - y 0Vl + M S t GY + y0stGP [4.31]

Equations 4.29 and 4.30 represent the model equations o f  the ozone concentration in the 

liquid and gas phases, respectively. Equation 4.31 is a result o f  the mass balance o f the 

gas-phase inert constituents and it represents the change in the superficial gas velocity 

with the column height. Equations 4.29, 4.30, and 4.31 are non-linear differential 

equations.

4.3.1.2 Boundary Conditions

No special measurements are required for the boundary conditions except for the 

boundary condition at the column inlet where the inlet liquid and gas phases ozone 

concentrations (C u nr and yo, respectively) have to be measured. The implementation o f  

the boundary conditions follows logically from the physical basis o f  the model 

development approach. Assuming closed-closed boundary conditions and by referring to 

Figure 4.1, the mass balance o f  the ozone concentrations in the liquid and gas phases 

leads to the following boundary conditions. For the counter-current flow conditions

( a ' = +l ) :

[4.32]

[4.33]
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x |z=l = x ,  = Xjnf -
1 dX

P eL dZ
[4.34]

z=i

dY

dZ
=  0 [4.35]

Z=l

For the co-current flow conditions ( a ' = -1 ) ,  the equations for the gas-phase boundary 

conditions are the same as those for the counter-current flow conditions. For the liquid 

phase, the equations, representing the boundary conditions, are:

x|z=0= x 0 = x mr + 1 dX
P eL dZ

[4.36]
z=o

dX

dZ
=  0 [4.37]

z=i

where:

X inr =
'  L inf

'U>
[4.38]

The gas phase superficial velocity is assum ed to increase continuously from the 

bottom to the top o f  the column with no occurrence o f  velocity jum p at any point along 

the column height. Therefore the boundary condition with respect to the superficial gas 

velocity at the bottom o f  the column for the counter and co-current flow conditions is:

U|M  = = 1 [4.39]
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4.3.2 Special Conditions o f  the Two-Phase Axial Dispersion Model (2P-ADM)

4.3.2.1 Consideration o f  the Gas-Phase Dispersion (W ater Treatment Conditions)

During the ozonation o f  surface water, the enhancement factor (E) is assumed to 

equal 1 (i.e., M = 0). As a  result, the model equations (Equations 4.29, 4.30, and 4.31) 

reduce to:

Equations 4.40, 4.41, and 4.42 are non-linear differential equations and their boundary 

equations are also represented by Equations 4.32 to 4.39.

4.3.2.2 Neglecting the Gas-Phase Dispersion

Neglecting the gas-phase backmixing, i.e., assuming that the gas phase follows in 

an ideal plug flow regim e, the model equations reduce to a system of two non-linear 

differential equations. Those equations can be developed logically from the physical basis 

o f  the model developm ent approach as done previously for the model that accounts for 

the gas phase backmixing. As a result, we can obtain the following model equations for 

wastewater treatment conditions:

P eL dZ : dZ p
1 d 2X , dX S tL
 — r  +  a  -  +  — T - ( P - a Z ) Y - ( S t L + D a ) X = 0 [4.40]

1 d 2Y f 2a 
PeG dZ 2 [ ( p - c tZ ) P e G

+ u l - ^ 7  = S t G Y(1 -  y0Y)
[4.41]

dU
dZ (P -a Z )

a

/

\
[4.42]
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I d !X , dX St, Vl + M
 _  +  a  —  +  —  ---------------------

PeL d Z 2 dZ p
+ Da X = 0

\

J
[4.43]

dY S tG 
dZ + ( 3 ( l - y 0)

( l - y 0Y): [Vl + M ( P - a Z ) Y — rJ = r X |  = 0
v l  + M )

[4.44]

The liquid-phase boundary equations for this system o f equations are the same as 

for the model equations that consider the gas-phase backmixing. For the gas phase and 

since no backmixing is considered in the gas phase, the ozone concentration in the gas 

phase is assumed to decrease continuously from the bottom to the top o f  the column with 

no occurrence o f  concentration jum p at any point along the column height. Therefore, the 

boundary condition with respect to the gas phase ozone concentration at the bottom o f the 

column for the counter and co-current flow conditions is:

In order to account for the dependency o f  the superficial gas velocity ( u G, ) on the

column depth ( i),  a mass balance o f  the inert gas phase constituents is considered. Thus, 

the m ass balance o f  the inert gas phase constituents yields:

Equation 4.46 is equivalent to:

For the water treatment conditions, M is set equal to zero in Equations 4.43 and 4.44. 

With respect to the liquid and gas-phase boundary conditions, they are represented by the 

same equations used for the wastewater treatment conditions.

y |z=0 = y0 = i [4.45]

uG. , P , ( i - y , ) = u G.o P o ( i -y o ) [4.47]
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4.4 NUMERICAL SOLUTION TECHNIQUE

The proposed models are 1-D-type models that are represented by systems o f  2 or 3 

non-linear differential equations. Those equations are interrelated and have to be solved 

simultaneously. Closed-form analytical solutions are not available for such systems o f  

equations. Therefore, the finite difference technique was applied for the spatial 

discretization o f  the model differential equations. The backward (or upwind) difference 

scheme was applied to transform a system o f non-linear differential equations into a 

system o f  non-linear algebraic equations that can be solved numerically using any o f  the 

available numerical solving algorithm s such as N ewton Raphson technique. The upwind 

difference scheme is shown in Figure 4.2.

H j+ i N N+l

- H

f
z  = -

L

Figure 4.2 Computational upwind finite difference scheme.

In this scheme, the first and second-order derivatives, respectively, are defined as 

follows:

dX
dZ

. x r x H 
AZ

[4.48]

d X
d Z 2

_ Xj+i ~2Xj +Xj_, 
AZ2

[4.49]
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where: AZ =  the numerical dimensionless spatial step. It should be noted that the first- 

order derivatives representing the boundary conditions at Z = 0 and 1 are defined using 

the centered-difference scheme since those boundary conditions are based on the 

dispersion term  in the original mass balance equation. These first-order derivatives are 

defined as follows:

dX
dZ

dX

dZ

s  [4-501 z=o 2AZ

_ X\+i X N_, [4511
z-. "  2 A Z

4.4.1 2P-ADM  W ith Gas-Phase Dispersion (W astewater Treatment Conditions)

In the finite difference technique, a number o f  elements (N) was assumed to 

represent the total column height (L) and each elem ent has a dimensionless length o f  

( AZ = l/N). As shown in Figure 4.2, two imaginary elem ents at j  = -1  and j  = N +l were 

assumed for the numerical transformation o f the differential boundary equations at the 

column boundaries. Referring to Figure 4.2 and applying the finite difference technique 

with the backw ard difference scheme, Equations 4.29, 4.30, and 4.31 were transformed 

into a system o f  three non-linear algebraic equations as follows:

Xj,, = A jX j BjXj_, -C jY j [4.52]

Yi-, =DiVi - EiYH -FjY/ - G jX, + H iXjYj [4.53]

U | = j ,U , .1 - K JY1 + LJX j [4.53]

where:
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A j  =

st ^
2 - a 'P e LA Z + P e L AZ2 - ^ =  + D

W l +  M
[4 .54]

Bj = ( l - a 'P e L AZ) [4.55]

Vl + M S tLP eL AZ2
( P - a Z j ) [4.56]

2 + 2ctAZ - + PeG AZ2S tG Vl + M 
( P - a Z j )

[4.57]

1 + -
2 a A Z

( p - a Z j )
[4.58]

Fj = (P ea AZ2y 0S tGV TTM ) [4.59]

PeG A Z2p S tc

( p - a Z ^ V l  + M
[4.60]

H i =
PeG AZ2y op S tc

( p - a Z j ) V l  + M
[4.61]

Ij = PeG AZ [4.62]

( P - a Z j )
( P - a Z j ) - a A Z

[4.63]
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* i  =
Vl + M StG y 0 (P -  a Z j )AZ 

( p - a Z j  ) - a A Z
[4.64]

Lj =
S tGy 0PAZ

Vl + M ( ( P ~ a Z j) - a A Z )
[4.65]

By applying the sam e numerical spatial discretization technique on the differential 

boundary equations obtained before, the following algebraic equations are obtained for 

the following boundary conditions:

X n_! - X NVi + M jX inf — M jX n = 0  (counter-current flow conditions) [4.66]

X_i - X ,  + M j X 0 + M j X jnf = 0  (co-current flow conditions) [4.67]

X ., - X ,  = 0 (counter-current flow conditions) [4.68]

x N+, - x N„=o (co-current flow conditions) [4.69]

Y_, -  Y, + NjY0 -  N j = 0 (counter and co-current flow conditions) [4.70]

y n+1- y n. , = 0 (counter and co-current flow conditions) [4.71 ]

U 0 = l (counter and co-current flow conditions) [4.72]

where:

M j = 2P eL AZ

Nj = 2PeG AZ

[4.73]

[4.74]
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4.4.2 2P-ADM W ith Gas-Phase Dispersion (Water Treatment Conditions)

The non-linear differential equations are transformed into non-linear algebraic 

equations sim ilar to those equations developed before for the w astew ater treatment 

conditions with the exception o f  setting the factor (M) equal to zero.

4.4.3 2P-ADM without gas phase dispersion

For the special case o f  2P-ADM with no dispersion in the gas phase, the same 

procedure is used for the numerical transformation o f  the model non-linear differential 

equations into non-linear algebraic equations.
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4.5 CONCLUSIONS

In this chapter, the two-phase axial dispersion model (2P-ADM) has been 

developed for describing the performance o f  ozone bubble columns. Two cases o f  the 

model have been developed: (1) the axial dispersion was considered for the liquid and gas 

phases; and (2) the axial dispersion was considered only in the liquid phase. The 2P- 

ADM non-linear differential equations were numerically transformed into non-linear 

algebraic equations that can be easily solved using any o f  the available numerical solving 

algorithms.

The main advantage o f  applying those comprehensive models is to be able to 

compare between their predictions when used to model the performance o f  ozone bubble 

columns. Those m odels’ predictions m ay vary depending on the bubble column 

configuration and design as well as the operating conditions. As an example, regarding 

the effect o f bubble column configuration, columns with small aspect ratios might exhibit 

large gas-phase backm ixing that must be accounted for in the model equations. 

Therefore, most o f  the models that are currently applied to describe the performance o f  

such ozone contactors are outdated because they are based on inaccurate assumptions 

with respect to the prevailing liquid and gas-phase flow regimes.
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CHAPTER 5. TWO-PHASE NON-ISOBARIC AXIAL DISPERSION MODELS 

FOR MODELING THE OZONATION PROCESS DYNAMICS-II.

NUMERICAL ANALYSES AND EXPERIMENTAL VERIFICATION*

5.1 INTRODUCTION

In chapter 4, a two-phase-non-isobaric axial dispersion model (2P-ADM) was 

developed for describing the dynamics o f  ozonation process in bubble columns for water 

and w astew ater treatment applications. The 2P-ADM  consists o f  a system o f three non

linear differential equations representing the liquid-phase ozone concentration, the gas- 

phase ozone concentration, and the gas-phase inerts’ concentrations. One o f  the special 

conditions o f  the 2P-ADM, that represents the situations where the gas phase is assumed 

to flow in an ideal plug flow regime, has been previously developed and applied for 

describing the performance o f  ozone contactors (Zhou et al., 1994). Therefore, the 

backm ixing in the gas phase can be neglected and the 2P-ADM reduces to a system o f  

two non-linear differential equations. By applying the 2P-ADM, to describe the dynamics 

o f  the ozonation process in bubble columns, instead o f  the traditionally applied models 

such as plug flow model (PFM) or continuous flow stirred tank reactors (CFSTR’s) in

series model, accurate and reliable designs o f  ozone contactors can be achieved. 

Consequently, the operating and capital costs can be minimized and the desired treatment 

objectives can be met. Accurate and reliable predictions o f  the ozone concentration in the 

exhaust gas leaving the ozone contactors will allow for more accurate and optimized 

designs o f  the ozone off-gas destruction facilities.

The objectives o f  this chapter are (1) to demonstrate the two-phase axial dispersion 

model capability to predict the performance o f  ozone bubble columns under different 

operating conditions for water and wastewater treatment applications; and (2) to test the 

model predictions against some existing experimental data from the literature.

A version o f  this chapter has been submitted for publication. Gamal El-Din, M. and D.W. 
Smith, J. Environ. Eng. & Sci. (July 2001).
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First, the two-phase axial dispersion model was simulated under two different 

conditions o f  the gas-phase backmixing: (1 ) high gas-phase dispersion; and (2) low gas- 

phase dispersion. In situations where the gas-phase backmixing can  be ignored and the 

gas-phase flow is considered to be in the ideal plug flow regime, w ere also considered in 

the model simulations. Under those conditions, the model was sim ulated for a wide range 

o f  typical operating conditions that are usually encountered in w ater and wastewater 

treatment applications. Sensitivity analyses o f  the model predictions were also performed 

to obtain the model sensitivities and responses towards changes in the model input 

parameters.

Second, the model predictions w ere tested against the experimental data o f  Zhou 

(1995) to dem onstrate the model capability to describe the performance o f  a fine-bubble 

diffuser ozone contactor in the counter and co-current flow modes.

5.2 NUM ERICAL SIMULATIONS A N D  SENSITIVITY ANALYSES

5.2.1 Numerical Solution Techniques o f  the 2P-ADM  Equations

The system  o f  three non-linear differential equations representing the general 2P- 

ADM was transform ed numerically into a  system o f  non-linear algebraic equations by 

applying the finite-difference technique, in which, a backward difference scheme was 

applied for spatial discretization. In the finite difference technique, the number o f  

elements (N) was set equal to 50. As a result, 51 nodes were used and that led to 153 non

linear algebraic equations in addition to the boundary equations. W hen the gas-phase was 

assumed to flow in an ideal plug flow regim e, the number o f  algebraic equations was 

reduced from 153 to 102. Those non-linear algebraic equations were solved using the 

Newton Raphson technique by utilizing the TKSOLVER™ software. The program 

executed until a user-specified comparison tolerance o f  10‘6 was satisfied. The program 

execution tim e varied between runs depending on the values o f  the model input 

parameters.
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5.2.2 Operating Conditions for Water Treatment Applications

The effects o f  the model input parameters (PeL, PeG, kLa, Da, a ,  and yo) on the 

dissolved ozone concentration, gaseous ozone concentration, and superficial gas velocity 

profiles w ere examined. The following typical conditions for the operation o f  ozone 

bubble colum ns were assigned as the base values for the model simulations: column 

height (L) = 5,000 mm, ozone concentration in the feed gas ( C g .o)  = 1 % (w/w), applied 

ozone dose =1 . 35  mgL_I, mean theoretical hydraulic detention time = x = 180 s, PeL = 

5.0, kw = 4.7 x KT4 s”1, kLa = 5.0 x 10~3 s-1, bubble column aspect ratio = L/D = 12.5, 

G/L ratio =0 . 1 ,  and gas hold-up ( s g )  = 0.008. The ozone decay process was assumed to 

follow pseudo-first-order reaction kinetics with the specific ozone utilization rate 

constant (kw) being constant throughout the course o f  ozonation. This is typical for 

situations where the concentrations o f  impurities in the liquid phase are too small, as in 

clean deionized water, to cause kw to decrease during the course o f  ozonation as a result 

o f  the increasing amount o f  the utilized ozone as the ozonation process proceeds. Henry’s 

law constant (H) o f  0.22 kPaLmg-1 was obtained from Sotelo et al. (1989). Water 

temperature was assumed to be 20°C and the pressure at the top o f  the column (Pt) was 

set equal to 101.3 kPa. Therefore, a  and p were calculated to be 0.48 and 1.48, 

respectively.

The basic model input parameters were then calculated and they were as follows: 

PeL = 5.0 (corresponding to D l = 0.028 m2s_l), PeG = 618.3 (D q =  D l/1 0 ), 61.83 (Dc = 

D l ), and 0.0 (Dc = 0), StL = 0.90, Stc = 2.07, Da = 0.0831, and y0 = 0.00675. The 2P- 

ADM predictions o f  the dissolved ozone concentration, gaseous ozone concentration, and 

superficial gas velocity profiles along the bubble column w ere obtained for wide ranges 

o f  the model input parameters. The effects o f  each o f the param eters (PeL, PeG, kLa, Da, 

a ,  and yo) on the model predictions, were studied by varying the param eter o f  interest 

while maintaining the others constant except for PeL and PeG, as they were varied 

together as the gas-phase backm ixing is somewhat dependent on the liquid-phase 

backmixing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

5.2.3 Operating Conditions for Wastewater Treatment Applications

It was reported by Zhou and Sm ith (1999) that during the ozonation o f  Kraft pulp 

mill wastewaters, kw ranged from 1,000 to 5,000 s_l and the enhancement factor 

pretreatment level the pulp mill wastew ater had received before it was ozonated. E was 

smaller for the final pulp mill effluent than for the untreated pulp mill wastewater as the 

untreated pulp mill wastewater contained more organic content causing its reactivity 

towards ozone to be higher (Zhou and Smith, 2000). In their calculations o f  the amount 

o f  the utilized ozone, the bulk liquid ozone concentration was assumed to equal zero 

since it was practically below the detection limit and it was less significant compared to 

the total amount o f  applied ozone. They suggested that a typical value o f  ki. ranged from 

6.6 x 10“4 to 9.3 x 10-4 ms-1 and kLa ranged from 8.3 x 10~3 to 2.5 x 1CT2 s-1. The effects 

o f  PeL, PeL, kLa, Da, M, a ,  and yo on the dissolved ozone concentration, gaseous ozone 

concentration, and superficial gas velocity profiles in bubble columns were examined by 

assigning the same typical operating conditions, used for the water treatment 

applications. Except for the specific ozone utilization rate constant (kw), the enhancement 

factor (M), and the local mass transfer coefficient (kL). Lower values o f  kw, M, and kL 

were chosen to study the model predictions for wastewater treatment applications in 

lower reactive environments compared to the highly reactive environments such as pulp 

mill wastewaters. kw and kL were set equal to 500 s~' and 8.0 x 10-4 ms-1, respectively. 

The effects o f  the type o f  wastewater on kw, and consequently, on the ozone reactivity 

with the liquid-phase impurities were investigated by varying kw over a wide range (5.0 x 

10”1 to 5.0 x 104 s~l). The change in the amount o f  the utilized ozone dose along the 

column height in the main direction o f  the liquid flow passing through the reactor was 

assumed to be negligible as a result o f  the relatively short mean theoretical hydraulic 

detention time in the reactor.

The basic model input parameters were then calculated and they were as follows: 

PeL = 5.0 (corresponding to D l = 0.028 m V ) ,  Pea = 618.3 (Do = D l/1 0 ), 61.83 (D g =  

D l ), and 0.0 (Dg = 0), StL = 0.90, StG = 2.07, Da = 89000, M = 1.166, and y0 = 0.00675. 

The lower value o f  M was chosen to investigate the effect o f chemical reactions in the
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intermediate reaction-kinetics regime where they occur simultaneously near and/or at the 

gas-liquid interface and in the bulk liquid as usually experienced in lower reactive 

environments. The effects o f  each o f the param eters (PeL, Pec, kLa, Da, M, a ,  and yo) on 

the model predictions, were studied by varying the param eter o f  interest while 

maintaining the others constant except for: (1) PeL and PeG; and (2) Da and M. Da and M 

are interrelated through the pseudo-first-order specific ozone utilization rate constant 

(kw).

5.2.4 Operating Conditions for Model Testing (W ater Treatment Applications)

The 2P-ADM was tested, for ozone application in water treatment, using the pilot- 

scale experimental data o f  Zhou (1995). The pilot-scale bubble column utilized in the 

experiments was a  cylindrical glass column with an inside diam eter o f  100 mm and a 

height o f  2,000 mm. The water depth was maintained constant at 1,750 mm by using an 

overflow weir. A 25 mm spherical fused crystalline aluminum stone was used as the gas 

sparger. For the deionized water used in the experiments, a pseudo-first-order specific 

ozone utilization rate constant (kw) was assumed to equal 4.7 x I0”4 s“' based on the 

measurements o f  Zhou (1995). The operating conditions for the counter-current and co- 

current flow modes are presented in Tables 5.1 and 5.2, respectively.

Table 5.1 Operating conditions for the counter-current flow m ode (water treatment).

%
«7a.

S • = L
«
U

«
im

CL
C/5 <73 a A u ! |

DW17 10.53 1.0 0.560 1.119 0.139 0.010 5.56
DW18 5.35 1.0 3.788 1.299 0.139 0.002 0.92
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Table 5.2 Operating conditions for the co-current flow mode (water treatment).

Ca
se

 
#

47a.
E
«'w'
eu

55 co
9a 9>> ‘ *- J

u  1

DW4 34.48 1.0 0.235 1.247 0.056 0.013 7.20
DW5 9.84 1.0 1.755 1.258 0.056 0.002 0.92
DW9 4.63 1.0 0.235 0.081 0.139 0.002 0.88

5.3 RESULTS AND DISCUSSION

5.3.1 Counter-Current Flow Mode (W ater Treatment Applications)

The main feature o f  the counter-current flow mode is that the liquid flow passes 

from the top to the bottom o f  the column in the opposite direction to that o f  the gas flow. 

Figures 5.1 to 5.10 represent the predicted dissolved ozone concentration, gaseous ozone 

concentration, and superficial gas velocity profiles, along the colum n height, as functions 

o f  the dimensionless axial co-ordinate (Z). The profiles representing the conditions o f  Dg 

=  D l/ 1 0  and D g  = 0 were virtually identical. Therefore, only the profiles representing the 

condition o f  D g  = D l / 1 0  were presented. The effects o f the inflow superficial liquid and 

gas velocities on the process overall mass transfer coefficient (kLa) are represented by StL 

and Stc, respectively. Since StL and StG are interrelated through k La, therefore, the effects 

o f  StL and StG w ere studied simultaneously by varying kLa. In all the cases, the gaseous 

ozone concentration decreased monotonically along the column height. The maximum 

dissolved ozone concentration occurred at the bottom o f the colum n where the liquid 

exits the column.

Figure 5.1 represents the effects o f  PeL and PeG on the dissolved ozone 

concentration profiles. The PeL and PeG effects decreased as PeL and PeG increased from

1.0 to infinity and 12.4 (for Dg = D l) or 124.0 (for Dc = D L /10) to infinity with the rate 

o f  increase o f  the effluent dissolved ozone concentration per increase o f PeL being 

virtually identical for both Dg = D l and Dg =  DL/10. Meanwhile, the rate o f increase in 

the effluent dissolved ozone concentration per increase in PeG was higher by almost one 

fold for Dg = D l/1 0 . A s PeL increased from 1.0 to 20.0, the rate o f  increase in the effluent
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dissolved ozone concentration per increase in PeL decreased from alm ost 1.5 x 10~2 to 7.0 

x 10‘4 and was virtually identical for both D g  = D l  and D g  = D l / 1 0 .  As Peo, increased 

from 12.4 to 247.3 (for D g  = D l )  and 124.0 to 2473.0 (for D g  = D l / 1 0 ) ,  respectively, the 

rate o f  increase in the effluent dissolved ozone concentration per increase in PeG 

decreased from alm ost 1.1 x 10-2 to 6.0 x I O'5 for Dg = D l and was almost lower by one 

fold for D o  = D l / 1 0 .
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PeL = 1.0 & P ec = 12.40.40

PeL = 1.0 & P ec = 124.0
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Pcl -  Pec -  ®(Dg Dl & Dc — D /̂IO)

0.00
0.20 0.60 1.000.00 0.40 0.80
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Figure 5.1 PeL and PeG effects on the 2P-ADM predicted dissolved ozone 

concentration profiles in the counter-current flow mode and for water 

treatm ent applications ((PeL = 1.0, 2.5, 5.0, 10.0, 20.0, and <x>) and (Pec = 

12.4/124.0, 30.9/309.0, 61.8/618.0, 123.7/1237.0, 247.3/2473.0, and oo)).

As shown in Figure 5.1, as PeL and PeG increased, the dissolved ozone 

concentration in the effluent increased and the profiles became steeper as the flow 

conditions in both phases approached the plug flow regime. The profiles exhibited an 

increasing axial gradient up to a turning point after which they started decreasing. As PeL 

and PeG increased from 1.0 to 20.0 and from 12.4 to 247.3 (for Dg = D l) or 124.0 to

2473.0 (for D g  = D l / 1 0 ) ,  respectively, the position o f  the turning point shifted from Z = 

0.70 and 0.74 to 0.12 and 0.12 at D g  = D l / 1 0  and D g  = D l ,  respectively. That could be
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explained by the boundary conditions applied at the bottom  (zero-axial gradient o f  the 

profile) and at the top o f  the column (a concentration jum p). As the liquid and gas phases 

reached the plug flow regime at PeL and Pec = infinity, the backmixing and the 

concentration jump dim inished and as a result the dissolved ozone concentration profiles 

exhibited a decreasing trend along the entire column height.

1.601.00
PeL = 1.0 & Pec = 12.4

oo^PeL>1.0&
124.0 or 12.4 £PeG 
(Dc= D l &Dc = Dl/10)

0.80

1.40
0.60

PeL = PeG = oo(Dc = D,
Dc = D.,/10)0.40

1.20

PeL = 1.0 & PeG = 124.0
0.20

1.000.00
0.80 1.000.20 0.40 0.600.00

Dimensionless column height, Z

Figure 5.2 PeL and Pec effects on the 2P-ADM predicted gaseous ozone 

concentration and superficial gas velocity profiles in the counter-current 

flow m ode and for water treatment applications ((PeL = 1.0, 2.5, 5.0, 10.0, 

20.0, and oo) and (PeG = 12.4/124.0, 30.9/309.0, 61.8/618.0, 123.7/1237.0, 

247.3/2473.0, and oo)).

As shown in Figure 5 .2 , the effects o f  PeL and PeG on the gaseous ozone 

concentration profiles decreased and the profiles becam e steeper as PeL and PeG 

increased. As PeL increased from 1.0 to 20 .0 , the rate o f  decrease in the ozone off-gas 

concentration per increase in PeL decreased from almost 2 .5  x 10-2 to 1.0 x 10"3 and was 

virtually identical for both D G = D l and D G =  D l/10. A s PeG increased from 12.4 to 247.3  

(for D g =  D l) and 124 .0  to 2 4 7 3 .0  (for D G =  D l/10), respectively, the rate o f  decrease in 

ozone off-gas concentration per increase in PeG decreased from almost 2.7 x 10”3 to 1.0 x
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10“4 for Dg = D l and was almost low er by one fold for D g = D l/1 0 .  The highest effects 

o f  PeL and PeG on the gaseous ozone concentration profiles were in the upper one half o f  

the column height where higher PeL and PeG improved the absorption efficiency due to 

the lower dissolved ozone concentrations in that region o f  the co lum n resulting in higher 

mass transfer driving force (Zhou et al., 1994). The superficial gas velocity profiles were 

virtually identical for the entire studied range o f  PeL and Pec-

The superficial gas velocity at the column exit was about 1.5 tim es higher than the 

inflow superficial gas velocity and the superficial gas velocity increase was almost a 

linear function o f  the axial co-ordinate (Z) as a result o f  the gas expansion due to the 

linear decrease in the hydrostatic head along the column height. T he slight deviation from 

the linearity is contributed to the effects o f  the ozone gas absorption and auto

decomposition processes.
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Figure 5.3 kLa effects on the 2P-ADM  predicted dissolved ozone concentration 

profiles in the counter-current flow mode and  for water treatment 

applications (kLa = 1.0 x 10-3, 3.0 x 10~3, 5.0 x 10-3, 7.0 x 10-3, 1.0 x 10-2, 

1.5 x 10”2, and 2.0 x 10-2 s_I).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

As shown in Figure 5.3, the effects o f kLa on the dissolved ozone concentration 

profiles decreased and the profiles became steeper as kLa increased from 1.0 x 10 '3 to 2.0 

x 10 '2 s ' 1 and the rate o f  increase in the effluent dissolved ozone concentration per 

increase in kLa decreased from 1.00 to 0.05 and was virtually identical for both Dg = Dl 

and D g  = D l/1 0 . The profiles exhibited an increasing axial gradient up to a turning point 

after w hich they started decreasing. As kLa increased, the position o f  the turning point 

shifted from Z = 0.46 to 0.18 for Dg = D l/1 0  and D g = D l. A s shown in Figure 5.3, as 

kLa increased from 1.0 x 10-2 to 2.0 x 10 '2 s '1 (i.e., the higher range o f  kLa), the dissolved 

ozone concentrations increased only up to a “Z” equal to about 0.20 and at “Z” higher 

than 0.20, the concentrations decreased. That could be explained by the fact that the mass 

transfer process was increased only near the bottom o f  the column. Therefore, the model 

predictions support the idea o f  the mass transfer enhancement near the bottom  o f the 

column being sufficient for better ozone bubble column performance (Zhou et a i, 1994; 

Gamal El-Din and Smith, 2000).

1.00

o.so

0.60
3>1
>»

0.40

0.20 

0.00
0.00 0.20 0.40 0.60 0.80 1.00

Dimensionless column height, Z

Figure 5.4 kLa effects on the 2P-ADM predicted gaseous ozone concentration and 

superficial gas velocity profiles in the counter-current flow m ode and for 

water treatm ent applications (kLa = 1.0 x 10“3, 3.0 x 10 '3, 5.0 x 10“3, 7.0 x 

10~3, 1.0 x 10~2, 1.5 x 10"2, and 2.0 x 10 '2 s '1).

kua increases
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As shown in Figure 5.4, the effects o f  kLa on the gaseous ozone concentration 

profiles decreased and the profiles became steeper as kLa increased and the rate o f 

decrease in the ozone off-gas concentration per increase in kLa decreased from 2.3 to 0.1 

and was virtually identical for both DG = D l and D g = D l/10 . The superficial gas velocity 

profiles w ere almost identical for the entire studied range o f  kLa with the superficial gas 

velocity being higher at lower kLa. The superficial gas velocity at the column exit was 

about 1.5 times higher than the inflow superficial gas velocity and the superficial gas 

velocity increase was almost a  linear function o f  the axial co-ordinate (Z).
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Figure 5.5 Da effects on the 2P-ADM predicted dissolved ozone concentration 

profiles in the counter-current flow mode and for w ater treatment 

applications (Da = 0.0000, 0.0505, 0.0831, 0.1010,0.5050, 1.0000, 3.0000, 

and 6.0000).

Figure 5.5 depicts the effects o f the overall pseudo-first-order specific ozone 

utilization rate constant (kw) on the dissolved ozone concentration profiles. kw is one o f  

the parameters that describe the quality o f  the w ater being treated. A case where there is 

no decay o f  the dissolved gas, as in oxygen bubble columns, has been included in the 

analysis for the sack o f  comparison. As kw increased from 0.0 to 5.0 x 10"2 s ' 1 (i.e., Da

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

increased from 0.0 to 6.0) the dissolved ozone concentration profiles became flatter and 

the effluent dissolved ozone concentration decreased as observed before by (Gamal El- 

Din and Smith, 2000). This is in agreement with the fact that the higher the pollution 

level in w aters, i.e., the higher the pH, the higher the overall ozone decay rate resulting in 

higher ozone doses to be applied to meet the required residual ozone concentration in the 

effluents from ozone contactors (Zhou et al„ 1994). The effect o f Da on the dissolved 

ozone concentration profiles decreased as Da increased from 0.0 to 6.0 and the rate of 

decrease in the effluent dissolved ozone concentration per increase in Da decreased from 

0.14 to 0.02 and was virtually identical for both Dg = D l and Dg = DL/10. The dissolved 

ozone concentration profiles exhibited an increasing axial gradient up to a turning point 

after which they started decreasing. As Da increased from 0.0 to 6.0, respectively, the 

position o f  the turning point shifted from “Z” = 0.32 to 0.20 for Dg = D l/10 and Dg = Dl-

1.601.00

D, = 0.0
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1.40
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D, = 6.0
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Figure 5.6 Da effects on the 2P-ADM predicted gaseous ozone concentration and 

superficial gas velocity profiles in the counter-current flow mode and for 

water treatment applications (Da = 0 .0000,0.0505,0.0831,0.1010,0.5050, 

1.0000, 3.0000, and 6.0000).

As shown in Figure 5.6, the effects o f  Da on the gaseous ozone concentration 

profiles decreased and the profiles became steeper as Da increased and the rate o f
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decrease in the ozone off-gas concentration per increase in Da decreased from 0.06 to 

0.01 and w as virtually identical for both D g = D l and Do = D l/1 0 . The effects o f  Da on 

the gaseous ozone concentration profiles were less significant than the effects o f  kLa. As 

noted before in chapter 4, the occurrence o f  chemical reactions during water treatment 

does not affect the pure physical mass transfer rate through the liquid film beneath the 

gas-liquid interface. As a result, any improvement in the absorption efficiency with 

increasing Da is due to the auto-decomposition o f  the dissolved ozone concentration in 

the bulk liquid. The superficial gas velocity profiles were identical for the entire studied 

range o f  Da. The superficial gas velocity at the column exit was about 1.5 times higher 

than the inflow  superficial gas velocity and the superficial gas velocity increase was 

almost a linear function o f  the axial co-ordinate (Z).
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Figure 5.7 P j or a  effects on the 2P-ADM predicted dissolved ozone concentration 

profiles in the counter-current flow m ode and for water treatment 

applications (Pt =  101.3, 303.9, 506.5, 709.1,1013.0 , and oo kPa).

Figure 5.7 shows the effects o f  a  (i.e., the pressure at the top o f  the column (Pt))- 

For a  = 0, this means that the model is isobaric. As a result, the opposite effects o f 

shrinkage and expansion o f  the gas phase caused by absorption, decay, and reduced
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hydrostatic head, respectively are neglected. Increasing P t from 101.3 kPa to infinity 

(i.e., decreasing a  from 0.48 to 0.00), caused the dissolved ozone concentration profiles 

to become steeper and the effluent dissolved ozone concentration increased. The increase 

in the total hydrostatic head due to the increase o f  P t can cause the gas bubbles to 

become sm aller and therefore the gas bubbles' specific interfacial area (a) will increase 

causing the overall mass transfer coefficient (kLa) to increase. Compared to the kLa 

effects on the dissolved ozone concentration profiles, the P t effects were less significant. 

The rate o f  increase in the effluent dissolved ozone concentration per increase in P t (i.e., 

decrease in a )  increased from 0.04 to 0.07 and w as virtually identical for both Dg = D l 

and Dg = D l/1 0 . The effects o f  P t on the dissolved ozone concentration profiles were 

more significant in the bottom half than in the upper half o f  the column. As shown in 

Figure 5.7, the dissolved ozone concentration profiles exhibited an increasing axial 

gradient up to a turning point after which they started decreasing. As a  decreased from 

0.48 to 0.00, respectively, the effect o f a  on the dissolved ozone concentration profiles 

increased and the position o f  the turning point shifted from “Z” = 0.32 and 0.32 to 0.34 

and 0.36 for D g = D l/10  and D g =  D l-

As shown in Figure 5.8, the effects o f  a  on the gaseous ozone concentration profiles 

decreased and the profiles became steeper as a  decreased and the rate o f  decrease in the 

ozone off-gas concentration per decrease in a  increased from 0.12 to 0.17 and was 

virtually identical for both Dg = D l and Dg = D l/1 0 . The superficial gas velocity profiles 

became flatter as a  decreased. The superficial gas velocity at the column exit was about

1.5 times higher than the inflow superficial gas velocity and the superficial gas velocity 

increase was alm ost a linear function o f  the axial co-ordinate (Z) at a  = 0.48 (i.e., Pt =

101.3 kPa). The increase in the off-gas superficial velocity com pared to the inflow 

superficial gas velocity decreased as a  decreased. Eventually, at a  = 0 (isobaric 

conditions), the superficial gas velocity was constant along the entire column height. This 

phenomenon supports the importance o f  applying the appropriate model to describe the 

performance o f  ozone bubble columns. Applying non-isobaric models would result in
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under-prediction o f  the total mass o f the ozone off-gas and consequently the ozone 

destruction units w ill be under-designed and health hazardous conditions m ight occur.
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Figure 5.8 PT or a  effects on the 2P-ADM predicted gaseous ozone concentration and 

superficial gas velocity profiles in the counter-current flow m ode and for 

water treatment applications (P t = 101.3, 303.9, 506.5, 709.1, 1013.0, and 

oo kPa).

The effects o f  the inflow ozone gas concentration (C g.o) on the dissolved ozone 

concentration, gaseous ozone concentration, and superficial gas velocity profiles in were 

also studied. The effluent dissolved ozone and ozone off-gas concentrations increased 

linearly with increasing C g .o and their rates o f  increases per increase in C g.o were 

virtually constant at 0.10 and 0.32, respectively. Those rates were identical for both Dg = 

D l  and D g = D l/1 0 . The superficial gas velocity profiles became flatter as C g .o increased. 

The maximum and m inimum increases in the superficial gas velocity at the column exit, 

com pared to the inflow superficial velocity, ranged from almost 1.5 to 1.4 tim es at C g.o o f  

1 % w/w and 12 % w /w , respectively.
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5.3.2 Co-Current Flow Mode (W ater Treatment A pplications)

In contrast to the counter-current flow mode, the liquid and gas phases flow through 

the bubble column from the bottom to the top. As the liquid and gas phases flow through 

the reactor, the ozone in the gas phase approaches equilibrium with the bulk  liquid 

dissolved ozone concentration. Therefore, the m ass transfer driving force (C 'L - C L) 

becomes smaller and the bulk liquid concentration increases along the column height up 

to a certain point depending on the operating conditions. Thus, the m odel input 

parameters would exhibit effects on the dissolved ozone concentration, gaseous ozone 

concentration, and superficial gas velocity profiles. Those effects were different from 

those observed in the counter-current flow mode. Based on the flow arrangements in the 

co-current flow mode, the boundary conditions that are applied at the column entrance 

and exit are different from those applied in the counter-current flow mode. Therefore, the 

model predicted a concentration jum p at the colum n inlet and the dissolved ozone 

concentration profiles reached their peaks at different locations along the colum n height. 

Those locations depended on the operating conditions. Also, the effluent from the colum n 

did not have the highest dissolved ozone concentration.

The predicted dissolved ozone concentration profiles were flatter than those 

predicted in the counter-current flow mode and under some operating conditions, the 

profiles were almost uniform ly distributed along the column height. G enerally the 

dissolved ozone concentration profiles exhibited a  decreasing axial gradient along the 

entire column height except for the studied ranges o f  kLa and Da where the profiles 

exhibited a decreasing axial gradient up to a turning point after which it started 

increasing. The gaseous ozone concentration and superficial gas velocity profiles varied 

in a similar way as they did in the counter-current flow mode. As reported before by 

Gamal El-Din and Smith (2000), under the same operating conditions, the counter- 

current flow mode was superior compared to the co-current flow mode in term s o f  the 

predicted effluent dissolved ozone concentration. S ince the maximum dissolved ozone 

concentration in the co-current flow conditions occurred somewhere along the colum n 

height rather than in the column effluent, therefore, it was relevant to com pare the
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effluent dissolved ozone concentration in the counter-current flow mode with the 

maximum dissolved ozone concentration in the co-current flow mode. This comparison 

revealed that the counter-current flow m ode was superior compared to the co-current 

flow mode. The relative difference ranged from about 8 to 20 %, 5 to 29 %, 16 to 23 %, 

18 to 16 %, and w as constant at 17 % for the studied ranges o f  PeL, PeG, kLa, Da, Pt, and 

yo, going from the low to the high end o f  those ranges, respectively, for both DG = D l and 

D g =  D l/10 .

Regarding the ozone off-gas concentration, the co-current flow mode predicted 

higher concentrations compared to the counter-current flow mode as a result o f the 

relatively higher ozone gas absorption efficiency in the counter-current flow mode. The 

relative difference ranged from about 10 to 34 %, 1 to 77 %, 24 to 1 %, 23 to 27 %, and 

was constant at 23 % for the studied ranges o f  PeL, PeG, kLa, Da, PT, and y0, going from 

the low to the high end o f  those ranges, respectively, for both DG = D l and D g =  D l/10.

For both the counter and co-current flow modes, kLa had the most significant effects 

on the dissolved and gaseous ozone concentration profiles. This phenom enon is in 

agreement with the fact that the gas-liquid m ass transfer process is the main process that 

dictates the overall performance o f  ozone contactors operating in the slow-reaction 

kinetics regime. Compared to the rest o f  the parameters, a  (i.e., Pt) had the most 

significant effects on the superficial gas velocity  profiles.

In both the counter and co-current flow conditions, the dissolved ozone 

concentration profiles representing the condition o f  Dg = D l were lower, near the bottom 

o f  the column, than the ones representing the condition o f  D g = D l/1 0 . A s kLa, Pt, and y0 

increased and PeL, PeG, and Da decreased, respectively, the difference in the profiles 

between the tow  conditions o f  the gas-phase backm ixing increased. The gaseous ozone 

concentration profiles were higher for the case o f  D g = D l/1 0  near the bottom o f the 

column and as Z  increased, the gaseous ozone concentration profiles for the case o f  Dc = 

D l  became higher leading to higher ozone off-gas concentration. This phenom enon could
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be explained by the gas-phase boundary conditions applied at the bottom o f  the column (a 

concentration jump) and at the top o f  the column (zero-axial gradient o f  the profile).

As shown in Figure 5.9, the effects o f  kLa on the dissolved ozone concentration 

profiles decreased and the profiles became steeper as kLa increased from 1.0 x 10“3 to 2.0 

x 10-2 s ' 1. The rate o f  increase in the effluent dissolved ozone concentration per increase 

in kLa decreased from about 8.2 x 10“' to 5.0 x 10“3 and was virtually identical for both 

Dg =  D l and Do = D l/1 0 . The profiles exhibited a decreasing axial gradient up to a 

turning point after which they started increasing up a  second turning point after which 

they started decreasing again.
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Figure 5.9 kLa effects on the 2P-ADM predicted dissolved ozone concentration 

profiles in the co-current flow mode and for water treatment applications 

(kLa = 1.0 x 10~3, 3.0 x 10'3, 5.0 x 10~3, 7.0 x 10“3, 1.0 x 10~2, 1.5 x 10~2, 

and 2.0 x 10 '2 s”1).

As shown in Figure 5.9, when kLa was increased from 7.0 x 10“3 to 2.0 x 10”2 s“\  the 

dissolved ozone concentrations increased only up to a point after which the 

concentrations started decreasing. The position o f  that point was at “Z ” = 0.82, 0.60,
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0.44, and 0.36 for kLa = 7.0 x 10”3, 1.0 x 10”2, 1.5 x 10-2, and 2.0 x 10~2 s“', respectively. 

O nce again, that could be explained by the fact that the mass transfer process was 

increased only near the bottom  o f  the column. Therefore, the model predictions support 

the idea o f  the mass transfer enhancement near the bottom o f  the column being sufficient 

for better ozone bubble colum n performance (Zhou et al., 1994; Gamal El-Din and 

Sm ith, 2000).
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Figure 5.10 kLa effects on the 2P-ADM  predicted gaseous ozone concentration and 

superficial gas velocity profiles in the co-current flow mode and for water 

treatment applications (kLa = 1.0 x 10~3, 3.0 x 10”3, 5.0 x 10~3, 7.0 x 10~3, 

1.0 x 10"2, 1.5 x 10~2, and 2.0 x 10"2 s"1).

As shown in Figure 5.10, the effects o f  kLa on the gaseous ozone concentration 

profiles decreased and the profiles became steeper as kLa increased and the rate o f  

decrease in the ozone off-gas concentration per increase in kLa decreased from about 2.00 

to 0.02 and was virtually identical for both Dg = D l and D g = D l/1 0 . A s kLa increased 

from 1.0 x 10_3to 7.0 x 10”3 s_l, the gaseous ozone concentration profiles exhibited a 

decreasing axial gradient along the entire column height. In contrast, as kLa increased 

from 7.0 x 10-3 to and 2.0 x 10“2 s"1, the gaseous ozone concentration profiles exhibited a
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decreasing axial gradient up to a  turning point after which it started increasing. The 

position o f  that turning point shifted from about Z = 0.82 to 0.53 for both Dg = D l and 

D g =  D l/10 . The superficial gas velocity profiles were almost identical for the entire 

studied range o f  kLa with the superficial gas velocity being higher at lower kLa. The 

superficial gas velocity at the colum n exit was about 1.5 times higher than the inflow 

superficial gas velocity and the superficial gas velocity increase was almost a linear 

function o f  the axial co-ordinate (Z).

5.3.3 Counter-Current and Co-Current Flow Modes (W astewater Treatment 

Applications)

Interestingly, for both flow m odes, the dissolved ozone concentration, gaseous 

ozone concentration, and superficial gas velocity profiles w ere virtually identical. 

A lthough, in the lower range o f  Da and M from Da = 89 and M =  0.037 to Da = 534 and 

M  =  0.090, the model predicted a concentration jum p in the dissolved ozone 

concentration profile near the bottom  o f  the column in the co-current flow mode. 

G enerally, the dissolved ozone concentration profiles exhibited a decreasing axial 

gradient along the entire column height except for the lower range o f  Da and M. The 

predicted dissolved ozone concentration, gaseous ozone concentration, and superficial 

gas velocity profiles were virtually identical for the counter and co-current flow 

conditions as PeL, PeG, a  or PT, and yo increased over their studied ranges.

The effects o f  kLa on the gaseous ozone concentration profiles were more 

significant than the effects o f  any other parameter since the Da-M range, used for the 

m odel simulations, represent situations where the intermediate-reaction kinetics regime 

prevails. As expected for the w astew ater treatment conditions and in contrast to the water 

treatm ent conditions, the effects o f  Da and M on the dissolved ozone concentration 

profiles were more significant than the effects o f  any other parameter. As observed before 

in the water treatment conditions, com pared to the rest o f the param eters, a  (i.e., Pt) had 

the m ost significant effects on the superficial gas velocity profiles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



113

1.0E-02

8.0E-03

6.0E-03
©_

u
u

4.0E-03

2.0E-03

O.OE+OO
0.00 0.20 0.40 0.60 0.80 1.00

D im ensionless column height, Z

Figure 5.11 Da and M effects on the 2P-ADM predicted dissolved ozone 

concentration profiles in the counter and co-current flow m ode and for 

wastewater treatm ent applications (Da = 89 and M = 0.037 to Da = 

8900000 and M = 11.659).

Figure 5.11 depicts the effects o f  Da and M on the dissolved ozone concentration 

profiles. The profiles, representing the co-current flow mode, are shown in a small- 

inserted picture. As Da and M  increased, the profiles became flatter till the concentrations 

virtually approached zero a t35600 < D a <8900000 and 0.737 < M < 11.659. As shown in

Figure 5.11, as Da and M increased from 89 and 0.037 to 8900000 and 11.659, 

respectively, indicating the shift o f  the reaction kinetics from the slow to the fast regime. 

Also, the effluent dissolved ozone concentration decreased from about 5.0 x 10-3 to 

alm ost 0.0 mgL-1 and the rate o f  decrease in the effluent dissolved ozone concentration 

per increase in M decreased from 1.4 x 10"' to 6.6 x 10"8. The low values o f  the predicted 

dissolved ozone concentrations are in agreement with the observations o f  Zhou and Smith 

(1997). They reported that the dissolved ozone concentrations, in their continuous-flow

000 0 20 I 000 40

Dimensionless column height. Z
0 6 0

Da = 5340, M = 0.286
Da = 35600, M = 0.737 to Da = 
8900000, M = 11.659
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operations o f  the fine-diffuser ozone bubble column, were sm aller than the detection 

limits and they were less insignificant compared to the am ount o f  the applied ozone. 

Regarding the effect o f  Dg , the dissolved ozone concentrations for D g = D l were lower 

than those for Dg = D l/'10.

0.00 0.20 0.40 0.60 0.80 1.00
Dimensionless column height, Z

Figure 5.12 kLa effects on the 2P-ADM  predicted gaseous ozone concentration and 

superficial gas velocity profiles in the counter and co-current flow modes 

and for wastewater treatm ent applications (kLa = 1.0 x 10‘3, 3.0 x 10’3, 

5.0 x 10’3, 7.0 x 10'3, 1.0 x 10’2, 1.5 x 10'2, and 2.0 x 10'2 s’1).

Figure 5.12 depicts the effects o f  kLa on the gaseous ozone concentration and 

superficial gas velocity profiles. As kLa increased from = 1.0 x 10”3 to = 2.0 x 10’2 s”1, 

the gaseous ozone concentration profiles became steeper and the effect o f kLa on the 

profiles decreased. The rate o f decrease in the ozone off-gas concentration per increases 

in kLa decreased from about 3.2 to 3.0 x 10’3 and was virtually identical for both Dg = D l 

and Dg = D l /10. As kLa increased, the ozone off-gas concentration decreased from about

8.2 to 1.0 x 10”3 mgL’ 1. The predicted ozone off-gas concentration, o f  1.0 x 10”3 mgL”1, 

represents situations where the reactions between ozone and the liquid-phase impurities 

fall within the fast-reaction kinetics regim e. This is in agreement w ith the observations o f
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Zhou and Smith (2000). They observed that the ozone off-gas concentrations were below 

the detection limit o f  the iodometric titration method (KI method) which is about 7.0 x 

10~2 rngL”1. The same phenomena that was observed before in the w ater treatment 

conditions regarding the superficial gas velocity profiles were also observed in the model 

simulations for the wastewater treatment applications.

5.3.4 Model Testing for W ater Treatment Applications

Figures 5.13 and 5.14 demonstrate the applicability o f  the 2P-ADM  to predict the 

performance o f  the fine-diffuser ozone bubble column operating in a counter-current 

flow. There was excellent agreement between the predicted and the experimental 

dissolved ozone profiles. At 5 % significance level, t-tests have shown that there was no 

significant difference between the predictions o f  the different versions o f  the 2P-ADM.

1.00

0.80

. = 0.60 

<J_2
U 0.40

0.20

0.00
1.000.800.00 0.20 0.40 0.60

Dimensionless column height, Z

4  DW18-Exp. (Zhou, 1995) ■ DW 17-Exp. (Zhou. 1995)
 2P-ADM-DG = DL -----2P-ADM-DG = DL/10
—  - 2P-ADM-DG = 0

Figure 5.13 Comparison between the predicted and the measured dissolved ozone 

concentration profiles in a counter-current fine-bubble diffuser ozone 

bubble column for water treatment applications.
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The same phenomenon was observed for the co-current flow mode. These observations 

are in agreement with the theoretical observations o f  Deckwer (1976) who suggested that 

the gas-phase dispersion could be ignored in bubble columns with diameters less than 

500 mm. Although, it should be pointed out that in columns with small diameters, the 

assumption o f  the gas phase being in an ideal plug flow regim e can be valid (W achi and 

Morikawa, 1987), the gas-phase dispersion can be a significant factor in the ozonation 

process scale-up.

0.60

0.40
* 3
U
u

0.20

0.00
0.80 1.000.20 0.600.400.00

Dimensionless column height, Z 
a DW5-Exp. (Zhou, 1995) ■ DW9-Exp. (Zhou. 1995)
o DW4-Exp. (Zhou H.. 1995) —  DG = DL 

 Model-DG = DL/10 —  • Model-DG = 0

Figure 5.14 Com parison between the predicted and the measured dissolved ozone 

concentration profiles in a co-current fine-bubble diffuser ozone bubble 

column for water treatment applications.
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5.4 CONCLUSIONS

T he two-phase axial dispersion model (2P-ADM) has proven to be a powerful, 

accurate and reliable tool for predicting the performance o f  ozone contactors for both 

water and wastewater treatment applications. By applying the 2P-ADM  instead o f  the 

traditionally applied models such as the plug flow model (PFM) o r the continuous-flow 

stirred-tank-reactors (CFSTR’s) in-series model, accurate and reliable designs o f ozone 

contactors can be achieved. As a  result, the operating and capital costs will be minimized 

and the desired treatment objectives can be met.

It should be noted that the current model testing is ju st an initial testing step. 

Therefore, further studies need to be conducted for both water and wastewater treatment 

applications and in different ozone contactors o f  different configurations, designs, and 

scales. This will help obtain a large and high-quality data set that can allow for further 

model testing in order to eliminate any uncertainties in the model predictions.

The simple version o f  the 2P-ADM  that neglects the backm ixing in the gas phase 

can be applied without affecting the accuracy o f  the model predictions in situations such 

as: (1) bubble columns that have large aspect ratios; and (2) w hen large bubbles are 

dominant in the gas-liquid flow as a result o f  using a gas sparging technique that creates 

large bubbles.
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CHAPTER 6. THEORETICAL ANALYSIS AND EXPERIMENTAL

VERIFICATION OF OZONE MASS TRANSFER IN BUBBLE COLUMNS*

6.1 INTRODUCTION

During the course o f  ozonation, convection and backmixing processes o f  the liquid 

and gas phases flowing through the contacting cham ber, ozone gas m ass transfer process, 

ozone decay process, and com petitive reactive processes o f  constituents in water and 

wastew ater with dissolved ozone occur sim ultaneously (Zhou et a i, 1994). In addition to 

those processes, contactor configuration, operating conditions, and w ater or wastewater 

quality influence the overall performance o f  the ozonation treatment (Zhou, 1995). The 

ozonation process depends on the mass transfer o f  ozone gas into the liquid phase. 

Quantifying the dissolved ozone is essential for achieving reliable rational-design and 

optim um  operation o f  ozone contactors while quantifying the off-gas ozone concentration 

leaving the contactor is im portant for achieving proper design o f  the ozone off-gas 

destruction facilities.

Several researchers have extensively studied the fundamentals o f  the processes 

dictating the performance o f  ozonation system s in water treatment over the last two 

decades (Langlais et al., 1991). However, fewer studies have been conducted to examine 

the ozone mass transfer m echanisms and the effect o f  chemical oxidation on the rate o f 

ozone absorption when treating industrial w astewater. Zhou and Sm ith (1997) showed 

that during the ozonation o f  K raft pulp mill effluents, the chemical reactions were fast 

enough for the dissolved ozone to be com pletely depleted at the gas-liquid interface 

and/or within the liquid film. As a result, the dissolved ozone gradient became steeper 

than the one o f  the maximum physical absorption process. As shown in Figure 6.1, two 

distinct reaction kinetics regim es for the ozone gas absorption process were proposed by 

Zhou and Smith (1997): the fast o r instantaneous-reaction kinetics regim e and the slow- 

reaction kinetics regime. The relative rate o f  the gas absorption process with the 

occurrence o f  chemical reactions compared to the maximum physical gas absorption rate 

w ill determ ine the prevailing m ass transfer regim e (Zhou and Smith, 1997).

A  version o f  this chapter has been accepted for publication. Smith, D .W . and M. Gamal 
El-Din, Environ. Technol. (M ay 2001).
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Due to the low dissolved ozone concentrations during the mass transfer process 

occurring in the fast-reaction kinetics regime, the driving force o f  the mass transfer 

process is increased and also the local mass transfer coefficient will be enhanced by an 

enhancement factor (E). During the ozonation o f  Kraft pulp mill effluents and regarding 

the gas absorption process, it was assumed that the fast or instantaneous-reaction kinetics 

regime prevailed at the beginning o f  the ozonation process as the amount o f  the utilized 

ozone was still relatively small (Zhou and Smith, 1997). That assumption was based on 

the experimental observations o f  Zhou and Smith (1997) that no dissolved ozone 

concentrations were detected during the course o f  ozonation. As the ozonation treatment 

proceeded, the gas absorption process shifted from the fast or instantaneous-reaction 

kinetics regime to the slow-reaction kinetics regime and the enhancement factor 

decreased (Zhou and Smith, 1997).

Gas-liquid interface Gas-liquid interface

Liquid phase 1

Pure physical absorption

Liquid phase
L0L.0

M aximum physical 
absorptionGas phase Gas phase

•/

L.2

^  w.l )  ^  w,2

a- slow-reaction regim e b- fast or instantaneous-reaction regime

Figure 6.1 Reaction kinetics regimes for ozone absorption process (adapted from 

Zhou and Smith, 1997).

The mathematical models that were usually applied to predict the dissolved ozone 

and gaseous ozone profiles along ozone bubble columns were based on one o f  the 

following liquid-phase flow regimes: (1) com plete mixing or; (2) plug flow (Alvarez- 

Cuenca et al., 1980; Alvarez-Cuenca et al., 1981; Chang and Chian, 1981; Laplanche et 

al., 1991; Hull et al., 1992, Lev and Regli, 1992). Neither one o f  those tw o liquid-phase
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flow regimes can adequately describe the actual liquid-phase flow conditions in bubble 

columns as a result o f  the actual liquid-flow pattern in bubble columns usually being 

closer to mixed flow rather than plug flow, but still not completely mixed flow. Because 

o f  the low solubility and high reactivity o f  ozone gas, effective improvement and accurate 

quantification o f  the ozone absorption process is essential for achieving proper design 

and optimum operation o f  ozonation systems (Zhou, 1995). This goal can be met by 

applying more reliable and accurate models that can adequately describe the ozone gas 

absorption process in w ater and wastewater treatm ent applications.

This chapter presents: (1) the applicability o f  the back flow cell model (BFCM) and 

the axial dispersion model (ADM) for describing the ozonation process in bubble 

columns, and (2) initial testing o f  the m odels’ predictions o f  the dissolved ozone 

concentration profiles, for water treatment applications, using the pilot-scale 

experimental data o f  Zhou (1995).

6.2 THEORETICAL BACKGROUND

In order to model the performance o f  ozone bubble columns, it is cm cial to describe 

and quantify the rates o f  various physical and chemical processes that occur during the 

ozonation treatment. In tubular bubble columns, the non-ideal flow conditions affect the 

rate o f  absorption and the concentration profiles o f  dissolved and gaseous ozone. 

Although, a number o f  researchers proposed the BFCM  for describing the performance o f  

ozone bubble columns (Zhou et al., 1994; Gam al El-Din and Smith, 2000b), the axial 

dispersion model has received the largest attention among researchers. In the ADM, it is 

assumed that the liquid phase is in axial dispersion regime, i.e., a diffusion-like process is 

assumed and superim posed on a plug flow regim e (Levenspiel, 1972). During surface 

water ozonation, it w as observed that the overall ozone auto-decomposition rate was 

influenced by the instantaneous dissolved ozone concentration and the changes in the 

properties o f  the w ater during the course o f  ozonation (Watt et al., 1989; Zhou, 1995). 

Accordingly, a m odified pseudo-first-order rate expression was proposed. In that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

expression, the reaction rate constant was replaced by a variable referred to as the 

specific ozone utilization rate constant (kw):

where: C l = instantaneous concentration o f  the dissolved ozone in the bulk liquid 

(mgL-1) and kw =  specific ozone utilization rate constant (s”‘).

The mass transfer o f  ozone gas from the gas phase into the liquid phase can be 

described and quantified by the two-film model in which the rate o f  gas absorption (q/)  is 

defined as:

equilibrium with the ozone in the gas-phase (m gL '), and C l = concentration o f  the

phase than in the liquid phase, therefore, the m ass transfer in the liquid phase becomes a 

rate-controlling step and the overall mass transfer coefficient is considered to entirely 

consist o f  the local m ass transfer coefficient in the liquid phase. Ozonation o f  wastewater 

involves chemical reactions and the dimensionless squared Hatta number (referred to as 

H 2 or E 2 or M ) is used as a measure of the am ount o f  dissolved ozone that reacts at the 

gas-liquid interface or in the liquid film near the interface compared to the amount o f  

dissolved ozone that reaches the bulk liquid in an unreacted state. The dimensionless- 

squared Hatta num ber is defined as:

[6.1]

[6.2]

where: \\i = gas absorption rate (mgL - 1  s '1), kL = local mass transfer coefficient (ms '), a = 

gas bubbles’ specific interfacial area (m-1), C*L = concentration o f  dissolved ozone in

dissolved ozone in the bulk liquid (mgL ’). O zone gas diffuses much faster in the gas

, , D 0  k
H 2 = E 2 = M  = —V  

k
[6.3]
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where: D 0) = m olecular diffiisivity o f  ozone in water (m2s ’), kL = local mass transfer

coefficient (ms“‘), and kw = specific ozone utilization rate constant (s-1). Two distinctive 

regions o f  the location o f  reactions that occur during the ozone mass transfer process 

could be defined (Danckwerts; 1970; Kastanek et al., 1993). For H a(0 .03 , reactions 

would occur in the bulk o f  the liquid, w hile for H a}3.00, reactions would occur at the 

gas-liquid interface o r in the liquid film near the interface. Therefore, for 0.03(H a<3.00,

reactions would occur simultaneously in both regions. For a  first-order irreversible 

reaction, Equation 6.3 is only applicable when M »  1 (Danckwerts, 1970). This is 

usually the case for fast or instantaneous irreversible first-order reactions with no bulk 

liquid concentration where the driving force for the mass transfer will be maximized. For 

such a case, Equation 6.2 would become:

v|/ = E kLaC‘L [6.4]

where: Ek[.a = enhanced overall mass transfer coefficient (s-1). For wastewater ozonation, 

we could assume that both ozone auto-decomposition and its reactions with the organic 

and inorganic constituents in wastewater could be lumped together in one rate constant 

(kw) (Zhou and Smith, 1999). During the ozonation o f  surface water, little enhancement 

o f  the mass transfer rate will occur leading to a lower value o f  M compared to those 

values encountered in wastewater ozonation. As a result, Equation 6.2 becomes:

v|/ = k LaVl + M[C*L - 7 ^ 7 7  I t6-5]
^ 1 + M J

For surface w ater ozonation and assum ing that ozone reactions with the various 

impurities that are present in water follow an irreversible first-order kinetics, the effect o f  

chemical reactions on the mass transfer coefficient can be neglected when M «  1 

(Danckwerts, 1970; Gamal El-Din and Smith, 2000b). As a  result, the ozone gas 

absorption process can be dealt with as a pure physical absorption process as described 

by Equation 6.2.
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6.3 OUTLINE OF THE MATHEMATICAL M ODELS AND THE NUM ERICAL 

SOLUTIONS TECHNIQUES

6.3.1 Axial Dispersion Model (ADM)

The ADM visualizes the flow o f  fluids in tubular bubble columns as a plug flow on 

top o f  which a diffusion-like process is superim posed (Levenspiel, 1972). When 

modeling two-phase flows in bubble columns, several assumptions should be considered 

for the development and the formulation o f  the ADM. Detailed presentation o f  those 

assumptions can be found elsewhere (Zhou et al., 1994; Gamal El-Din and Smith, 

2000a). Considering the control volume shown in Figure 6.2, and conducting mass 

balance analyses in the liquid and the gas phases and applying mathematical 

manipulations, one can obtain the non-linear differential equations representing the ADM 

as reported before by Zhou et al. (1994) and Gamal El-Din and Smith (2000a). The ADM 

equations are presented in Table 6.1 and the dim ensionless parameters pertaining to those 

equations are presented in Table 6.3.

Liquid phase Gas phase

Liquid flow Gas flow

- D

Interphase mass 
transfer

L.f- D

Liquid and 
convectionLiquid dispersion

= L

1

df

T

t  =0

Figure 6.2 Schematic representation o f  the co-current ADM.
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Table 6.1 Mathematical representation o f  the ADM  (Zhou et al., 1994; Gamal El- 

Din and Smith, 2000a).

Fluid phase Equations

Aqueous ozone
i d-x , s x  VT+MStL/_ _w  ( s t L v -  + a —  + ------------ (p  -aZ )Y  -  —L_ + D, X

PeL dZ2 dZ p IVl + M J =  0

Gaseous ozone
BY S tf

s z  P ( l - y 0)0-y .Y )2 V T T M (p -aZ )Y -l f £ = X  
VI + M

=  0

l/lco
■aeou
ca

T3c
3o
•auaio
•auaio

0 e  
rs
S o
1  S01ou

at Z = 0 :

X , r = X |z=o-
i ax

P eL az z=o

Y  = 1

at Z = 1:

ax
az

= o
z=i

£0 c:
cu
t
3u1u.
i i a
3OU

<u•oo

at Z = 0 :

ax
^  z=0 

Y = 1

=  0

at Z = 1:

x L , = x jnf- i ax
PeL az Z=l

Note:

a ' = -1  for co-current flow mode 

a ' = +1 for counter-current flow mode 

M = 0 for surface water treatment 

M > 0 for wastewater treatment

As shown in Table 6.1, the ADM  is described mathem atically by a set o f  two non

linear partial differential equations that were solved num erically by applying a backward 

(upwind) finite difference scheme to transform those equations into non-linear algebraic 

equations. In the finite difference scheme, the total height o f  the column along the 

direction o f  the main liquid flow was divided into 50 elements. As a result, 51 nodes were
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used and that led to 102 equations in addition to the boundary conditions’ equations. 

Those equations were solved num erically using the Newton Raphson technique by 

utilizing the TKSOLVER™  software. The program executed until a user-specified 

com parison tolerance o f  10~6 was satisfied. The program execution time was under a 

minute using a 366 MHz processor.

6.3.2 Back Flow Cell Model (BFCM )

The BFCM is another mathematical m odel that is used to describe the performance 

o f  ozone bubble columns. The BFCM  hypothesizes a back flow (QB) in the opposite 

direction to the main liquid flow (Q l) and an exchange flow (Q b ) in the main direction o f  

the liquid flow (Zhou and Smith, 1994; G am al El-Din and Smith, 2000b). Those two 

flows are used to characterize the axial dispersion in the liquid phase.

Gas phase Liquid phase

BFCM

^  Back flow 

Q l + Q b

V G .j-l |  /  i

Interphase mass transfer q
Exchange flow

G.O

Figure 6.3 Schematic representation o f the co-current BFCM.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

Table 6.2 M athematical representation o f  the BFCM (Gamal El-Din and Smith, 

2000b).

Fluid phase Equations

Aqueous ozone

j = l:

a ,X 0 1 + r + D + L l x ,  + (a , + r)X ,
v. 1 + M /

W l  + M S t^ l  + y j v ,  = 0  

2 < j < Nbfcm—1:

(a 2 + r )X H ^l + 2r + Da + 1 + M j X j + (a i + r )x j+i 

+ Vl + MSt L [l + a ( j  -  0.5)]Yj = 0 

j = NbFCM!

(  St 'I 
a,X„ + (a, + r)X NifcM_, ^1 + r + D, + (+  ^  j x , nmi

W l  + M S tL[l + a(N BFCM -0 .5 )]Y S to  = 0

Gaseous ozone

j = j :

( 1 + a O - l  5))qc.H VH  - (1 + a ( j - 0.5))qOjY,

r X 1
- y l l + M S tG (l + a ( j - 0 .5 ) ) Y ,------- i -  = 0

G v v ”  J 1 + M

Total gas

j = j :
(l + a ( j  - 1.5))qGH -  (l + a ( j  -  0.5))qaj

- V l  + M S tGy 0 (l + a ( j  -  0.5))Yj -  ——rr
1+ M

= 0

Closed-closed boundary 

conditions

c
v  -  Linf V  — 1 a - 1  A o — p* > ‘ o 1 » 4 g .o — 1

'-'Lo

Note:

ai = 0 and a2  = +1 for co-current flow mode 

ai = +1 and a2 = 0 for counter-current flow mode 

M = 0 for surface water treatment 

M > 0 for wastew ater treatment
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Figure 6.3 represents a BFCM schematic for co-current flow conditions in bubble 

columns w here the back flow ratio (Qb/Q l) is equal to the exchange flow ratio and both 

are assumed to remain constant along the column height. The BFCM consists o f  two 

series o f  com pletely mixed cells in which one series represents the liquid phase and the 

other represents the gas phase and each has a number o f  cells equal to N b f c m  

(M ecklenburgh and Hartland, 1975; Deckwer and Hallensleben, 1980). The same 

assumptions that were used to develop the ADM equations were used to develop the 

BFCM equations. Considering the BFCM schematic shown in Figure 6.3 and conducting 

mass balance analyses for the liquid and gas phases and applying mathematical 

manipulations, one can obtain the non-linear algebraic equations representing the BFCM 

as reported before by Gamal El-Din and Smith (2000b). The BFCM equations are 

presented in Table 6.2 and the dimensionless parameters pertaining to those equations are 

presented in Table 6.3. As shown in Table 6.2, the BFCM  is described m athem atically by 

a set o f  3 x N b f c m  non-linear algebraic equations. Those equations were num erically 

solved using the Newton Raphson technique by utilizing the TKSOLVER™  software. 

Compared to the ADM, the BFCM was easier to formulate and solve as a result o f  the 

BFCM equations being in a non-linear algebraic form while the ADM non-linear 

differential equations had to be transformed first into non-linear algebraic form before 

applying the Newton Raphson technique to obtain their solutions.

It should be noted that the BFCM and the ADM  describe the backm ixing o f  the 

liquid phase using different mixing parameters (PeL, and r). Those param eters are 

interrelated by the following relationship (Mecklenburgh and Hartland, 1975):

N  D f  Nr = — -  0.5 = -bW V c M  _  Q 5 [6 6]
PeL u l L

where: N b f c m  = number o f  cells in series, r = ^ -  = back flow ratio = exchange flow ratio
Q l

(dimensionless), PeL = Peclet number (dimensionless), D l = liquid-phase axial dispersion
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coefficient (m2s '), e l  = liquid-phase hold-up (dimensionless), and u l = superficial liquid- 

phase velocity (ms-1).

Table 6.3 Dimensionless param eters pertaining to the ADM and the BFCM.

Dimensionless parameter ADM BFCM

Z e/L (J -0 .5 )/N bfcm

a pg£LL/PT -pgELL/NBFCMPo

P 1+a

r Qb/Q l

PeL ulL/Dl£l

StL ki_aL/uL k[_aL/NBFCMUL

Sto (kLaL/uG,0)(RT/H) (k|,aL/NBFCMUG,o)(RT/H)

Da kwe LL/uL kw£LL/NBFCMUL

M D kw/k* DKJki

X,Xj C ^/C 'uo C u i'C ’u,

Y.Yj y ,/y 0 yj/yo

qc.j Qgj/Q g.O

6.4 OPERATING CONDITIONS FOR MODELS TESTING AND NUM ERICAL

ANALYSES

6.4.1 W ater Treatment

The ADM and the BFCM  were tested, for the ozone applications in water treatment, 

using the pilot-scale experimental data o f  Zhou (1995). The pilot-scale bubble colum n 

used in those experiments was a cylindrical glass column with an inside diameter o f  100 

mm and a  height o f 2000 mm. The water depth was kept constant at 1750 mm using an 

overflow weir. A 25 mm spherical fused crystalline aluminum stone was utilized as the 

gas sparger. Detailed information on those experiments and their operating conditions can 

be found in Zhou (1995). The operating conditions for the co-current and the counter- 

current flow modes are shown in Table 6.4. Based on the kinetics experiments conducted

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

by Zhou (1995) to characterize the ozone decay process in deionized water, the pseudo- 

first-order specific ozone utilization rate constant (kw) was found to be equal to 4.7 x 10" 4  

s'*.

Table 6.4 Operating conditions for the co-current and counter-current flow modes

(water treatment).
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DW4 1.1E-04 5.0E-06 1.98 2 1 1 0 34.5 —0.21 7.2

DW5 n l . lE - 0 4 3.7E-05 0.26 2 1 1 0 17.9 0.06 0.9

DW9 4.6E -05 3.1E-05 0.25 2 1 1 0 4.6 1 . 6 6 0.9

DW17 4.6E -05 5.3E-06 1.54 2 1 1 0 10.5 0.45 5.6

1 11 +
DW18 4.6E -05 3.1E-05 0.25 2 1 1 0 5.4 1.37 0.9

6.4.2 Wastewater Treatm ent

During the ozonation o f  Kraft pulp mill effluents, the overall pseudo-first-order 

ozone specific utilization rate constant (kw) ranged from 1,000 to 5,000 s- 1  and the 

enhancement factor (E) ranged from 2 to 10 (Zhou and Smith, 1999). A lso, the local mass 

transfer coefficient (kL.) ranged from 0.066 to 0.093 ms - 1  and the overall mass transfer 

coefficient (kL.a) ranged from 8.3 x 10" 3 to 2.5 x 10” 2  s”1.

In order to exam ine the effects o f  PeL and kLa on the dissolved ozone, gaseous 

ozone, and superficial gas velocity profiles in bubble columns for w astew ater treatment
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applications, the following typical conditions for the operation o f  ozonation systems were 

assigned as the base values for the numerical analyses: column height (L) = 5,000 mm, 

ozone concentration in the feed gas (Co) = 1 % (w/w %), applied ozone dosage = 1.35 

mg/L, mean hydraulic detention time = x = 180 s, PeL = 5.0, kw = 0.5 s”1, kLa = 5 x 10~3 

s_1, kL = 8 x 10-4 ms-1, bubble column aspect ratio = L/D = 12.5, and gas-to-liquid flow 

ratio (G/L) = 0.1. The H enry’s law constant (H ) was set equal to 0.22 kPaLm g-1 (Sotelo 

et al., 1989). The liquid-phase temperature was assumed to be 20 °C. The basic model 

input parameters were then calculated and for the ADM as an example they were as 

follows: Peclet number (Pcl) = 5.0, liquid-phase Stanton number (StL) = 0.9, gas-phase 

Stanton number (StG) = 2.07, Damkohler num ber (Da) = 89, M = 0.037, a  (see Table 6.3) 

= 0.48, and the dimensionless mole fraction o f  ozone in the feed gas (yo) =  0.00675. The 

relatively low values o f  kw and M were chosen for the models’ simulations to investigate 

the effect o f  chemical reactions when they occur simultaneously near and/or at the gas- 

liquid interface and in the bulk liquid as it is usually the case when treating wastewaters 

that have relatively low reactivity towards ozone. The basic value assigned for PeL 

represents the typical mixing conditions that are normally encountered in ozone 

contactors o f  similar aspect ratios to the one assumed for the models’ simulations. With 

respect to kLa, the chosen value o f  5.0 x 10~3 s"1 represents the ozone mass transfer 

conditions that are usually encountered in wastewaters o f  relatively low reactivity 

towards ozone. The sensitivity analyses o f  the m odels’ predictions to changes in PeL and 

kLa, respectively, were performed by varying each one o f  the two param eters while 

maintaining the other one constant.

6.5 RESULTS AND DISCUSSION

6.5.1 Water Treatment: Initial Testing o f  the Models

Figures 6.4 and 6.5 for the co-current and the counter-current flow modes, 

respectively, illustrate the applicability o f  the steady-state ADM and BFCM  to describe 

the performance o f  ozone bubble columns in which conventional fine bubble diffusers 

were used as the gas spargers.
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Figure 6.4 Comparison between the predicted and the measured dissolved ozone 

concentrations in  a co-current bubble column for w ater treatment 

applications.
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Figure 6.5 Comparison betw een the predicted and the measured dissolved ozone 

concentrations in a counter-current bubble column for w ater treatment 

applications.
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The two m odels predicted virtually identical dissolved ozone concentration profiles 

except for run DW 5 (co-current flow mode), w here the two models w ere slightly 

different in their predictions in the vicinity o f  the colum n entrance (first quarter o f  the 

total column height). That could be explained by  the concentration jum p (due to the 

backmixing) predicted by the ADM at the column entrance being somewhat h igher than 

it should be as a result o f  assigning a  lower value to the PeL as one o f  the operating 

parameters in the ADM  simulations. Generally, the two models were capable o f 

providing good predictions o f  the dissolved ozone concentration profiles w ith the 

exception o f  few data points where the predicted concentrations were slightly deviated 

from the measured concentrations.

6.5.2 W astewater Treatment

The dissolved ozone, gaseous ozone, and superficial gas velocity profiles were 

virtually identical for the co-current and the counter-current flow modes w ith the 

exception that the dissolved ozone concentration profiles did not exhibit a concentration 

jum p near the bottom  o f  the column for the case o f  ADM predictions in the counter- 

current flow mode. As shown in Figures 6.6 to 6.9, the profiles o f the dissolved ozone, 

the gaseous ozone, and the superficial gas velocity are presented as functions o f  the 

dimensionless axial co-ordinate (Z) in the co-current flow mode. The effects o f  the 

superficial liquid velocity ( u l )  and the superficial gas velocity ( u g )  were investigated 

together by studying the effects o f  the overall m ass transfer coefficient (kLa). This is 

because the liquid-phase dimensionless Stanton number (StL) and the gas-phase 

dimensionless Stanton number (Stc) take into account the effects o f  u l  and ug, 

respectively, and both StL and StG are directly proportional to kLa.

As shown in Figure 6.6 and Figure 6.8, the A D M  predicted a peak o f  the dissolved 

ozone profiles near the bottom  o f  the column (Z(0.1). This concentration jum p is due to 

the boundary condition applied at the column inlet under the co-current flow conditions. 

The same phenom enon was reported before by several researchers (Levenspiel, 1972; 

Zhou et al., 1994; Zhou and Smith, 1994; Zhou, 1995; Gamal El-Din and Sm ith, 2000a).
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The BFCM did not predict the same concentration jum p due to the fact that only 10 cells 

were used for the model simulations and complete mixing was assum ed to take place in 

each cell. The dissolved ozone concentration profiles started from their highest points 

near the bottom o f  the colum n then monotonically decreased along the column height. In 

both models’ predictions, the gradient o f  the dissolved ozone profiles exhibited a 

decreasing trend near the bottom o f the column, followed by an increasing trend. The two 

models were more sensitive to changes in kLa than changes in PeL in their predictions o f  

the dissolved ozone profiles.

0.012
 ADM

— BFCM

0.008

a
mlu

u
PeL = 1.00.004

0.000
1.000.60 0.800.400.200.00

Dimensionless column height, Z

Figure 6.6 Effect o f  PeL on the dissolved ozone profiles in the co-current flow mode 

for w astew ater treatment applications ((PeL = 1.0, 2.5, 5.0, 10.0, 20.0, and 

0 0 ), Da = 89, kLa = 5.0 x 10 '3 s‘ \  M = 0.037, a  = 0.48, and y0 = 0.00675).

The effect o f  backm ixing, characterized by PeL, on the dissolved ozone profiles are 

shown in Figure 6.6. As PeL increased, the extent o f  backmixing decreased as the liquid 

flow was approaching plug flow conditions. Therefore, the dissolved ozone profile 

became steeper and the peak o f  the profile increased. Also as PeL increased and at a 

dimensionless co-ordinate beyond Z = 0.25, the dissolved ozone concentration profiles 

became steeper leading to lower effluent-residual ozone concentrations.
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Figure 6.7 Effects o f  PeL on the gaseous ozone and the superficial gas velocity 

profiles in the co-current flow mode for wastewater treatm ent applications 

((PeL = 1-0, 2.5, 5.0, 10.0, 20.0, and <»), Da = 89, kLa = 5.0 x 10 '3 s '1, M = 

0.037, a  =  0.48, and y0 = 0.00675).

This phenomenon could be explained by the fact that most o f  the gaseous ozone 

would be consumed before reaching the end o f  the column height, and thus, resulting in a 

lower driving force for the mass transfer process and causing lower ozone residuals in the 

effluent. Regarding the predictions o f  the ADM and the BFCM, the effect o f  PeL was 

higher in the range o f  PeL from 1.0 to 2.5 than in the range o f PeL from 2.5 to infinity. 

With respect to the effect o f  PeL and compared to the BFCM, the ADM predicted higher 

dissolved ozone concentrations with the exception in the top quarter o f  the column where 

it predicted lower concentrations.

As shown in Figure 6.8 and as kLa increased from 1 x 10'3 to 5 x 10~3 s '1, an 

increase in the dissolved ozone concentrations occurred along the entire height o f  the 

column. Then as kLa increased from 5 x 10'3 to I x 10“2 s '1, an increase in the dissolved 

ozone concentrations occurred in the bottom half o f  the column. Finally, as kLa increased 

from 1 x 10'2 to 2 x 1 0 '2 s ' 1, an increase in the dissolved ozone concentrations occurred
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in the bottom quarter o f  the column. Based on these observations, more efforts should be 

directed towards enhancing the m ass transfer process in the vicinity o f  the column 

entrance that could lead to higher treatm ent levels in ozone bubble columns. Therefore, 

the use o f  new gas sparging techniques such as venturi injectors could improve the mass 

transfer process, and consequently, lead to higher ozonation treatment levels. The venturi 

injectors can be used to create tw o-phase impinging turbulent je ts in the ambient fluid 

that can lead to an increase in the mass transfer rates by maximizing the turbulence 

produced in the liquid phase.

0.030

kLa = 2.0 x 10*1 s  ADM
- — BFCM0.025

0.020

O  0.015

kLa = 1.0 x 10 3 s
0.010

0.005

0.000
0.80 1.000.40 0.600.00 0.20

Dimensionless column height, Z

Figure 6.8 Effect o f  kLa on the dissolved ozone profiles in the co-current flow mode 

for wastewater treatm ent applications ((kLa = 1.0 x 10~3, 3.0 x 1(T3, 5.0 x 

10~3, 7.0 x 10"\ 1.0 x 10~2, 1.5 x 10~2, and 2.0 x 10“2 s_I), PeL = 5.0, Da = 

89, M = 0.037, a  = 0.48, and yo = 0.00675).

As shown in Figure 6.8 and regarding the effect o f  kLa, the ADM predicted higher 

dissolved ozone concentrations than those predicted by the BFCM with the exception in 

the top h a lf o f  the column where it predicted lower concentrations.
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Figure 6.9 Effects o f  kLa on the gaseous ozone and the superficial gas velocity

As shown in Figure 6.7 and Figure 6.9, the two m odels predicted that the gaseous 

ozone concentration profiles would decrease monotonically along the column height as 

the ozone in the gas phase would be continuously depleted along the column height 

during the gas absorption process. The axial gradient o f  the gaseous ozone profiles 

exhibited an increasing trend along the column height. As shown in Figure 6.9 and at 

higher kLa values, the decreasing trend o f  the gaseous ozone profile was faster. This 

could be explained by the mass transfer rates being high enough to cause faster depletion 

o f  the gaseous ozone.

As shown in Figure 6.7 and Figure 6.9, both m odels were sensitive in their 

predictions o f  the gaseous ozone profiles to changes in kLa w hile the predicted gaseous 

ozone profiles were virtually insensitive to changes in PeL- As shown in Figure 6.7 and 

Figure 6.9, the two models predicted that the superficial gas velocity would increase

profiles in the co-current flow mode for w astew ater treatment applications 

((kLa = 1.0 x 10“3, 3.0 x 10 '3, 5.0 x 10"3, 7.0 x 10"3, 1.0 x 10"2, 1.5 x 10 '2, 

and 2.0 x 10"2 s-1), PeL = 5.0, Da = 89, M =  0.037, a = 0.48, and yo =

0.00675).
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monotonically along the column height with both models being slightly sensitive to 

changes in kLa and virtually insensitive to changes in PeL- The BFCM predicted slightly 

higher superficial gas velocities than those predicted by the ADM . As Z increases, the 

mass transfer rate would decrease and further ozone gas depletion would occur leading to 

gas-phase shrinkage. A lso, a  gas-phase expansion would occur due to the decreasing 

hydrostatic pressure along the column height. The effect o f  the gas-phase expansion 

would be higher than that o f  the gas-phase shrinkage, and as a result, the superficial gas 

velocity would increase along the column height. Generally, the gradient o f  the 

superficial gas velocity profiles exhibited an increasing trend along the column height.

In the co-current and the counter-current flow modes, the maximum predicted 

dissolved ozone concentration was observed at the highest kLa. Under the same operating 

conditions and in the counter-current and the co-current flow modes, the two models 

predicted virtually identical dissolved ozone concentrations (0.13 and 0.11 mgL-1, 

respectively) at the highest kLa (2 x 10-2 s-1). These predicted low dissolved ozone 

concentrations are in agreem ent w ith the experimental observations o f  Zhou and Smith 

(1997 and 2000).

The predicted off-gas ozone concentration ranged from 9.50 to 0.02 mgL-1 at kLa 

ranging from 1 x 10-3 to 2 x 10-2 s-1 which suggests that m ost o f  the amount o f  the 

applied ozone would be absorbed near the bottom of the ozone contactor. During the 

ozonation experiments conducted by Zhou and Smith (2000) on Kraft pulp mill effluents, 

the enhancement factor (E) was > 2 (i.e., M > 4) and the typical kLa value was 1.7 x 10-2 

s-1. Under such high M and kLa conditions, they reported that the off-gas ozone 

concentration was always below the detection limit (0.03 m gL-1) o f  the modified KI 

method. Those observations by Zhou and Smith (2000) are in agreem ent with the current 

m odels’ predictions o f  the off-gas ozone concentrations under high kLa conditions.
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6.6 CONCLUSIONS

The axial dispersion model (ADM) and the back flow cell model (BFCM) have 

proven to be sufficient and reliable in their predictions o f  the performance o f  ozone 

bubble columns, however, the BFCM was easier to  formulate and solve.

For wastewater treatm ent applications and w ith all the operating conditions being 

the same, the ADM and the BFCM predicted that the counter-current and the co-current 

flow modes would exhibit similar characteristics with respect to the dissolved ozone, 

gaseous ozone, and superficial gas velocity profiles. Changes in the backmixing 

coefficient, represented by  changes in PeL, had relatively small effect on the dissolved 

ozone concentration profiles and virtually no effect on the gaseous ozone concentration 

and superficial gas velocity profiles. On the o ther hand, changes in the overall mass 

transfer coefficient (kLa) had large effects on the dissolved ozone and gaseous ozone 

profiles and a very small effect on the superficial gas velocity profiles.

Reliable and accurate quantification o f  the dissolved ozone concentrations is 

essential for achieving optim ized designs and operations o f ozone contactors. Additional 

information on the perform ance o f  the models can be developed through the examination 

o f  their sensitivity to changes in the other operating parameters including kw, and M. The 

sensitivity analyses should be conducted using typical operating conditions that are often 

used in the operations o f  ozone bubble columns.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



140

6.7 REFERENCES

1. Alvarez-Cuenca, M. and M.A. Nerenberg, “Oxygen Mass Transfer in Bubble 

Columns W orking at Large Gas and Liquid Flow Rates”, AIChE J. 27(1): 66-73 

(1981).

2. Alvarez-Cuenca, M., C.G.J. Baker, and M.A. Bergougnou, “Oxygen M ass Transfer 

in Bubble Colum ns”, Chem. Eng. Sci. 35: 1121-1127 (1980).

3. Chang, B.-J. and E.S.K.. Chian, “A Model Study o f  Ozone-Sparged Vessels for the 

Removal ofO rgan ics from Water”, Wat. Res. 15: 929-936 (1981).

4. Danckwerts, P.V., Gas-Liquid Reactions (NY, USA: McGraw-Hill, Inc., 1970).

5. Deckwer, W.-D. and J. Hallensleben, “Exclusion o f  Gas Sparger Influence on Mass 

Transfer in Bubble Columns”, Canadian J. Chem . Eng. 58: 190-196 (1980).

6. Gamal El-Din, M . and D.W. Smith, “Designing Ozone Bubble Columns: A 

Spreadsheet Approach to Axial Dispersion Model”, Proc. of IOA/PAG Conf.: 

Advances in Ozone Technology, Orlando, FL, USA, 2000a.

7. Gamal El-Din, M. and D.W. Smith, “O zone Mass Transfer in W ater Treatment: 

Hydrodynamics and Mass Transfer Modeling o f  Ozone Bubble Colum ns”, Proc. of 

the Water Supply and Water Quality Conf, Krakow, Poland, 2000b.

8. Hull, C.S., P.C. Singer, K. Saravanaan, and C.T. Miller, "Ozone Mass Transfer and 

Reaction: Com pletely Mixed Systems”, Proc. of the Annual AWWA Conf: Water 

Quality, Vancouver, BC, Canada, 1992.

9. Kastanek, J., J. Zahradnik, J. Kratochvil, and J. Cermak, Chemical Reactors for 

Gas-Liquid Systems (Chichester, England: Ellis Horwood, 1993).

10. Langlais, B., D.A. Reckhow, and D.R. Brink, Ozone in Water Treatment: 

Application and Engineering (MI, USA: Lewis Publishers, Inc., 1991).

11. Laplanche, A., N. Le Sauze, G. Martin, and B. Langlais, “Simulation o f  Ozone 

Transfer in Water: Comparison with a Pilot Unit” , Ozone Sci. & Eng. 13(5): 13, 

535-558(1991).

12. Levenspiel, O., Chemical Reaction Engineering, 2nd ed. (NY, USA: John Wiley 

and Sons, Inc., 1972).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

13. Lev, O. and S. Regli, “ Evaluation o f  Ozone Disinfection Systems: Characteristic 

Contact T im e T”, J. Environ. Eng., ASCE 118(2): 268-285 (1992).

14. Mecklenburgh, J.C. and S. Hartland, The Theory of BackmLxing, (New York, NY, 

USA: John Wiley and Sons, Inc., 1975), pp. 1-32.

15. Sotelo, J.L ., F J . Beltran, F.J. Benitez, and J. Beltran-Heredia, “Henry’s Law 

Constant for the Ozone-W ater System”, Wat. Res. 23: 1239-1246 (1989).

16. TKSOLVER™ , Release 3.32, Universal Technical Systems, Inc., IL, USA (1997).

17. Watt, R .D., E.J. Kirsch, and C.P.Jr. Leslie Grady, “Ozone Consumption Kinetics in 

Filtered Activated Sludge Effluents: A Modified Approach”, Wat. Res. 23: 471-480 

(1989).

18. Zhou, H. and D.W. Smith, “ Applying Mass Transfer Theory to Study the Kinetics 

o f  Fast O zone Reactions in Pulp Mill Effluents”, Proc. o f the 14th Ozone World 

Congress, Detroit, MI, USA, 1999.

19. Zhou H. and D.W. Smith, “Ozonation Dynamics and its Implications for Off-Gas 

Ozone Control in Treating Pulp Mill Wastewaters” , Ozone Sci. Eng. 22: 31-51 

(2000).

20. Zhou, H. and D.W. Smith, “Process Parameter Developm ent for Ozonation o f  Kraft 

Pulp M ill Effluents”, Wat. Sci. & Technol. 35(2-3): 251-259 (1997).

21. Zhou H. and D.W. Smith, “Theoretical Analysis o f  Ozone Disinfection 

Performance in a Bubble Colum n”, Ozone Sci. Eng. 16: 429-441 (1994).

22. Zhou, H ., Investigation of Ozone Disinfection Kinetics and Contactor Performance 

Modeling: Ph.D. Thesis (Edm onton, AB, Canada: University o f  Alberta, 1995).

23. Zhou, H., D.W. Smith, and S.J. Stanley, “M odeling o f  Dissolved Ozone 

Concentration Profiles in Bubble Columns”, J. Environ. Eng., ASCE 120(4): 821- 

840(1994).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

CHAPTER 7. DESIGNING OZONE BUBBLE COLUMNS: A SPREADSHEET 

APPROACH TO AXIAL DISPERSION MODEL*

7.1 INTRODUCTION

Based on a literature review, it was found that most o f  the models that dealt with 

ozone contactors w ere directed to the water treatm ent applications with very little done to 

model the ozonation process for wastewater treatm ent. M ost o f  the models are two-phase 

flow (i.e., gas-liquid) models that are applied to predict the dissolved and the gaseous 

ozone profiles along bubble columns. In order to simplify the design process o f  ozone 

bubble columns, a large number o f  the models w ere based on one o f the following two 

liquid-phase flow regim es: (1) complete mixing or; (2) plug flow (Alvarez-Cuenca et al., 

1980; Alvarez-Cuenca et al., 1981; Chang and Chian, 1981; Laplanche et al., 1991; Hull 

et al., 1992; Lev and Regli, 1992). Although, the actual flow pattern in bubble columns is 

usually closer to being mixed flow rather than plug flow, but still not completely mixed 

flow. Zhou et al. (1994) modeled the performance o f  ozone bubble columns by using the 

2P-ADM and an elaborate numerical technique was needed to solve the model equations. 

The 2P-ADM dem onstrated excellent capability o f  predicting the dissolved ozone 

profiles in bubble columns.

The design o f  ozone bubble columns usually encounter two major sources o f 

uncertainties: (1) the complications and unreliable methods utilized for measuring and 

estimating operating parameters o f  bubble columns; and (2) the application o f  the 

pertinent design model, particularly, when designing an ozonation treatment facility for a 

complicated chemical system such as the effluents from the pulping and bleaching 

processes. Although constructing ozone contactors is an easy task, optimizing their 

operations is not as simple. The operating param eters o f  ozone contactors are interrelated 

and thus, they cause difficulty in the design, operation, and scale-up. Therefore, reliable 

and accurate methods o f  measuring and estim ating such parameters should be applied.

A version o f  this chapter has been accepted for publication. Gamal El-Din, M. and D.W. 
Smith, Ozone Sci. &  Eng. (June 2001).
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A number o f  processes occur simultaneously during the ozonation process. Those 

processes are: the convection and the backmixing processes o f  the liquid and gas phases 

flowing through the contacting chamber; the ozone gas mass transfer process; the ozone 

auto-decomposition process, and the competitive reactive processes o f  the constituents in 

w ater and wastewater with dissolved ozone (Zhou et al., 1994). Besides those processes, 

the contactor configuration, the operating conditions, and the w ater or wastewater quality 

influence the overall performance o f  the ozonation process (Zhou, 1995). For any 

ozonation system, it is crucial to quantify the dissolved ozone to achieve reliable rational 

design and optimum operation o f  ozone contactors. Meanwhile, quantifying the gaseous 

ozone, i.e., the ozone off-gas leaving the contactor, is essential for achieving optimum 

and reliable design o f  the off-gas destruction facilities.

Several studies have been conducted to study the fundamentals o f  the processes that 

control the performance o f  ozone contactors in water treatment over the past decades 

with a fewer number o f  studies aimed at investigating the ozone mass transfer 

mechanisms and the effect o f  chemical reactions on the rate o f  ozone absorption when 

treating industrial wastewater. Heinzel et al. (1992) could not detect any dissolved nor 

gaseous ozone when they studied the ozonation o f  the wastewater generated from the 

chlorine bleaching and the proceeding alkaline extraction processes after being passed 

through a biological treatment. As the ozone dose increased to 250 mgL-1 or higher, 

ozone off-gas began to exit the system and it was detected at levels that increased 

gradually as the ozone dose increased. M eanwhile, as the ozone dose reached 500 mgL-1 

o r higher, they started detecting dissolved ozone. Similar observations were reported by 

Beltran et al. (1995) as they investigated the ozonation o f  distillery and tomato industrial 

wastewater in a laboratory-scale bubble column. During the ozonation o f  pulp mill 

effluents, Zhou and Smith (2000) simulated the pilot-scale bubble column operations in 

the counter-current and the co-current flow conditions using a number o f  CFSTR’s in 

series ranging from 8 to 39. The ozone off-gas concentrations w ere predicted to be lower 

than 0.01 mgL-1 while the measured concentrations were lower than 0.03 mgL-1. The low 

off-gas concentrations could be a result o f  the initial chemical reactions being fast enough 

for the dissolved ozone to be completely depleted at the gas-liquid interface and/or within
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the liquid film during the course o f  ozonation o f  Kraft pulp mill effluents as reported 

before by  Zhou and Smith (1997). Consequently, the dissolved ozone gradient became 

steeper than the gradient o f  the maximum physical ozone absorption process. Based on 

that, they assumed that the  fast or instantaneous-reaction regime prevailed for the gas 

absorption process when ozonating pulp mill effluents. Two distinct reaction kinetics 

regimes w ere defined as show n in Figure 7.1: (1) the slow-reaction kinetics regime; and 

(2) the fast o r instantaneous-reaction kinetics regime. In the fast-reaction kinetics regime 

and because o f  the low dissolved ozone concentrations, the driving force o f  the mass 

transfer process is increased and also the local mass transfer coefficient is enhanced by an 

enhancem ent factor (E). T his factor is defined as the actual rate o f  mass transfer with the 

occurrence o f  chemical reactions divided by the maximum rate o f  physical absorption 

with no occurrence o f  chem ical reactions.

Gas-liquid interface Gas-liquid interface

Liquid phase L( 

Pure physical absorption

Liquid phase
LOLO

Maximum physical 
absorptionGas phase Gas phase

LI

L2

a- slow-reaction regim e b- fast o r instantaneous-reaction regime

Figure 7.1 Reaction kinetics regimes for ozone absorption process (adapted from 

Zhou and Sm ith, 1997).

This chapter presents: (1) a detailed formulation o f  the one-phase axial dispersion 

model (IP-A D M ) to provide a simple and accurate method to predict the performance o f  

the counter-current and th e  co-current ozone contactors for ozone applications in water 

and w astew ater treatment; and (2) initial model testing for ozone applications in water 

treatment using the pilot-scale experimental data o f  Zhou (1995).
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7.2 DISPERSION MODELS FOR TW O-PHASE FLOWS

7.2.1 Process F undamentals

There are several models that account for backmixing in the liquid phase. Among 

those models that are available for predicting the performance o f  bubble columns, is the 

axial dispersion model (ADM). In the ADM , a diffusion-like process is assumed and 

superimposed on a plug flow (Levenspiel, 1972). An empirical F ick’s law is applied by 

replacing the m olecular diffusion coefficient by the axial dispersion coefficient (D l) as 

the mixing parameter:

dC
Diffusive mass flux = -D , — -  [7.1]

d£

where: C l = dissolved ozone concentration (m gL-1) and D l = axial dispersion coefficient 

(m 2s-1). In the D l ,  the effects o f the non-uniform  velocity profile (shear dispersion), the 

molecular, and eddy diffusivities are lumped together.

The overall ozone auto-decomposition rate is influenced by the concentration and 

the history o f  the ozonation process and this ozone auto-decomposition process could be 

represented by a  modified pseudo-first-order rate expression (Yurteri and Gurol, 1988; 

Oke et al., 1998). In the experimental study o f  O ke et al. (1998), it was shown that the 

commonly used first-order kinetics expression with a constant reaction rate constant was 

inadequate in describing the ozone auto-decomposition process especially in situations 

where the initial ozone demand was significant. It was demonstrated that the reaction rate 

constant was continuously decreasing along the course o f  ozonation as a result o f  the 

changes in the w ater characteristics. As a  result, an exponentially decreasing function was 

proposed as a better alternative to describe the ozone auto-decomposition kinetics (Oke et 

al., 1998). In that expression, the reaction rate constant was replaced by a variable 

referred to as the specific ozone utilization rate constant (kw) that is a function o f  the 

utilized ozone dose (AO3 ):
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^  = -k .CL= -(k ,+ k!e MO>)cL [7.2]

where: C l = instantaneous dissolved ozone concentration (mgL-1), kw = specific ozone 

utilization rate constant (s-1), ki = empirical non-linear regression constant (s-1), k2 = 

empirical non-linear regression constant (s-1), k3 = empirical non-linear regression 

constant (Lmg-1), t =  reaction time (s), and AO3 = amount o f  the utilized ozone (m gL-1). 

k[, k2, and k3 are empirical constants that can be obtained by applying non-linear 

regression analysis to the kinetics data and they are also characteristics o f  the water to be 

treated. As shown in Equation 7.2, as the utilized ozone dose increases along the course 

o f  ozonation kw will decrease. At the beginning o f  the ozonation, i.e., when the am ount o f  

the utilized ozone is zero, kw is equal to ki + k2 as the ozone decay process is only 

attributed to the initial ozone demand. In the Oke et al. (1998) study and for clean 

deionized water, the initial ozone demand w as practically equal to zero and therefore, kw 

could be assumed constant during the course o f  the ozonation.

The two-film model is usually used to describe the absorption o f  ozone gas from the 

gas phase into the liquid phase. In this model, the gas-absorption rate (ip) is defined as:

v(/ = k La (c ‘L - C L) [7.3]

where: \\i = gas-absorption rate (mgL- 1s-1), kL = local liquid mass transfer coefficient 

(ms-1), a = specific gas bubbles’ interfacial area (m- 1),C*L = concentration o f  the 

dissolved ozone in equilibrium with the bulk ozone gas (mgL-1), and C l = concentration 

o f  the dissolved ozone in the bulk liquid (m gL-1). Due to the fact that ozone gas diffuses 

much faster in the gas phase than in the liquid phase, the mass transfer in the liquid phase 

is assumed to be the rate-controlling step. Consequently, the overall mass transfer 

coefficient (kLa) is considered to entirely consist o f  the local mass transfer coefficient in 

the liquid phase.
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7.2.2 Mass Transfer Process with Chemical Reactions

Chemical reactions occur during the ozonation o f  wastewater. In such applications, 

the dimensionless squared Hatta num ber (H^ = M ) is often applied to compare between 

the amount o f  dissolved gas that reacts at the gas-liquid interface o r in the liquid film near 

the interface and the amount o f  dissolved gas that reaches the bulk liquid in an unreacted 

state:

ozone utilization rate constant ( s '1). For pseudo-first-order irreversible reactions, the 

location o f  those reactions that take place during the gas absorption process could be 

classified into two categories (Kramers and W estertrep, 1963; Kastanek et al., 1993). 

Reactions would take place in the bulk o f  the liquid o r at the gas-liquid interface and/or in 

the liquid film near the interface at Ha < 0.03 and Ha > 5.00, respectively (Kramers and 

W estertrep, 1963; Kastanek et al., 1993). Although, generally for bubble columns it can 

also be assumed that at that at Ha > 3.00, reactions would still be fast enough to occur 

predominantly at the gas-liquid interface and/or in the liquid film near the interface 

(Kastanek et al., 1993). Therefore, reactions w ould simultaneously take place in both 

regions at 0.03 < Ha < 3.00. Equation 7.4 is only  applicable in situations w here two

conditions have to be satisfied: ( 1 ) V m  »  1 ; and (2 ) fast or instantaneous irreversible 

first-order reactions with no bulk liquid concentration where the driving force for the 

mass transfer process will be maximized (Danckwerts, 1970). As a result, Equation 7.3 

becomes:

[7.4]

where: H a = E = Vm = dim ensionless Hatta number, kL = local mass transfer coefficient 

(m s"1), Dq3 = molecular diffusivity o f  ozone gas in water (m 2 s_l), and klv =  specific

y  = E k LaC ‘ [7.5]
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where: EkL.a = enhanced overall mass transfer coefficient ( s '1). Zhou and Smith (1999) 

proposed that for wastewater ozonation, both the ozone auto-decomposition and its 

reactions with the organic and inorganic constituents in wastewater could be lumped 

together in a first-order rate constant (kw). Danckwerts (1970) proposed the following 

equation for the conditions when M > 0 and C l > 0:

W hen M »  1 and C l approaches zero (i.e., C L = 0 ) ,  Equation 7.6 reduces to Equation 

7.5. The effects o f  chemical reactions on the local mass transfer coefficient for an 

irreversible first-order reaction could be neglected and the gas absorption could be dealt 

w ith as pure physical absorption when M approaches zero (Danckwerts, 1970). 

Therefore, this assumption is valid when:

(1995). Yurteri and Gurol (1988) reported that kw was in the order o f  2.8 x 10 '3 s ' 1 for the 

tested raw surface water. The diffusivity o f  ozone in w ater was determined by the Wilke- 

Chang formula to be 1.74 x I O'9 m V 1 (at 20 °C) which is comparable to the value of

Substituting for these typical values o f  D, kw, and kL into Equation 7.4 yields squared- 

Hatta numbers o f  8.5 x 10 '6 and 1.4 x 10"4 for the deionized and the surface water, 

respectively. Based on these small Hatta numbers, it can be concluded that the chemical 

reactions that occur during the course o f  clean or surface water ozonation has negligible

[7-6]

[7.7]

kw was reported to be equal to 4.7 x I O'4 s 1 for the deionized water tested by Zhou

1.71 x 10“9 m2s_l obtained using the equation recommended by Johnson and Davis

(1996). kL was reported to be in the order o f  3.1 x 10"4 m s '1 for clean w ater and in the 

order o f  1.9 x KT4 m s '1 for water containing organic substances (Beltran et al., 1997).
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effect on the local mass transfer coefficient and hence, Equation 7.3 will be applied for 

ozone absorption without any modification.

7.2.3 Two-Phase Axial Dispersion Model (2P-ADM )

Zhou et al. (1994) applied the complete two-phase axial dispersion model (2P- 

ADM ) to study the perform ance o f  ozone bubble columns under various operating 

conditions for water treatm ent applications. W hen modeling gas-liquid flows, several 

assumptions govern the developm ent o f  the 2P-ADM  as reported by Zhou et al. (1994). 

The enhancement factor o f  the mass transfer process due to the occurrence of chemical 

reactions was assumed to be negligible (i.e., M = 0) as the absorption o f  ozone gas in 

w ater could be considered to take place in the slow-reaction kinetics regime. For 

wastewater, the fast-reaction kinetics regime was assumed to prevail and the 

enhancement factor (M) was assumed to be higher than 0.

Liquid phase Gas phase

f.  =  L
Liquid flow Gas flow

dC
- D

Interphase mass 
transfer

G.f
- D

= 0

Liquid and gas 
convectionLiquid dispersion

Figure 7.2 Schematic representation o f  the co-current ADM.
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Considering the control volum e shown in Figure 7.2, and conducting m ass balance 

for the liquid and gas phases with respect to the dissolved and the gaseous ozone 

concentrations and applying mathematical manipulations, one can obtain the generalized 

model equations for water and wastew ater treatment applications as presented in Table

7.2.

Table 7.1 Dimensionless param eters that are used to describe the IP-ADM  and the

2P-ADM.

Dimensionless

parameter
1P-ADM/2 P-ADM

Z ilL

a* pgELL/PT

P* 1+a

PeL UlL/DlEl

StL kiaL/UL

Sto (kLaL/uG.0)(RT/H)

Da kvveLL/uL

M Dkw/k-

X c^/cLo

Y y,/y0

Note: ♦ denotes the parameters that are only used in the 2P-ADM.

The boundary conditions pertaining to those equations are the same as those 

described by Zhou et al. (1994). The dimensionless parameters pertaining to those 

equations are presented in Table 7.1. As shown in Table 7.2, the 2P-ADM is described 

m athematically by a system o f  two non-linear partial differential equations that need to 

be solved simultaneously. A numerical technique must be used to solve those equations 

by transforming them into non-linear algebraic equations. Therefore, for the design and 

the process control purposes, solving that system o f  non-linear algebraic equations 

becomes complicated and time-consuming. A simple and accurate model needed to be
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developed to simplify the design process o f  ozone contactors and for the operators o f  

such contactors to use when m odifications to the operating conditions need to be done in 

order to optimize the performance o f  ozone contactors.

Table 7.2 Mathematical representation o f  the 2P-ADM for water and w astew ater

treatment applications.

M
od

el 
eq

ua
tio

ns

A
qu

eo
us

oz
on

e i a'-x + l a x j F T m s , l (  _
PeL dZz dZ p

(  St
—r=^=+ D

W l + M

\
x  = o

/

G
as

eo
us

oz
on

e

—  + , St° . ( l - y . y y
<5Z P 0 - y o)

Vl + M (p -c tZ ) Y - - jJ L = X  
Vl + M

= 0

Note:

I = -1  for co-current flow m ode and I = +1 for counter-current flow mode.

M = 0 for water treatm ent applications.

7.2.4 Development o f the O ne-Phase Axial Dispersion Model (1P-ADM)

The assumptions pertaining to the modified non-isobaric steady-state one-phase 

axial dispersion model (1 P-ADM ) are the same as those used to develop the steady-state 

2P-ADM  with the exception that the I P-ADM describes only the liquid phase. In order to 

account for changes in the superficial gas velocity due to the effects o f  gas shrinkage and 

expansion caused by the gas absorption and depletion and the reduced hydrostatic head, 

respectively, an exponential function was assumed to describe the variation o f  the 

gaseous mole fraction along the colum n height:

yz = y> = y0exP(-a,z) [7.8]

where: yo = gaseous ozone m ole fraction in the gas phase at the column entrance, Z = 

dim ensionless axial coordinate o f  the column, and a, = dimensionless coefficient o f  

gaseous ozone mole fraction decrease along the column height. It was assumed that ai is
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a function o f  Pei., StL, StG, and Da for water treatment conditions and a  function o f  PeL, 

StL, StG, Da, and M for wastew ater treatment conditions. The proposed exponential model 

represented by Equation 7.8 was obtained by fitting an exponential function to the 

theoretical gaseous ozone profiles predicted by  the complete axial dispersion model (2P- 

ADM ) in the study conducted by Zhou et al. (1994) for water treatm ent applications 

under a wide range o f  operating conditions. For wastewater treatment applications, the 

2P-ADM was executed under a wide range o f  operating conditions. Then, the model 

predictions o f  the gaseous ozone profiles were fitted to an exponential function. The 

correlation coefficient (r) ranged from 0.90 to 0.99. The proposed exponential model can 

be considered semi-empirical in its nature since it is based on fitting the exponential 

function to the ozone gas-phase concentration profiles predicted by the 2P-ADM. There 

was an attempt to verify the applicability o f  the exponential model to predict the ozone 

gas-phase concentration profiles. Figure 7.3 depicts examples o f  the gaseous ozone 

profiles for the counter-current and the co-current flow modes for w ater and wastewater 

treatment applications.

1.00 

0.80 

0.60 

0.40 

0.20 

0.00
0.00 0.20 0.40 0.60 0 .80  1.00

Dimensionless column height, Z
♦ Co-current 2P-ADM predicted gaseous 03 (water)
■ Counter-current 2P-ADM predicted gaseous 03 (water)
a  Co-cutTent 2P-ADM predicted gaseous 03 (wastewater)
•  Counter-curTent 2P-ADM predicted gaseous 03 (wastewater)

Figure 7.3 Typical gaseous ozone profiles in bubble columns for water and 

wastewater treatment conditions.

y/y0 = e x (water, co-current)
r = 0.97

(wastewater)

(water, counter-current)
r = 0.99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

For wastewater treatment applications, the 2P-ADM  predicted identical gaseous 

ozone profiles for the two flow modes, while the profiles were almost identical for water 

treatment applications. Linear regression technique was applied to correlate between the 

independent param eter (ai) and the dependent parameters (PeL, StL, StG, Da, and M). The 

models obtained for w ater and wastewater treatment applications in the counter-current 

and the co-current flow modes are presented in Table 7.3. For water treatment 

applications, the models have some similarities in term s o f  the number and types o f  the 

dependent parameters that were included and they are different in terms o f  the values o f  

the regression coefficients. The dependent parameter (S tL) was excluded by the linear 

regression process from the predicted models for the water treatment applications. 

Interestingly, as shown in Table 7.3, the models for the counter-current and the co-current 

flow modes are almost identical for wastewater treatment conditions. For water treatment 

conditions, the correlation coefficient (r) for the linear regression models was 0.99 and 

0.97 for the counter-current and the co-current flow modes, respectively. For wastewater 

treatment conditions, r was equal to 0.99 for both the counter-current and the co-current 

flow modes.

Table 7.3 Coefficients o f  the exponential model used for the prediction o f  the 

gaseous ozone profiles.

Treatment

type

Flow

mode
Equations

Water

Co

current
a, =0 .413 + 0 .3 5 StG + 1 .6 4 6 x l0 '3 PeL +0 .121D ,

Counter-

current
a, =0.221 + 0.515Stc -8 .9 3 x 1 0  3 PeL + 0.1D a

Wastewater

Co

current

a, = 0 .l3  + 0.816StG - 2 .7 1 x l 0 '2 S tL

-1 .0 4 x  10~3 PeL - 3 . 3 x l 0 '7 D a +0.613M

Counter-

current

a, =0.129-+ 0.817S tG - 2 . 6 9 x l 0 '2 S tL

-1 .0 5 x  10"3 PeL - 3 .2 9 x  10"7 D a + 0.612 M
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Conducting mass balance for the liquid phase in the co-current flow mode and for 

water treatment conditions yields:

^ ^ D Le L - u L^  + k La(C-L, - C L, ) - k . C L,El = 0  [7.9]
d r  dl

Using the relationships o f P ,, Po, and C ’L, :

P, = P T + p g s L( L - £ )  [7.10]

P o = P l + P g ELL t7’11]

C *L, = PT + PgEL(L ~ 0  yf [7.12]
H

Since:

yz = = y 0exp(-a ,Z ) [7.13]

and

Z = -  [7.14]
L

Therefore, substituting for Equations 7.13 and 7.14 into Equation 7.12 yields:

c ;  , = [P'  t p ^ - (— Z)1y0 e x p (-a ,Z )  - (PT + pgeLL )£ -ex p (-a ,Z >  
H H

_ P g ELLyoZexp( - a iz )
H

[7.15]
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Equation 7.15 can be re-written as:

CU' = a 'y 0e x p (-a 1Z) + b 'y 0Z ex p (-a ,Z ) [7.16]

where:

a' = (?T [7.17]

and

b- = _ P g £ i i i  [7 1 8 ]
H

Re-writing Equation 7.16 as:

C*L, = a ,e x p (-a ,Z )  + p IZ e x p (-a ,Z )  [7.19]

where:

a , = a ' y 0 [7.20]

and

P , = b ' y 0 [7.21]

As a result:

C'l.o = a i [7-22]
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Multiplying Equation 7.9 by ------ — , substituting for the dimensionless parameters
u LC u,

defined in Table 7.1 and Equation 7.22 into the resulting equation, and rearranging, one 

can obtain:

1 d^ ~ r ~ ~ ~ ( S t L + D 1)X + S t L e x p (-a , Z) + —  Z e x p (-a , Z) 
a ,

= 0
P eL dZ dZ

The general 1 P-ADM for the co-current and counter-current flow modes is as follows:

[7.23]

F _ ^ + I ^ “ (StL + D J X + S t LP e L dZ dZ
e x p (-a , Z) + —  Z e x p ( -a , Z) 

a ,
= 0 [7.24]

where: I = -1 for the co-current flow mode and I = +1 for the counter-current flow mode. 

The boundary conditions pertaining to Equation 7.24 are the same as those for the 2P- 

ADM. Equation 7.24 is a non-homogeneous linear second-order ordinary differential 

equation that represents the 1 P-ADM . This equation was solved analytically by applying 

the method o f  variation o f  parameters (Kreyszig, 1988). The analytical solution o f  

Equation 7.24 for the co-current flow conditions is as follows:

X =

f JU 1 f K  1D,A.,e'2 + E. 1 2 D,A.1e ,‘l +E , 1 1
Pe^ L > I ^ e L J

N
+ K 0exp(-a,Z ) + K ,Z  ex p (-a ,Z )

N
exp(Z,Z) [7-25]

where:

X, = PeL ±-JPei + 4 P e L(StL + D a) [7.26]
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K 0 =
PeLS tL

(X2- X x)
'  .+ p

_ ( a , + X : ) a , ( a , + A . j ) 2 (a , +A. , )  a , ( a , + > . 1)2_
[7.27]

K, =
P,PeLS t L

a , ( a ,  +X,)(a,  + X2)
[7.28]

D , = X mf- K 0 - X-  + 1 
P eL )

J£i_
P eL

[7.29]

E, = [ - ( K 0 +K , ) a ,  +  K .,]exp(-a,) [7.30]

and

N =
f \   ̂ { 

1 --
V P e L J

>.,exp(A .,)- 1 - h _
PeL

?L,exp(A.,) [7.31]

The same procedure can be followed to obtain the 1 P-ADM for the counter-current flow 

conditions. The general 1 P-ADM  for the counter-current and the co-current flow modes 

and for wastewater treatm ent applications is as follows:

'  « ; + l « _ (^ + D > ) X +
P e L dZ2 dZ Vl + M

P,S t LVl + M e x p (-a , Z) + —L Z e x p (-a , Z) 
a ,

[7.32]

= 0

The analytical solution o f  Equation 7.32 for the co-current flow conditions is as follows:

X =

f x,  ) f x , 1
D ,?i,e ''J + E , 1 2 D A .e X| + E. 1 - —!-

Pe ̂ L J PeV L J
N N

exp(A.,Z) [7.33]

+ K0 Vl + M e x p (-a ,Z) + K , V1 + M Z e x p ( -a , Z)
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where: Dj, Ei, and N are defined by Equations 7.29 to 7.31 and:

i . , =PeL± ] p e i + 4 P c L(1 £ L T + D . )  [7.34J
: V v l  + M

7.3 O PERATING CONDITIONS FOR THE M ODEL SIMULATIONS AND 

TESTING

7.3.1 W ater Treatment Conditions

Similar operating conditions to those used in the study o f Zhou et al. (1994) were 

considered for exam ining the applicability o f  the 1 P-ADM  compared to the 2P-ADM to 

describe the perform ance o f  ozone bubble columns. In order to examine the effects o f  

PeL, kLa, and Da on the dissolved and the gaseous ozone profiles for ozone applications in 

water treatment, the following typical conditions for the operation o f  ozone bubble 

columns w ere assigned as the base values for the 1 P-ADM  simulations: column height 

(L) = 5000 m m ; ozone concentration in the feed gas (Co) = 1 % (w/w %); applied ozone 

dose = 1.35 m gL "1; mean theoretical hydraulic retention time (x) = 180 s; PeL = 5; kw = 

4.7 x 10"4 s"1; kLa = 5.0 x 10"3 s"1; bubble column aspect ratio = L/D = 12.5; gas-to-liquid 

flowrate (G/L) ratio =  0.1; and gas hold-up ( e g )  =  0.008. Henry’s law constant (H) o f  

0.22 kPaLmg”1 was obtained from Sotelo et al. (1989). Water temperature was assumed 

to be 20 °C and the pressure at the top o f  the column was assumed to equal 1.0 atm. The 

basic model input parameters were then calculated and they were as follows: PeL = 5.0; 

StL = 0.9; StG = 2.07; Da = 0.0831; and yo = 0.00675. The sensitivity analyses o f  the 1P- 

ADM to changes in each one o f  the parameters (PeL, kLa, and Da) were performed by 

varying each one o f  the parameters while maintaining the others constant.

7.3.2 W astewater Treatment Conditions

It was reported by Zhou and Sm ith (1999) that for pulp mill effluents, kw ranged 

from 1,000 to  5,000 s"1 and the enhancement factor (E) ranged from 2 to 10. For the sake 

o f  practicality, the bulk liquid ozone concentration was assumed to equal zero since it
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was below the detection limit. They suggested that a typical value o f  kL in the range from 

6.6 x 10-4 to 9.3 x 1CT4 ms-1 and kLa in the range from 8.3 x 10”3 to 2.5 x 1(T2 s”1. The 

effects o f  PeL, kLa, Da, and M on the dissolved and the gaseous ozone profiles for 

wastew ater treatment conditions were exam ined by assigning the same typical operating 

conditions used for the water treatment conditions except for: kw = 500 s_l; and kL = 8.0 x 

10-4 ms-1. The basic model input parameters were then calculated and they were as 

follows: PeL = 5.0; S tL = 0.9; StG = 2.07; Da = 89,000; M = 1.166 (to investigate the 

effect o f  the chemical reactions when they occur simultaneously near and/or at the gas- 

liquid interface and in the bulk liquid); and yo = 0.00675. The sensitivity analyses o f  the 

1 P-ADM were performed by varying each one o f  the parameters (PeL, kLa, Da, and M) 

while maintaining the others constant except for M and Da as they were varied together 

since they are interrelated through the pseudo-first-order specific ozone utilization rate 

constant (kw) and the local mass transfer coefficient (kL) as shown in Table 7.1.

7.3.3 Experimental Conditions for the Initial Testing o f  the 1 P-ADM

The 1 P-ADM was tested for the ozone application in w ater treatment using the 

pilot-scale experimental data o f  Zhou (1995). The pilot-scale bubble column used in the 

experiments was a cylindrical glass colum n with an inside diam eter o f  100 mm and a 

total height o f  2,000 mm. The water depth was maintained constant at 1,750 mm by using 

an overflow weir. A 25 mm-spherical fused crystalline aluminum stone was used as the 

gas sparger. For the tested deionized water, kw was determined experimentally by Zhou 

(1995) to be equal to 4.7 x lO-4 s-1. The operating conditions for the counter-current and 

the co-current flow modes are presented in Tables 7.4 and 7.5, respectively.

Table 7.4 Operating conditions for the counter-current flow mode (water treatment).

Case# PeL PT (atm) s tL Stc Da y«
CU0*

(m gL 1)
DW17
DW23

10.53
9.71

1.0
1.0

0.560
1.365

1.119
1.098

0.139
0.139

0.010
0.007

5.56
3.63
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Table 7.5 Operating conditions for the co-current flow mode (water treatment).

Case# PeL PT (atm) stL Stc D, y»
Clo*

(mgL-1)
DW4 34.48 1.0 0.235 1.247 0.056 0.013 7.20
DW5 9.84 1.0 1.755 1.258 0.056 0.002 0.92
DW9 4.63 1.0 0.235 0.081 0.139 0.002 0.88

7.4 RESULTS AND DISCUSSION

7.4.1 Theoretical Analyses o f  the 1 P-ADM Predictions

7.4.1.1 W ater Treatment Applications: Counter-Current Flow Mode

Figures 7.4 to 7.6 depict the dissolved and the gaseous ozone profiles as functions 

o f  the dimensionless axial coordinate (Z). The superficial liquid and gas velocities effects 

that are represented by StL and Sto, respectively, were investigated together by studying 

the effects o f  the overall m ass transfer coefficient (kLa) as both StL and StG are directly 

proportional to kLa. The predicted dissolved ozone concentrations increased 

monotonically along the column height as the contact time between the gas phase and the 

liquid phase increases as the liquid flow passes through from the top to the bottom o f the 

column. As shown in Figure 7.4 and as PeL increased, i.e., the magnitude o f  the 

backmixing decreased, the dissolved ozone profiles became steeper. The highest 

dissolved ozone concentrations occurred at the bottom of the column and as PeL 

increased from 1.0 to 20.0, the highest bottom concentration (i.e., the predicted dissolved 

ozone concentration in the effluent leaving the column) increased from 1.14 to 1.50 

mgL-1, respectively. As PeL increased, the effects o f  PeL on the dissolved ozone profiles 

and the rate o f  increase o f  (C l/C l,o*) per increase o f  PeL, at Z = 0.00, decreased. The 

dissolved ozone profiles exhibited an increasing axial gradient (slope) up to a turning 

point after which the slope o f  the profiles started to decrease. This could be explained by 

the boundary conditions applied at the bottom (zero-axial gradient o f  the profile) and at 

the top o f  the column (a concentration jump). As the liquid phase reaches plug flow 

conditions, the backmixing and the concentration jum p will diminish (Lev and Regli, 

1992; Zhou et al., 1994). As PeL increased, the gaseous ozone concentrations increased 

and their profiles became flatter which was the only contradiction between the
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predictions o f  the 1 P-ADM and the 2P-ADM , but interestingly, both models were 

insensitive to changes in PeL in terms o f  their predicted gaseous ozone profiles. The rate 

o f  increase o f  (y/yo) per increase o f  PeL, at Z = 1.00, increased and the predicted ozone 

off-gas concentration increased from 3.72 to 4.41 mgL-1 as PeL increased from 1.0 to

20.0, respectively.

1.000.50
v  PeL = 20.0 —  Dissolved ozone

—  Gaseous ozone
0.800.40

0.600.30

u
u

0.400.20

0.200.10 Pe, =5.0

0.000.00
1.000.00 0.20 0.60 0.800.40

Dimensionless column height, Z

Figure 7.4 PeL effects on the concentration profiles in the counter-current flow mode 

and w ater treatment applications.

As shown in Figure 7.5, the kLa effects on the concentration profiles decreased as 

kLa increased and those effects were more significant in the range o f  kLa from 1.0 x 10'3 

to 7.0 x 10~3 s '1. In that range, the mass transfer increased along the entire column height 

and the profiles becam e steeper, while the mass transfer increased only near the bottom 

o f  the column (up to Z = 0.10) and beyond that point the dissolved ozone concentrations 

decreased and the profiles became much m ore steeper as kLa increased from 7.0 x 10 '3 to

1.5 x 10'2 s '1. As kLa increased, the rate o f  increase o f  (C l/C l,o ) per increase o f  kLa, at Z 

= 0.00, decreased. Zhou et al. (1994) observed the same phenomenon when they applied 

the 2P- ADM to predict the performance o f  ozone bubble columns under water treatment 

conditions.
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Figure 7.5 kLa effects on the concentration profiles in the counter-current flow mode 

and water treatment applications.
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Figure 7.6 Da effects on the concentration profiles in the counter-current flow mode 

and water treatment applications.

As a result, improving the design o f  bubble columns to enhance the mass transfer 

process is essential and is only crucial near the column entrance. The sam e phenomenon
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was observed before by Zhou et al. (1994). As kLa increased, the dissolved ozone profiles 

became steeper and the predicted residual ozone concentration, in the effluent, increased 

from 0.50 to 1.55 m gL-1. The slope o f  the dissolved ozone profiles exhibited a similar 

trend to that observed over the studied range o f  PeL. As kLa increased, the gaseous ozone 

profiles became steeper and the gaseous ozone concentrations decreased considerably 

along the entire colum n height. The rate o f  decrease o f  (y/yo) per increase o f  kLa, at Z =

1.00, decreased and the predicted ozone off-gas concentration decreased from 9.05 to 

0.46 mgL-1 as kLa increased from 1.0 x 10-3 to 1.5 x 10-2 s-1, respectively.

Figure 7.6 depicts the effects o f  the overall pseudo-first order specific ozone 

utilization rate constant (kw) as one o f  the parameters that describe the quality o f  the 

water. kw is represented by the dimensionless parameter (D a). A zero specific ozone 

utilization rate constant was included in the analysis as a base line and for the sake o f  

comparison. As kw increased from 0.00 to 0.05 s-1 (i.e., Da increased from 0.0000 to 

6.0000), the dissolved ozone profiles became flatter, the predicted effluent dissolved 

ozone concentration decreased, the gaseous ozone profiles becam e steeper, the predicted 

ozone off-gas concentration decreased, and the mass transfer process was suppressed 

over the entire colum n height. The effects o f  the Da on the dissolved ozone profiles were 

more significant in the range o f  Da from 0.0000 to 0.5050. The effluent dissolved ozone 

concentration decreased from 1.38 to 1.14 mgL-1 and from 1.14 to 0.38 mgL-1 as Da 

increased from 0.0000 to 0.5050 and from 0.5050 to 6.0000, respectively. The rate o f  

decrease o f  (C l/C l,o ) per increase o f  Da, at Z = 0.00, decreased as Da increased. This is 

in agreement with the concept o f slow and fast-reaction-kinetics regimes, and the slow- 

reaction kinetics regim e exists when kw is equal to or less than 2.8 x 10-3 s-1. The slope o f  

the dissolved ozone profiles exhibited a sim ilar trend to that observed over the studied 

range o f  PeL- The rate o f  decrease o f  (y/yo) per increase o f  Da, at Z = 1.00, decreased and 

the predicted ozone off-gas concentration decreased from 3.89 to 2.13 mgL-1 as Da 

increased from 0.0000 to 6.0000, respectively.

The effects o f  kLa on the gaseous ozone profiles were more significant than the 

effects o f  PeL and Da. This is in agreement with the gas-liquid mass transfer process
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being the main process that dictates the overall performance o f  ozone bubble colum ns 

operating in the slow-reaction kinetics regime. Regarding the dissolved ozone profiles, 

kLa and Da w ere superior to PeL in their effects on the effluent residual dissolved ozone 

concentration.

7.4.1.1 W ater Treatment Applications: Co-Current Flow M ode

Figures 7.7 to 7.9 show the effects o f  PeL, kLa, and Da, respectively, on  the 

dissolved and the gaseous ozone profiles in the co-current flow mode in which the liquid 

and gas phases flow together in the sam e direction from the bottom to the top o f  the 

column.

i.oo0.50
—  Dissolved ozone
—  Gaseous ozonePeL = 1.0

0.800.40

0.600.30
©.

CJ
.J

u 0.400.20

PeL = 5.0 PeL = 20.0 0.200.10

PeL = 20.0
0.000.00

0.80 1.000.600.00 0.20 0.40

Dimensionless column height, Z

Figure 7.7 PeL effects on the concentration profiles in the co-current flow m ode and 

w ater treatment applications.

Based on that, the boundary conditions that are applied for the liquid phase are different 

from those applied in the counter-current flow mode and the dissolved ozone profiles 

exhibited a different trend from the one observed in the counter-current flow mode. The 

1 P-ADM predicted a concentration jum p at the column inlet and the profiles reached
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their peaks at different locations along the column height depending on the operating 

conditions that were considered for the model simulations. This phenom enon was 

observed before in the study o f  Zhou et al. (1994). Therefore, the effluent did not have 

the highest dissolved ozone concentration and the dissolved ozone profiles w ere flatter 

than those in the counter-current flow mode. Under some o f  the operating conditions 

assumed for the model simulations, the dissolved ozone profiles were closer to being 

uniformly distributed along the colum n height. The slope o f  the dissolved ozone profiles 

exhibited a decreasing trend up to a turning point after which it started to increase. The 

only exception for that observed trend w as in the lower range o f k[.a from 1.0 x 10”3 to

3.0 x 10”3 s”1 where the axial gradient o f  the dissolved ozone profiles exhibited a 

decreasing trend along the entire colum n height. As PeL and k[.a increased and Da 

decreased, the dissolved ozone profiles becam e steeper and they were generally more 

sensitive to changes in ^ a  and Da. As P e t increased, the maximum predicted dissolved 

ozone concentration and the effluent dissolved ozone concentration increased from 1.10 

to 1.20 mgL’ 1 and from 1.10 to 1.16 m gL ”1, respectively. Interestingly, the location at 

which the maximum dissolved ozone concentration occurred (Z = 0.76) remained the 

same for the entire PeL range. The effects o f  PeL on the dissolved ozone profiles are 

similar to those observed in the counter-current flow mode. As PeL increased, the changes 

in the gaseous ozone profiles were insignificant and the predicted ozone off-gas 

concentration remained practically constant at 4.22 mgL-1.

The kLa effects on the dissolved ozone profiles were similar to those observed in the 

counter-current flow mode. As kLa increased from 1.0 x I0”3 to 7.0 x 10”3 s”1, the effluent 

and the maximum dissolved ozone concentrations increased from 0.45 to 1.17 m gL"1 and 

from 0.45 to 1.25 mgL”1, respectively, and the location o f  the maximum concentration 

shifted from Z =  1.00 to Z = 0.56, respectively. Meanwhile, as kLa increased from 7.0 x 

10”3 to 1.5 x 10”2 s”1, the maximum dissolved ozone concentration increased from 1.25 to 

1.40 mgL”1, the effluent dissolved ozone concentration decreased from 1.17 to 0.81 

mgL’ 1, and the location o f  the maximum concentration shifted from Z = 0 .56 to Z = 0.22, 

respectively.
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Figure 7.8 kLa effects on the concentration profiles in the co-current flow mode and 

water treatment applications.

Therefore, we can define two distinctive regions o f  the mass transfer process as the 

behavior o f  the co-current ozone bubble column changed in term s o f  the predicted 

dissolved ozone concentration in the effluent leaving the column. As kLa increased above

7.0 x 10’ 3 s’ 1, most o f  the gaseous ozone would have been absorbed near the bottom o f 

the column, thus, causing the peak o f  the dissolved ozone profiles to increase and 

consequently, the concentrations at Z > 0.40 and Z > 0.63, at kLa = l . Ox  10’2 and 1.5 x 

10”2 s’ 1, respectively, to decrease. The kLa effects on the gaseous ozone profiles were 

sim ilar to those observed in the counter-current flow mode. The predicted ozone off-gas 

concentration decreased from 7.57 to 1.00 mgL’ 1 as kLa increased from 1.0 x 10’3 to 1.5 

x 10’2 s’ 1, respectively.

As kw increased from 0.00 to 0.05 s’ 1 (i.e., Da increased from 0.0000 to 6.0000), the 

effects on the dissolved and the gaseous ozone profiles were similar to those observed in 

the counter-current flow mode. As show n in Figure 7.9 and as Da increased from 0.0000 

to 0.5050, respectively, the effluent and the maximum dissolved ozone concentrations 

decreased from 1.19 to 0.90 mgL’ 1 and from 1.20 to 0.94 mgL’ 1, respectively, and the
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location o f  the maximum concentration shifted from Z =  0.80 to Z = 0.60, respectively. 

Then, as Da increased from 0.5050 to 6.0000, respectively, the effluent and the maximum 

dissolved ozone concentrations decreased from 0.90 to 0.12 mgL-1 and from 0.94 to 0.30 

mgL-1, respectively, and the location o f  the maximum concentration shifted from Z =

0.60 to Z = 0.22, respectively. As Da increased, the ozone off-gas concentration 

decreased from 4.28 to 2.07 m gL-1.

1.000.50
—  Dissolved ozone
—  Gaseous ozone

0.800.40 Da = 0.0000

0.600.30
o .

CJ
.J

CJ 0.400.20

0.200.10

Da = 6.0000
0.000.00

0.80 1.000.40 0.600.00 0.20
Dimensionless column height, Z

Figure 7.9 Da effects on the concentration profiles in the co-current flow mode and 

water treatment applications.

Under the same operating conditions, the counter-current flow mode was superior 

compared to the co-current flow mode in terms o f  the predicted dissolved ozone 

concentrations in the effluent leaving the column. In the counter-current and the co

current flow modes, the effects o f  kLa on the gaseous ozone profiles were more 

significant than the effects o f  PeL and Da as the gas-liquid mass transfer process being the 

main process that dictates the overall performance o f  ozone bubble columns operating in 

the slow-reaction kinetics regime. Regarding the predicted ozone off-gas concentrations, 

both models predicted com parable concentrations w ith a relative difference that ranged 

from 13 to 6%, 16 to 54%, and 9 to 3% over the studied ranges o f PeL, kLa, and Da,
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respectively, going from the low end to the high end o f  those ranges. Interestingly, the 

high relative difference (54%) at the high end o f  the kLa range should not mislead us as 

the predicted ozone off-gas concentration ranged from 0.16 to 0.50 mgL-1.

7.4.1.2 Wastewater Treatment Applications: Counter-Current and Co-Current Flow 

Modes

Figures 7.10 to 7.12 depict the effects o f  PeL, kLa, and Da and M, respectively, on 

the dissolved and the gaseous ozone profiles in the counter-current flow mode. 

Interestingly, both flow modes produced sim ilar dissolved and gaseous ozone profiles 

except for the lower range o f  Da and M (Da =  89, M = 0.037; and Da = 534, M = 0.090) as 

shown in Figure 7.12. Under these operating conditions, the co-current 1P-ADM 

predicted dissolved ozone profiles with concentration jumps near the bottom o f  the 

column.

Generally, the dissolved ozone profiles exhibited a decreasing slope along the entire 

column height except at the high end o f  the Da and M range as shown in Figure 7.12. The 

effects o f  kLa on the gaseous ozone profiles were more significant than the effects o f  PeL, 

and Da and M. Since the Da-M range used in the model simulations represents an 

intermediate range between the slow and the fast-reaction kinetics regimes, their effects 

on the gaseous ozone profiles are still inferior to the effects o f  kLa. It should be noted that 

at PeL higher than 5.0, the IP-ADM predicted very small dissolved ozone concentrations 

that were virtually equal to zero. As PeL increased from 1.0 to 5.0 and from 1.0 to 20.0, 

respectively, the dissolved and the gaseous ozone profiles were virtually identical. As 

shown in Figure 7.11 and as kLa increased, the dissolved and the gaseous ozone profiles 

became steeper. The rate o f  increase o f  (C l/C l,o*) per increase o f  kLa, at Z = 0.00, was 

relatively high and it decreased as kLa increased. Interestingly, the effluent dissolved 

ozone concentration exhibited a very small rate o f  change o f  (C l/C l.o*) per increase o f  

kLa at Z = 1.00. As kLa increased, this rate decreased. The dissolved ozone concentration, 

at Z = 1.00, started to increase as kLa increased from 1.0 x 10-3 to 3.0 x 10-3 s-1, then as 

kLa increased above 3.0 x 10"3 s-1, it started to decrease. As kLa increased, its effect on
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the gaseous ozone profiles decreased and the rate o f  decrease o f  (y/'yo) per increase o f 

kLa, at Z = 1.00, was relatively high and it decreased as kLa increased.
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0.80 1.000.20 0.40 0.600.00

Dimensionless column height. Z

Figure 7.10 PeL effects on the concentration profiles in the wastewater treatment 

applications.

I oo8.0E-05
 Dissolved ozone
—  Gaseous ozonekLa = 1.20 min'

0.80
6.0E-05

kLa = 0.06 min
0.60

U  4.0E-05

0.40

2.0E-05
0.20

0.00O.OE+OO
0.80 1.000.400.20 0.600.00

Dimensionless column height, Z

Figure 7.11 kLa effects on the concentration profiles in the wastewater treatment 

applications.
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As shown in figure 7.12 and as Da and M increased, the dissolved ozone profiles 

became flatter and the gaseous ozone profiles became steeper. The effects o f  Da and M 

on the dissolved and the gaseous ozone profiles were more significant at the lower end o f  

the Da and M range. As Da and M reached 35600 and 0.737, respectively, the dissolved 

ozone concentrations w ere practically equal to zero. The rates o f  decrease o f  ( C l / C l o * )  

and (y/yo) per increase o f  Da and M, at Z = 0.00 and Z = 1.00, respectively, increased as 

Da and M increased. Those rates were virtually identical in the counter-current and the 

co-current flow modes.
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1.000.800.20 0.600.400.00
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Figure 7.12 Da and M effects on the concentration profiles in the wastewater 

treatm ent applications.

The predicted ozone off-gas concentration ranged from 1.13 to 1.15 mgL-1, from 

4.30 to 0.01 mgL”1, and from 2.20 to 1.13 mgL”1 over the tested ranges o f  PeL, kLa, and 

Da and M, respectively (going from the low end to the high end o f  those ranges). Under 

the typical operating conditions (PeL = 5.0; StL = 0.9; Sto = 2.07; Da = 89000 (i.e., kw =
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500 s"1); and M = 1.166), the predicted ozone off-gas concentration was 1.13 mgL"1. 

With all the operating parameters being the sam e except for kLa w hich was set equal to

1.5 x 10~2 s '1, the ozone off-gas concentration was predicted to be  0.04 mgL"1 which is 

less than the detection limit o f  the iodometric titration (KJ) method. Therefore, the model 

predictions o f  the ozone off-gas are in agreem ent with the previous experimental 

observations reported by Zhou and Smith (1997) and Zhou and Sm ith (2000).

Regarding the dissolved ozone profiles, kLa, and Da and M w ere superior to PeL in 

their effects on those profiles and Da and M had the highest effects on the dissolved 

ozone concentrations. The predicted dissolved and gaseous ozone profiles were virtually 

identical in both the counter-current and the co-current flow modes. As a result, both flow 

modes are identical in term s o f  their efficiency towards the ozone absorption in bubble 

columns operating under wastewater treatment conditions. The maximum predicted 

dissolved ozone concentration o f  4.2 x 10"2 m gL"1 (at the lower end o f  Da and M range) 

is less than the detection limit o f  the Indigo method which is in agreement with the 

experimental observations o f  undetectable dissolved ozone concentrations in the studies 

conducted by Zhou and Smith (1997) and Zhou and Smith (2000).

7.4.2 Initial Model Testing for Water Treatment Conditions

Figures 7.13 and 7.14, respectively, dem onstrate the applicability o f  the IP-ADM to 

predict the performance o f  counter-current and co-current bubble columns that use 

conventional fine-bubble diffusers as the gas spargers. Generally, there was an excellent 

agreement between the predicted and the experimental dissolved ozone profiles except 

for few data points w here the model slightly predicted higher concentrations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172

Figure 7.13

Figure 7.14
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Com parison between the predicted and the experimental dissolved ozone 

concentrations in an ozone bubble column under water treatment 

conditions for the co-current flow mode.
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Figure 7.14 depicts a comparison between the predictions o f  the 2P-ADM and the 

IP-ADM  in a co-current flow mode. There was a  good agreement between the predicted 

and the experimental dissolved ozone profiles except for few data points where there was 

slight deviation between the predicted and the m easured dissolved ozone concentrations. 

At 5 % significance level, t-tests have shown that there was no significant difference 

between the predictions o f  the 2P-ADM (Do = 0) and the IP-ADM  with the exception o f  

run # 9, where there w as no significant difference at a 1 % significance level. Therefore, 

when compared to the com plete versions o f the ADM , the 1P-ADM has proven to be an 

easy, reliable, and accurate tool for describing the performance o f fine-diffuser ozone 

bubble columns.
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7.5 CONCLUSIONS

The IP-ADM can be solved analytically w hile the complete axial dispersion model 

(2P-ADM) requires an elaborate numerical technique to solve the model’s equations. 

Therefore, describing the analytical solution o f  the 1P-ADM in terms o f  a simple 

spreadsheet program facilitates obtaining the model predictions for any operating 

conditions represented by the model input param eters entered into the spreadsheet 

program. Compared to the 2P-ADM predictions o f  the ozone bubble column performance 

that was presented in the study o f  Zhou et al. (1994), the IP-ADM has proven to provide 

excellent predictions o f  the performance o f  ozone bubble columns operating under either 

water treatment conditions and in both the counter-current and the co-current flow 

modes. The IP-ADM  also provided good predictions o f  the performance o f  ozone bubble 

columns for the w astew ater treatment applications. The IP-ADM  is easy and reliable tool 

to be used for the design and the process-control o f  bubble columns’ operations.
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CHAPTER 8. DEVELOPMENT OF DESIGN PARAMETERS OF AN 

IMPINGING-JET BUBBLE COLUMN*

8.1 INTRODUCTION

Ozonation is one o f  the treatment processes used in treating w ater and wastewater 

and it is one o f  many chemical processes that take place in gas-liquid reactors. In water 

treatment applications, ozonation is limited by the mass transfer process as it is 

considered the controlling process that dictates the overall performance o f ozone 

contactors (Gamal El-Din and Smith, 2000; Zhou et al., 1994). Bubble-diffuser 

contactors are the most common method used for treating water using the on-site 

generated ozone gas. In order to maximize the treatment level achieved in ozone 

contactors, the contactor and the gas absorber geom etry need to be m odified to achieve 

higher turbulence and mixing in the liquid phase. According to Danckw erts’ theory o f  

surface renewal, as the mixing increases, the liquid film at the gas-liquid interface will be 

renewed at a  higher rate causing the local m ass transfer coefficient (kO to increase 

(Danckwerts, 1970). Increasing the turbulence in the liquid phase w ill lead to higher 

turbulent shear stresses. As a result, the gas bubbles will become smaller. Consequently, 

the gas bubbles’ specific interfacial area will increase leading to higher overall mass 

transfer coefficient (kLa). The ozone gas-absorption in water treatment is assumed to 

follow the slow-reaction kinetics regime (Zhou et al., 1994; Gamal El-Din and Smith, 

2000). Since the ozone gas diffiisivity in the liquid phase is much sm aller than that in the 

gas phase, the gas diffusion through the liquid film becomes the rate-limiting step o f  the 

mass transfer process (Valentin, 1967). The higher turbulent shear stresses will also cause 

the liquid film to become thinner, and as a result, the ozone gas will diffuse through the 

liquid film at a  higher rate causing kL to increase.

In the study o f  Witze (1974), when two axisymmetrical circular turbulent air je ts 

(i.e., having the same nozzle diameter and m om entum ) intersected at an angle o f 180°, 

the resultant je t  behaved like a radial je t that grew at about three times the rate o f  a single 

radial jet.

A  version o f  this chapter has been submitted for publication. Gamal El-Din, M. and D.W. 
Smith, Wat. Res. (March 2001).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



179

As a  result o f the impingement, higher turbulent shear stresses were developed in the 

ambient fluid and a region o f  backflow was observed. The same phenomenon was 

observed in the study o f  Khan (1989) who studied the impingement o f circular turbulent 

w ater and air jets. Guo and Sharp (1996) studied the characteristics o f  radial je ts  and 

mixing under buoyant conditions. They observed that the turbulence intensity increased 

with the width o f  the orifice. Unger and M uzzio (1999) investigated the effect o f  a je t 

impingement at an intersecting angle o f  90° on the mixing characteristics. It was observed 

that efficient and homogeneous mixing occurred at je ts ’ Reynolds numbers (R e/s) 

greater than 300. Fitzgerald and Holley (1979) used two turbulent jets intersecting at an 

angle o f  90° to investigate the resultant effects on the mixing behaviour. They observed 

more uniform and improved mixing across the annular tube.

Many researchers have attempted to improve the performance o f bubble columns by 

maximizing the rate o f  physical gas absorption process. These attempts included: adding 

internal baffles (Catros, 1986), utilizing perforated plates (Chen et al., 1986), inducing 

internal liquid circulation in air-lift reactors (Lew is and Davidson, 1985), and utilizing 

motionless mixers (W ang and Fan, 1978).

Gas injectors were utilized by many researchers in order to improve the mass 

transfer process. W achsmann et al. (1984) studied the mass transfer process using an 

injection-type nozzle. Gas was introduced under positive and negative pressures. They 

observed remarkable increase in the overall m ass transfer coefficient (kLa) due to the 

generation o f  bubbles that had a large specific interfacial area. They also observed that 

the values o f  kLa in the gas-injection mode varied from those in the gas-ejection mode. 

Thalasso et al. (1995) used a venturi-type injector to increase the gas transfer rates, and 

that led to an improvement in the performance o f  a bioreactor. Under gas injection mode, 

they observed an increase in kLa as the liquid superficial velocity ( u l )  and the gas 

superficial velocity ( u g )  increased. In a gas-liquid spouted vessel, gas was absorbed under 

positive pressure into the liquid-phase flow (N ishikawa et al., 1977). It was observed that 

as Ug and u l increased, kLa increased and kLa was more dependent on ug than on ul- 

W ang and Fan (1978) studied the mass transfer process in bubble columns packed with
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motionless mixers. They observed that kLa w as dependent on ug and u l and as ug and uL 

increased, kLa increased. Huynh et al. (1991) studied the mass transfer process in an 

upward venturi-bubble colum n combination. They correlated kLa with ug and Ul for the 

bubble/venturi combination. As ug and uL increased, kLa increased. The increase in ug 

could have caused an increase in the gas bubbles’ specific interfacial area while the 

increase in u l could have resulted in an increase in the liquid-phase shear stresses (Huynh 

et al., 1991). Higher turbulent shear stresses would cause the formation o f  smaller 

bubbles resulting in higher specific interfacial area. Also, higher shear stresses would 

cause the mixing to increase and the liquid film at the gas-liquid interface to be renewed 

at a higher rate leading to an increase in kL- Zhou and Smith (2000) investigated the 

effects o f  gas flowrates on the gas bubbles’ specific interfaciai area using a 2D-Laser 

particle dynamics analyzer. They observed a proportional increase in the bubbles’ 

specific interfaciai area with the increase in ug as a result o f  the linear increase in the gas 

hold-up. The same phenom enon was also reported by Roustan et al. (1996).

In the current study, two venturi injectors (Mazzei® injectors) were utilized to 

create turbulent gas-liquid je ts  in the ambient fluid. The intersecting o f the gas-liquid je ts 

caused an increase in the turbulence intensity produced in the ambient fluid and therefore, 

increased the rate o f  the gas mass transfer. The ozone auto-decomposition process in the 

deionized water was investigated in a headspace-free reactor under a wide range o f  initial 

ozone concentrations and liquid-phase temperatures. The ozonation experiments were 

conducted in a pilot-scale impinging-jet bubble column that was operated in a co-current 

flow mode under a w ide range of operating conditions. The mass transfer and the 

backmixing processes were characterized by fitting the measured dissolved and gaseous 

ozone concentration profiles with the concentration profiles obtained using the modified 

non-isobaric one-phase axial dispersion m odel (IP-A D M ) through a three-parameter 

optimization technique.
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8.2 OUTLINE OF THE MODIFIED NON-ISOBARIC ONE-PHASE AXIAL 

DISPERSION MODEL (IP-ADM )

A number o f  processes occur simultaneously during the ozonation treatment. These 

processes are: convection and backmixing processes o f  the liquid and gas phases flowing 

through the contacting chamber, ozone gas mass transfer process, ozone auto

decomposition process, and competitive reactive processes o f  dissolved ozone with the 

constituents that are present in the water. In addition to these processes, the contactor 

configuration, the operating conditions, and the water quality will influence the overall 

performance o f  the ozonation treatment (Zhou, 1995). The overall ozone auto

decomposition rate is influenced by the concentration and the history o f  the ozonation 

process. Ozone auto-decomposition process could be represented by a  modified pseudo- 

first-order rate expression when ozonation is used to treat waters that do not exhibit 

significant initial ozone demand (Yurteri and Gurol, 1988; Oke et al., 1998):

^  = - k . C L [8.1]

where: C l = instantaneous dissolved ozone concentration (mgL-1), kw = specific ozone 

utilization rate constant (s_l), and t = reaction time (s).

Axial dispersion model visualizes the flow o f  fluids in tubular bubble columns as 

plug flow on top o f  which a diffusion-like process is superimposed. W hen applying this 

model, it should be noted that the dispersion process is a macroscopic phenomenon. 

Thus, dispersed flow might not be fully developed close to the boundaries o f  the reactor 

(Deckwer et al., 1983). The assumptions pertaining to the development o f  the modified 

non-isobaric steady-sate one-phase axial dispersion model (IP-A D M ) along with the 

detailed model development can be found in Gamal El-Din and Smith (2000). Schematic 

representation o f  a gas-liquid flow in a co-current bubble column is shown in Figure 8.1. 

The IP-ADM is different from the com plete axial dispersion model, o r referred to as the 

two-phase axial dispersion model (2P-ADM ), in its simple use for practical design and
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process control o f ozone contacting chambers. The 2P-ADM is represented by a system 

o f  two non-linear partial differential equations (Zhou et al., 1994; Gamal El-Din and 

Smith, 2000). In order to solve that system o f  equations, an elaborate numerical solving 

technique is needed. On the other hand, the 1P-ADM is composed o f  a single non- 

hom ogeneous second-order linear ordinary differential equation representing the liquid 

phase. Yet, this liquid-phase differential equation accounts for the countering effects of 

the gas shrinkage and expansion caused by gas depletion and absorption and reduced 

liquid hydrostatic head.

Liquid phase Gas phase

Liquid flow Gas flow

- D

Interphase mass 
transfer

- D

Liquid and 
convectionLiquid dispersion

f. = L

i

de

j

e = o

Figure 8.1 Schematic representation o f the 1P-ADM.

The differential equation was solved analytically by the m ethod o f  variation o f 

param eters. The 1 P-ADM was expressed in term s o f  dimensionless operating parameters 

and the available analytical solution o f  the differential equation representing the model 

w as applied to determine the column-average overall mass transfer coefficient (kLa), the 

liquid-phase axial dispersion coefficient (D l), and the coefficient o f  the gas-phase ozone 

m olar fraction decrease along the column height (ai). This was achieved through a three-
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param eter optimization technique by fitting the measured dissolved and gaseous ozone 

concentration profiles to the concentration profiles obtained using the 1 P-ADM. In order 

to account for variable superficial gas velocity along the height o f  the bubble column, an 

exponential function was assumed to describe the variation o f  the gaseous ozone molar 

fraction along the colum n height (Gamal El-Din and Smith, 2000):

yz = y< = y« e'a,z [8.2]

f
where: Z = — = dim ensionless axial co-ordinate o f  the column, L = total height o f  the

bubble column, yo = gas-phase ozone molar fraction at the column entrance (i.e., at Z = 

0). yz = gas-phase ozone mole fraction at the dimensionless axial co-ordinate (Z), and a, 

= coefficient o f  the gas-phase ozone molar fraction decrease along the column height. It 

is practically impossible to measure experim entally the rate o f  any ozone auto

decomposition that would take place inside the gas bubbles flowing through the bubble 

column. In the development o f  the 1 P-ADM, the ozone auto-decomposition was assumed 

to be negligible in the gas phase as done by several researchers when they modeled the 

ozonation treatment process in ozone bubble colum ns (Roustan, 1987; Zhou et al., 1994). 

The gas phase was assum ed to flow in a plug flow regime as a result o f  the relatively high 

buoyancy o f  the gas bubbles. Based on the above, ai represents the overall decrease in the 

gas-phase ozone mole fraction due to the effects o f  the gas-liquid m ass transfer and the 

gas-phase convection processes. Based on the theoretical data o f  Zhou et al. (1994) and 

Gamal El-Din and Sm ith (2000) regarding the gaseous ozone concentration profiles, it 

was assumed that ai is a function o f  the ozonation process operating parameters. Those 

parameters include: Peclet num ber (PeL.), liquid-phase and gas-phase Stanton numbers 

(S tL and StG, respectively), and Damkohler num ber (Da). The exponent (ai) can be 

determined experimentally by continuously m onitoring the ozone concentrations in the 

feed and off-gas lines. The mathematical representations o f  the I P-ADM input 

parameters are shown in Table 8.1. The non-homogeneous second-order linear ordinary 

differential equation representing the 1 P-ADM and the pertaining boundary conditions 

are presented in Table 8.2.
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Table 8.1 Dimensionless parameters pertaining to the 1 P-ADM.

Dimensionless

parameters
1 P-ADM

Z P.fL

P eL

StL k LaL/uL

s tG (k LaL/uG0)(RT/H)

D a k we LL/uL

X C /C ‘'"'LO

Y y / y 0

Table 8.2 Mathematical representation o f  the 1 P-ADM differential equation and 

boundary conditions.

E quations

Model

differential

equation

_ 1 _  dX^ __ dX _ Da + z + Ze-3,z j = Q 
PeL dZ2 dZ L L a ,

Closed-closed

boundary

conditions

at Z = 0:

x  - x l  1 5X
,nf lz=0 P eL d Z  

Y = I
at Z = 1:

®  = 0dfL z=)

z=o
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Gamal El-Din and Sm ith (2000) developed the closed-form solution o f  the 

differential equation that describes the 1 P-ADM  to be as follows:

( x ,  }
D.X-.e^' + E. f  x ,  )

D,X.,e>! + E , 1 2 1 '
Pe ̂ i. J- Pe^ L J-

[8.3]

+ K0e ‘a'z + K ,Z e 'a,z

where:

X., = PeL + yjPe2L + 4 P e L(S tL + D a) [8.4]

X., = PeL - ^ P e 2 + 4 P eL(S tL + D a) [8.5]

PeLS tL

(X2 -  A.,)
■ +

(a, + X.,) a , ( a , + X . , ) 2 (a,+X. , )  a ^ a ^ X . , ) 2
[8.6]

K , =
— Pe LSt L 

a , ( a ,  +X., )(a, + X2)

D, = Xjnf -  K0 + 1
Pev l  y P eL

E, = e - a' [ - ( K 0 + K 1) a , + K 1]

N =
( \ 

1 -
Pe L /

X ^  - 1 - X.,e'

[8.7]

[8.8]

[8.9]

[8.10]
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[8.11]

and

[8.12]

8.3 EXPERIM ENTAL AND DATA ANALYSES METHODS

8.3.1 Bench Tests: Ozone Auto-Decomposition kinetics Study

The ozone auto-decomposition kinetics batch experim ents were conducted in a 

1200 m L floating-lid headspace-free reactor made from glass (see Figure 8.2). Clean 

deionized water was used in these experiments as the test water. The main average 

characteristics o f  the test water are summarized in Table 8.3. As shown in Table 8.3, the 

quality o f  the deionized water was not high as indicated by its relatively high TOC (total 

organic carbon) concentration that was about 0.51 mgL-1.

® ©
Floating lid

I ~ £ i
T

Baf

© (T) : S tirre r  plate

(7) : 1200 mL headspace-free 
reactor

(T) : Sam ple w ithdraw al

0  : T em peratu re  
m easurem ent

Magnetic s t ir  b a r

Figure 8.2 Schem atic o f  the headspace-free reactor.
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Table 8.3 Main Average characteristics o f the deionized water.

P aram eters TO C  (m gL  ') pH A 10 ram / _____ - i v
^  U S  am  (nun  )

Mean 0.51 5.99 0.004
Standard deviation 0.29 0.26 0 . 0 0 0

A volume o f  800 mL o f the deionized water was added to a 400 mL o f  an ozone 

stock solution to obtain a total o f  1200 mL o f an ozonated solution. The ozone gas was 

generated from an extra-dry oxygen gas using a corona-discharge ozone generator (model 

C2P-9C-4 PCI®). The ozone stock solution was prepared by continuously bubbling the 

generated ozone gas into 400 mL o f  clean deionized w ater in a 500 mL gas wash bottle 

for about 1,800 s to ensure that enough dissolved ozone concentration was present in the 

solution. In every test and after the ozone stock solution w as transferred into the reactor, 

mixing started immediately. In all the tests, care was taken to ensure minimum ozone loss 

during the transfer o f  the ozone stock solution into the reactor.

Q uality control tests were conducted in each test to assess the ozone loss during the 

transfer o f  the ozone stock solution, two samples were withdrawn from the ozone stock 

solution before transfer and after it was transferred and initially mixed with the deionized 

water. The two samples were analyzed to correct for the ozone loss during the transfer o f  

the ozone stock solution into the reactor. The 1200 mL volum e o f  the headspace-free 

reactor was chosen to allow for an adequate number o f  the samples to be withdrawn 

during the experiments while leaving enough water volum e in the reactor to keep the 

floating-lid above the baffles and therefore, to prevent any headspace to develop. 

Immediately after the ozone stock solution was added to the test water inside the reactor, 

mixing was started and timing was initiated using a stopwatch. The contents o f  the 

reactor were mixed continuously using a slow magnetic stirrer bar. At pre-set sampling 

times, 15 mL samples o f  the reactor test water were withdrawn from the reactor and 

transferred immediately into 100 mL volumetric flasks to m inim ize any ozone loss during 

the sampling process. Each 100 mL volumetric flask contained 10 mL o f  indigo reagent 

and 75 mL o f  ozone demand-free (ODF) water. In all the tests, all the glassware that
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came in contact with ozone was made ozone demand-free. An ozone-saturated solution 

was prepared by bubbling ozone gas into clean deionized water (ELGA® water) for at 

least 2,700 s. The ozonated water was then poured into the glassware that was sealed with 

aluminum foil and left overnight to satisfy any ozone demand. After that, the glassware 

was em ptied and oven-dried before being used. All the experimental set-up components 

that cam e in contact w ith ozone during the experiments were made o f  glass, teflon, 

stainless steel, or PVC to reduce any possible interference that would result from the 

reactions between ozone and the experimental set-up components.

In order to measure the initial ozone dem and o f  the test water, the first sample was 

withdrawn immediately, at t = 0 s, as the ozone stock solution was initially mixed with 

the test water inside the reactor and after 30 s, the second sample was withdrawn. The 

difference in the dissolved ozone concentrations between the two samples represented the 

initial ozone demand o f  the test water. The samples absorbances were measured using a 

spectrophotometer (model ULTROSPEC 3000®) at a wave length o f  600 nm and a path 

length o f  10 mm. Each sample absorbance was then compared to the absorbance o f a 

blank solution that was prepared by adding 10 mL o f  indigo reagent and 75 mL o f  ODF 

water into 15 mL o f  the test water. The dissolved ozone concentration was then 

calculated based on an absorbance coefficient o f  0.042 mm_1Lmg_l according to the 

indigo method developed by Bader and Hoigne (1982). The tests were conducted over a 

wide range o f initial dissolved ozone concentrations and water temperatures to 

investigate their effects on the ozone auto-decomposition kinetics. The initial dissolved 

ozone concentration and temperature o f  the test water ranged from 2.0 to 3.1 mgL-1 and 

from 2.6 to 38.5 °C, respectively.

8.3.2 Pilot-Scale Tests: Ozone Mass Transfer Study

The ozone mass transfer experiments were conducted in a pilot-scale impinging-jet 

bubble column (see Figure 8.3). The bubble column was made from PVC and had an 

inside diam eter o f  100 mm and a total height o f  1,520 mm.
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Figure 8.3 Schematics o f  the pilot-scale impinging-jet bubble column and the 

configuration o f  the Mazzei® injector (model 384).

The water depth was kept constant at 1,315 mm using an overflow  weir that was 

placed at the top o f  the column. A ring tube was also installed at the top o f  the column 

with a 20 mm-diameter hole facing downward. A  schematic o f  the configuration o f  the
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kynar Mazzei® venturi injectors (model 384) is shown in Figure 8.3. The injectors were 

placed 25 mm above the bottom o f  the column at an intersecting angle o f  125° and the 

distance between the centers o f  the nozzles w as set equal to 60 mm. The bottom part o f  

the bubble column consisted o f  an elliptical base to reduce the effect o f  the  backward jet 

that was created in the am bient fluid as a result o f  the je t impingement and  the sidewalls 

o f  that part o f  the colum n had a conical shape. W ith this geometry at the bottom o f the 

column, the effects o f  short-circuiting were minimized. Based on the above reactor 

configuration, it was reasonable to assume that the backm ixing along the column height 

was uniform. This assum ption was also validated by the results o f  tracer experiments that 

were conducted in the bubble column.

During ozonation tests, water samples w ere withdrawn from the colum n from five 

bell-shaped sampling taps that were inserted inside the reactor at a distance equal to 1/3 

o f  the column diam eter and at equal intervals along the colum n height. The bell shape o f 

the sampling taps helped minimizing the entrainment o f  gas bubbles into the withdrawn 

water samples for m easuring the dissolved ozone concentrations. During each ozonation 

test, five water sam ples were withdrawn directly from the sampling taps into volumetric 

flasks at an adequate flowrate to minimize any ozone loss during the sam pling procedure. 

The dissolved ozone concentrations were m easured and calculated following the same 

procedure described in the kinetics study section. Five pressure sensors (Model 26PC 

Honeywell®) were inserted inside the reactor, at a distance equal to 1/3 o f  the column 

diameter and at intervals equal to those o f  the bell-shaped sampling taps, to  monitor the 

pressure along the colum n height. The test w ater used in the experiments was clean 

deionized water o f  sim ilar characteristics to those o f  the w ater used in the kinetics study. 

The ozone gas was generated from extra-dry pure oxygen using a corona discharge ozone 

generator (model G LS-7, PCI-WEDECO®). The ozone generator was allow ed to stabilize 

for at least 1,800 s in order to obtain a stable ozone concentration in the feed  gas. During 

the ozonation tests, the ozone concentrations in the feed and off-gas lines were 

continuously m onitored using PCI-WEDECO® ozone m onitors (models H C400 and LC, 

respectively). The ozone monitors were allowed at least 900 s to stabilize before 

recording their readings. Periodic calibration o f  the ozone monitors was conducted using
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the KI method as described by the standard methods for examination o f  water and 

w astewater (APHA-AW W A-W EF, 1995). All the materials that came in contact with 

ozone during the experiments were made o f  glass, teflon, stainless steel, or PVC to 

reduce the possible interference that would result from the reactions between the 

dissolved and/or gaseous ozone and the experimental set-up components.

The ozone contactor was operated in a co-current flow mode and the gas was 

sparged into the liquid flow under two modes o f  pressure: positive pressure (i.e., 

injection) mode and negative or suction pressure (i.e., ejection) mode. In order to 

minimize the fluctuations in the liquid flowrates during experiments, the test water was 

pumped from two storage barrels into an overhead tank using peristaltic pumps then the 

w ater was pumped from the overhead tank into two lines leading into the injectors using 

a centrifugal pump. As the liquid motive flow passed though the injectors, the gas flow 

was introduced into the flow through the injectors’ throats. The liquid flow, after being 

divided into two lines, was passed through two flowmeters to measure the liquid 

flowrates. The gas flow was passed through a gas rotam eter to measure the gas flowrate. 

Pressure gauges were installed on the liquid-flow lines to measure the liquid pressure in 

the lines. Pressure gauges were also installed at the gas rotam eter exit and at the injectors’ 

throats to measure the gas pressures in the gas lines. All the pressure gauges were 

calibrated prior to their use. The bubble column w as operated for a period o f  time that 

was at least eight theoretical reactor retention times to allow for the ozonation process to 

reach isothermal steady-state conditions and that was verified by reaching a constant off- 

gas ozone concentration in the exhaust-gas line. The gas hold-up data along the column 

height was obtained by continuous monitoring o f  the pressure readings along the column 

height. The pressure data were collected instantaneously and downloaded to a  PC using a 

Lakewood® data logger. A wide range o f  superficial liquid velocities, and feed-gas 

velocities, and feed-gas ozone concentrations was investigated in order to study their 

effects on the performance o f the impinging-jet ozone bubble column. The operating 

conditions o f  the pilot-scale ozonation experiments are presented in Table 8.4.
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8.3.3 Data Analysis Method for the Kinetics Study

The ozone auto-decomposition process w as assumed to follow first-order kinetics 

as described by Equation 8.1 and this assumption was considered valid if  the plotted data

represent specific ozone utilization rate constant (kw) while the intercept would represent 

ln[O 3]t = 0 s- In all the ozonation tests, ln[0 3 ]t = 3o s w as compared to ln[0 3 ]t = os to calculate 

the initial ozone demand o f  the test water. A linear regression technique was employed to 

obtain the slope and the intercept o f  the proposed straight line. The predicted values o f  kw 

were pooled together to investigate the effect o f  the water temperature (T l) on the ozone 

auto-decomposition kinetics. It was assumed that this effect could be described by the 

well-known van’t Hoff-Arrhenius relationship:

where: 0 = dimensionless temperature correction factor, kw = specific ozone utilization 

rate constant (s-1), and T L = water temperature (°C).

8.3.4 Data Analysis Method for the Mass Transfer Study

The solution o f  the steady-state IP-ADM represented by Equation 8.3 was used to 

create a simple spreadsheet program in which the product cells were assigned to the 

column-average overall mass transfer coefficient (k[a), liquid-phase axial dispersion 

coefficient (D l), and coefficient o f  the gas-phase ozone molar fraction decrease along the 

column height (ai). The specific ozone utilization rate constant ( k w| „c ) had to be

provided through the dimensionless Damkohler num ber (Da). For each ozonation test, 

since the water temperature (T l) was measured, a  temperature correction factor (0) that 

was obtained from the kinetics study was used to calculate k w|T „c . In the spreadsheet

program, the target cell was assigned to the following error norm:

o f  In [0 3 ]t versus t could be represented by a straight line. The slope o f  that line would

[8.13]
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i=6

SSR(k[_a, *® l )  — ^  measured.! ^calcu la ted .! ) [8-14]
! = l

Equation 8.14 represents the summation o f squared residuals (SSR) o f  the difference 

between the measured and predicted dimensionless dissolved ozone concentrations. The 

spreadsheet program executed and the values o f  k La, D l, and a t were varied until the SSR 

was minimized.

8.4 EXPERIMENTAL RESULTS

8.4.1 Bench Tests: Ozone Auto-Decomposition K inetics Study

Comparisons o f  the ln[0 3 ]t = 30 s with the ln[0 3 ]t = 0 s values produced a relative error 

o f  < 0.6 %. This result supported the assumption that the clean deionized water had 

negligible or essentially no initial ozone demand. The plots o f  ln[C>3 ]t versus the reaction 

time (t) were described by straight lines through the linear regression analyses with the 

coefficients o f  correlation ( r ’s) > 0.87.

Tl = 19.9 °C 
In [0 3| = 0 .90 -0 .01  t

r = 0.97

0.6

O
Tl = 17.1 °C 

JO,) =0.84 -  0.02 t
r = 0.99

e
0.0

- 0.6

- 1.2

2000 2500 30001000 15005000
Reaction time, t (s)

* TR12 ■ T R 8 — First-order auto-decomposition kinetics model

Figure 8.4 Typical ozone auto-decomposition kinetics in deionized water.
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Figure 8.4 depicts typical plots o f  In[C>3 ]t values versus as functions o f  the reaction 

tim e during two o f  the ozone auto-decomposition kinetics experiments under two 

different temperatures.As shown in Figure 8.4, the first-order kinetics can adequately 

describe the ozone auto-decomposition process in clean waters that have negligible initial 

ozone demand. The regression analysis produced similar specific ozone utilization rate 

constants (kw’s) for the tests that were conducted at the same initial water temperature 

and different initial dissolved ozone concentrations. Therefore, it can be concluded that 

there was no effect o f  the initial ozone concentration on the specific ozone utilization rate 

constant.

Tl -20 (°C)

-24.0 -16.0 -8.0 0.0 8.0 16.0 24.0
-4.0

In (kw) = 0.10 (Tl-20) -  8.25
r = 0.98

- 6.0

w  - 8 .0

- 10.0

ln(k„|T ,c )= ln (k „ |I0..c )+ (T L -2 0 )ln 9

- 12.0

Figure 8.5 The effect o f  water tem perature on the ozone auto-decomposition rate 

constant.

Figure 8.5 shows the effect o f  tem perature on the ozone auto-decomposition rate 

constant. The tem perature correction factor (0) and k w|,0„c w ere found to be 1.11 and

2.61 x ICT4 s"1, respectively, and the coefficient o f  correlation (r) was equal to 0.96. 

Yurteri and Gurol (1988) investigated the ozone auto-decomposition process in natural 

waters that are characterized by their high initial ozone demands. k w |20„c was determined
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to be 2.78 x 10 3 s '. A comparison of the kw|20„c value obtained in the current study

with value obtained in the study o f  Yurteri and G urol (1988) indicates that the ozone 

auto-decomposition process in clean waters, that exhibit negligible initial ozone demands, 

is a very slow process.

8.4.2 Pilot-Scale Tests: Ozone Mass Transfer Study

In order to solve Equation 8.3 that represents the 1P-ADM, the spreadsheet program 

was allowed a maximum number o f  200 iterations. Despite that, the convergence 

criterion was satisfied in less than 200 iterations and the SSR was minimized with a 

relative error in the SSR < 10-3. Sensitivity analysis was conducted to test the sensitivity 

o f  the predicted dissolved ozone concentration profiles towards changes in kta,  D l, and 

ai. The results indicated that these profiles were m ore sensitive to changes in k[a than 

changes in D l and aj. The same phenomenon was observed before by Deckwer et al.

(1983) when they solved the axial dispersion model (ADM) in the liquid phase only to 

estimate kLa and D l for a  co-current lm m-perforated-plate bubble column using a similar 

two-param eter minimization technique by varying kLa and Dl. At low liquid superficial 

velocity ( u l )  o f  5.4 x 10-2, there was reasonable agreement between the D l values 

obtained using the m inimization technique and the values using the correlation o f 

Deckwer et al. (1974). The operating conditions and the results o f  the minimization 

solution technique for the pilot-scale ozone mass transfer experiments are shown in Table 

8.4. Figures 8.6 and 8.7 depict typical dimensionless dissolved ozone concentration 

profiles in the injection and ejection modes, respectively. The dimensionless dissolved 

ozone concentrations are plotted as functions o f  the dimensionless axial co-ordinate o f 

the column. Henry’s law constant (H) o f  0.22 kPaLm g-1 was obtained from Sotelo et al. 

(1989).
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Figure 8.6 Typical dimensionless dissolved ozone concentration profiles in the 

impinging-jet bubble column operated in a gas-injection mode.
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Figure 8.7 Typical dimensionless dissolved ozone concentration profiles in the 

impinging-jet bubble column operated in a gas-ejection mode.
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Each ozone concentration was based on a number o f two replicates. The absolute 

error between each pair o f  dissolved ozone concentrations was < 5.5 %  with a mean value 

o f  1.3 %. The normalized standard deviation (SD/C"U0) o f  each pair o f  replicates was <

1.9 x 10“2 with a mean value o f  3.7 x 10“3. As shown in Figures 8.6 and 8.7 and despite 

some deviations o f  the measured concentrations from the ones estimated by the IP-ADM, 

the IP-AD M  has provided excellent predictions o f  the dissolved ozone concentration 

profiles. This is evident from the conform ity between the measured and the predicted 

dissolved ozone concentrations. At the first sampling tap near the bottom o f  the column, 

the measured concentrations were sometimes higher than the estimated concentrations. 

This could be a result o f  the location o f  the first sampling tap being very close to the 

injectors’ exit points and sometimes that led to entrainment o f  some gas bubbles into the 

liquid withdrawn from the sampling tap especially in the experiments that were 

conducted at high u g ’ s . Due to the operating nature o f the venturi injectors, the 

impinging-jet bubble column had to be operated in a co-current flow mode. Generally, 

the dissolved ozone concentrations, estim ated by the IP-ADM, increased along the 

column height up to a point where they started decreasing. The location o f  this point 

varied depending on the operating conditions.

Regarding the effect o f  ug on the dissolved ozone concentration profiles, the 

profiles o f  T R ’s 5 and 12 were compared. Those tests were conducted in the injection 

mode at almost the same ul. A s ug increased from 2.6 x 10'3 ms-1 in TR 12 to 3.8 x 10~3 

ms-1 in TR 5, the maximum estimated dissolved ozone concentrations increased and their 

locations shifted from Z = 0.72 to Z = 0.47. The same phenomenon was reported by 

Gamal El-Din and Smith (2000) when they investigated the effect o f  kLa on the dissolved 

ozone concentration profiles in conventional diffuser bubble columns. The estimated kLa 

increased from 1.6 x 10”2 in TR 12 to 2.2 x 10-2 s”1 in TR 5 and the estimated D l 

decreased by almost 50 %. The estimated ai increased from 0.33 in TR 12 to 0.55 in TR

5. A sim ilar trend was observed in the ejection mode when comparing the profiles o f  

T R ’s 13 and 22 except that the effect o f  increasing ug on the estimated value o f  kLa was
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higher than that in the injection mode. Meanwhile, the effect o f increasing ug on the 

estimated value o f  Dl was lower than that in the injection mode.

Regarding the effect o f  ul on the dissolved ozone concentration profiles, the 

profiles o f  TR’s 1 and 2 were compared. Those tests were conducted in the injection 

mode at the same ug- As ul increased from 7.7 x 10“3 ms”1 in TR 1 to 1.4 x 10”2 ms”1 in 

TR 2, the maximum estimated dissolved ozone concentrations decreased. Also, the 

locations, o f  those maximum concentrations, were near the near the m iddle point o f  the 

column height (at Z = 0.54 and Z = 0.58 in TR 1 and 2,respectively). The same 

phenomenon was reported by Gamal El-Din and Smith (2000) when they investigated the 

effect o f  PeL on the dissolved ozone concentration profiles in conventional diffuser 

bubble columns. The estimated kLa increased from 1.3 x 10”2 in TR 1 to 1.8 x 10”2 s '1 in 

TR 2 and the estimated Dl increased by almost 20 %. The estimated at decreased from 

1.55 in TR 13 to 0.53 in TR 22.

In the current bubble column design, the mass transfer process was maximized 

considerably and that led to higher mass transfer driving force (C*Lf - C u, ) throughout

the entire column height. The ozone auto-decomposition process had minimal impact on 

the dissolved ozone profiles as a result o f  the low specific ozone utilization rate constant 

exhibited by the deionized water used in the current study. As a result, the mass transfer 

process was superior to the ozone auto-decomposition process in determ ining the shape 

o f  the dissolved ozone concentration profiles as well as the residual ozone concentration 

levels achieved in the column effluent.

The design o f  the impinging-jet bubble column is different from the conventional 

bubble column designs in terms o f  the interrelated effects o f  the superficial gas and liquid 

velocities (ug and ul) on the performance o f  the gas-liquid injectors and ultimately, on 

the performance o f  he impinging-jet bubble column. Operating the venturi injectors in the 

injection or ejection mode and increasing ul, an increase in ug and a  decrease in the 

injector throat pressure will occur, while operating at the same Ul and increasing ug will 

cause the injector throat pressure to increase. The difference in pressure between the gas

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

introduction point and the exit point o f  the injector, inside the column, w ill affect the size 

o f  the gas bubbles leaving the injectors and consequently, the bubbles’ specific interfacial 

area will change. At alm ost similar uo, this differential pressure was generally higher and 

occurred at higher u g ’ s  in the ejection mode com pared to those in the injection mode. As 

a result, the same combination o f  ug and uL cannot coexist in the injection and ejection 

modes. Therefore, the tw o modes o f  gas absorption had to be analyzed separately. Part o f 

the overall system-mass-transfer efficiency is attributed to the contact tim e between the 

gas phase and the liquid phase inside the intense mixing zone inside the venturi injector, 

i.e., from the gas introduction point to the ex it point o f  the injector inside the column 

(M azzei and Bollyky, 1991). As a result, an increase in this contact time w ill lead to an 

increase in the efficiency o f  the overall mass transfer process.

8.5 DEVELOPMENT OF PROCESS-PARAMETER CORRELATIONS

In order to study the effects o f the gas and liquid flowrates on the IP-ADM 

estimations o f  the column-average kLa and D l, relationships that correlate these two 

parameters with the superficial gas and liquid velocities (ug and Ul) w ere developed 

through non-linear regression analyses. Comparisons o f  the performance o f  the 

impinging-jet bubble column with the conventional bubble columns, in term s o f  kLa, 

were also conducted in order to assess the improvement in the mass transfer process by 

utilizing the impinging-jet technique for the ozone gas absorption process. The effects o f 

the process variables on ai were also studied by  correlating ai to the process variables 

PeL, StL, Stc, and Da by applying a linear regression technique.

As discussed earlier regarding the dynam ic nature o f  the venturi injectors as gas 

absorbers, it was observed that they exhibited variable behaviour in the injection mode 

from that in the ejection mode. Therefore, the regression analyses were conducted for the 

gas-injection mode separately from the gas-ejection mode to obtain process parameter 

correlations that can be used for estimating the process variables (kLa, D l, and a i)  using 

the operating conditions encountered during the ozonation process. The m ass transfer 

process is a liquid-phase-temperature dependent while the backm ixing process
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dependency on the liquid-phase temperature is m inim al (Deckwer, 1992). As a result, and 

due to the variable w ater temperature during the tests, the predicted k ia ’s were corrected 

for the temperature effect using a temperature correction factor (0) equal to 1.024 as 

suggested by Roustan et al. (1996).

8.5.1 Correlations o f  the Mass Transfer Coefficient

In the im pinging-jet bubble column, kLa was affected by uG and u l  in contrast to the 

case in most conventional bubble columns w here it is usually affected only  by uG except 

for few studies involving other designs o f bubble columns where kLa was affected by uG 

and Ul. Among these few studies, the com bined venturi-bubble colum ns studied by 

Huynh et al. (1991) and Briens et al. (1992) em erged as promising new bubble column 

designs. For conventional diffuser bubble colum n, Deckwer et al. (1974) proposed an 

empirical correlation to be as follows:

and a  and p = em pirical coefficients that are obtained through a non-linear regression 

analysis. In order to correct for the difference in diffusivity between oxygen and ozone, 

Danckwerts’ surface renewal theory is applied as follows:

The use o f  Equation 8.17, to correct kLa from being an oxygen-based to ozone-based, has 

been previously validated (Sherwood et al., 1975). D0 j a n d D 0j are the molecular

diffusivities o f  ozone and oxygen gases, respectively, in water. D0j and D 0> were taken

as 1.74 x 10-9 and 2.50 x 1(T9 m2s_l, respectively. Based on “state o f  science” review o f  

the literature, and after correcting for the tem perature effect and converting kLa to be

k La = ct Uq [8.15]

where: kLa = overall m ass transfer coefficient (s ') , uG = superficial gas velocity (ms-1),

[8.16]
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ozone-based instead o f  oxygen-based param eter, it was found that a  and P varied from 

0.06 to 1.16 and from 0.54 to 0.88. P w as found to be independent on the sparger type, 

however, a  was strongly affected by the sparger type and the liquid medium (Shah et al., 

1982). This variability in a  and p values could be attributed to the variable bubble 

column physical properties and scales, the type o f  gas sparging technique, neglecting the 

effect o f  test w ater properties on the ozone decay process, and more importantly the 

method o f kLa determination. In most o f  these studies, kLa was calculated based on one of 

two assumptions regarding the backm ixing in the liquid phase. The liquid phase was 

considered to flow in an ideal completely mixed or plug flow regimes. As a matter of 

fact, neither one o f  these flow regimes exists in bubble columns, since the liquid flow is 

usually closer to be in the completely m ixed regime as a result o f  the backmixing process 

(Zhou eta i, 1994).

In the study conducted by Roustan et al. (1987), the conventional ozone contactor 

had a water height o f  4,300 mm and tw o compartments in series, 117 m3 and 128 m3 in 

volume, respectively. In that study, two assumptions were made that seemed to have a 

significant impact on the determined values o f  kLa’s and that might have led to some 

discrepancy with the reported values o f  kLa in the literature. First, a complete mixing 

regim e was assumed to dominate the liquid flow through the contactor and second, the 

ozone decay process was neglected in the potable test water since the water temperature 

was about 5 °C. Another source o f  discrepancy may have resulted from kLa being 

calculated based on conducting mass balance analyses o f the ozone in the gas and liquid 

phases using only the influent and effluent dissolved and gaseous ozone concentrations. 

This method was not appropriate since the dissolved ozone concentration in the effluent 

m ight not have been sensitive to kLa, especially in situations where high-absorption 

efficiency existed. Also, any experimental errors that might be encountered in measuring 

the effluent concentration can lead to a large bias in estimating kLa (Zhou, 1995).

Laplanche et al. (1991) studied the ozone mass transfer process in a bubble column 

that had a height and a  diameter equal to 4300 mm and 190 mm, respectively. They 

neglected the ozone decay process in the potable test w ater that was used in the
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experiments and also the backmixing in the liquid phase was neglected leading to the 

assumption that the liquid flow through the reactor was in perfect plug flow regime.

Deckwer et al. (1974) studied the oxygen mass transfer process in two bubble 

columns that had diameters o f  200 mm 150 mm, and heights o f 7230 mm and 4400 mm. 

They used the axial dispersion model to describe the bubble column performance. A one- 

param eter minimization technique was applied to  determine kLa by fitting the measured 

dissolved oxygen profiles to the predicted profiles. This approach seems to be the most 

appropriate method to characterize the mass transfer in bubble columns operated in a 

continuous-flow mode since it takes into account the backmixing effect on kLa and the 

resultant concentration jum p occurring at the column inlet due to the column inlet 

boundary conditions. Also, it uses the concentration profiles along the entire column 

height to determine the column-average kLa.

Deckwer et al. (1983) examined the applicability o f  the 2P-ADM to analyze the 

mass transfer measurements in bubble columns. They used the same approach applied by 

Deckwer et al. (1974) except for using a two-param eter (kLa and D l)  instead o f  a 1- 

parameter (kLa) minimization technique. In order to examine the sensitivity o f  the 

predicted kLa to changes in the backmixing coefficient ( D l ) ,  they calculated D l  using the 

relationship suggested by Deckwer et al. (1974) that correlated D l with the superficial 

gas velocity and the bubble column diameter. Then, they used the one-parameter 

minimization technique to determine kLa. They observed that kLa varied only  slightly (< 

10 %) between the two minimization techniques.

In the studies conducted by Huynh et al. (1991) and Briens et al. (1992), kLa was 

correlated to ug and u l  according to the following relationship:

k La = a U c  u [  [8.17]

where: kLa = overall m ass transfer coefficient (s_l), ug = superficial gas velocity (m s_I), 

uL = superficial liquid velocity (ms-1), and a ,  P, and y = empirical coefficients that are
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obtained through a non-linear regression analysis. Huynh et al. (1991) correlated ug and 

uL to the venturi-bubble colum n average kLa. In that system, the liquid flowed upward 

and the injection mode was used for the gas absorption process. They assumed that ideal 

plug flow conditions existed in the venturi injector and the bubble column based on 

visual observations o f the M ethylene blue mixing patterns. The venturi injector had a

95.3 mm exit-diameter and a 380 mm height. The bubble column had a diameter and a 

height o f  95 mm and 790 mm , respectively, a ,  (5, and y were estimated to be 2.56, 0.53, 

and 0.96, respectively.

Briens et al. (1992) correlated ug and u l to the venturi injector kLa separately from 

the bubble column kLa. In that system, the liquid flowed downward and the ejection 

mode was used for the gas absorption process, a ,  p, and y were estimated to be 0.81, 

1.91, and -1 .91 , respectively, for the venturi injector. For the bubble column, a , p, and y 

were estimated to be 7.64,0.99, and 0.00, respectively. Based on their tracer experiments, 

they assumed that ideal com plete mixing conditions existed in the bubble column that 

had a height o f  790 mm and a diameter o f  95 mm. They observed that the superficial 

liquid velocity (ul) had no effect on kLa. As a result the relationship represented by 

Equation 8.16 was used to correlate kLa to ug in the bubble column.

In the current study and under the injection m ode for the gas absorption process, 

kLa was found to be dependent on ug and ul- The non-linear regression parameters (a , p, 

and y) w ere estimated to be 12.50, 0.83, and 0.37, respectively. The non-linear regression 

analysis produced a correlation coefficient (r) o f  0.99. As ug increased, kLa increased 

considerably as observed before by several researchers (Deckwer et al., 1974; Roustan et 

al., 1987; Laplanche et al., 1991; Huynh et al., 1991; Zhou, 1995; Zhou and Smith, 

2000). This could be explained by the following phenomenon: as ug increases, the gas 

bubbles’ mean specific interfacial area increases due to the increase in the volume-to- 

surface area mean bubble diam eter (i.e., Sauter diam eter, ds). Also as u l increased, kLa 

increased. Similar observations were reported by W ang and Fan (1978) and Huynh et al. 

(1991).
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In the impinging-jet bubble column, it is expected that as ul increases, the intensity 

o f  turbulence will increase causing the turbulent shear stresses to increase considerably in 

the venturi injector as well as in the bubble column. Consequently, this w ill result in 

sm aller bubbles and higher gas bubbles’ mean specific interfacial area and as a  result, kLa 

will increase. By contrast, and since a considerable amount o f  the overall m ass transfer 

efficiency that can be obtained in the impinging-jet bubble will be attributed to the mass 

transfer process that takes place inside the venturi injector. Increasing ul will cause the 

residence time inside the injectors to decrease, thus, leading to a decrease in the overall 

bubble column mass transfer efficiency, i.e., the column-average kLa will decrease. An 

experim ental study was conducted in the impinging-jet bubble column to investigate the 

effects o f  the operating conditions on the characteristics o f  the gas bubbles. A 2-D laser 

particle dynamics analyzer that utilizes the laser Doppler anemometry (LDA) technique 

to m easure the turbulence intensity and the phase Doppler anemometry (PDA) technique 

to m easure the bubble size and concentration was used to perform such measurements in 

the im pinging-jet bubble column. The same experimental procedure for the laser system 

set up as described by Zhou and Sm ith (2000) was used in the current study.
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Figure 8 . 8  Effects o f  the uG and u l on the gas bubble diameters and concentrations in 

the injection mode.
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Figure 8 . 8  depicts the effects o f  ug and u l on the Sauter mean bubble diam eter (ds, 

pm), the count mean bubble diameter (d s , pm), and the concentration o f  gas bubbles (C b, 

#bubblesL_1). As U g  increased, de decreased almost linearly while ds and C b increased 

almost linearly. As u l increased, there was virtually no effect on da while it caused a 

significant decrease in ds and also a  significant increase in C b- The Mixing intensities 

were found to be significantly high in the vertical and radial directions. U nder the 

operating conditions represented in Figure 8 .8 , the turbulence % in the gas phase (= root 

mean square velocity/mean velocity) reached a maximum o f  95 % and 5550 % in the 

vertical and radial directions, respectively. Although the turbulence intensity in the liquid 

phase was not measured, it was expected that since the turbulence levels in the gas phase 

were high, the liquid phase would as well exhibit high levels o f  turbulence.

During the gas-injection mode, the effect o f  the residence time inside the injectors 

on reducing kLa as ul increases perhaps was smaller than that o f  increasing ul leading to 

an increase in the shearing o f  the large gas bubbles into smaller bubbles and 

consequently, causing the mean gas bubbles’ specific interfacial area to increase as well 

as kLa.

Figure 8.9 depicts a comparison between the kLa correlation developed in the 

current study, in the gas injection mode, with those developed in previous studies. As 

shown in Figure 8.9, the impinging-jet bubble column has proven to cause a significant 

increase in the overall ozone mass transfer coefficient (kLa) compared to the conventional 

and upward-venturi-injector bubble columns. By operating the gas absorption process in 

the ejection mode, kLa was found to be dependent on ug and u l The non-linear regression 

parameters (a ,  P, and y) were estimated to be 0.09, 1.43, and -1.78, respectively. These 

coefficients are comparable with those o f  Briens et al. (1992). The non-linear regression 

analysis produced a correlation coefficient o f  1.00. The effect o f  ug on kLa w as higher 

than that in the injection mode. W hen operating in the ejection mode and contrary to its 

overall effect on kLa in the injection mode, as u l increased, kLa decreased. As discussed 

earlier and since the injection mode was associated with higher u l ’ s , the effect o f  the
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residence tim e inside the injectors m ight have been higher than the effect o f  increasing 

the turbulent shear stresses on the shearing o f  the large gas bubbles into sm aller bubbles.
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column combination/model- 
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Figure 8.9 Comparison o f  the k[.a correlations for gas sparging under positive 

pressure in various types o f  bubble columns.

Figure 8.10 depicts a comparison between the kLa predicted in the current study, in 

the gas ejection mode, with that predicted in the study conducted by Briens et al. (1992). 

Due to the downward-flow arrangement in the study o f  Briens et al. (1992), the gas-phase 

residence tim e inside the system increased leading to higher kLa. As shown in Figure 

8.10, and despite the above operational advantage o f  the system investigated by Briens et 

al. (1992), the impinging-jet bubble column has proven to kLa that was com parable to 

that in the downward-venturi-injector bubble column. Comparisons between the 

impinging-jet-bubble-column average kLa’s that were obtained in the ejection mode with 

the kLa’s obtained in conventional bubble column designs have shown that the 

impinging-jet design was also superior in terms o f  its higher mass transfer efficiency.
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Figure 8.10 Comparison o f  the kLa correlations for gas sparging under negative 

pressure in various types o f  bubble columns.
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Figure 8.11 presents a comparison between the kLa values that were estimated using 

the IP-ADM and the kLa values estimated using the non-linear regression technique. The 

excellent conformity between the two methods strongly suggests the consistency o f  the 

1P-ADM in estimating kLa under a wide range o f  gas and liquid flowrates.

8.5.2 Correlations o f  the Backmixing Coefficient

The liquid phase dispersion results from the entrainm ent o f  the surrounding liquid 

by the rising gas bubbles that carry the entrained liquid upwards (Deckwer, 1992). Using 

two-phase jets to create je t impingement in the am bient fluid will produce a je t that grows 

at a higher rate than a single je t. As the resultant je t travels forward and grows, it will 

entrain some o f  the surrounding ambient fluid, thus causing the mean je t flow to be 

higher than that at the je t nozzle as observed by several researchers (Rajaratnam, 1976). 

Based on the above, a circular flow will be developed above the convective flow and as a 

result, the liquid near the central axis o f  the flow will move upwards with most o f  the gas 

bubbles and the liquid near the walls will move downwards. Measurements o f  the radial 

velocity profiles can confirm the existence o f the circular flow pattern (Deckwer, 1992).

In bubble columns characterized by their small bubble Sauter diameter range, all the 

liquid almost envelops the gas bubble and is entrained and dragged upwards. As a result, 

a sink will be developed near the gas distributor and pressure oscillations will occur. This 

will cause the gas-liquid dispersion to flow downwards again (Deckwer, 1992). The 

experimental data o f  Konig et al. (1978) have shown that, in an air-water bubble column 

equipped with perforated plates and as ug increased up to 2 . 0  x 1 0 ~ 2 ms-1, D l decreased 

from about 1.4 x 10' 2  m2 s_1 to 1.0 x ICT2 m2 s~‘. This could have been a result o f  the gas- 

liquid flow being in a  homogeneous bubbly regime w here it would be characterized by its 

high gas bubble concentration and, uniform gas bubble size, and gas bubble size 

distribution and therefore, constant rise velocity. This w ould have led to rising o f  the gas 

bubbles without mutual interference leading to uniform degrees o f  axial and radial 

distribution o f  gas hold-up and a low degree o f  m acro-turbulence (Kastanek et al., 1993). 

Tracer tests were conducted and the estimated backm ixing coefficients (DL’s) were in
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good agreement with the 1P-ADM estimated D l ’s  under the tested conditions o f  Ug ^  1.4 

x 10” 2  ms- 1  and u l < 2.8 x 10“ 2  ms”1. The same phenom enon was observed in the study o f 

D eckw er et al. (1983) when u l  was < 3.0 x 10“ 2  m s”1. The estimated DL’s, using the 1P- 

ADM , were converted to the dimensionless Peclet numbers (P cl’s). PeL ranged from 1.2 

to 9.5 in the injection m ode and from 1.1 to 3.1 in the ejection mode. The corresponding 

num ber o f  continuously flow stirred tank reactors (CFSTR’s) in-series ranged from 1.4 to

5.3 in the injection mode and from 1.4 to 2.2 in the ejection mode. These results suggests 

that the backmixing in the impinging-jet bubble column can be described adequately 

using the axial dispersion model (ADM) rather than an ideal plug flow (PF) model or an 

ideal CFSTR model.

Non-linear regression analyses produced pow er-law  relationships o f  the backmixing 

coefficient (DL) with respect to the gas and liquid superficial velocities (ug and uL). For 

the injection mode, the relationship was as follows:

D l  = 5 .4 x lO - 4 u ” ' 07 u °l 8' [8.18]

and for the ejection mode:

D L = 3 .9 x l0 ” 7 u G0  09 u [ 2 7 9  [8.19]

where: D l = liquid-phase dispersion coefficient (m 2 s”'), ug = superficial gas velocity 

(m s”1), and uL = superficial liquid velocity (m s"1). The coefficient o f  correlation was 

equal to 0.94 and 0.99 for the injection and ejection modes, respectively. The injection 

m ode was characterized by a higher Sauter mean bubble diameter (ds) and a  gas bubble 

concentration (Cb) than the ejection mode and as a  result the gas-liquid flow was closer 

to the ideal homogeneous bubbly flow regime. Consequently, DL was higher in the 

injection mode than in the ejection mode. In the injection mode and considering the 

above discussion, an increase in Ug will be expected to cause a decrease in D l as a result

o f  the increase in ds. This phenomenon was verified by the results as shown in Equation
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8.18. The same phenomenon occurred in the ejection mode (as shown by Equation 8.19) 

but to a lesser extent due to the fact that gas flowrates associated used in the ejection 

mode were slightly lower than those in the injection mode. Another reason is that during 

the ejection mode runs, the flow inside the column was closer to the ideal bubbly regime 

but still not in the homogeneous regim e due to low gas bubble concentration (C b) as 

observed during the tests. The same phenomenon was reported before in the literature 

(Kastanek et al., 1993).
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Q  0.02
■ Injection mode

a Ejection mode

o o.oi

- 1.07

0.00
0.020.00 0.030.01

1P-ADM-correlated DL(m V )

Figure 8.12 Comparison between the IP-ADM and the non-linear regression 

correlations o f D l-

In the injection mode and as u l  increases, the entrainment o f the surrounding 

ambient fluid will increase as the resultant (due to jet impingement) jet grows upward and 

the entrainment o f  the liquid by the gas bubbles will increase as a result o f the decrease in 

ds and thus, D l will increase. The sam e phenomenon w as also observed in three other 

types o f  bubble columns, the first type was an upward-flow bubble column equipped with 

a gas-liquid ejector (Ogawa et al., 1982), the second type was equipped w ith gauze 

cylinders suspended in the liquid phase (Deckwer, 1992), and the third type was equipped 

with porous plates (Kastanek et al., 1993). In the ejection mode and by contrast, u l
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exhibited an opposite effect on D l. In the ejection mode, the flow was closer to the ideal 

bubbly flow regime and as u l increased, D l decreased. The same phenom enon was 

observed before by Zhou (1995) who investigated the effect o f  u l on D l in a  fine-bubble 

diffuser ozone bubble column in which the gas-liquid flow was in the bubbly flow 

regim e. As shown in Figure 8.12, there w as an excellent correlation between the 

estim ated D l’s using the IP -A D M  and the estim ated D l’s using the non-linear regression 

analyses.

8.5.3 Correlations o f  the Gas-phase-Concentration-Decrease Exponent

Linear regression analyses were performed in order to study the effects o f  the 

process variables on the exponent (ai) o f  the gas-phase ozone concentration decrease 

following the exponential decrease function represented by Equation 8.2. It was assumed 

that the ozone decay in the gas phase was negligible as well as the gas phase was flowing 

in a plug flow regime.

a, = 0.47 -  0 .39StL + 0 .68Stc 

-  0 .09PeL -1 .13D

V 1.0

‘a, = 0 .9 4 -0 .0 7 S tL + 0 .0 7 S tG 

-  0.04PeL -3 .2 4 D

0.0 0.5 1.0 1.5
IP-ADM-correlated a,

■ Injection mode 

a Ejection mode

2.0

Figure 8.13 Comparison between the IP-ADM  and the linear regression correlations 

o f  ai.
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As a result, ai represents the overall decrease in the gas-phase ozone m olar fraction due 

to the effects o f  the gas-liquid mass transfer and the gas-phase convection processes 

(Gamal El-Din and Smith, 2000). ai was correlated to the process dimensionless 

variables: Peclet num ber (PeO, liquid-phase Stanton number (S t|J , gas-phase Stanton 

number (StG>, and Dam kohler number (Da) through a relationship similar to the one 

suggested by Gamal El-Din and Smith (2000):

a, = A ' + B 'S t L + C 'S t G + D 'P e L + E ' D ,  [8.20]

where: A', B ',C ', D \ a n d E '=  empirical coefficients that were estim ated through linear 

regression analyses. As a result o f the linear regression analyses, and for the injection 

mode, the coefficients ( A ', B ', C \  D', E ') were found to be 0.94, -0 .0 7 , 0.07, -0 .04, and -  

3.24, respectively, and the coefficient o f  correlation was equal to 0.79. For the ejection 

mode, A', B ',C ', D ', E ' were 0.47, -0 .39 , 0.68, -0 .09 , and -1 .13 , respectively with the 

correlation coefficient equal to 0.99. Figure 8.13 shows an excellent conformity 

comparison between IP-ADM  and the linear regression estimations o f  at.
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8.6 CONCLUSIONS

W ith respect to the m easured dissolved and gaseous ozone concentration profiles in 

the impinging-jet bubble colum n, it can be concluded that:

( 1 ) the dissolved ozone concentration profiles along the bubble column height, 

can be well estimated using the one-phase axial dispersion model (IP-A D M ) 

through the use o f  bubble column average parameters with respect to the 

overall mass transfer coefficient (kLa), liquid-phase backmixing coefficient 

(D l ), and coefficient o f  the gas-phase ozone m olar fraction decrease along the 

column height (aO-

(2 ) for the tested deionized water, it was found that kLa and D l were dependent on 

the liquid and gas superficial velocities. The nature o f  this dependency varied 

from the gas injection m ode to the gas ejection mode, and

(3) the gas-phase dim ensionless ozone concentration profiles can be well 

described using an exponential relationship representing the gas-phase ozone 

molar decrease along the column height. The exponent (aO was found to be 

dependent on the process dimensionless variables (PeL, StL, Stc, and Da) and 

the nature o f this dependency was different in the injection mode from that in 

the ejection mode.

The use o f  the venturi injectors for the ozone gas absorption caused an increase in 

the mass transfer rates due to the contact between the gas and the liquid phases inside the 

injectors. Placing the injectors at an intersecting angle o f  125° at the bottom o f  the bubble 

column caused an intersecting o f  the gas-liquid jets. This arrangement has led to a 

significant increase in the turbulence intensities in the am bient fluid and consequently, a 

significant increase in the m ass transfer rates was achieved. The impinging-jet bubble 

column has proven to be a very prom ising gas-liquid contacting unit, when com pared to 

the traditional bubble column designs due to its com pact size that can handle higher 

liquid and gas flowrates w ithout causing any decrease in the mass transfer efficiency of 

the bubble column.
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CHAPTER 9. MAXIMIZING THE ENHANCED OZONE OXIDATION OF 

KRAFT PULP MILL EFFLUENTS IN AN IMPINGING-JET BUBBLE

COLUMN*

9.1 INTRODUCTION

Ozone contactors that utilize bubble diffusers are the most com m on practice used 

for treating water and wastewater. In order to achieve higher treatm ent levels in ozone 

contactors, the configuration and the design o f  the contacting unit and the type o f  the gas 

absorber need to be m odified in an attempt to achieve higher turbulent mixing in the 

liquid phase. According to the theory o f  surface renewal proposed by Danckwerts (1970), 

an increase in the m ixing intensity will cause the liquid film at the gas-liquid interface to 

be renewed at a h igher rate leading to a higher local mass transfer coefficient (k[_). 

Increasing the turbulence in the liquid phase w ill lead to higher turbulent shear stresses 

that will cause the thickness o f  the liquid film to decrease, and consequently, the ozone 

gas will diffuse through the liquid film at a higher rate causing kL to increase. Higher 

turbulent shear stresses will also cause the gas bubbles to become smaller. As a result, the 

gas bubbles’ specific interfacial area (bubbles’ surface area/liquid volum e) will increase 

leading to higher overall mass transfer coefficient (k[.a).

When two axisym m etrical circular turbulent air je ts intersected at an angle o f  180°, 

the resultant je t behaved like a radial jet that grew at about three times the rate o f  a single 

radial je t (Witze, 1974). The impingement produced higher turbulent shear stresses in the 

ambient fluid. The resultant radial je t consisted o f  two flow regions: a forward jet flow 

and a backward je t flow. The same phenomena were observed in the study o f  Khan 

(1989) who studied the impingement o f  circular turbulent water and air jets. Efficient and 

homogeneous m ixing occurred at je ts ’ Reynolds numbers (R e/s) greater than 300 when 

two liquid jets im pinged at an intersecting angle o f  90° (Unger and M uzzio, 1999). In an 

annular tube, when tw o turbulent liquid jets intersected at an angle o f  90°, uniform and 

improved mixing across the tube was observed (Fitzgerald and Holley, 1979).

A version o f  this chapter has been accepted for publication. Gamal El-Din, M. and D.W. 
Smith, Ozone Sci. &  Eng. (July, 2001)
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There have been m any attempts by several researchers to improve the performance 

o f  bubble columns. These attempts were aim ed at maximizing the rate o f  the gas 

absorption process. These attempts included: (1) utilizing motionless mixers (Wang and 

Fan, 1978); (2) inducing internal liquid circulation in an air-lift reactor (Lewis and 

Davidson, 1985); (3) adding internal baffles (Catros, 1986); and (4) utilizing perforated 

plates (Chen et al., 1986). Gas injectors were investigated by a number o f  researchers for 

dissolving gas into the liquid phase in order to improve the mass transfer rates. In the 

study o f  Wachsmann et al. (1984), the m ass transfer process was exam ined using an 

injection-type nozzle. The gas was introduced into the liquid flow under positive and 

negative pressures. Significant increase in the overall mass transfer coefficient was 

observed. This was due to the generation o f  gas bubbles that had a large specific 

interfacial area. They also observed that the values o f  k[_a, in the gas-injection mode, 

varied from those in the gas-ejection mode. A venturi-type injector was used for 

achieving higher gas transfer rates in a bioreactor (Thalasso et al., 1995). Under gas 

injection mode, it was observed that an increase in k ia  occurred as the liquid superficial 

velocity ( ul) and the gas superficial velocity ( ug) increased. Huynh et al. (1991) 

investigated the mass transfer process in an upward venturi-bubble colum n combination, 

k ia  was correlated w ith ug and u l for the bubble column as well as for the venturi-bubble 

column combination. In that contacting system, it was observed that there was essentially 

no backmixing and consequently, k ia in the bubble column was only dependent on the ug 

as observed before in m ost conventional bubble columns. In the venturi-bubble column 

combination, k[_a was dependent on uo and Ul and as they increased, kL.a increased. In an 

attempt to study the effects o f  gas flowrates on the bubbles’ specific interfacial area in a 

conventional diffuser bubble column, Zhou and Smith (2000) used a 2D-laser particle 

dynamics analyzer. They observed that as ug increased, the bubbles’ specific interfacial 

area increased almost proportionally. This phenom enon was attributed to the linear 

increase in the gas hold-up ( s g )  as a result o f  the increase in u g -

Pulp mill effluents are characterized by their high concentrations o f  color, AOX, 

COD, and TOC-causing compounds. Recently, the color and AOX-causing contaminants 

have become the center o f  attention as a result o f  their high resistance towards
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conventional biological treatment processes. In order to com ply with the more stringent 

effluent discharge regulations, the focus o f  the pulp mill effluent treatment industry has 

shifted from the conventional biological treatment processes to other treatment 

alternatives (Haberl et al., 1991; Zhou and Smith, 1997). Ozonation has emerged as a 

very promising technology for treating pulp mill effluents due to its high reduction 

efficiencies o f  color and AOX-causing compounds (Bauman and Lutz, 1974; Zhou and 

Smith, 1997). Ozone can selectively react with the chromophoric (color-causing) and 

halogenated (AOX-causing) functional groups through fast oxidation reactions as a result 

o f  these com pounds’ electrophilic nature (Bauman and Lutz, 1974). They observed that 

the color reduction efficiency was dependent mainly on the amount o f  the utilized ozone 

(A O 3 ) ,  but to some extent it was also dependent on the wastewater initial characteristics 

in terms o f  color, COD, pH, and dissolved and suspended solids’ concentrations.

For any ozonation system, it is important to quantify the dissolved ozone to achieve 

reliable designs and optimum operations o f  ozone contactors. Also, quantifying the ozone 

off-gas exiting the contactor is essential for optimum and reliable designs o f  the off-gas 

destruction facilities.

In the current study, two venturi injectors (Mazzei® injectors) were used to create 

turbulent gas-liquid jets in the ambient fluid. The intersecting o f  the gas-liquid jets caused 

an increase in the turbulence intensity produced in the liquid phase and therefore, 

increased the gas-liquid mass transfer. For modeling the ozonation process in deionized 

water, the ozone auto-decomposition kinetics had to be characterized. This was achieved 

through an ozone decay kinetics study that was conducted in a headspace-free reactor 

under a wide range o f  initial ozone concentrations and liquid-phase temperatures. Then, 

the mass transfer and the backm ixing processes were characterized by fitting the 

measured dissolved and gaseous ozone concentration profiles with the modified non- 

isobaric one-phase axial dispersion model (IP-ADM ) predictions through a three- 

param eter optimization technique. The ozone gas absorption process, in deionized water 

and pulp mill effluents, was investigated under two modes o f  gas sparging: the injection 

and ejection modes. The injection m ode refers to the gas introduction, into the motive
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liquid flow, under positive pressure and the ejection m ode refers to the gas introduction 

under vacuum or negative pressure. The ozonation experim ents, in deionized w ater and 

K raft pulp mill effluent, were conducted in the pilot-scale impinging-jet bubble column 

that was operated in a co-current continuous-flow m ode under a  wide range o f  operating 

conditions. Meanwhile, in som e o f  the pulp mill effluent ozonation experiments, the 

liquid phase was recirculated to  simulate the conditions o f  the semibatch-flow mode.

This chapter presents: (1) a simple and reliable method for predicting the 

impinging-jet bubble-column average overall mass transfer coefficient (kL.a); and (2 ) an 

examination o f  the effects o f  various ozonation process variables on the treatment 

efficiencies and gas absorption dynamics during the ozonation o f  a Kraft pulp mill 

effluent.

9.2 FUNDAMENTALS OF THE OZONATION PROCESS

A number o f  processes occur simultaneously during the ozonation treatment. These 

processes are: convection and backm ixing processes o f  the liquid and gas phases flowing 

through the contacting cham ber; ozone gas mass transfer process; ozone auto

decom position process; and com petitive reactive processes o f  the dissolved ozone with 

the various constituents in the liquid phase (Zhou, 1995). A detailed discussion o f  the 

fundamentals o f  these processes can be found in Gamal El-Din and Smith (2000).

9.3 THE MODIFIED NON-ISOBARIC ONE-PHASE AXIAL DISPERSION M ODEL

(IP-AD M )

The assumptions pertaining to the development o f  the modified non-isobaric 

steady-state one-phase axial dispersion model (IP -A D M ) and the detailed model 

development can be found in G am al El-Din and Smith (2000). The 1P-ADM is com posed 

o f  a single non-homogeneous second-order linear ordinary differential equation. 

Although this differential equation represents the liquid phase, it still accounts for the 

countering effects o f  the gas shrinkage and expansion caused by gas depletion and
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absorption and reduced liquid hydrostatic head. The differential equation was solved 

analytically by the m ethod o f  variation o f  param eters. The IP-ADM was expressed in 

terms o f  a simple spreadsheet program. This program produced the model predictions o f  

the dissolved and gaseous ozone concentration profiles along the bubble column under a 

wide range o f  the ozonation process operating conditions that were represented by the 

model-input parameters.

9.4 EXPERIMENTAL METHODS

9.4.1 Bench Tests: Ozone Auto-Decomposition Kinetics Study

The ozone auto-decomposition kinetics batch experiments were conducted in a 

1200 mL floating-lid headspace-free reactor (see Figure 9.1).

Floating lid

Baffles

Magnetic stir ba r

( ? )  : S tirrer plate

( T )  : 1200 mL headspace-free
reactor

0  : Sample withdrawal

0  : Tem perature 
measurement

Figure 9.1 Schematic o f  the floating-lid headspace-free reactor.

The design o f  the experimental set-up and the experimental procedure were adapted 

from the study o f  Oke et al. (1998). Detailed description o f  the experimental methods can 

be found in Oke et al. (1998). In the current study, clean deionized water was used as the 

test water. The main average characteristics o f  the test water are summarized in Table 

9.1. As shown in Table 9.1, the quality o f  the deionized water, that was used a the test 

water, was not high as indicated by its relatively high TOC (total organic carbon) 

concentration that was about 0.51 mgL-1. The kinetics study was conducted over a range
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o f  water tem peratures and initial dissolved ozone concentrations in order to investigate 

their effects on the ozone auto-decomposition kinetics. The initial dissolved ozone 

concentration ranged from 2.0 to 3.1 m gL ' 1 and the water temperature ranged from 2.6 to

38.5 °C.

Table 9.1 Average characteristics o f  the test water.

Parameters TOC (mgL ') PH A 5 . 1  (mm")

M ean 0.51 5.99 0.004 
Standard deviation 0.29 0.26 0.000

The ozone mass transfer experiments were conducted in a pilot-scale impinging-jet 

bubble column (see Figure 9.2). The bubble column was made from PVC and had an 

inside diameter o f  100 mm and a total height o f  1,520 mm. The water depth was kept 

constant at 1,315 mm by placing an overflow  weir at the top o f  the column. A ring tube 

was also installed at the top o f  the column w ith a 2 0  mm-diameter hole facing downward. 

The Kynar Mazzei® venturi injectors had an inside diameter o f 12.7 mm and were placed 

25 mm above the bottom o f  the column. The injectors were placed at an intersecting 

angle o f  125° and the distance between the centers o f  the nozzles was 60 mm. The bubble 

column had an elliptical base to reduce the effect o f  the backward je t that was created in 

the ambient fluid as a result o f  the je t impingem ent. The sidewalls o f  the bottom part o f  

the column had a conical shape. With this configuration at the bottom o f  the column, 

dead pocketing effects were minimized. Based on the above reactor configuration, it was 

reasonably assum ed that the backmixing along the column height was relatively uniform.

9.4.2 Pilot-Scale Tests: Continuous-Flow Mode/Ozonation o f  W ater and Pulp Mill 

Effluent

Five bell-shaped sampling taps w ere inserted inside the reactor at a distance equal 

to  1/3 o f  the colum n diameter and at equal intervals along the column height. The shape 

o f  the sampling taps minimized the possible gas bubbles’ entrainment into the withdrawn
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liquid samples. During each ozonation test, five liquid samples were withdrawn directly 

from the sampling taps into volumetric flasks and the dissolved ozone concentrations 

were measured and calculated following the procedure described by Bader and Hoigne 

(1982). Five pressure sensors (M odel 26PC Honeywell®) were inserted inside the reactor, 

at a  distance equal to 1/3 o f  the column diameter and at intervals equal to those o f  the 

bell-shaped sampling taps, to m onitor the pressure along the column height. The liquid 

used in the water ozonation experiments was clean deionized water that had similar 

characteristics to those o f  the w ater used in the kinetics study. The ozone gas was 

generated from extra-dry pure oxygen using a corona discharge ozone generator (model 

GLS-7, PCI-WEDECO®). The ozone generator was allowed to stabilize for at least 1,800 

s in order to obtain a stable ozone concentration in the feed gas. During the ozonation 

tests, the ozone concentrations in the feed and off-gas lines were continuously monitored 

using PCI-WEDECO® ozone monitors (models HC400 and LC, respectively). The ozone 

monitors were allowed at least 900 s to stabilize before recording their readings. Periodic 

calibration o f  the ozone monitors was conducted using the KI method as described by the 

Standard Methods for Exam ination o f  Water and W astewater (APHA-AW W A-W EF, 

1995). All the materials that cam e in contact with ozone during the experiments were 

made o f  glass, teflon, stainless steel, or PVC to reduce the possible interference that 

would result from the reactions between the dissolved and/or gaseous ozone and the 

experimental set-up components.

The ozone contactor w as operated in a co-current flow mode. The test liquid was 

pumped from two storage barrels into an overhead tank using peristaltic pumps. Then, the 

test liquid was pumped from the overhead tank into the bottom o f the bubble column 

using a centrifugal pump to reduce any fluctuations in the liquid flowrates during 

experiments. The liquid flow w as divided equally into two lines leading into the injectors. 

As the liquid motive flow passed though the injectors, the gas flow was introduced into 

the liquid flow through the injectors’ throats. The experiments were conducted under two 

modes o f  the gas sparging: positive pressure (i.e., injection) mode and vacuum or 

negative pressure (i.e., ejection) mode. The liquid flow, after being divided into two lines, 

was passed through two flowmeters to measure the liquid flowrates. The gas flow was
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passed through a gas rotam eter to measure the gas flowrate before the gas flow was 

divided into two lines leading to the injectors’ throats. Pressure gauges were installed on 

the liquid-flow lines to m easure the liquid pressure in the lines. Pressure gauges were also 

installed at the gas rotam eter exit as well as at the injectors’ throats to measure the gas 

pressures in the gas lines. A ll the pressure gauges were calibrated prior to their use.

Centrifuge 1 
p u m p _ T

[1> : Data logger ' 6i : P ressure sensors

‘ 2 ' : S to rage  b arre l < 7 > : Sam pling taps

' I 1 : Fced-gasline (*) : To d ra in

' 4 : T ra c e r  injection points '9 )  : O ff-gas line

! 5) : M azzei injectors '10) : O ver-head tank

CEZEZI : F low m eter

( jp
: P re ssu re  gauge

: Flow re g u la to r

Figure 9.2 Schematic o f  the experimental set-up o f  the pilot-scale impinging-jet 

bubble colum n.

The bubble colum n was operated for a period o f time that was at least eight 

turnovers o f  the reactor working volume to allow for the ozonation process to reach 

isothermal steady-state conditions in terms o f  the liquid flowrate, gas flowrate, dissolved 

ozone concentrations along the column height, and off-gas ozone concentration. During
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the experiments, the point o f  tim e at which the steady-state conditions were reached was 

verified by reaching a constant off-gas ozone concentration in the exhaust-gas line. The 

gas hold-up data along the column height w as obtained by continuous monitoring o f  the 

pressure readings. These readings were collected instantaneously and downloaded to a 

PC using a Lakewood® data logger. W ide ranges o f  the liquid flowrates, the feed-gas 

flowrates, and the feed-gas ozone concentrations were investigated. The liquid flowrate 

ranged from 6 . 2  x 1 0 " 5  to 2 . 2  x KT4  m 3 s“l leading to an average theoretical hydraulic 

retention time in the range o f  48 to 174 s. D uring the water ozonation experiments, the 

feed-gas flowrate ranged from 1.4 x 10- 5  to 1.1 x 10” 4  m3s~', the feed-gas ozone 

concentration ranged from 0.9 to 6.0 % w/w, and the water temperature ranged from 19.5 

to 24.5 °C. During the pulp mill effluent ozonation experiments, the feed-gas flowrate 

ranged from 1.4 x 10- 5  to 1.1 x 10- 4  m 3 s_l, the feed-gas ozone concentration ranged from 

9.0 to 1 1.0 % w/w, and the pulp mill effluent tem perature ranged from 16.0 to 25.0 °C.

9.4.3 Pilot-Scale Tests: Semibatch-Flow M ode/Ozonation o f Pulp m ill Effluent

Under similar operating conditions to those used in the pulp m ill effluent ozonation 

tests that were operated in the continuous-flow mode, the liquid-phase was recirculated 

while the gas-phase was continuously introduced through the injectors’ throats. This part 

o f  the experimental study was particularly designed for investigating the effects o f  the 

ozone contact time (t) and the corresponding am ount o f  the utilized ozone ( A O 3 )  on the 

ozone gas absorption dynam ics in terms o f  the enhanced overall mass transfer coefficient 

(Ek[.a), the enhancement factor (E), and the ozone off-gas concentration. For that 

purpose, the ozone contact tim e was varied from 240 to 2,880 s. The measured feed-gas 

flowrates and ozone concentrations were corrected based on the actual air temperatures 

and barometric pressures during the experiments.

9.4.4 Pulp Mill Effluent Characterization

During the continuous-flow mode ozonation tests, samples o f  the wastew ater before 

and after ozonation were analyzed to determ ine the ozonation process treatment
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efficiencies. These analyses were performed to determine the color, AOX, CO D , TOC, 

and BOD5 . The true color was analyzed according to the H5.P method suggested by the 

Canadian Pulp and Paper Association (1974). AOX was analyzed using Euroglas AOX 

analyzer according to the adsorption-pyrolysis- titrim etric method (APHA-AW W A- 

WEF, 1995). COD was analyzed according to the closed reflux-colorimetric method 

(APHA-AW W A-W EF, 1995) by employing silver-catalyzed oxidation with potassium 

dichromate in sulfuric acid. TOC was analyzed according to the combustion-infrared 

method (APHA-AW W A-W EF, 1995) using a Dohrmann carbon analyzer (m odel DC- 

80*). It should be noted that the raw pulp mill effluent characteristics varied over time 

and the average characteristics o f  the pulp mill effluent used in the current study are 

shown in Table 9.2.

Table 9.2 Average characteristics o f  the pulp mill effluent.

Raw pulp mill 
effluent parameters

Continuous-flow
mode

Semibatch-flow
mode

Color (TCU) 1199 1106
AOX (m g L 1) 1 0 . 1 1 1 . 2

COD (m g L 1) 750 681
TOC (mgL ') 250 240
BOD5 (m g L 1) 21.5 18.8

PH 7.7 7.6

9.5 RESULTS AND DISCUSSION

9.5.1 Bench Tests: Ozone Auto-Decomposition Kinetics

The ozone auto-decomposition process was assum ed to follow first o rder decay 

kinetics as follows:

^  = - k . C L [9.1]
dt

where: C l =  instantaneous dissolved ozone concentration (mgL-1), kw = specific ozone 

utilization rate constant (s-1), and t = reaction time (s). Therefore, the kinetics data were
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analyzed by plotting the ln[0 3 ]t versus the reaction time (t). The assumption was 

considered applicable i f  the plotted data could be represented by a straight line that would 

be predicted through a linear regression technique. For further investigation o f  the effect 

o f  water temperature ( T l) on the ozone specific utilization rate constant (kw), the 

predicted kw’s, for all the tests, were pooled together and analyzed using a linear 

regression technique. This kinetics’ temperature-dependency was assum ed to follow the 

well-known van’t Hoff-Arrhenius relationship as follows:

where: 0 = temperature correction factor, and T l = water temperature (°C). The linear 

regression technique was applied to obtain 0  and k w| „ .

In all the tests, comparisons o f  the ln[0 3 ]t = 30 sec with the ln[0 3 ]t = 0  yielded a very 

small relative error (< 0.6 %). This was in agreement with the assumption that the clean 

deionized water had a negligible initial ozone demand. The plots o f  the ln[C>3 ], versus the 

reaction time (t) were well described by straight lines and the linear regression analyses 

produced correlation coefficients (r’s) > 0.87. For the tests that had the same initial water 

temperature and different initial dissolved ozone concentrations, sim ilar decay rate 

constants (kw’s) w ere obtained suggesting that there was no effect o f  the initial ozone 

concentration on the decay rate constant o f  the ozone decay kinetics. The linear 

regression o f  the pooled kw’s and T l ’s produced a correlation coefficient o f  0.98. Figure

9.3 depicts the effect o f  water-temperature on the ozone specific utilization rate constant. 

The water-temperature correction factor (0) and k w| . were predicted to be 1.11, and

2.61 x 10" 4  s"1, respectively. The k w|20<,c value implies that the ozone decay process in

clean waters, w ith negligible initial ozone dem ands, is a very slow process compared to 

the fast ozone decay process that takes place in natural waters that are characterized by 

their high initial ozone demands.

[9.2]
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Figure 9.3 The effect o f  w ater temperature on the ozone auto-decomposition kinetics 

in deionized water.

9.5.2 Pilot-Scale Tests: O zone Mass Transfer in W ater

The design o f  the impinging-jet bubble column is different from the conventional 

bubble column designs in term s o f  the unique dynamic and interrelated effects o f the 

liquid and gas flowrates on the performance o f  the venturi injectors. W hen the venturi 

injectors were operated in the injection or ejection mode and as the liquid flowrate was 

increased, an increase in the gas flowrate and a decrease in the injector throat pressure 

occurred. Operating at the sam e liquid flowrate and increasing the gas flowrate caused 

the injector throat pressure to increase. The differential pressure between the gas injection 

or ejection point and the backpressure inside the bubble column would affect the size o f 

the gas bubbles leaving the injectors and as a result, the bubbles’ specific interfacial area 

will change. At almost sim ilar gas flowrates, this differential pressure was generally 

higher and coexisted with higher liquid flowrates in the ejection mode compared to those 

in the injection mode. Therefore, the same gas and liquid flowrates cannot coexist for the 

injection and ejection modes and as a result, the tw o modes o f  gas absorption had to be 

analyzed separately. Part o f  the overall system-mass-transfer efficiency is attributed to
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the contact time between the gas phase and the liquid phase inside the intense mixing 

zone within the venturi injectors (Mazzei and Bollyky, 1991). As a result, an increase in 

this contact time w ill lead to an increase in the overall mass transfer efficiency in the 

impinging-jet bubble column.

Although the spreadsheet program that represented the IP-ADM w as allowed a 

maximum number o f  2 0 0  iterations, the convergence criterion was met in less than 2 0 0  

iterations and the minimum summation o f  the squared residuals

( S S R  =  ^ ( C o ,  .m easured — ^ O ,.c a lc u la te d  ) "  )  W 3 S  r e a C h e d .

In the impinging-jet bubble column, k ia  was affected by Ug and ul- In an attempt to 

investigate the effects o f  the gas and liquid flowrates on the 1P-ADM predictions o f  the 

column-average k ia , relationships that correlate kLa with the superficial gas and liquid 

velocities (ug and ul, respectively) were developed, for the gas injection and ejection 

modes, through non-linear regression analyses. kLa was correlated to ug and ul according 

to the following relationship:

k La = a U j  u [  [9.3]

where: kLa = overall mass transfer coefficient (s_I), ug = superficial gas velocity (ms-1), 

ul =  superficial liquid velocity (ms-1), and a ,  P, and y = empirical coefficients that were 

obtained through non-linear regression analyses. The mass transfer process is dependent 

on the liquid-phase temperature. M eanwhile, the backmixing process dependency on the 

liquid-phase temperature is minimal (Deckwer, 1992). Due to the variability o f  the water 

temperature from one experiment to another, the predicted kLa’s were corrected for the 

temperature effect, to obtain the corresponding kLa’s at 20 °C, using a  temperature 

correction factor (0) o f  1.024. Operating in the gas injection mode, the non-linear 

regression analysis predicted the param eters (a , P, and y) to be 12.50, 0.83, and 0.37, 

respectively with a correlation coefficient (r) o f  0.99. When the gas absorption process 

w as conducted in the ejection mode, the non-linear regression parameters (a , P, and y)
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were estimated to be  0.09, 1.43, and -1 .78 , respectively with a correlation coefficient o f  

1.00.

1 .0 0 0

-  1 .781 .43

0.100

.2
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■co

0.010

0.83 ,,0.37

0.001
0.001 0.010 0.100

1 P-ADM-correlated kLa (s '1)

■ Injection mode 

a Ejection mode

l.ooo

F igure9.4 A com parison between the kLa’s predicted using the IP-ADM  and the 

non-linear regression analyses.

A comparison between the predictions o f  kLa using the IP-ADM  and the non-linear 

regression analyses is depicted in Figure 9.4. Excellent conform ity between the two 

techniques o f  predictions has proven the consistency o f the 1P-ADM in predicting kLa 

under a wide range o f  gas and liquid flowrates in the gas-injection and ejection modes.

9.5.3 Ozone Mass Transfer in Pulp Mill Effluent: Gas Absorption Dynamics

In order to account for the different characteristics between the clean water and the 

pulp mill effluent and their effects on the overall mass transfer coefficient, a correction 

factor o f 0.9 was used, as suggested by M etcalf and Eddy (1991), to correct kLa that was 

obtained during the clean water ozonation tests. For ozone gas absorption in highly 

reactive environments, such as pulp mill effluents, the overall m ass transfer coefficient 

(kLa) was enhanced by a factor (E). The enhanced overall mass transfer coefficient (EkLa)
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w as measured in order to determ ine the enhancement factor o f  the ozone gas absorption 

process (E = EkLa/ki.a).

In the ozonation experim ents, the residual ozone in the liquid phase was 

insignificant compared to the am ount o f  the utilized ozone (< 1 % ). As a result, at the 

beginning o f  the ozonation process, the ozone gas absorption in pulp mill effluent was 

assumed to occur in the fast o r instantaneous-reaction-kinetics regim e. In order to analyze 

the gas absorption data to determ ine E kia as a function o f  the amount o f  the utilized 

ozone ( A O 3 ) and the ozone contact tim e (t), the bubble column was operated in a 

semibatch mode. This was achieved by continuously feeding the gas-phase into the 

bubble column through the in jectors’ throats while the liquid-phase was recirculated. In 

the semibatch mode, further assum ptions needed to be considered. These assumptions 

included:

( 1 ) the gas phase flowed from the bottom to the top o f  the bubble column in a 

plug flow regime due to the relatively large buoyancy o f  the gas bubbles;

(2 ) the ozone mass balance was conducted only for the gas phase as a result o f  

the residual dissolved ozone concentrations being practically undetectable;

(3) negligible accum ulation o f  the ozone concentration in the gas phase, i.e., 

pseudo-steady state condition was assumed for the gas phase for the relatively 

small time intervals (30  s) over which the gas absorption data were collected;

(4) due to the relatively sm all height o f  the bubble column, the off-gas flowrate 

decrease due to ozone gas auto-decomposition, ozone reactions with the 

contaminants in the liquid phase and the off-gas flowrate increase due to the 

hydrostatic head decrease along the reactor height were negligible, i.e., Q g .om 

=  Q c .in  =  Q g ; and

(5) Henry’s law was applicable.

For the impinging-jet bubble colum n that was operated in the semibatch mode, 

conducting an ozone mass balance in the gas phase, and for pseudo-steady state
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conditions at any given contact time, the bubble-column-average E k ia  was determined as 

reported before by Zhou and Smith (1997) to be as follows:

E k , a  = f Q o H l In ^ 'G .in

I  v L J c_ G.out _

[9.4]

where: Ek|_a = enhanced overall mass transfer coefficient (s-1), Q g = gas flowrate (m 3 s-1), 

Cg.ir = feed-gas ozone concentration (mgL-1), Cg.oui = off-gas ozone concentration 

(mgL-1), V L = effective reactor volume (m3), and H = Henry’s constant. Henry’s constant 

was calculated and found to be 4.0 mg gaseous ozone/mg dissolved ozone for the reactor 

used in the current study. EkLa was calculated for each ozonation test using Equation 9.4 

and by using the previously determined kLa, E was then calculated.

0.14 

0.12 

0 .10  

" P  0.08C/1
ea,

£5 0.06

0.04

0.02

0.00
0 100 200 300 400 500

Utilized 0 3 dose, AO, (m gL1)

Figure 9.5 The effect o f  ozonation on EkLa values.

Figures 9.5 and 9.6 represent typical EkLa and E as functions o f  the amount o f  the 

utilized ozone in a semibatch-ejection mode. It is evident that the enhancement was 

higher at the beginning o f  the ozonation due to the very rapid ozone reactions with the 

contaminants in the liquid phase. As the ozonation proceeded, the enhancement factor

EkLa = -2 .0  x 10 5 (AO,) + 1.0 x 10 2
/  r = 0.80 Semibatch/Ejection Mode

\  I Qg.o = 4*0 * 10 s m V
Cc.„ = 9.9 (% w/w)

rs.
Ql = 1.9 x 10~*m V

/  ■̂SssN.

EkLa = 143 (AOj)'10 * T

r = 0.99
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gradually decreased as observed before by Zhou and Smith (1997), except that in the 

impinging-jet bubble column, two distinctive regions o f  this gradual decrease in E and 

EkLa w ere observed as shown in Figures 9.5 and 9.6. This observation supports the 

phenomenon o f  the shift o f  the ozone gas absorption process from the fast or 

instantaneous to the intermediate-reaction kinetics regime as the ozonation proceeds. The 

rates o f  this gradual decrease in EkLa and E with the increase in the am ount o f  the utilized 

ozone w ere much lower, especially at the beginning o f  ozonation process, than those 

observed in the conventional diffuser bubble column used in the study o f  Zhou and Smith 

(1997). This phenomenon could be attributed to the maximization o f  the enhanced ozone 

mass transfer process as a result o f  the use o f  the venturi injectors for the ozone gas 

absorption.

4.0

3.0 

HJ 2.0

1.0

0.0
0 100 200 300 400 500

Utilized 0 3 dose, A O ,  (m gL 1)

Figure 9.6 The effect o f  ozonation on E values.

Figure 9.7 depicts a com parison between the cumulative am ounts o f  the applied, 

utilized, and exhausted ozone in a semibatch-ejection mode. The am ount o f  the utilized 

ozone w as practically equal to  the amount o f  the applied ozone for m ost o f  the ozone 

contact time. As the ozonation proceeded, the amount o f  the exhausted ozone started to 

slightly increase due to the decrease in the available easily oxidizable sites for further

E = -7.0 x I0"4 (AO]) + 3.0
. r = 0.80

'  ^ Fast or instantancous-reaction-kinctics regime

Intermcdiate-
reaction-kinetics
regime

Semibatch/Ejection Mode 

Qco = 4.0 x 10'5 m V
Cc.o = 9.9 (% w/w) 
Ql = 1.9 x 10~* m V

E = 423.7 (AOj)'10
r = 0.99
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ozone oxidation. Consequently, the  com peting reactions between the remaining complex 

organic structures and ozone becam e more dominant and that led to a decrease in the 

amount o f  the utilized ozone.

500

■ Semibatch/Ejection Mode

Qg.o = 4.0 x 10 5 m V  
CC-o = 9.9 (% w/w)

- QL = 1.9x lO ^ m V

U 200

E 100

0

28.012 .0 24.00.0 4.0 8.0 16.0 20.0

Ozonation time (min)
Cumulative amount of the applied ozone 

— Cumulative amount of the utilized ozone 
- • - Cumulative amount of the exhausted ozone

Figure 9.7 The effects o f  the ozone contact time on the am ounts o f  the applied, 

utilized, and exhausted ozone.

Figure 9.8 shows a comparison between the measured and the predicted off-gas 

ozone concentrations in a semibatch-ejection mode. Equation 9.4 was used for predicting 

the off-gas ozone concentrations by applying the predicted E k ia ’s that were obtained 

using the best-fit linear and pow er expressions as shown in Figure 9.5. As shown in 

Figure 9.8, good correlation between the two sets o f the off-gas ozone concentrations is 

evident.
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Figure 9.8 A comparison between the measured and the predicted off-gas ozone

9.5.4 Ozone Oxidation Efficiencies

The ozonation treatment efficiencies were defined as the reduction percentages o f  

color, AOX, COD, and TOC and the increase percentage o f  the BOD5 o f  the pulp mill 

effluent. The amount o f  the utilized ozone is defined as the amount o f the applied ozone 

m inus the amount o f  the unused ozone. The amount o f  the unused ozone is com posed o f 

the amount o f  the ozone off-gas that leaves the system in the exhaust-gas line and the 

am ount o f  the residual ozone in the liquid phase. The average amount o f  the utilized 

ozone (AO3) for an ozonation system operating in a continuous-flow mode is defined as:

concentration (mgL '), C g ,o u i  = off-gas ozone concentration (m gL-1), QL = liquid flowrate 

( m V ) ,  Q o . i n  = feed-gas flowrate (m 3 s-1), Q g ,o u i  = off-gas flowrate (m V ) , and C l =

concentrations.

[9.5]

where: AO3 = average amount o f  the utilized ozone (mgL '), Cgjr = feed-gas ozone
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residual ozone concentration in the liquid phase (mgL-1). When the bubble column is 

operated in a continuous-flow mode, the am ount o f  the utilized ozone increases along the 

column height due to the increase in the ozone contact time with the fluid elements 

passing through the column. In the current study, and as a result o f  the relatively short 

liquid depth (1,315 m m ), it was reasonable to  assume that the increase in the amount o f  

the utilized ozone along the column height w as minimal. Therefore, the bubble-column 

average amount o f  the utilized ozone was considered for the assessment o f  the ozone 

treatment efficiencies. The residual ozone concentration in the liquid phase was measured 

and found to be insignificant (< I %) when compared to the amount o f the utilized ozone. 

As a result, for estimating AO3, C l was assumed to equal zero.

100

Continuous-Flow Mode 
Injection/Ejection

♦ Color o AOX

x TOC 4  COD

60

H -»0

20

a .

0

125 150 175 20025 50 75 1000

Utilized 0 3 dose, A03 (m gL 1)

Figure 9.9 The ozonation treatment reduction efficiencies o f  color, AOX, TOC, and 

COD.

For the continuous-flow mode, typical reduction efficiencies o f  color, AOX, TOC, 

and COD, as functions o f  AO3 , are shown in Figure 9.9. On any parameter reduction 

performance curve, each data point represents a separate ozonation test that was 

conducted under certain set o f  operating conditions that included the feed-gas flowrate, 

the feed-gas ozone concentration, the liquid flowrate, the gas sparging mode (injection or
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ejection), the pH, and the liquid-phase temperature. The solid lines in Figure 9.9 

represent the average trends in terms o f  the induced reduction efficiencies o f  the 

parameters under investigation (color, AOX, TOC, and COD) as a result o f the ozonation 

treatment. Interestingly, the ozonation treatment efficiencies were only dependent on the 

amount o f  the utilized ozone regardless o f the o ther process variables. The ozonation 

treatment process was m ore effective in reducing color and AOX compared to TOC and 

COD. The maximum reduction efficiencies o f color, AOX, TOC, and COD were 64, 41, 

20, and 12 %, respectively, at AO3 o f  180 mgL"1. These maximum reduction efficiencies 

are comparable to those observed by Zhou and Smith (1997) under the same AO3 and in a 

larger conventional diffuser bubble column (150 mm in diam eter and 3960 mm in depth). 

The higher color and A O X  reduction efficiencies, com pared to TOC and COD, could be 

explained by the higher selectivity o f  ozone towards oxidizing the easily degradable 

chromophoric (color-causing) and halogenated (AOX-causing) functional groups 

compared to the ozone selectivity towards reacting w ith  the remaining organic structures. 

The same phenomenon w as observed by Zhou and Sm ith (1997). As shown in Figure 9.9, 

as the ozonation treatm ent proceeded, the ozone induced reduction o f  color and AOX 

exhibited two distinct regions.

The two oxidation regions could be defined as follows: (1) during the initial stage 

o f  ozonation, higher and rapidly increasing reduction efficiencies occurred, then followed 

by, (2) gradual reduction in the treatment efficiency. This phenomenon was observed in 

several studies (Prat and Esplugas, 1989; Heinzle et al., 1992; Zhou and Smith, 1997). 

Following the initial oxidation stage, the easily oxidizable sites became less available for 

further ozone oxidation and consequently, the com peting reactions between the 

remaining complex organic structures and ozone becam e more dominant. As the 

ozonation proceeded and as the amount o f the utilized ozone increased, the rate o f  

increase o f  color and A O X  reduction efficiencies, per increase o f  the amount o f  the 

utilized ozone, decreased.

Figure 9.10 shows the effects o f  ozonation on the biochemical oxygen demand 

(BOD 5 ) o f  the Kraft pulp  mill effluent. The solid line in Figure 9.10 represents the
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average trend in terms o f  the induced increase in the B O D 5 o f  the Kraft pulp m ill effluent 

as a result o f  the ozonation treatm ent. As the amount o f  the utilized ozone increased, the 

B O D 5  o f  the pulp mill effluent increased substantially by about 615 % at A O 3  o f  180 

mgL-1. This phenomenon could be related to the simultaneous ozone reactions with the 

relatively recalcitrant long-chain-high-molecular-weight organic compounds that are not 

easily aerobically biodegradable and the simple biodegradable organic com pounds that 

are present in the wastewater. The relative proportions o f  these organic com pounds 

determine the tendency o f  the wastewater towards changes in its biodegradability (Zhou 

and Smith, 1997). The final pulp mill effluent, that is biologically treated in an aerated 

lagoon, is expected to contain larger percentages o f  the high-molecular-weight organic 

compounds since the easily biodegradable organic compounds have been oxidized in the 

biological treatment process. Consequently, the effect o f ozonation, on increasing the 

B O D 5  o f  the final pulp mill effluent, is expected to be higher as the reactions between 

ozone and the recalcitrant organic compounds will be dominant. The rate o f  increase o f  

pulp m ill effluent B O D 5  was a function o f  the initial wastewater B O D 5  and the am ount o f  

the utilized ozone.
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Figure 9.10 The ozonation effects on the biodegradability o f  pulp mill effluents.
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9.6 CONCLUSIONS

Using the impinging-jet bubble column as an ozone-contacting unit has led to a 

significant increase in the mass transfer rates. As a result, the ozone m ass transfer in pulp 

mill effluents was maximized. Excellent predictions o f  the overall mass transfer 

coefficients (kL.a’s), in the impinging-jet bubble column, have been achieved through the 

use o f  the m odified non-isobaric one-phase axial dispersion model (IP-A D M ). The 1P- 

ADM is characterized by its simplicity, reliability, and most importantly, its great 

potential for practical applications in the design of ozone contactors and the on-line 

process control.

The ozone treatment was more effective in reducing color and AOX than TOC and 

COD from the biologically treated Kraft pulp mill effluents. The reduction efficiencies 

were only dependent on the amount o f  the utilized ozone regardless o f  the other process 

variables. The ozonation process caused a significant increase in the BOD 5  o f  the pulp 

mill effluent. Therefore, an additional biological treatment process is required after 

ozonation to rem ove the increased amount o f  the easily biodegradable organic content o f  

the ozonated Kraft pulp mill effluents. As a result, using a combined ozonation-biological 

treatment system can lead to higher treatm ent levels o f  the Kraft pulp mill effluents 

before being discharged into the receiving environment. The use o f  the impinging-jet 

bubble column in treating pulp mill effluents has led to com parable contaminant 

reduction efficiencies compared to those achieved in larger-scale conventional diffuser 

bubble columns. As a result, the impinging-jet bubble column has proved to be an 

efficient and com pact contacting unit that can lead to significant decrease in the capital 

and operating costs o f  the ozonation treatment facilities.

Ozone gas absorption in highly reactive environments is a dynam ic process in 

which the enhanced overall mass transfer coefficient (EkL.a), the enhancem ent factor (E), 

and the off-gas ozone concentration are affected by the amount o f  the utilized ozone, the 

feed-gas flowrate, the liquid flowrate, and the wastewater characteristics. During the 

course o f  ozonation, and operating under the sam e ozonation process variables, Eki_a and
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E w ill decrease, and the off-gas ozone concentration will increase as a result o f  the 

changes in the wastewater characteristics. Good predictions o f  the off-gas ozone 

concentrations were achieved by applying the model represented by Equation 9.4. 

Therefore, the off-gas ozone destruction facilities can be adequately and reliably designed 

and consequently, optimized operations o f  the off-gas destruction facilities can be 

achieved leading to a hazard-free working environment in ozone treatment plants.
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CHAPTER 10. COMPARING DIFFERENT DESIGNS AND SCALES OF 

BUBBLE COLUMNS FOR THEIR EFFECTIVENESS IN TREATING KRAFT

PULP MILL EFFLUENTS*

10.1 INTRODUCTION

Kraft pulp mill effluents contain high concentrations o f  color, AOX, COD, and 

TOC. Recently, the color and AOX-causing com pounds have attracted a large attention 

due to their high resistance to the conventional biological treatment processes. As a 

result, the pulp mill final effluent that is discharged into the receiving environm ent will 

contain high concentrations o f  those compounds. Therefore, the interest has shifted to 

other treatment alternatives in order to comply with the more stringent effluent discharge 

regulations (Haberl et al., 1991; Zhou and Smith, 1997). Among those treatment 

alternatives, ozonation has been recognized as one o f  the highly promising technologies 

for treating pulp mill effluents due to its high induced reduction efficiencies o f  color and 

AOX-causing compounds (Bauman and Lutz, 1974; Nebel et al., 1974; Zhou and Smith, 

2000).

Through fast oxidation reactions, ozone can selectively react with the color-causing 

(chromophoric) and AOX-causing (halogenated) functional groups as a result o f  the their 

electrophilic nature (Baum an and Lutz, 1974; Nebel et al., 1974). The color reduction 

efficiency was found to be dependent mainly on the amount o f  the utilized ozone (A O 3) 

and to some extent on the wastewater initial characteristics in terms o f  color, COD, pH 

and dissolved and suspended solids. Zhou and Sm ith (1997 and 2000) investigated the 

ozonation effects on reducing color and AOX-causing compounds from a biologically 

treated Kraft pulp mill wastewater. In the semibatch experiments, m axim um  reduction 

efficiencies up to 75 % and 50 % o f the co lor and AOX-causing compounds, 

respectively, were achieved at a utilized ozone dose o f  125 m g L 1.

A part o f  this chapter has been accepted for publication. Gamal El-Din, M. and D.W. 
Smith, J. Environ. Eng. &  Sci. (August 2001).
A nother part o f  this chapter has been submitted for publication. Gamal El-Din, M. and 
D.W . Smith, Ozone Sci. & Eng. (August 2001).
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In the pilot-scale experiments o f  Zhou and Smith (1997 and 2000), the maximum 

reduction efficiencies were up to 60 % and 30 % o f  the color and AOX-causing 

compounds, respectively, at a utilized ozone dose up to 12S mgL”1. As the utilized ozone 

dose increased to 240 mgL”1, the reduction efficiencies o f  color and AOX-causing 

compounds increased up to 80 % and 45 %, respectively. The pulp m ill wastewater 

biodegradability can be improved as a result o f  the conversion o f  the high-molecular- 

weight organic compounds to low-molecular-weight organic compounds through the 

ozone oxidation reactions (Zhou and Smith, 1997). They reported that the pulp mill 

effluent BOD 5  increased by about 165 %  at a utilized ozone dose o f  175 m gL ” 1 (Zhou 

and Smith, 1997). Applying a combined ozonation-biological treatment process can help 

achieving higher treatment levels (Heinzel et al., 1992; Zhou and Smith, 1997). In 

general, the ozonation treatment induced low reduction efficiencies o f  the COD and 

TOC-causing com pounds as observed in several studies (Mohammed and Smith, 1992; 

Zhou and Smith, 1997). The modeling o f  the induced reduction o f  color, AOX , TOC, and 

COD and induced increase o f  the pulp mill effluent biodegradability, caused by the 

ozonation process, can lead to more understanding o f  the effects o f  the various operating 

parameters on the performance o f  the ozonation process. Quantifying the ozonation 

process param eters and the process treatm ent efficiencies in various designs o f  ozonation 

systems and over a w ide range o f  operating conditions will lead to a reliable and accurate 

scale-up o f  the ozonation process.

The experimental results obtained in three different types o f  ozone contactors were 

analyzed to study the effects o f  the ozone contactor design, configuration, operating 

conditions, and scale-up on the ozonation process reduction efficiencies o f  the impurities 

found in Kraft pulp mill effluents. The increase o f  the biodegradability o f  this type o f 

wastewater and the dynamics o f the ozone gas absorption process were also investigated 

in two types o f  ozone contactors. These ozone contactors included; (1) an extra-coarse- 

bubble diffuser ozone contactor; (2) an impinging-jet ozone contactor; and (3) a fine- 

bubble diffuser ozone contactor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



248

10.2 EXPERIMENTAL M ETHODS

10.2.1 Extra-Coarse-Bubble Diffuser Ozone Contactor

The ozonation tests were conducted in a semibatch-flow mode in an extra-coarse- 

bubble diffuser contactor. A  detailed schematic o f  the experimental set-up is shown in 

Figure 10.1.

Ozone gas destruction unit 
Pressure gauge 
On/ofT valve 
Gas flowmeter

T ;: Ozone contactor f j ) : Ozone generator f  i: Wet-test meter
L : Foam trap 5 : Extra-dry oxy gen gas cylinder
7 1: On-line ozone monitor 7': Kl wash bottle

Figure 10.1 Schematic o f  the experimental set-up o f  the extra-coarse-bubble diffuser 

ozone contactor.

The ozone contactor w as made from PVC with an inside diameter o f  570 mm and a 

total height o f  900 mm. The headspace was restricted to only 6  % o f  the total reactor 

volume to shorten the lag-time for the ozone off-gas to travel through the exhaust-gas line 

to the off-gas ozone monitor. An average volume o f  2.1 x 10”' m3 o f  a Kraft pulp mill
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effluent was pumped into the reactor. Ozone gas was generated from extra-dry pure 

oxygen using a corona discharge ozone generator (model GLS-7, PCI-WEDECO®). The 

ozone generator was allowed to stabilize for about 1,800 s in order to obtain a stable 

ozone concentration in the feed gas. The feed gas that contained 4.0 to 8.1 % w/w ozone 

was sparged into the liquid phase through a  set o f  eight extra-coarse diffusers (95 mm x 

15 mm) that were equally spaced over the cross-sectional area o f  the contactor and 

elevated about 1 0  mm from the bottom o f the contactor to provide better contact between 

the gas bubbles and the liquid phase. The feed-gas flowrate ranged from 2.7 x 10- 4  to 3.2 

x 1 0 - 4  m V .  Those flowrates corresponded to superficial gas velocities ranging from 1 . 0  

x 10" 3 to 1.2 x I0 ” 3 m s-1. In order to achieve different utilized ozone doses o f  up to 230 

mgL-1, the ozonation time was varied up to 2,820 s. During the ozonation tests, the ozone 

concentrations in the feed-gas and off-gas were continuously monitored using PCI- 

WEDECO® ozone monitors (models HC400 and LC, respectively). Those monitors were 

allowed at least 900 s to stabilize before registering their readings. Periodic calibration o f  

the ozone monitors was conducted using the KI method as described by the Standard 

Methods for Examination o f  Water and W astewater (APHA-AW W A-W EF, 1995). All 

the materials that came in contact with the dissolved and gaseous ozone during the 

experiments were made o f  glass, teflon, stainless steel, or PVC to reduce the possible 

interference that would result from the reactions between ozone and the experimental set

up components.

10.2.2 Impinging-Jet Ozone Contactor

10.2.2.1 Continuous-Flow Mode

The ozonation experiments were conducted in a pilot-scale impinging-jet bubble 

column (see Figure 10.2) in a continuous-flow mode. The bubble colum n was made from 

PVC and had an inside diam eter o f  100 m m  and a total height o f  1520 mm. The water 

depth was kept constant at 1315 mm by placing an overflow w eir at the top o f  the 

column. A ring tube was also installed at the top o f  the column w ith a 20 mm-diameter 

hole facing downward.
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Centrifuge 
pump

'■ 1  ■ : Dali logger : Pressure sensors

2 : Storage barre l ' V  : Sampling tap s

1V  : Feed-gas line * ' : To drain

11 ! : T racer injection points ? l :O rr-gasline

1 5) : Mazzei injectors 10 : O ver-head ta n k

: F low m eter

: P ressure gauge

: Flow reg u la to r

Figure 10.2 Schematic o f  the experimental set-up o f  the pilot-scale impinging-jet 

ozone contactor.

The Kynar Mazzei® venturi injectors had an inside diameter o f  12.7 mm and were placed 

25 mm above the bottom o f the column. The injectors were placed at an intersecting 

angel o f  125° and the distance between the centers o f the nozzles was 60 mm. The bubble 

column had an elliptical base to reduce the effect o f  the backward je t that was created in 

the ambient fluid as a  result o f  the je t impingement. The sidewalls o f  the bottom part o f  

the column had a conical shape. W ith this configuration at the bottom o f  the column, 

dead pocketing effects were minimized. Based on the above reactor configuration, it was 

reasonably assumed that the backmixing along the column height was relatively uniform. 

The same protocols as described in the previous section, concerning the generation o f  the 

ozone gas and the monitoring o f  the ozone concentrations in the feed and exhaust-gas
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lines, were applied during the ozonation experiments conducted in the impinging-jet 

bubble column. A gain, all the materials that cam e in contact with the dissolved and 

gaseous ozone du ring  the experiments were made o f  glass, teflon, stainless steel, o r PVC. 

The ozone contactor w as operated in a co-current flow  mode under two modes o f  the gas 

sparging: ( 1 ) positive pressure (i.e., injection) mode; and (2 ) vacuum or negative pressure 

(i.e., ejection) m ode. A t least eight turnovers o f  the reactor working volume were allowed 

for the ozonation process to reach isothermal steady-state conditions that was verified by 

reaching a constant off-gas ozone concentration in the exhaust-gas line. The liquid 

flowrate ranged from  6 . 2  x 1 0 ” 5 to 2 . 2  x 1 0 - 4  m 3 s_l leading to an average theoretical 

hydraulic retention tim e in the range o f  48 to 174 s. During the ozonation experiments, 

the feed-gas flow rate ranged from 1.4 x I O' 5 to 1 . 1  x 1 CT4  m V ,  the feed-gas ozone 

concentration ranged from 9.0 to 11.0 % w/w, and the pulp mill effluent temperature 

ranged from 16.0 to 25.0 °C. The raw pulp mill effluent characteristics were variable over 

time and the average characteristics o f  the pulp mill effluent used in the current study are 

shown in Table 10.1.

Table 10.1 Average characteristics o f  the raw pulp mill effluent.

Average concentrations
Extra-coarse- 

bubble diffuser
Impinging-jet 

ozone contactor

Fine-bubble 
diffuser ozone

Wastewater ozone contactor contactor
parameters A «*

t  ©

1
(/J AJ

2 ■e
A  «  
% ■§

1
(0i AJ 

2 % A v 
1  "§

1  E 
E 1
% c

i  1

1  = © e
U c

& E
i  1  

£  =

i  1

1  s» © e

5  s
E |  
»  =

Color (TCU) 1129 1199 1106 1213 1223
AOX (mgL-1) 9.6 1 0 . 1 1 1 . 2 9.1 7.8
COD (m g L 1) 671 750 681 607 485
TOC (m g L 1) 268 250 240 239 192
BODs (m g L 1) 16.5 21.5 18.8 9.1 1 1 . 0

pH 7.7 7.7 7.6 7.6 7.6
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10.2.2.2 Semibatch-Flow Mode

The same operating conditions used in the pulp mill effluent ozonation tests that 

were operated in the continuous-flow mode, w ere used in the experiments conducted 

under semibatch-flow conditions as the liquid-phase was recirculated while the gas-phase 

was continuously introduced through the injectors’ throats. Those experiments were 

conducted for the purpose o f  investigating the effects o f  the ozone contact time (t) and 

the corresponding amount o f  the utilized ozone (A O 3 )  on the: (1) ozone gas absorption 

dynamics in term s o f  the enhanced overall m ass transfer coefficient (Ekia) and the 

enhancement factor (E); and (2) the off-gas ozone concentration. Therefore, the ozone 

contact time was varied from 240 to 2,880 s.

10.2.3 Fine-Bubble Diffuser Ozone Contactor

Zhou and Smith (1997) conducted bench-scale and pilot-scale ozonation 

experiments in a fine-bubble diffuser ozone contactor. They investigated the ozonation 

treatment efficiencies and the ozone gas absorption dynamics in two different scales o f  

the fine-bubble diffuser ozone contactor and under two different modes o f  operation: ( 1 ) 

the semibatch-flow mode; and (2) the continuous-flow  mode. The liquid phase used in 

their experiments was Kraft pulp mill effluent that was discharged from an aerated 

lagoon basin o f  a  Kraft pulp mill. Detailed description o f  the experimental protocols and 

the experimental set-up can be found in Zhou and Smith (1997). The raw pulp mill 

effluent characteristics were variable over tim e and the average characteristics o f the pulp 

mill effluent used in the study o f  Zhou and Sm ith (1997) are shown in Table 10.1.

10.2.4 Characterization o f  the Pulp Mill W astewater

Before and after ozonation, samples o f  the pulp mill wastewater were analyzed to 

determine the ozonation process induced treatm ent efficiencies. These analyses were 

performed to determ ine the color, AOX, COD, TOC, and BOD5 . The true color was 

analyzed according to the H5.P method suggested by the Canadian Pulp and Paper
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Association (1974). AOX was analyzed using Euroglas AOX analyzer according to the 

adsorption-pyrolysis- titrimetric method (APHA-AWW A-WEF, 1995). COD was 

analyzed according to the closed reflux-colorimetric method (APHA-AWW A-WEF, 

1995) by employing silver-catalyzed oxidation with potassium dichromate in sulfuric 

acid. TOC was analyzed according to the combustion-infrared method (APHA-AW W A- 

WEF, 1995) using a Dohrmann carbon analyzer (model DC-80®).

10.3 RESULTS AND DISCUSSION

10.3.1 Ozonation Treatment Efficiencies

10.3.1.1 Extra-Coarse-Bubble Diffuser Ozone Contactor

The amount o f  the utilized ozone (A O 3 )  for a sem ibatch system is defined as:

where: AO3 = amount o f  the utilized ozone (mgL '), Cain = ozone concentration in the 

feed gas (mgL“l), CG.0Ut = ozone concentration in the exhaust gas (mgL-1), C l = residual

QG.in = feed-gas flowrate (m 3 s_1), Q g ,o u i  = exhaust-gas flowrate (m3 s-1), and t = ozone 

contact tim e (s). In all the ozonation tests, the residual ozone concentration in the liquid 

phase was measured and found to be insignificant (< 1 % ) compared to the am ount o f  the 

utilized ozone. As a result, for estimating the utilized ozone doses, C l w as assumed to 

equal zero. Typical induced reduction efficiencies o f  color, AOX, COD, and TOC as 

functions o f  the amount o f  the utilized ozone are shown in Figure 10.3. On any 

parameter-reduction-efficiency curve, each data point represents a separate ozonation test 

that was conducted under certain set o f  operating conditions that included the feed-gas 

flowrate, the feed-gas ozone concentration, the pH, and the liquid and the gas-phase 

temperatures. The solid lines in Figure 10.3 represent the average trends in term s o f  the 

induced reduction efficiencies o f  the parameters under investigation (color, AOX, COD, 

and TOC) as a result o f the ozonation treatment. As shown in Figure 10.3, the ozonation

[10.1]

ozone concentration in the liquid phase (mgL '), VL =  effective reactor volum e (m3),
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process was more effective in reducing co lor and AOX compared to COD and TO C. The 

maximum reduction efficiencies o f  color, AOX, COD, and TOC were 8 6 , 44, 22, and 15 

%, respectively, at AO3 o f  230 mgL-1. These observations are consistent with those o f  

Zhou and Smith (1997). An explanation o f  this phenomenon is that the ozone has a 

higher selectivity towards oxidizing the easily degradable chromophoric (color-causing) 

and halogenated (AOX-causing) functional groups compared to the remaining organic 

structures.

100

uso
u
u
co

250200 30015050 1000

Utilized 0 3 dose, A 03 (m gL 1)

♦ Color a AOX a COD * TOC

Figure 10.3 Reduction efficiencies o f  color, AOX, COD, and TOC in the extra- 

coarse-bubble diffuser ozone contactor.

Figure 10.4 shows the effect o f  ozonation on the B O D 5  o f  the Kraft pulp mill 

wastewater treated in the extra-coarse-bubble diffuser ozone contactor. The solid line in 

Figure 10.4 represents the average trend in terms o f  the induced increase in the B O D 5  o f  

the Kraft pulp m ill effluent as a result o f  the ozonation treatment. As the am ount o f  the 

utilized ozone increased, the B O D 5  o f  the Kraft pulp mill wastewater increased 

considerably by about 320 % at A O 3 o f  230 mgL-1. This phenomenon can be attributed to 

the reactions o f  ozone with the relatively recalcitrant long-chain-high-molecular-weight 

organic compounds that are not easily aerobically biodegradable and with the simple
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biodegradable organic compounds that are simultaneously present in the wastewater. The 

relative proportions o f  those organic com pounds and their reaction rates with ozone 

determ ine the level o f  increase in the biodegradability o f  the w astewater (Zhou and 

Smith, 1997). The Kraft pulp mill w astewater that is treated biologically in aerated 

lagoons is expected to contain larger proportions o f  the high-molecular-weight organic 

com pounds since m ost o f  the easily biodegradable organic com pounds have been 

oxidized in the biological treatment process.

80
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0

250150 20050 1000

Utilized Oj dose, AO, (m gL 1)

Figure 10.4 The effect o f  ozonation on the B O D 5  o f  the pulp mill wastewater treated 

in the extra-coarse-bubble diffuser ozone contactor.

10.3.1.2 Impinging-Jet Ozone Contactor

For a semibatch-flow mode, the am ount o f  the utilized ozone can be determined 

using Equation 10.1. Meanwhile, the average am ount o f  the utilized ozone (AO3) for a 

continuous-flow m ode is defined as:

AO 3 =
O r Cr^<G.in ^G.rn

.  Q l

/ Qr„.CG.out ̂  G.out

Q l
- c L [10.2]
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where: A O 3  = average amount o f  the utilized ozone (mgL-1), Cain = ozone concentration 

in the feed gas (mgL-1), Cg,oui =  ozone concentration in the exhaust gas (mgL-1), Q l =  

liquid flowrate (m 3 s-1), QG,in = feed-gas flowrate (m 3s-1), QG,out = exhaust-gas flowrate 

(m3s-1), and C l = residual ozone concentration in the liquid phase (mgL-1). For a bubble 

column operating in a continuous-flow mode, the amount o f  the utilized ozone will 

increase along the column height as a result o f  the increase in the contact time between 

the ozone and the fluid elements flowing through the column. Due to the relatively short 

liquid depth (1315 mm) inside the impinging-jet ozone contactor, it was assumed that the 

increase in the amount o f  the utilized ozone along the column height was negligible.

The reduction efficiencies o f  each param eter under investigation were pooled together 

and plotted as function o f  the am ount o f  the utilized ozone. The data points, representing 

a wide range o f  the operating conditions in the injection and the ejection modes, were 

overlapping suggesting that there was no effect o f  the gas sparging mode (injection or 

ejection mode) on the performance o f  the ozonation process in terms o f  reducing the 

concentrations o f  color, AOX, CO D, and TOC. Consequently, the oxidation efficiencies 

were only dependent on the am ount o f  the utilized ozone regardless o f  the other process 

variables. As observed before, the ozonation process was more effective in reducing color 

and AOX com pared to TOC and COD. The maximum reduction efficiencies o f  color, 

AOX, COD, and TOC were 82, 72, 34, and 25 %, respectively, at A O 3  o f 473 mgL-1. At 

A O 3 o f 180 m gL-1, the reduction efficiencies o f  color, AOX, COD, and TOC were 6 7 ,4 0 , 

8 , and 11 %, respectively. When the ozone contactor was operated in a continuous-flow 

mode, the maximum reduction efficiencies o f  color, AOX, COD, and TOC were 64, 41, 

12, and 20 % , respectively, at A O 3  o f  180 mgL-1. For the semibatch and the continuous- 

flow modes, typical curves o f  the ozone oxidation performance are shown in Figures 10.5 

and 10.6, respectively. The solid lines in Figures 10.5 and 10.6 represent the average 

trends in terms o f  the induced reduction efficiencies o f  the parameters under investigation 

(color, AOX, COD, and TOC) as a  result o f  the ozonation treatment.
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Reduction efficiencies o f  color, AOX, COD, and TOC in the impinging- 

je t ozone contactor operated in a semibatch-flow mode.
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Figure 10.6 Reduction efficiencies o f  color, AOX, COD, and TOC in the impinging- 

je t ozone contactor operated in a continuous-flow mode.

As the ozonation process proceeded, the performance curves o f  the reduction o f  

color and AOX exhibited two distinct regions that could be identified as follows:
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( 1 ) during the initial stage o f  ozonation, higher and rapidly increasing reduction 

efficiencies occurred; then followed by

(2 ) gradual reduction in the treatm ent efficiency.

The same phenomenon w as reported by several researchers (Prat and Esplugas, 1989; 

Heinzle et al., 1992; Zhou and Smith, 1997). After the initial oxidation stage, the sites 

that are easily oxidizable became less available for further oxidation by ozone and as a 

result, the competing reactions between the remaining com plex organic structures and 

ozone became more dominant.
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Figure 10.7 The effect o f  ozonation on the B O D 5  o f  the pulp mill wastewater treated 

in the im pinging-jet ozone contactor.

Figure 10.7 depicts the effect o f  ozonation on the B O D 5  o f  the Kraft pulp mill 

wastewater treated in the im pinging-jet ozone contactor. The solid lines in Figure 10.7 

represent the average trends in terms o f  the induced increase in the B O D s  o f  the Kraft 

pulp mill effluent as a result o f  the ozonation treatment. Operating the ozone contactor in 

a continuous-flow mode, and as the am ount o f  the utilized ozone increased, the B O D 5  o f  

the pulp mill wastewater increased considerably by about 615 % at A O 3 o f  180 mgL-1.
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Meanwhile, in the semibatch-flow mode, the BOD 5 o f  the pulp m ill wastewater increased 

by about 350 % at AO3 o f  180 mgL - 1  and by about 430 %  at AO3 o f 473 mgL-1. As 

shown in Figure 10.7 for the continuous and the semibatch-flow modes and during the 

initial stage o f  the ozonation process, a fast rate o f  increase o f  the BOD5 per increase o f  

AO3 occurred. As the ozonation process proceeded, this rate started to decrease and the 

BOD? profile almost reached asym ptote at AO3 o f  about 180 m gL-1.

10.3.2 Ozone Gas Absorption Dynamics

A correction factor o f  0.9 was used, as suggested by M etcalf and Eddy (1991), to 

correct kL.a that was obtained for a clean-w ater ozonation system. As a result o f  the Kraft 

pulp mill effluents being highly reactive with ozone, the ozone gas absorption process 

was enhanced by an enhancement factor (E). Measuring the overall mass transfer 

coefficient (ki.a) and the enhanced overall mass transfer coefficient (EkL.a) has allowed 

the determination o f  the enhancem ent factor o f  the ozone gas absorption process (E = 

EkLa/kLa). During the ozonation experiments in all the ozone contactors, the residual 

ozone in the liquid phase was insignificant compared to the am ount o f the utilized ozone 

(< 1 %). Therefore, it can be reasonably assumed that at the beginning o f  the ozonation 

process, the ozone gas absorption followed the fast or instantaneous-reaction-kinetics 

regime.

In order to determine Eki,a as a function o f  the amount o f  the utilized ozone (AO 3 ), 

the ozone contactors were operated in a semibatch-flow mode. In the impinging-jet ozone 

contactor, the gas-phase was continuously fed into the contactor through the injectors’ 

throats while the liquid-phase was recirculated. Several assumptions were considered for 

the operations o f  the ozone contactors under semibatch-flow conditions. These 

assumptions can be found in Gamal El-Din and Smith (2001). Considering an ozone 

contactor that is operated in a semibatch-flow mode, conducting an ozone mass balance 

in the gas phase, and assuming that pseudo-steady state conditions prevail at any contact 

time, the ozone-contactor-average Eki_a can be determined using the model developed by 

Zhou and Smith (1997) as follows:
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[10.3]

where: EkLa = enhanced overall mass transfer coefficient (s-1), Qg = gas flowrate (m 3 s-1), 

CG.in = ozone concentration in the feed gas (mgL-1), CG,0Ut = ozone concentration in the 

exhaust gas (mgL-1), V L =  effective reactor volume (m3), and H =  Henry’s constant. EkLa 

was calculated for each ozonation test using Equation 10.3 and by using the previously 

determined kLa, E was then calculated. Negligible accumulation o f  the ozone 

concentration in the gas phase was assumed, i.e., pseudo-steady state conditions were 

assumed for the gas phase as a result o f  the relatively small time intervals (30 s) over 

which the gas absorption data were analyzed.

40.0
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• Impinging-jet ozone contactor (injection mode)

32.0

Figure 10.8 The effect o f  ozonation on the off-gas ozone concentration profiles in 

three different ozone contactors operated in a  semibatch-flow mode.

Figure 10.8 represents a comparison between the fine-bubble diffuser, the extra- 

coarse-bubble diffuser, and the impinging-jet ozone contactors in terms o f the off-gas 

ozone concentration profiles. The impinging-jet ozone contactor was superior to the other 

two contactors in terms o f  its higher mass transfer efficiency due to its lower off-gas
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ozone concentrations. Although, the impinging-jet contactor operated at higher feed-gas 

ozone concentrations and superficial gas velocities compared to the other tw o ozone 

contactors. W hen the im pinging-jet ozone contactor was operated in a continuous-flow 

mode, the off-gas ozone concentrations were dependent on the operating conditions 

encountered during the ozonation tests.

■sb a» s §,
cna aso T* 

VSJO A)

0.20

0.15

0.10

0.05

0.00
0.0

Continuous-Flow Mode 
Injection/Ejection 

AO, = 12.6 to 179.2 mgL'1 
uL = 7.6 x 10’5 to 2.4 x 10 
uc = 1.5 x 104 to 2.1 x 10 ' ms 

CG.o = 9.4 to 9.9 % w/w
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Figure 10.9 The effect o f  ozonation on the off-gas to the feed-gas ozone 

concentrations’ ratio in the impinging-jet ozone contactor operated in a 

continuous-flow mode.

The off-gas ozone concentrations were generally low in most o f  the experimental runs 

except for those that were conducted at high gas-to-liquid (G/L) flowrate ratios. The 

ratios o f  the off-gas to the feed-gas ozone concentrations were pooled for all the 

ozonation tests that were conducted in the injection and ejection modes and plotted 

together versus the G/L ratios as shown in Figure 10.9. Interestingly, over the w ide range 

o f  the operating conditions encountered in the ozonation tests, the ratio o f the off-gas to 

the feed-gas ozone concentrations was only a function o f  the G/L ratio regardless o f  the 

other process variables. The ozonation system exhibited a mass transfer efficiency o f  100 

%  up to G/L ratio o f about 0.5 then the mass transfer efficiency started to decrease and
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the ratio o f  the off-gas to the feed-gas ozone concentrations started to increase above zero 

as G/L ratio increased above 0.5.

Figures 10.10 and 10.11 represent typical E and ESto values as functions o f the 

amount o f  the utilized ozone in two types o f  ozone contactors operated in a  semibatch- 

flow mode. The solid lines in Figures 10.10 and 10.11 represent the general trends in the 

decrease in E and E Sto  as AO3 increases. In order to compare E k ia ’s obtained in 

contactors that had different effective reactor volumes, EkLa was presented in terms o f  

the dimensionless enhanced gas-phase Stanton number (EStG = EktaLRT/ucH). Where L 

is the total column height, R is the universal gas constant, T is the gas-phase temperature, 

and H is the H enry’s constant. The operating conditions pertaining to the data presented 

in Figures 10.10 and 10.11 are the sam e as those pertaining to the data presented in 

Figure 10.8 with respect to the extra-coarse-bubble diffuser and the impinging-jet 

contactors. The enhancement factor (E) was higher during the initial stage o f the 

ozonation due to the very rapid ozone reactions with the contaminants that are present in 

the Kraft pulp mill effluent. As the ozonation progressed, E and EStG decreased 

gradually. E and E S tc  were significantly higher in the impinging-jet contactor than in E 

and E S tc were significantly higher in the im pinging-jet contactor than in the extra-coarse- 

bubble diffuser contactor. In the im pinging-jet contactor, two distinctive regions o f this 

gradual decrease in E and E S tc were observed as shown in Figures 1 0 . 1 0  and 10.11: an 

initial stage o f  a very small gradual linear decrease (up to almost A O 3 = 100 mgL-1); then 

followed by a second stage o f  higher gradual decrease following a power-law function. 

The decrease in the E and EStG values along the course o f  ozonation supports the 

phenomenon o f  the shift o f  the ozone gas absorption process from the fast or 

instantaneous to the intermediate-reaction kinetics regime as the ozonation proceeds. In 

the impinging-jet ozone contactor, the rates o f  this gradual decrease in EStG and E with 

the increase in the amount o f  the utilized ozone were much lower, especially at the 

beginning o f  the ozonation process, than those observed in the conventional diffuser 

ozone contactors. This observation along with the low off-gas ozone concentrations 

produced in the impinging-jet ozone contactor have proved that this ozone contactor can
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provide a more efficient contacting technology for treating Kraft pulp mill effluents as 

compared to the conventional diffuser ozone contactors.
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6.0 a  Extra-coarse-bubble diffuser ozone contactor

UJ 4.0

2.0

0.0
150 200 250 30050 1000

Utilized O, dose, AO, (mgL ')

Figure 10.10 The effect o f  ozonation on the E values in three different ozone 

contactors operated in a semibatch-flow mode.
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Utilized O, dose, AO, (m gL1)

Figure 10.11 The effect o f  ozonation on the  EStG values in three different ozone 

contactors operated in a semibatch-flow mode.
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10.3.3 Modeling of the Ozonation Treatment Efficiencies

Figures 10.12 to 10.15 depict typical plots o f  the BOD 5/COD, color/COD, 

AOX/COD, and TOC/COD concentrations’ ratios as functions o f  AO3 . The solid lines in 

Figures 10.12 to 10.15 represent the general trends in the change in the BOD 5/COD, 

color/COD, AOX/COD, and TOC/COD concentrations’ ratios as functions o f  AO 3 . The 

relative ratio between the concentrations o f  the recalcitrant long-chain-high-molecular- 

weight organic compounds that are not easily aerobically biodegradable and the simple 

biodegradable organic compounds determines the effectiveness o f  the ozonation process 

in increasing the biodegradability o f  the Kraft pulp mill wastewater. It is more accurate to 

represent the biodegradability o f the wastewater as a ratio o f  BOD 5 to COD.

0.3

Injection/Ejection

_iso
2

0.2Q
OU

c

Q
Oca

0.0
500300 400100 2000

Utilized 0 3 dose, A 03 (m g L 1)

□ Continuous-flow mode a Semibatch-flow mode

Figure 10.12 The effect o f  ozonation on the BOD 5/COD  ratio o f  the treated K raft pulp 

mill wastewater in the impinging-jet ozone contactor.

As shown in Figure 10.12, ozonation has caused the biodegradability (represented 

by B O D 5/COD) o f  the Kraft pulp mill wastewater treated in the impinging-jet ozone 

contactor to increase from 0.03 to 0.22 at AO3  up to 473 mgL-1. The small ratio o f  the 

final BOD 5/COD indicates the need for further treatment o f  the Kraft pulp  mill
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wastewater to increase its biodegradability, and consequently, to rem ove the increase in 

the BOD 5 o f  the wastew ater as a  result o f  applying further treatment. One o f  the 

promising treatment options that can be investigated is the combination o f  hydrogen 

peroxide and ozone treatment followed by a  biological treatment process.

2.0

Injection/Ejection

-1sp
£
Q
OU
5
u
b ._o
c
U

0.0
500300 400100 2000

Utilized 0 3 dose, A03 (mgL~‘)

□ Continuous-flow mode * Semibatch-flow mode

Figure 10.13 The effect o f  ozonation on the color/COD ratio o f  the treated Kraft pulp 

m ill wastewater in the im pinging-jet ozone contactor.

The color/COD ratios o f  the Kraft pulp mill wastewater that was treated in the 

continuous and the semibatch-flow modes under a wide range o f  operating conditions 

were pooled together and plotted versus AO3 as shown in Figure 10.13. There was no 

effect o f  the operating mode on the ozonation treatment levels. For the AOX/COD and 

TOC/COD ratios, as shown in Figures 10.14 and 10.15, the same trend in the reduction o f  

those ratios was observed in the continuous and the semibatch-flow modes except that the 

initial values (at AO3 = 0) o f  those ratios w ere lower in the experiments conducted in the 

continuous-flow mode. The COD decrease along the course o f  ozonation was well 

represented by a linear function that had the same slope for both the continuous and the 

semibatch-flow m odes.
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Figure 10.14 The effect o f  ozonation on the AOX/COD ratio o f  the treated Kraft pulp 

mill wastewater in the impinging-jet ozone contactor.
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Figure 10.15 The effect o f  ozonation on the TOC/COD ratio o f  the treated Kraft pulp 

mill wastewater in the impinging-jet ozone contactor.

In order to achieve accurate modeling o f  the ozonation treatment efficiencies in 

terms o f  the color, AOX, COD, and TOC induced reduction efficiencies, the ratio o f  the
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initial concentration o f  the param eter, under investigation, to the initial COD 

concentration in the pulp m ill wastew ater can be introduced as another param eter that 

affects the ozonation treatm ent levels. This ratio represents the effects o f  the competing 

reactions between ozone and the various constituents that are present in the Kraft pulp 

mill wastewater during the course o f  ozonation. A general model that can describe the 

performance o f  the ozonation treatment can be represented as follows:

log
/

= a -A 0 3 + b - A 0 3 log Y0
CO D 0  j

[10.4]

This model can be applied to describe the ozonation process reduction efficiencies o f

color, AOX, and TOC. For COD reduction, the term log 

result, Equation 10.4 becomes:

,C O D 0 ,
reduces to zero. As a

log
' Y '

= a • A 0 3 [10.5]

where: Y -  final wastewater characteristic parameter concentration (TCU for color, and 

mgL ” 1 for AOX, COD, and TOC), Yo = initial wastewater characteristic parameter 

concentration (TCU for color, and m gL ” 1 for AOX, COD, and TOC), AO3 = amount o f 

the utilized ozone (mgL-1), CODo = initial wastewater COD concentration (mgL-1), and a 

and b are empirical regression constants. Similar models to those represented by 

Equations 10.5 and 10.6 w ere developed before by Zhou and Smith (2000).

The experimental data representing the induced reduction efficiencies o f  color, 

AOX, COD, and TOC that were obtained in the continuous and the semibatch-flow 

modes were pooled together and linear regression analyses were performed to obtain the 

regression constants (a and b) for each param eter under investigation and finally to 

exam ine the applicability o f  the m odels represented by Equations 10.4 and 10.5 in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



268

predicting the ozone induced reductions o f  color, AOX, COD, and TOC. The same 

procedure was performed for the data obtained in the extra-coarse-bubble diffuser ozone 

contactor.

Table 10.2 Regression param eters for the modeling o f  the induced reduction 

efficiencies o f  color, AOX, COD, and TOC.

Wastewater Estimated parameters Multiple r
parameters a b

value

Extra-coarse ozone contactor
Color -1.88E-03 -6.91E-03 0.95
AOX -8.15E-03 -3.78E-03 0.89
TOC -4.35E-04 -2.68E-04 0.97
COD -4.74E-04 N/A 0.96

Impinging-jet ozone contactor
Color -4.06E-03 9.04E-03 0.81
AOX 2.92E-04 8.39E-04 0.98
TOC 8.64E-05 7.87E-04 0.79
COD -2.79E-04 N/A 0 . 8 8

The regression analyses was performed at a 95 % confidence level and the constant 

parameter was set equal to zero in order to account for the no-treatment condition when 

the amount o f  utilized ozone is equal to zero. The regression analyses produced 

coefficients o f  correlation (r’s) in the range o f  0.89 to 0.97 for the data obtained in the 

extra-coarse-bubble diffuser ozone contactor and in the range o f  0.79 to 0.98 for the data 

obtained in the impinging-jet ozone contactor. The regression parameters obtained for all 

the wastewater quality parameters representing the Kraft pulp mill wastewater that was 

treated in the impinging-jet and the extra-coarse-bubble diffuser ozone contactors are 

shown in Table 10.2.

A Comparison between the predicted and the m easured induced ozone reduction 

efficiencies o f  the AOX o f  the Kraft pulp mill wastewater that was treated in the 

impinging-jet ozone contactor, under various amounts o f  the utilized ozone, is shown in 

Figure 10.16
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Figure 10.16 A com parison between the predicted and the m easured reduction 

efficiencies o f  AOX.

10.3.4 Scale-Up o f the O zonation Process

Different ozone contactor designs and configurations should be tested over a wide 

range o f  operating conditions in order to achieve proper scale-up o f  the ozonation process 

for treating Kraft pulp m ill wastewaters. Consequently, relationships can be developed to 

predict the ozonation treatm ent levels that can be achieved when scaling up ozone 

contactors. Zhou and Sm ith (1997 and 2000) investigated the factors that would influence 

the scale-up o f  conventional fine-bubble difftiser ozone contactors. T hey tested their unit 

in two operating modes: the semibatch and the continuous-flow m odes. Also, two 

contactor sizes were tested: 6.0 x 10“ 2 m3 and 4.0 x 10- 3  m3. Detailed description o f their 

experimental protocols can  be found in Zhou and Smith (1997 and 2000). They reported 

that there was a small scale-up factor associated w ith the ozonation treatm ent o f  Kraft 

pulp mill wastewaters, although, there was no effect o f  the mode o f  operations on the 

induced reductions o f  color, AOX, COD, and TOC. Furthermore, a  comparison was 

conducted between the tw o scales o f  fine-bubble diffuser ozone contactors used by Zhou
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and Smith (1997 and 2000) and the ozone contactors used in the current study in terms o f  

the ozonation treatm ent levels at a similar AO3 o f  125 mgL-1.

Table 10.3 A  comparison between three different scales and designs o f  ozone 

contactors in terms o f  the color, AOX, COD, and TOC reduction 

efficiencies.

Ozone Ozone Ozone Ozone
Operating conditions contactor # contactor # contactor # contactor #

0 ) (2) (3) (4)

Mode o f  operations semibatch
semibatch/
continuous

semibatch
semibatch/
continuous

Gas sparging 
technique

extra-coarse
diffuser

impinging
jets

fine diffuser fine diffuser

Reactor volum e (m 3) 2 . 1  x 1 0 - '
1.7 x 10-2/ 
1 . 0  x 1 0 -:

4.0 x 10-3
6 . 0  x 1 0 -2/
7.0 x 10-2

Reactor aspect ratio 1 . 6 13.2 5.4 22.3/31.3

AOj (mgL-1) 125 125 125 125

Wastewater
parameters

%  Reduction efficiencies

C olor 65 60 75 63
AOX 31 35 52 32
COD 1 2 17 2 0 19
TOC 1 0 9 17 1 0

The ozonation induced reduction efficiencies in the four ozone contactors designs 

are shown in Table 10.3. The results indicated that the scale-up and reactor configuration 

have exhibited insignificant effects on the ozonation treatment efficiencies. Despite that 

the impinging-jet ozone contactor, as discussed earlier, has shown to produce lower off- 

gas ozone concentrations compared to the other ozone contactors that were operated in a 

semibatch-flow mode. The treatment levels achieved in the impinging-jet and fine-bubble 

diffuser ozone contactors that were operated in a continuous-flow mode were compared. 

The two designs o f  ozone contactors have produced almost identical treatment levels 

except that the volum e o f  the impinging-jet contactor was one seventh o f  that o f  the fine-
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diffuser contactor. Consequently, the operating costs o f  the ozonation process and the 

ozone off-gas destruction facilities will be  greatly reduced when the impinging-jet ozone 

contactor is used for treating Kraft pulp mill wastewaters.
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10.4 CONCLUSIONS

Using the venturi injectors for sparging the ozone gas into the liquid phase in the 

im pinging-jet contactor has led to a significant increase in the enhanced overall mass 

transfer coefficient (Ek[_a) and the enhancement factor (E) compared to other designs o f  

ozone contactors. As a result, the off-gas ozone concentrations that were produced from 

the im pinging-jet contactor w ere substantially lower than those produced from the other 

contactors.

The ozonation process induced higher reductions in the color and AOX 

concentrations compared to C O D  and T O C  o f  the treated Kraft pulp mill effluents. The 

small ratio o f  the B O D 5 / C O D  o f  the treated wastewater indicates the need for further 

treatment o f  this type o f  w astew ater to increase its biodegradability, and consequently, to 

remove the increase in the B O D 5  o f  the wastewater as a result o f  applying further 

treatment.

The reduction efficiencies o f  color, AOX, COD, and TOC indicated that the scale- 

up and reactor configuration have exhibited insignificant effects on the ozonation 

treatment levels achieved in  the three types o f  ozone contactors examined in this study. 

This suggests that a small scale-up factor was associated with the ozonation treatment o f  

Kraft pulp mill effluents, especially at large scales, where there was virtually no effect on 

the ozonation induced reduction efficiencies o f  color, AOX, COD, and TOC.

The treatment levels achieved in the impinging-jet and fine-bubble diffuser ozone 

contactors that were operated in a continuous-flow m ode were compared and the two 

designs o f  ozone contactors were found to produce alm ost identical treatment levels 

except that the volume o f  the im pinging-jet contactor w as one seventh o f  that o f  the fine- 

diffuser contactor. Based on the above, it is evident that the operating costs o f  the 

ozonation process and the ozone off-gas destruction facilities will be greatly reduced 

when the impinging-jet ozone contactor is used for treating Kraft pulp mill wastewaters.
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CHAPTER 11. MEASUREMENTS OF THE SIZE, RISE VELOCITY, AND 

SPECIFIC INTERFACIAL AREA OF BUBBLES IN AN IMPINGING-JET

BUBBLE COLUMN*

11.1 INTRODUCTION

Gas hold-up ( e g )  is one o f the im portant variables that characterize the 

hydrodynamics o f the gas-liquid flow, i.e., two-phase flow, in bubble columns. It is 

defined as the fraction o f  the dispersed volume occupied by the gas bubbles. Eg can affect 

the performance o f  bubble columns in two ways: ( 1 ) it provides the fractional volume o f  

the gas phase and therefore, its residence time inside the reactor; and (2 ) in conjunction 

with the knowledge o f  the Sauter mean (i.e., volume-to-surface area mean) bubble 

diameter, it allows the  determination o f  the gas bubbles’ specific interfacial area 

(Jamialahmadi and Muller-Steinhagen, 1992). G as hold-up, Sauter m ean diameter, and 

gas bubbles’ specific interfacial area are interrelated through the following relationship:

a = A = 6E^ 
V ds

where: a = mean gas bubbles’ specific interfacial area (m_I), A = mean gas bubbles’ 

surface area (m2), V =  volum e o f  the dispersed phases (m “3), eg = gas hold-up (m3 m“3), 

and ds = Sauter mean bubble diameter (m). Since the overall mass transfer coefficient 

(kL.a) can be measured experimentally and with the knowledge o f  a, the local mass 

transfer coefficient (kO  could be determined for the gas-liquid flow in bubble columns.

The use o f com putational fluid dynamics (CFD) has grown over the past decade 

since it can offer detailed predictions o f  the behaviour and the characteristics o f  

multiphase flows such as gas-liquid flow in bubble columns. CFD can lead to significant 

improvements in the area o f  scale-up o f bubble columns. In order to achieve successful 

application o f CFD in the scale-up process, a better understanding o f  the fundamentals o f  

the gas-liquid flow phenom ena has to be provided.

A version o f  this chapter has been submitted for publication. Gamal El-Din, M. and D.W. 
Smith, J. Environ. Eng. &  Sci. (August, 2001).
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Gas-liquid flows are complex in their nature and their behaviour can vary  

substantially depending on the design, configuration, and operating conditions o f  the 

bubble columns. It is very hard to conduct experimental measurements inside gas-liquid 

flows because o f  their sensitive nature to any disturbances caused by intrusive measuring 

devices such as electric probes (Mudde et al., 1998). As a result, the use o f  non-intrusive 

measurement techniques such as laser Doppler anem ometry (LDA) and phase Doppler 

anemometry (PDA) can  provide great tools for characterizing and better understanding o f  

the local rather than the global flow phenomena in gas-liquid flows (Mudde et al., 1998).

Several studies have been conducted for measuring the size o f  gas bubbles in air- 

water systems by using a photographic technique (Akita and Yoshida, 1974; Yamashita 

et al., 1978; Roustan et al., 1996). They observed that, especially at higher gas 

throughputs, the bubbles were not spherical but could be approximated by oblate 

ellipsoids. Yamashita et al. (1978) measured the ds o f  the ellipsoidal bubbles using a 

photographic study. A lternatively, and assuming that the bubbles are perfect spheres, they 

measured the ds o f  the bubbles using an electric probe. Interestingly, and at low gas 

throughputs, they observed that the two measures o f  the mean ds were almost identical. 

Also, from their photographic measurements, they observed that da was almost equal to 

ds-

In the current study, a 2-D laser particle dynamics analyzer, that utilizes phase 

Doppler anemometry (PDA ) and laser Doppler anemometry (LDA), was used to obtain 

simultaneous measurements of: ( 1 ) the gas bubble size; (2 ) the gas bubble size 

distributions; (3) the gas-phase axial and radial velocity distributions; and (4) the gas- 

phase turbulence intensities in the axial and radial directions in an impinging-jet bubble 

column. Two types o f  liquids were tested: clean deionized water and Kraft pulp m ill 

effluent. The Kraft pulp  mill effluent was ozonated using a wide range o f  utilized ozone 

doses to investigate its effects on pulp mill effluent characteristics. O f primary interest 

was its surface active agents (SAA) content and the resulting effect on the surface tension 

and consequently, on the bubble size (dg and ds), the gas hold-up ( sq), and the gas 

bubbles’ specific interfacial area (a). The gas and liquid flowrates were varied in order to
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determine their effects on the bubble size, the gas bubbles’ specific interfacial area, and 

the gas hold-up.

11.2 MEASUREMENT METHODS

11.2.1 Particle Dynamics Analyzer

11.2.1. 1  Operating Principle

The operating principle o f  the particle dynamics analyzer can be explained through 

the use o f  a simple fringe model. An optical system is used to split a continuous laser 

beam into two parallel beams. As the two beams pass through a spherical lens, they get 

reflected and consequently they intersect at the focal point o f the lens. Two sets o f  plane 

parallel interference fringes are produced, at the intersection point o f  the laser beam s, in 

the Y-Z and X-Z planes. The spacing between the fringes depends on the intersecting 

angle and the laser wavelength.

11.2.1.2 Principle o f  the Bubble Rise Velocity Measurement

The laser Doppler anemometry (LDA) is utilized for measuring the velocity o f  the 

bubbles in a gas-liquid flow. As the bubbles rise inside the column and pass through the 

interference fringes, that are formed in an ellipsoidal volume or referred to as the probe or 

measurement volume, they will cause a scattering o f  light in different directions. The 

scattered light, received by the receiving optics, will have another frequency as a result o f  

the Doppler effect. The Doppler burst is detected by a high-speed photo-multiplier and 

converted into an electronic signal that will have a frequency proportional to the bubble 

rise velocity. Therefore, the measurement o f  those frequencies will allow the 

determination o f  the bubble rise velocity. The frequency o f the scattered light will carry 

no information o f  the sign o f  the velocity o f  the bubble. To overcome this velocity sign 

ambiguity, a small frequency shift is introduced in the transmitting optics to one o f  the 

crossing laser beams. As a result, the fringe pattern is no longer stationary but m oves 

perpendicularly to the fringe plane and the light intensity at any point will be modulated 

at the shift frequency. A bubble moving in the probe volume will scatter light such that
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the difference between the modulation frequency and the shift frequency is proportional 

to the velocity. Therefore, for a  bubble moving in the opposite direction to the fringe 

movement, the modulation frequency will increase. Meanwhile, for a bubble moving in 

the same direction o f  the fringe movement, the modulation frequency will decrease. In 

order to achieve that, a 40 MHz frequency shift was applied via the use o f  a Bragg cell.

11.2.1.3 Principle o f  the Bubble Size and Concentration Measurements

The laser Doppler anemometry (LDA) and phase Doppler anemometry (PDA) are 

utilized for measuring the size and concentration o f  the bubbles in a gas-liquid flow. As 

the bubbles pass through the probe volume, they scatter light. The scattered light will 

contain inform ation about the bubble size. The PDA operating principle can be explained 

using a fringe model o f  the phase shift. Considering the interference fringes in the probe 

volume to be light rays, they are reflected and refracted by the transparent gas bubbles as 

they pass through the probe volum e. A set o f  two detectors are located at separate 

locations and  will observe alternately light and dark fringes at the same frequency w ith a 

relative phase proportional to the spacing between the detectors divided by the spacing 

between the projected fringes. The spacing between the projected fringes at the location 

o f  the detectors is inversely proportional to the effective focal length o f  the bubble that is 

proportional to the bubble diam eter (ds). Therefore, the measured phase shift is 

proportional to da o f  the bubble passing through the probe volume. In order to obtain an 

exact and accurate linear relationship between da and the phase shift, a specific scattering 

pattern has to be dominant. The refractive index o f water is larger than that o f  air. 

Therefore, a  70° scattering angle in a forward scattering mode provides the highest signal 

levels and an excellent linear relationship between the phase shift and the bubble 

diameter for measuring the size o f  an air bubble moving in w ater (DANTEC, 1989).

The concentration o f  the bubbles (C b) can be determined based on the knowledge o f  

the arrival rate and the velocity o f  the rising bubble as well as the cross-sectional area o f  

the probe volum e. The cross-sectional area o f  the probe volume is a function o f  the laser 

power, the electronic sensitivity, and the size o f  the bubble passing through the laser
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beam. For a bubble to be detected, the light level must be above a  fixed detection 

threshold. Large bubbles can pass near the edge o f  the probe volume and still be detected 

as a result o f  their ability to scatter more light than small bubbles. Consequently, the 

concentrations obtained by the PDA will be biased towards large bubbles. This ambiguity 

in concentration determ ination is resolved by using the residence time o f  the bubble as a 

weighting factor for the bubble size distribution.

Outer jacket

Bubble column Transmitting 
i lens

55X10 
receiving optics Scattered light

55X modular LDA 
transmitting 

optics
55X08

photo-multipliers

300 mW/2D 
Argon-ion 

laser source

Computer 58N10 particle dynamic 
processor

Figure 11.1 Components o f  the particle dynam ics analyzer set-up (adapted from 

Shawwa, 1998).
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11.2.1.4 PDA System Configuration and Operational Settings Adjustment

A 2-D DANTEC laser particle dynam ics analyzer was used in the current study. It 

consisted o f  (1) 55X modular LDA transm itting optics; (2) 57X10 receiving optics; (3) 

55X08 photo-multipliers; and (4) 58N10 processor. The set-up o f the PDA  system is 

shown in Figure 11.1. The configuration and operational settings used in the current 

study are presented in Table 11.1. Those settings were chosen after investigating a wide 

range o f  PDA operational configurations and settings to match the velocity and bubble 

size measurements with those obtained in a photographic study. Therefore, the 

information obtained from the photographic study helped in adjusting the transmitting 

and receiving optics configuration and the electronics' operational settings to obtain 

accurate and reliable results.

11.2.2 Digital Photographic Measurements o f  the Bubble Size and the Bubble Rise 

Velocity

Measurements o f  the bubble size and the bubble rise velocity were conducted using 

a  Canon Powershot Gl® digital camera. The same operating conditions and the location 

o f  measurements that were to be used during the PDA measurements were applied in the 

photographic study. The camera was leveled and mounted on a stable tripod. An adequate 

source o f  light was used and the lens o f  the camera was focused on a fixed vertical line at 

the center o f  the column before the photographic images were recorded. The video 

photographic study provided rough estim ates o f  the bubble rise velocity by selecting a 

swarm o f  bubbles and recording the tim e it took them to rise over a certain distance along 

the column height. The rate o f  video capture was 15 frames per second and the resolution 

w as adjusted to 320/240 pixels. The video images were downloaded and viewed using 

digital video software. The shutter speed was adjusted to 1/1000 s during the capture o f  

still digital images and the resolution was adjusted to 2048/1536 pixels. M easurements o f  

the bubble size were conducted by selecting a number o f  individual bubbles that were 

sharply focused allowing for the shapes and sizes o f  the bubbles to be obtained.
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Table 11.1 PDA system configuration and operational settings.

Laser specifications
Argon-Ion Laser Power (mW)
Bragg Cell Frequency Shift (MHz) 
U-velocity Laser beam wavelength, X (nm) 
V-velocity Laser beam wavelength, X (nm)

300
40

514.5
488.0

Electronics set-up

Signal bandwidth (MHz) 0 . 1 2

Validation level during
0

DI water experiments (dB)
Validation level during _3
Kraft pulp mill effluent experiments (dB)
Spherical validation no
Gain high

Transmitting optics set-up
Front lens focal length (mm) 600
Laser beam spacing (mm) 1 2

Fringe spacing, 5f_x (pm) 25.726
Fringe spacing, 5 f.v (pm) 24.401
Number o f  fringes 8

Measurement volume dimensions, 0.2159 x 0.2159 x
5, x 5y x 8 Z (mm x mm x mm) 28. 804
Frequency shift sign positive
Polarization angle (degree) 0

Polarization orientation w.r.t. scattering plane parallel
Gaussian beam diameter (mm) 0.82
Beam expansion ratio 1.85
Beam collimation ratio 1 . 2 0

Receiving optics set-up
Front lens focal length (mm) 600 
Polarization angle (degree) 0 
Polarization orientation w.r.t. scattering plane parallel 
Scattering angle (degree) 70 
Scattering mode Forward reflection 
Direction o f  fringe motion positive 
Fringe direction angle (degree) 0 
Angle adjustment (mm) 0
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The size measurements were corrected using the proper scale factor that was obtained by 

mounting a measuring tape o f  a  known scale in the area where the photographic images 

were recorded. The photographic study was conducted only for the clean deionized water 

due to the difficulties encountered in obtaining high-quality images when Kraft pulp mill 

was used as the test liquid. This was a result o f  the high color content o f the effluent.

Centrifuge
punp

1 2 ’
'J .I : Datalogger ’ 6 » ; P re ssu re  sensors

(1; : S to ra g e  b arre l <7) : Sam pling  taps

i  : Feed-gas line •J) : T o  d ra in

■» : T ra c e r  injection points (») .-O ff-gasline

1 5 : : M azzei injectors 10) : O ver-head  tank

E 3 3 : Flowmeter

: Pressure gauge

: Flow regu la to r

Figure 11.2 Schematic o f  the experimental set-up o f  the pilot-scale impinging-jet 

bubble column.

11.2.3 Experimental Set-Up for the Photographic and the PDA Studies

During the photographic and the PDA studies, the measurements were conducted in 

a pilot-scale impinging-jet bubble column (see Figure 11.2). A  detailed description o f  the
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different components o f the pilot-scale set-up can be found in Gamal El-Din and Smith 

(2001). The bubble column was made from clear acrylic and had an inside diameter o f  

100 mm and a total height o f  1,320 mm. The column was surrounded by a  150 mm x 150 

mm clear acrylic jacket that had flat surfaces and the gap between the column and the 

jacket was filled with clean deionized water. The outer jacket was used to minimize the 

distortions caused by the curved surface o f  the column (Mudde et al., 1997).

Extra dry air was used as the gas phase and the bubble column w as operated for a 

period o f  time that was at least eight theoretical reactor hydraulic retention times before 

measurements were taken to allow the system to reach an isothermal steady-state 

condition. The pilot-scale bubble column was operated under a wide range o f  liquid and 

feed-gas flowrates. During the experiments, the liquid flowrate ranged from 6.0 x lO- 3  to

2 . 2  x 1 CT4  m3 s- 1  and the feed-gas flowrate ranged from 8 . 2  x 1 0 ~ 6  to 1 . 0  x 1 0 " 4  m3 s_I. 

During the PDA and the photographic studies, measurements were conducted at a point 

located at the middle o f  the column height and at a distance equal to 1/3 o f  the column 

diam eter from the column wall.

11.2.4 Experimental Set-Up for the Ozonation o f  Kraft Pulp Mill Effluent

The Kraft pulp mill effluent was withdrawn from a stilling basin that followed a 

two-stage aerated lagoon treatment. The average characteristics o f  the raw pulp mill 

effluent are shown in Table 11.2.

Table 11.2 Kraft pulp mill effluent average characteristics.

Raw pulp mill effluent 
parameters

Average concentrations

Colour (TCU) 1129
AOX (m g L 1) 9.6
COD (m g L 1) 671
TOC (m g L 1) 268
BOD 5 (m g L 1) 16.5
PH ........... ........ . 7.7
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The ozonation tests were conducted in a semibatch-flow mode. A detailed 

schematic o f  the experimental set-up is shown in Figure 11.3. The ozone contactor was 

made from PVC with an inside diam eter o f  570 mm and a total height o f  900 mm. The 

headspace was restricted to only 6  %  o f  the total reactor volume to shorten the lag-time 

for the ozone off-gas to  travel in the exhaust line to the ozone off-gas monitor. An 

average volume o f 2.1 x 10- 1  m 3 o f  Kraft pulp mill effluent was pumped into the reactor. 

Ozone gas was generated from extra-dry pure oxygen using a corona discharge ozone 

generator (model GLS-7, PC1-WEDECO®). The ozone generator was allow ed to stabilize 

for about 1,800 s in order to obtain a stable ozone concentration.

[—*-------
,

■ ■  : Ozone gas destruction unit 
? : Pressure gauge

M  : On/Off valve
r̂ r̂ -i : Gas flowmeter

T ): 210-L ozone contactor (§): Ozone generator (7 ): Wet-test meter
: Foam trap (5 ): Extra-dry oxygen gas cylinder

3 ): On-line ozone monitor (§): KI wash bottle

Figure 11.3 Schematic o f  the ozonation system set-up.
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The feed gas that contained 4.4 to 8.3 % w/w ozone was sparged into the liquid phase 

through a set o f  eight extra-coarse diffusers (95 mm x 15 mm) equally spaced over the 

cross-sectional area o f the contactor and elevated about 1 0  mm from the bottom o f  the 

contactor to provide better contact between the gas bubbles and the liquid phase. During 

the ozonation tests, the feed-gas flow rate ranged from 2.7 x 1 0 ” 4  to 3.3 x 1 0 ~ 4  m V  and 

the ozone concentrations in the feed gas and o ff gas w ere continuously monitored using 

PCI-WEDECO® ozone monitors (m odels HC400 and LC, respectively). The monitors 

were allowed at least 900 s to stabilize before registering their readings. Periodic 

calibration o f  the ozone monitors w as conducted using the KJ method (APHA-AW W A- 

WEF, 1995). The amount o f  the utilized ozone ranged from 0 to 300 mgL-1.

11.3 RESULTS AND DISCUSSION

11.3.1 Digital Photographic M easurem ents

The rise velocity o f  bubble sw arm s was measured to be in the range o f  2.4 x 10- 1  to

3.0 x 10_1 ms-1. Similar ranges o f  bubble rise velocity were obtained by several 

researchers who investigated the hydrodynamics o f  gas bubbles in air-water systems 

(Kastanek et al., 1993). The photographic images revealed that the majority o f  the 

bubbles had an oblate ellipsoidal shape as shown in Figures 11.4 to 11.6 . Therefore, the 

bubble diam eter (da) was calculated as the arithmetic mean o f  the maximum and 

minimum diameters o f  the bubbles. The angle between the major axis o f  the bubble and 

the horizontal direction was defined as <|> and it was generally < 90° (see Figure 11.7). 

The maximum diameter was m easured along the major axis o f  the bubble w hile the 

minimum diam eter was measured along the minor axis o f  the bubble as shown in Figure 

11.7.

For all operating conditions, the mean da ranged from about 1,400 pm to 2,200 pm 

and an increase in ug caused da to increase while an increase in u l caused da to decrease. 

Yamashita et al. (1978) observed in their photographic study o f  the gas bubbles in an air- 

water system that although m ost o f  the bubbles w ere oblate ellipsoids rather than
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spheroids, ds and de were almost identical. Therefore, it can be reasonably assumed that 

de obtained in the current photographic study is an indicator of, if  no t equal to, ds-

Figure 11.4 A digital im age o f  the air bubbles at u l = 7.7 x 1 0  3 m s 1 and ug = 1.0 x 

1 0 ~3 ms_1.

Figure 11.5 A digital im age o f  the air bubbles at Ul = 7.7 x 10 3 m s 1 and ug = 7.8 x 

1 0 ' 3 ms-1.
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Figure 11.6 A digital im age o f  the air bubbles at Ul = 1.9 x 10 2 ms 1 and ug = 8.7 x 

1 0 - 4  ms-1.

Figure 11.7 Definition o f  angle <j>.

11.3.2 Particle Dynamics Analyzer Measurements

11.3.2.1 Deionized W ater

Figure 11.8 depicts the effects o f  the superficial gas and liquid velocities (uG and uL, 

respectively) on the count mean and Sauter mean bubble diameters (ds and ds,
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respectively). The gas phase was sparged under positive pressure, i.e., in the injection 

mode. The values o f  ul and ug reported in this study w ere calculated as follows:

Ul =  liquid flowrate/cross-sectional area o f  the straight section o f  the impinging-jet 

bubble column; and

ug = feed-gas flowrate/ cross-sectional area o f  the straight section o f  the impinging-jet 

bubble column.
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Superficial gas velocity, Uo (m s 1)

uL = 7.7 x 10'3 m s'1 ............ uL = 1.1 x 10~3 ms*1
uL= 1.9 x 1(T3 m s'1

Figure 11. 8  Effects o f  ug and u l on de and ds in deionized water.

As shown in Figure 11.8, at ug < 4.0 x 10~ 3 m s - 1  and as u l increased, the rate o f  

decrease in ds per increase in ug w as lower than that at ug ^  4.0 x 10“ 3 m s"1. A t Ug ^  4.0 

x 1 0 ” 3 m s"1, the rate o f  decrease in de per increase in ug was almost the same for different 

u l ’ s . A similar phenomenon was observed by Zhou and Smith (2000). M eanwhile, as u l  

increased, ds decreased. Alternatively, as ug increased, ds increased almost proportionally 

as observed before in the study o f  Unno and Inoue (1980) that involved measurements o f 

the sizes o f  bubbles produced from an orifice mixer that was placed at the bottom  o f  a 

bubble column. In the impinging-jet bubble column, it was observed that as u l  increased, 

the turbulence intensity and turbulent shear stresses increased. Consequently, this resulted 

in higher shearing o f  the large gas bubbles into sm aller bubbles. Therefore, the mean de

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



289

and ds decreased and they were smaller than those observed before in the studies o f  Zhou 

and Smith (2000) and Roustan et al. (1996) that were conducted in conventional bubble 

columns. As indicated earlier by the photographic study, most o f the bubbles were 

ellipsoids rather than spheroids. Therefore, the value o f  de, obtained in the PDA study, 

w as dependent on the local curvature o f  the scattering surface o f  the bubble and the 

orientation o f  the bubble with respect to the optical measurement volume. The same 

observation was reported before by Stanley and Nikitopoulos (1996) when they 

investigated the effects o f  the hydrodynamics o f  an upward gas-liquid je t on the bubble 

size. Therefore, the value o f  ds, obtained in the PDA study, is not a true measure o f  the 

actual count mean bubble diameter o f  an oblate ellipsoidal bubble. The value o f  de, 

obtained in the PDA study, ranged from 500 to 950 pm. Under similar operating 

conditions to those used in the photographic study, the value o f  ds, obtained in the PDA 

study, ranged from 1,585 to 2,040 pm. These values were in good agreement with those 

obtained in the photographic study. Similar trends were observed when the gas phase was 

sparged under vacuum or negative pressure, i.e., in the ejection mode.
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Figure 11.9 A  typical plot o f  the count-based bubble size distribution in deionized 

water at high ug and low ul.
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Figures 11.9 to 11.11 present typical plots o f  the count bubble size distributions in 

terms o f  the number %, volume %, and surface area %, respectively, in one o f  the tests 

(TR 8 ) conducted in the injection mode. TR8  was conducted at u l  o f  7.7 x 10” 3 and uc o f 

3.9 x 1 0 “ 3 ms-1. Under the above operating conditions, de was equal to 874 pm. The 

count-based size distribution was skewed to the side o f  small bubbles as compared to a 

normal distribution and it could be represented by a gamma o r log-normal density 

function. The same phenomenon was reported by Varley (1995) who studied the bubble 

size characteristics in an aeration tank using a submerged gas-liquid jet.
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Figure 11.10 A typical plot o f  the volume-based bubble size distribution in deionized 

water at high ug and low ul-

The volume-based size distribution was skewed to the side o f  large bubbles as 

compared to a normal distribution and it could be represented by a gam m a or log-normal 

density function. The sam e phenomenon was reported before in the study o f  Zhou and 

Smith (2000) that involved PDA measurements o f  bubble sizes in a conventional fine- 

diffuser bubble column. The difference in skews between the count and volume-based 

size distributions could be explained by the larger contribution o f  large bubbles to the 

overall fractional gas volum e in the dispersed flow compared to  small bubbles. The

636 1315 1994 2672 3351

Bubble mean count diameter, dB (urn)
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surface area-based size distribution was slightly skewed to the side o f  small bubbles 

suggesting that small bubbles contributed larger surface area com pared to large bubbles. 

Similar observations w ere obtained in the experiments conducted in the ejection mode.
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Figure 11.11 A typical plot o f the surface area-based bubble size distribution in 

deionized water at high ug and low ul-

Figure 11.12 presents a  typical plot o f  the count bubble size distributions in terms o f  

the number % in one o f  the tests (TR56) conducted in the injection mode. TR56 was 

conducted at U[_ o f  7.7 x 10~ 3 and Ug o f  1.0 x 10' 3 ms"'. In TR56, the mean da was equal 

to 892 pm. ug was higher in TR56 than in TR8 . As a result and compared to TR8 , the 

count-based size distribution was skewed to the side o f  small bubbles but to a lesser 

extent, the distribution had a  shape close to that o f  a skewed normal distribution, the peak 

o f  the distribution was higher, and dB was higher.
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Figure 11.12 A typical plot o f  the count-based bubble size distribution in deionized 

w ater at low ug and low ul-
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Figure 11.13 Effects o f  ug and ul on C b in deionized water.

The effects o f  ug and u l on the concentration o f  the bubbles (C b) are shown in 

Figure 11.13. Cb increased almost proportionally with the increase in ug and U|_- The rate 

o f  increase in Cb per increase in u l w as higher than the rate o f  increase in Cb per increase
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in ug- This couid have been a result o f  a high shearing o f  the large gas bubbles caused by 

the increase in ul- S im ilar trends were observed during the experiments conducted in the 

ejection mode.

During the experim ents conducted in the injection mode and as shown in Figure

11.14, it was observed that the gas-phase turbulence %  in the axial direction (i.e., the root 

mean square (RMS) velocity divided by the mean axial velocity) increased almost 

linearly as ug increased. M eanwhile as u l increased from 7.7 x 10“ 3 to 1.9 x 10~ 2 ms-1  

and at ug < 4.5 x 1CT3 m s-1, the turbulence % in the axial direction generally increased. 

Although the turbulence intensity in the liquid phase was not measured, it was expected 

that since the turbulence levels in the gas phase were high, the liquid phase would as well 

exhibit high levels o f  turbulence. The increase in turbulence % could be a result o f  the 

gas-liquid flow being in the bubbly flow regime due to the low uG encountered in this 

range o f  operating conditions.
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Figure 11.14 Effects o f  ug and ul on the gas-phase axial turbulence %  in deionized 

water.
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The latter phenomenon could be a result o f the decrease in the Sauter mean diameter o f  

the bubbles, and consequently, that could have caused an increase in the entrainment o f  

the surrounding liquid by the rising gas bubbles that carried the entrained liquid upwards. 

Therefore, the circulation flow  pattern could have increased and caused more turbulence 

in the dispersed flow. At ug ^  4.5 x 1 0 ' 3 ms-1, the turbulence % in the axial direction 

decreased gradually as u l increased. This could be a result o f  the gas-liquid flow 

approaching a homogeneous bubbly flow regime that is usually characterized by its high 

bubble concentration. Also, a  somewhat uniform bubble rise velocity distribution w as 

observed. This could have led to the rising o f the bubbles without much o f  mutual bubble 

interferences, thus, leading to  somewhat uniform degrees o f  axial and radial distributions 

o f  gas hold-up and a low degree o f  turbulence in the axial direction. Similar phenomenon 

w as reported by (Kastanek et al., 1993). The gas sparging mode had no effect on the 

dependency o f  turbulence % on ug and ui_.

Figure 11.15 depicts typical plots o f  the probability density distributions o f  the axial 

bubble rise velocity (u) as w ell as the radial velocity (v) for two different tests (TR8  and 

TRIO) that were conducted in the injection mode (i.e., the gas phase was sparged under 

positive pressure). TR8  was conducted at u l o f 7.7 x 10' 3 and ug o f  3.9 x 10“J ms-1  while, 

TRIO was conducted at uL o f  1.9 x 10" 2  and ug o f  4 .4  x 10“ 3 m s-1. The velocity profiles 

w ere normally distributed as shown in Figure 11.15. The mean radial velocity (v) was 1.2 

x 10 ' 3 and l . l  x 10” 3 ms ' 1 in  TR 8  and TRIO, respectively. The radial velocity profiles 

confirm ed the existence o f  a  circular flow pattern in the bubble column as suggested 

before by Deckwer (1992). The circular flow pattern is a result o f  the liquid phase 

dispersion caused by the entrainm ent o f  the surrounding liquid by the rising gas bubbles 

that carry the entrained liquid upwards (Deckwer, 1992). The mean axial bubble rise 

velocity (u) was 3.1 x 10"' and 2.9 x 10"' ms-1  in T R 8  and TRIO, respectively. Since ug 

w as almost constant between the two runs and as u l increased, u decreased and the 

spread o f  the profile was narrowed. In the impinging-jet bubble column, it was observed 

that as u l increased, the gas-phase axial turbulence % increased (at ug ^  4.5 x 10" 3 ms-1) 

causing the turbulent shear stresses to increase considerably. Consequently, this resulted 

in higher shearing o f  the large gas bubbles into sm aller bubbles, i.e., smaller dg and as a
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result, u decreased. Sim ilar trends were observed during the experiments conducted in the 

ejection mode.
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Figure 11.15 Typical probability density distributions o f  the gas-phase u and v in 

deionized water.

Figure 11.16 depicts the effects of ug and u l on the bubble rise velocity (u) during 

the experiments conducted in the injection mode. As ug increased up to about 4.0 x 10” 3 

ms”1, changes in u l had no effect on u. This could be explained by the gas-liquid flow 

being in the bubbly flow regime as discussed earlier. Then, as uL increased and at ug >

4.0 x 10” 3 m s”1, u started to decrease gradually until it reached asymptote at ug o f  about

1 . 0  x 1 0 ” 2 m s ” 1 as a result o f  the gas-liquid flow approaching a homogeneous bubbly 

flow regime. Similar observations were reported by Deckwer (1992). W hen the 

experiments were conducted in the ejection mode, similar trends o f  the dependency o f  u 

on ug and u l  were observed.
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Figure 11.16 Effects o f  ug and ul on u in deionized water.

Figure 11.17 presents the effects o f  uG and u l on the gas hold-up ( e g ) .  The gas hold

up was estimated based on the bubble concentration (C b) and the count mean bubble 

diam eter (dB) measurements. As shown in Figure 11.17, e q  increased proportionally with 

the increase in u g  as reported before by several researchers (Deckwer, 1992; Kastanek et 

al., 1993; Roustan et al., 1996; Zhou and Smith, 2000). This phenomenon was a result o f  

the decreased bubble size as ug and u l increased, and thus, leading to a longer bubble 

residence time in the bubble column. Also, as u l increased, an increase in e g  occurred 

due to the smaller bubble size that resulted from the increase in the shearing o f  the large 

gas bubbles into smaller bubbles.

As shown in Figure 11.18, an increase in u g  and u l  led to a proportional increase in 

the gas bubbles’ specific interfacial area (a). This could be a result o f  the increase in e g  as 

u g  and u l  increased. The same phenomenon w as reported by (Zhou and Smith, 2000). 

Once more, there was no observed effect o f  the gas sparging mode on the dependency o f  

eg and a on Ug and ul-
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Figure 11.18 Effects o f  uG and u l on a in deionized water.

11.3.2.2 Kraft pulp mill effluent

Kraft pulp mill effluents contains surfactants, o r  referred to as surface active agents 

(SA A ’s), and other organic and inorganic compounds that can affect the liquid viscosity
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and the bubble surface tension. These effects depend on the type, concentration, and 

chemical structure o f  such com pounds. The organic compounds can be divided into two 

main groups (Voigt and Schugerl, 1979): polar organic com pounds with low molecular 

weight; and polar organic com pounds with high molecular weight. The SSA ’s tend to 

accumulate at the gas-liquid interface with their hydrophobic groups positioned towards 

the gas phase (Zhou and Smith, 2000). As a result, the surface tension at the interface will 

be low er than the surface tension in the bulk liquid. Therefore, the surface tension 

gradient across the liquid film, surrounding the gas bubble, will be higher than that in the 

bulk liquid leading to a decrease in the size o f  the gas bubbles. Also, the SAA ’s can cause 

dam ping o f  the turbulence intensity at the gas-liquid interface and that will lead to a 

suppression o f  the coalescence o f  the mutually contacting gas bubbles (Kastanek et al., 

1993). The coalescence suppressing effect is smallest during the bubble formation and 

increases as the contact time betw een the gas phase and the liquid phase increases (Voigt 

and Schugerl, 1979). The higher the molecular weight o f  the polar organic compounds, 

the stronger the suppression o f  the coalescence but the longer it takes the coalescence 

suppressing effect to increase as the age o f  the bubble increases inside the bubble 

column.

In contrast to the SAA’s, the inorganic (i.e., salt) compounds exhibit a different 

effect on the coalescence suppression (Voigt and Schugerl, 1979). In inorganic solutions, 

the concentration o f  the salt com pounds in the bulk liquid is the same as that at the gas- 

liquid interface. This is a result o f  the liquid phase immediately forming a liquid film 

around the gas bubble following the bubble formation, therefore, the gradient in the salt 

concentration between the bulk liquid and at the gas-liquid interface begins to decrease 

over tim e. As a result, the salt com pounds have their maximum coalescence suppressing 

effect at the initial stage o f  the bubble formation and this effect starts to decrease as the 

age o f  the gas bubble inside the bubble column increases (V oigt and Schugerl, 1979).

Regarding the effects o f  the superficial gas and liquid velocities (ug and ul, 

respectively) on the count mean bubble diameter (dB), the Sauter mean bubble diameter 

(ds), the gas bubble concentration (C B), the gas-phase axial turbulence intensity, the gas
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bubble rise velocity (u), the gas hold-up ( e g ) ,  and the gas bubbles’ specific interfacial 

area (a), similar trends o f  those effects w ere observed when the PDA measurements were 

conducted during the aeration o f  the raw Kraft pulp mill effluent as well as the ozonated 

effluent.

The effects o f  ug and u l on dB and d s during the aeration o f  raw Kraft pulp mill 

effluents (i.e., AO3 = 0.0 m g L '1) are shown in Figure 11.19. As Ug increased, the Sauter 

mean diameter increased at a rate sim ilar to that observed during the aeration experiments 

conducted in the deionized water. Also, as u l increased, ds decreased at a rate similar to 

that observed in the deionized water. Interestingly, during the aeration o f  the raw Kraft 

pulp mill effluent, and as ug increased, dB increased slightly then it started decreasing. 

This phenomenon could be a result o f  the low coalescence suppressing effect o f  the 

SA A ’s due to the short gas bubble residence time in the colum n that resulted from the 

increase in the bubble rise velocity (u) as ug increased up to 4.0 x 10~ 3 ms-1.

2500
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—  uL = 7.7 x 10' 1 ms" 1 (Injection mode) 
—  —  uL = 1.9 x 10' 2 ms' 1 (Ejection mode)

Figure 11.19 Effects o f  ug and ul on dB and ds in raw Kraft pulp mill effluent.

As observed during the aeration o f  the deionized water and at ug > 4.0 x 10- 3  ms-1, 

u started to decrease and that led to an increase in the gas bubble residence time.
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Consequently that might have caused an increase in the coalescence suppressing effect o f  

the SAA’s, and as a  result, dB started decreasing. Alternatively, during the aeration o f  the 

ozonated Kraft pulp mill effluents, the effect o f  Ug on de was similar to that observed in 

the deionized water. Generally, the effect o f  increasing uL on decreasing de, during the 

aeration o f  the raw and the ozonated Kraft pulp mill effluents, was higher than that 

observed during the aeration o f  deionized water. This effect gradually decreased as the 

amount o f  the utilized ozone (AO3) increased, possibly due to the increase in the partial or 

complete oxidation and/or destruction o f  the surfactants and the inorganic compounds 

that were present in the raw K raft pulp mill effluent. The measured de and ds in the raw 

and ozonated Kraft pulp mill effluents were smaller than those obtained in conventional 

diffuser bubble columns that w ere tested in the study o f Zhou and Smith (2000).
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Figure 11.20 Effects o f  AO3 on de and ds in Kraft pulp mill effluent.

The effects o f  AO3 on ds and ds, for one set o f  Ug and u l in the injection mode, are 

presented in Figure 11.20. As AO3 increased from 0 to 300 mgL-1, ds increased by  almost 

8  % (from 1,840 to 1,990 pm ) and da increased by almost 41 % (from 495 to 700 pm). 

As shown in Figure 11.20, ds w as virtually identical in both the deionized water and the
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raw Kraft pulp mill effluent. Meanwhile, ds in the deionized w ater was almost two times 

larger than that in the raw Kraft pulp mill effluent.

The rate o f  increase in Cb per increase in ug was doubled and the rate o f  increase in 

Cb per increase in u l was alm ost identical in the raw Kraft pulp m ill effluent compared to 

the deionized water. The effects o f  uo and u l on C b are shown in Figure 11.21. Generally, 

based on the PDA measurement and visual observations, the gas-liquid flow during the 

aeration o f  Kraft pulp mill effluent could be characterized as a hom ogeneous bubbly flow 

and the degree o f  homogeneity decreased as AO3 increased. Under similar operating 

conditions, the higher homogeneity o f  the bubbly flow in the raw  Kraft pulp mill effluent 

compared to the deionized w ater could be a result o f the lower d s  and d s , and the higher 

Cb observed in the raw Kraft pulp mill effluent. As a result o f  the lower ds in the raw 

Kraft pulp mill effluent and under the same operating conditions, the bubble rise velocity 

(u) decreased by about 50 % com pared to that in the deionized water. Therefore, lower ds 

and d s , higher C b , and lower u caused the gas hold-up ( e g )  and the gas bubbles’ specific 

interfacial area (a) to increase and they were about four times higher than those in the 

deionized water.
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Figure 11.21 Effects o f  ug and ul on Cb in raw Kraft pulp mill effluent.
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Figure 11.22 Effects o f  Ug and Ul on Eg in raw Kraft pulp mill effluent.
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Figure 11.23 Effects o f  ug and ul on a in raw Kraft pulp mill effluent.

The effects o f  ug and ul on eg and a are shown in Figures 11.22 and 11.23, 

respectively. Under the same operating conditions, the rates o f  increase in eg and a per 

increase in ug were almost four times higher in the raw Kraft pulp mill effluent compared 

to the deionized water. In the raw Kraft pulp mill effluent, at low superficial liquid
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velocity ( u l )  and at either low or high superficial gas velocity ( u g ) ,  the count-based 

bubble size distributions exhibited different trends from those observed in the deionized 

water. Figure 11.24 depicts the count-based bubble size distribution in a test (TR28) that 

was conducted at low ug (1.0 x 10- 3  m s-1) and low u l (7.7 x 10- 3  m s-1). Figure 11.25 

depicts the count-based bubble size distribution in a test (TR52) that was conducted at 

high Ug (3.6 x 10- 3  ms-1) and low u l  (7.7 x 10- 3  ms-1). The measured de was equal to 516 

and 549 pm, in TR28 and TR52, respectively. The distributions w ere somewhat bimodal 

and skewed to  the side o f  small bubbles as compared to a normal distribution. Under the 

same ul, an increase in ug caused a shift o f  the low peak towards the side o f  large 

bubbles and a  decrease in the magnitude o f  the high peak. Interestingly, at low ug and as 

u l increased, the low peak observed before at low ul, diminished possibly due to the 

shearing o f  the large gas bubbles into smaller bubbles, and consequently, the mean dB 

decreased. This phenomenon is presented in Figure 11.26. As u l increased from 7.7 x 

10- 3  (in TR28) to 1.9 x 10- 2  ms - 1  (in TR37) and at almost similar ug (1.0 x 10- 3  ms-1  in 

TR28 and 8 . 6  x 10- 4  ms - 1  in TR37), the mean de decreased from 516 to 351 pm.
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Figure 11.24 A typical plot o f  the count-based bubble size distribution in raw Kraft 

pulp mill effluent at low ug and low uL.

n n n n n

636 1315 1994 2672 3351

Bubble mean count diameter, dB (urn)

4030

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



304

30

20
N=
0s
fea

Z
10

0

Figure 11.25 A typical plot o f  the count-based bubble size distribution in raw Kraft 

pulp mill effluent at high ug and low  ul-
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Figure 11.26 A typical plot o f  the count-based bubble size distribution in raw Kraft 
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11.4 CONCLUSIONS

The two-phase (i.e., gas-liquid) flows are sensitive to any disturbances caused by 

intrusive measuring devices such as electric probes. Therefore, the 2-D laser and phase 

Doppler anemometry and the digital photographic measurement techniques provided 

great non-intrusive tools for characterization and better understanding o f  the gas bubbles 

in the impinging-jet bubble column. The digital photographic study provided valuable 

information on the shape and size o f  the gas bubbles as well as rough estimates o f the 

bubble rise velocity that aided in optimizing the particle dynamics analyzer configuration 

and operational settings during the PDA study.

The PDA provided rapid and accurate simultaneous measurements o f  the bubble 

size, bubble rise velocity, bubble size distribution, and turbulence intensities in an 

impinging-jet bubble colum n that utilized two venturi injectors to create turbulent gas- 

liquid jets in the am bient fluid.

The intersecting o f  the gas-liquid jets caused an increase in the turbulence produced 

in the ambient fluid and as a result the count mean bubble diameter and the Sauter mean 

bubble diameter decreased and they were smaller than those obtained in conventional 

bubble columns. This has led to a significant increase in the gas bubbles’ specific 

interfacial area com pared to that in conventional bubble columns.

The count mean bubble and Sauter mean bubble diameters were found to be 

dependent on the superficial gas and liquid velocities. As ul increased, ds decreased 

slightly. During the aeration o f  the deionized water and increasing uo caused a slight 

decrease in da. M eanwhile, da increased slightly then it started decreasing as ug increased 

during the aeration o f  the raw Kraft pulp mill effluent. During the aeration o f  ozonated 

Kraft pulp mill effluent and as Uq increased, da decreased. The count and the Sauter mean 

bubble diameters w ere smaller in the raw Kraft pulp mill effluent compared to those in 

the deionized water. This has led to a significant increase in the gas bubbles’ specific 

interfacial area and the gas hold-up compared to those in the deionized water. As the raw
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Kraft pulp mill effluent was ozonated and the amount o f  utilized ozone increased, the 

count mean and Sauter mean bubble diam eters increased.

The bubble size distributions exhibited different trends depending on the type o f  the 

test liquid and on the operating conditions in terms o f  the superficial gas and liquid 

velocities. Generally, those distributions could be well described using normal, gamma, 

or log-normal density functions.

The measurements o f  the gas hold-up and the gas bubbles’ specific interfacial area 

obtained in the current study provided valuable information that will lead to a better 

understanding o f  the mass transfer process in clean environments such as deionized water 

as well as in highly reactive environments such as Kraft pulp mill effluents.
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CHAPTER 12. GENERAL CONCLUSIONS AND RECOMMENDATIONS

12.1 GNERAL OVERVIEW

W hen designing ozone bubble columns, two major sources o f  uncertainties usually 

exist: ( 1 ) the measurement techniques and the estimation m ethods o f  the various 

operating parameters; and (2) the application o f  the pertinent design model. The 

performance o f ozone contactors is controlled by the combined effects o f  the 

hydrodynamics, ozone mass transfer, and ozone reactions with the constituents present in 

the liquid phase. Although great advancements in the area o f  ozone treatment have been 

achieved, there is still a great demand for m ore efficient and com pact designs o f  ozone 

contactors that can provide higher treatment levels in more compact contactors. If  this 

goal can be achieved, the cost o f  the ozone treatment process w ill be significantly 

lowered. Further more, in order to obtain accurate and reliable m odeling o f  the ozonation 

process, the development o f  reliable ozonation process parameters is needed. With the 

development and estimation o f  those param eters, a rational design approach that 

integrates those parameters can be designed for practical use in the design and on-line 

process control o f ozone contactors.

The main scope o f  this research project was to design a new compact ozone 

contactor that can provide higher treatment levels than those achieved in the conventional 

ozone contactor designs. Therefore, an im pinging-jet bubble column was designed for 

ozone treatment applications in the area o f  w ater and wastewater treatment. The venturi 

injectors were utilized to create turbulent gas-liquid jets in the am bient fluid by placing 

them at an intersecting angle o f  125° and the distance between the centers o f  the nozzles 

was set equal to 60 mm. The main reason for this particular design w as to increase the 

turbulence produced in the ambient fluid and therefore, increase the ozone mass transfer 

rates.

A  number o f  models were developed for modeling the hydrodynamics and the 

overall ozonation process in ozone bubble columns. Transient Back flow cell model
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(BFCM) was developed as an  alternative approach to describe the hydrodynamics o f  

ozone bubble columns. Transient BFCM, when com pared to the traditionally used 

models such as transient ADM  or CFSTR’s in-series model, represents a flexible, 

reliable, accurate, and more im portantly simple method to describe the backmixing in the 

liquid phase in bubble columns. The steady-state two-phase axial dispersion model (2P- 

ADM) and back flow cell model (BFCM ) were developed and applied for modeling the 

ozonation process in ozone bubble columns. A simple and easy-to-use, yet accurate and 

reliable design model was developed. This model is a modified non-isobaric steady-sate 

one-phase axial dispersion m odel (IP-ADM ). The IP-A D M  is different from the 2P- 

ADM in its simple use for practical design and process control o f  full-scale ozone 

contactors.

In order to model the ozonation process when applied for treating wastewaters such 

as Kraft pulp mill effluents, the experimental results obtained in three different types o f  

ozone contactors were analyzed. The scope was to study the effects o f  the ozone 

contactor design, configuration, operating conditions, and scale-up on the: ( 1 ) ozonation 

process induced reduction efficiencies o f  the color, AOX, COD, and TOC from 

biologically treated Kraft pulp mill effluents; (2) the increase in the biodegradability o f  

this type o f  wastewater; and (3) the dynamics o f  the ozone gas absorption process. Those 

ozone contactors had different designs, scales, and configurations. The types o f  the ozone 

contactors included: ( 1 ) an extra-coarse-bubble diffuser ozone contactor; (2 ) an 

impinging-jet ozone contactor; and (3) a fine-bubble diffuser ozone contactor.

Finally, a 2-D laser particle dynamics analyzer was used to simultaneously measure 

the bubble size, bubble rise velocity, bubble size distribution, and turbulence intensities 

in the impinging-jet bubble column. These measurements w ere conducted in clean 

deionized w ater and in a Kraft pulp mill effluent that was ozonated using a wide range o f  

utilized ozone doses. The purpose o f  ozonation was to investigate the effects on surface 

tension by changing the pulp m ill effluent characteristics, and consequently, on the 

bubble size, the gas hold-up (sG), and the gas bubbles’ specific interfacial area (a).
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12.2 CONCLUSIONS

Based on the theoretical and experimental studies conducted in this research 

program, the following main conclusions can be drawn:

1. As com pared to the traditionally used transient ADM  and transient C FSTR ’s in

series model, the transient BFCM  can adequately describe the backm ixing in the 

liquid phase in bubble columns over a wide range o f  operating conditions and 

under any given boundary conditions. Therefore, it has some advantages over the 

transient ADM and the transient CFSTR’s in-series model. These advantages are as 

follows: (1) the transient BFCM  can account for variable backmixing coefficient 

(i.e., variable Pei.) along the column height o r along the length o f  a  contacting 

cham ber while predicting simultaneously the RTD curves at various sampling 

ports; (2) the transient BFCM  has the capability to account for variable cross- 

sectional area along the colum n height or along the length o f  a contacting chamber; 

(3) the analytical solution o f  the transient ADM  for a tracer pulse-input is only 

available for small deviations from plug flow  conditions (Equation 2.11). 

Therefore, in order to use the solution o f  transient ADM for a tracer pulse-input 

under small deviations from plug flow conditions (Equation 2.11) to describe the 

backmixing in the liquid phase in will lead to inadequate m odeling o f  the 

hydrodynamics; and (4) the transient BFCM is easy to formulate and solve using a 

spreadsheet program even for the cases where the m ixing parameters are variable 

along the column height.

2. The num ber o f  cells in-series, as one o f  the m ixing parameters to be considered for 

the transient BFCM simulations, has to be chosen carefully so that the transient 

BFCM predictions, o f  the hydrodynamic behaviour in ozone contactors 

performance under different operating conditions, are closer to the actual 

backmixing conditions. The transient BFCM should be expanded to account for the 

backm ixing in the gas phase to allow studying the effect o f  the gas-phase 

backm ixing on the hydrodynamic performance o f  ozone bubble colum ns o f  small
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aspect ratios and full-scale ozone contactors where the gas phase can no longer be 

considered in the plug flow regime.

3. The steady-state BFCM has proven to provide good predictions o f  the performance 

o f pilot-scale ozone bubble columns. The model predictions should be further 

tested for different designs and scales o f  ozone contactors and under different 

operating conditions. Also, the model should be further expanded to account for 

variable mass transfer coefficient along the length o f  the contactor to account for 

situations w here the mass transfer process is enhanced near the entrance o f the 

contactor rather than along the entire contactor length.

4. The two-phase axial dispersion model (2P-ADM ) has been developed for 

describing the perform ance o f  ozone bubble columns. Two cases o f  the model have 

been developed: ( 1 ) the axial dispersion was considered for the liquid and gas 

phases; and (2) the axial dispersion was considered only in the liquid phase. The 

main advantage o f  applying those comprehensive models is to be able to compare 

between their predictions when used to model the performance o f  ozone bubble 

columns. Those m odels’ predictions may vary depending on the bubble column 

configuration and design as well as the operating conditions. As an example, 

regarding the effect o f  bubble column configuration, columns with small aspect 

ratios might exhibit large gas-phase backmixing that must be accounted for in the 

model equations. Therefore, most o f  the models that are currently applied to 

describe the perform ance o f  such ozone contactors are outdated because they are 

based on inaccurate assumptions with respect to the prevailing liquid and gas-phase 

flow regimes.

5. The two-phase axial dispersion model (2P-ADM) has proven to be a  powerful, 

accurate and reliable tool for predicting the performance o f  ozone contactors for 

both water and w astewater treatment applications. By applying the 2P-ADM 

instead o f  the traditionally applied models such as the plug flow model (PFM) or 

the continuous-flow stirred-tank-reactors (CFSTR’s) in-series model, accurate and
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reliable designs o f  ozone contactors can be achieved. As a  result, the operating and 

capital costs will be minimized and the desired treatment objectives can be met.

6 . It should be noted that the current model testing is ju s t an initial testing step. 

Therefore, further studies need to be conducted for both water and wastewater 

treatment applications and in different ozone contactors o f  different configurations, 

designs, and scales. This will help obtain a large and high-quality data set that can 

allow for further model testing in order to eliminate any uncertainties in the model 

predictions.

7. The simple version o f  the 2P-ADM that neglects the backm ixing in the gas phase 

can be applied without affecting the accuracy o f  the model predictions in situations 

such as: ( 1 ) bubble columns that have large aspect ratios; and (2 ) when large 

bubbles are dominant in the gas-liquid flow as a result o f  using a gas sparging 

technique that creates large bubbles.

8 . A comparison between the 2P-ADM  and the BFCM was conducted to test the 

variability in their predictions o f  the performance o f  ozone contactors operating 

under water or wastewater treatment conditions. Both models have proven to be 

sufficient and reliable in their predictions o f  the performance o f  ozone bubble 

columns, however, the BFCM was easier to formulate and solve.

9. For wastewater treatment applications and with all the operating conditions being 

the same, the ADM  and the BFCM predicted that the counter-current and the co

current flow modes would exhibit sim ilar characteristics with respect to the 

dissolved ozone, gaseous ozone, and superficial gas velocity profiles. Changes in 

the backmixing coefficient, represented by changes in Pei., had relatively small 

effect on the dissolved ozone concentration profiles and virtually no effect on the 

gaseous ozone concentration and superficial gas velocity profiles. On the other 

hand, changes in the overall mass transfer coefficient (kL.a) had large effects on the
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dissolved ozone and gaseous ozone profiles and a very small effect on the 

superficial gas velocity profiles.

10. The IP-ADM  can be solved analytically while the complete axial dispersion model 

(2P-ADM) requires an elaborate num erical technique to solve the model's 

equations. Therefore, describing the analytical solution o f  the IP-A D M  in terms o f 

a simple spreadsheet program facilitates obtaining the model predictions for any 

operating conditions represented by the model input parameters entered into the 

spreadsheet program. Compared to the 2P-ADM  predictions o f  the ozone bubble 

column performance that was presented in the study o f Zhou et al. (1994), the 1P- 

ADM has proven to provide excellent predictions o f the perform ance o f  ozone 

bubble colum ns operating under either w ater treatment conditions and in both the 

counter-current and the co-current flow modes. The 1P-ADM also provided good 

predictions o f  the performance o f  ozone bubble columns for the wastewater 

treatment applications. The IP-ADM is easy and reliable tool to be used for the 

design and the process-control o f  bubble colum ns’ operations.

11. The IP-ADM  was applied to model the measured dissolved and gaseous ozone 

concentration profiles in the impinging-jet bubble column. The dissolved ozone 

concentration profiles along the bubble colum n height, can be well estimated using 

the one-phase axial dispersion model (IP -A D M ) through the use o f  bubble column 

average parameters with respect to the overall mass transfer coefficient (kia), 

liquid-phase backmixing coefficient ( D l ) ,  and coefficient o f  the gas-phase ozone 

molar fraction decrease along the colum n height (ai). During the ozonation o f 

deionized water, it was found that k[.a and D l were dependent on the liquid and gas 

superficial velocities and the nature o f  this dependency varied from the gas 

injection mode to the gas ejection mode. The gas-phase dim ensionless ozone 

concentration profiles can be well described using an exponential relationship 

representing the gas-phase ozone m olar decrease along the colum n height. The 

exponent (ai) was found to be dependent on the process dim ensionless variables
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(PeL, StL, Sto, and Da) and the nature o f  this dependency was different in the 

injection mode from that in the ejection mode.

12. The use o f  the venturi injectors for the ozone gas absorption caused an increase in 

the mass transfer rates due to the contact between the gas and the liquid phases 

inside the injectors. Placing the injectors at an intersecting angle o f  125° at the 

bottom o f  the bubble column caused an intersecting o f  the gas-liquid je ts. This 

arrangement has led to a significant increase in the turbulence intensities in the 

ambient fluid and consequently, a significant increase in the mass transfer rates was 

achieved. The impinging-jet bubble colum n has proven to be a very prom ising gas- 

liquid contacting unit, when compared to the traditional bubble column designs due 

to its compact size that can handle h igher liquid and gas flowrates w ithout causing 

any decrease in the mass transfer efficiency o f  the bubble column.

13. Using the venturi injectors for sparging the ozone gas into the liquid phase in the 

impinging-jet contactor has led to a  significant increase in the enhanced overall 

mass transfer coefficient (Eki.a) and the enhancement factor (E) com pared to other 

designs o f  ozone contactors. As a result, the off-gas ozone concentrations that were 

produced from the impinging-jet contactor were substantially lower than those 

produced from the other contactors.

14. The ozonation process induced higher reductions in the color and AOX 

concentrations compared to C O D  and T O C  o f  the treated Kraft pulp mill effluents. 

The small ratio o f  the B O D 5 /C O D  o f  the treated wastewater indicates the need for 

further treatment o f  this type o f  w astew ater to increase its biodegradability, and 

consequently, to  remove the increase in the B O D 5  o f  the wastewater as a  result o f 

applying further treatment.

15. The reduction efficiencies o f  color, A O X , COD, and TOC indicated that the scale- 

up and reactor configuration have exhibited insignificant effects on the ozonation 

treatment levels achieved in the three types o f  ozone contactors exam ined in this
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study. This suggests that a  small scale-up factor w as associated with the ozonation 

treatm ent o f  Kraft pulp m ill effluents, especially at large scales, where there was 

virtually no effect on the ozonation induced reduction efficiencies o f  color, AOX, 

CO D , and TOC.

16. The treatment levels achieved in the impinging-jet and fine-bubble diffuser ozone 

contactors that were operated in a continuous-flow mode were com pared and the 

tw o designs o f ozone contactors were found to produce almost identical treatment 

levels except that the volum e o f  the impinging-jet contactor was one seventh o f  that 

o f  the fine-diffuser contactor. Based on the above, it is evident that the operating 

costs o f  the ozonation process and the ozone off-gas destruction facilities will be 

greatly  reduced when the impinging-jet ozone contactor is used for treating Kraft 

pulp m ill wastewaters.

17. Therefore, the 2-D laser and phase Doppler anemometry and the digital 

photographic measurement techniques provided great non-intrusive tools for 

characterization and better understanding o f  the gas bubbles in the impinging-jet 

bubble column. The digital photographic study provided valuable information on 

the shape and size o f  the gas bubbles as well as rough estimates o f  the bubble rise 

velocity that aided in optim izing the particle dynam ics analyzer configuration and 

operational settings during the PDA study.

18. The PDA provided rapid and accurate simultaneous measurements o f  the bubble 

size, bubble rise velocity, bubble size distribution, and turbulence intensities in an 

impinging-jet bubble colum n that utilized two venturi injectors to create turbulent 

gas-liquid jets in the am bient fluid.

19. The count mean bubble and Sauter mean bubble diameters were dependent on the 

superficial gas and liquid velocities.
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20. The count and Sauter m ean bubble diameters were sm aller in the raw Kraft pulp 

m ill effluent compared to those in the deionized water. This has led to a significant 

increase in the gas bubbles’ specific interfacial area and the gas hold-up compared 

to those in the deionized water. As the raw Kraft pulp m ill effluent was ozonated 

and the amount o f the utilized ozone increased, the count mean and the Sauter 

m ean bubble diameters increased.

21. The bubble size distributions exhibited different trends depending on the type o f  the 

test liquid and on the operating conditions in terms o f  the superficial gas and liquid 

velocities. Generally, those distributions could be well described using normal, 

gam m a, or log-normal density functions.

22. The measurements o f  the gas hold-up and gas bubbles’ specific interfacial area 

obtained in the current study provided valuable information that will lead to a better 

understanding o f  the mass transfer process in clean environments such as deionized 

w ater as well as in highly reactive environments such as K raft pulp mill effluents.

12.3 RECOMMENDATIONS

In this study, different m odels have developed for describing the performance o f

ozone bubble columns and a new  design o f  ozone bubble colum ns has been proposed.

Based on the achieved goals and the drawn conclusions, several recommendations have

to be addressed in further future research:

1. Additional testing o f  the m odels needs to be conducted in pilot-scale as well as full- 

scale ozone contactors to verify their applicability for describing the performance 

o f  the ozonation process in a wide range o f  scales and designs o f  ozone contactors 

over a  wide range o f  operating conditions.

2. The models should be expanded to account for variable process parameters along 

the length o f  the contactor as it is usually the case in full-scale ozone contactors.
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3. The models should be tested for th e ir ability to describe the performance o f

ozonation system s when designed fo r disinfection purposes.

4. Additional studies need to be conducted to characterize the mass transfer efficiency 

o f  the im pinging-jet ozone bubble colum n when used to treat various types o f  

wastewaters such as different w aste stream s generated from the pulp and paper 

industry.

5. Additional PD A  measurements should be carried out at different locations along 

the column height to examine the variability o f  the characteristics o f  the gas 

bubbles along the column height.

6 . Different injector diameters and intersecting angles should be investigated to

examine their effects on the perform ance o f  the bubble column. Also, the effect o f

the distance between the injector exit points should be investigated.

7. The impinging-jet bubble column should  be tested for treating different types o f  

wastewaters by  utilizing ozone in conjunction with other advanced oxidants such as 

hydrogen peroxide, UV, fenton reagents, etc.
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