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ABSTRACT

Dynamic and CFD Modeling of a Continuous-Flow Mixer Using Fluids with Yield Stress

Sawlan Saeed

Chemical Engineering
MASc.

Ryerson University
Toronto, Ontario, Canada, 2007

A continuous-flow mixer was designed and built in the Mixing Technology Lab,
Chemical Engineering Department at Ryerson University to study mixing of xanthan
gum solutions in water, a pseudoplastic fluid possessing yield stress. The extent of flow
non-ideality was quantified using a dynamic model that incorporated the extent of
channeling and the effective mixed volume within the mixing vessel. Dynamic tests were
made using a frequency-modulated random binary input of a brine solution. The same
€Xperiments were simulated using Fluent, a Computational Fluid Dynamics (CFD)
Package. CFD flow fields were used to obtain the system dynamic response to a tracer
injection applied at conditions identical to the experimental conditions. The extent of
channeling and effective mixed volume were determined and then compared with the

Parameters obtained experimentally.

Experimental and CFD results show that the extent of non-ideal flow is significantly
affected by impeller speed, impeller type, feed flow rate, fluid rheology, and exit
location. The performance of continuous mixed vessels can be improved by increasing
impeller speed, decreasing feed flow rate, and decreasing solution concentration.
However, decreasing feed flow rate and solution concentration reduces the production
Capacity of the process. Increasing impeller speed may require modification to the motor
and can cause air entrainment. Therefore, other remedies such as relocating the exit
location and using the proper type of impeller may be taken into consideration. The
Tesults show that the extent of non-ideal flow was reduced using the bottom output and

flow efficiency in the vessel was enhanced using A320 impeller.






VII

ACKNOWLEDGEMENT

I would like to acknowledge my supervisor Dr. Farhad Ein-Mozaffari for his support,

guidance and valuable comments to accomplish this thesis.

I would also like to thank the technologist and staff in Chemical Engineering Department

at Ryerson University for the assistance provided during conducting this research.

Sincere thanks to all my friends in the Chemical Engineering Department at Ryerson

University for their ultimate help.

I would also like to express my gratitude to my mother, father, sister and brother for their

Support and encouragement.

The financial support provided by Natural Science and Engineering Research Council of
Canada (NSERC) for funding this research is greatly acknowledged.






DEDICATION

:7; 'Blou ':fér alf Yyour Jove and’. JuJaJaort

Safwan
e;%ujust, 2007






TABLE OF CONTENTS
AUTHOR DECLARATION 11
ABSTRACT \'%
ACKNOWLEDGEMENT \% 1!
DEDICATION IX
TABLE OF CONTENTS XI
LIST OF TABLES XVII
LIST OF FIGURES XIX
1. INTRODUCTION 1
2. LITERATURE REVIEW 5
2.1 INHTOAUCHION. ....oeeeereertertesssstes s s s ssssssss s assessssnssenesenssensssesssmssesssnsssanns 5
2.2 Rheology of NON-NeWtonian FIUIdS ..............cceeceeieeeenemnecmeemsseeseeeesesseesseesnes 6
2.2.1 Time-Independent Fluids .................. 7
222 Time-Dependent FIUIAS ........oeeueereeeeeecreecreeeseeiaiessssssssssssesscsssessnsenssnssessnsensens 9
2.2.3 Viscoelastic Fluids..........ccceeveerernenennee. 9
2.2.4 Stimulant Time-Independent Yield Stress FIUIdS ........coeeeveveeenerrnn. Seasnesens 10
2.3  Design Considerations of MiXing VESSEIS............eceeeemeeemeeenseesseseesenessensees 11
2.3.1 Vessel Design.......ccecvevesernenrenrensene cerrere sttt bttt snessnesassnnnes 12
2.3.2  Shaft DESIGN....covcuermirreeeinesersiinnsnsinsses st ssssssssssesssssssasssssssssssssessesssensenns 13
2.3.3  IMPEIIEr DESIGN....cceerercecnrenenrensnasissese s ssssssssssessssasessensensasesssnsesssans 14
2.3.4 Mechanical Design reereereesseseesessessesessensesaene 17
2.3.5 Other Design Considerations............... 17

24  Power Consumption in AGItated VESSEIS .........ooeeveeeeeeeeeeereresenesensessseseessnes 18



2.4.1 Power in Agitated VESSEIS ... rereenesesenesesesessesenes 18
2.4.2 Power Consumption for Newtonian FlIUids ...........ccoeuereereeererereeereerennneerennenes 19
2.4.4 Power Consumption for non-Newtonian Fluids ............cccceeveeveveevereererenrnnne. 21
2.4.5 Characteristics of Axial Flow Impellers...........cocccovnreeeneereeeeeeeenesenenns 22
2.5  CaVverN REGION......ciereeereireereececeerereresnesesessesessesssnessssessesessesssessesssessssensons 27
2.6  Continuous-Flow Mixing Operation ...........ccceeeveveveveneeereeerereeresssneseseseresssennes 31
2.6.1 Dynamic Modeling of Continuous-FIOw MIXers ..........cccceeverrereennrererereernrennens 31
2.6.2 Continuous-Flow Mixers Literature Review..........cccccveeveveereveverrerseerereerenenene. 33
2.7  Computational Fluid Dynamics (CFD).........ccccccevmeenerecereereceneeessnsesesseenes 35
2.7.1 Mixing of non-Newtonian Fluids using CFD Literature Review..................... 36
2.8 Research ODJECLIVES.........ccoerrerrcreecrereere st ese e e s ssesesesesesessenes 36
3. EXPERIMENTAL WORK 43
3.1 EXperimental SEtUP........ccccvvvneininnerenreseneestnnseassesessersssssesesessessaesssnsaeses 43
3.2  Impeller SPeCIfiCatioNS..........cccovietrieiereienenennsesee st s sssssssesesssesssesesenes 47
3.3 Material Preparation ...........cereeneneicneneenssesnsseessssessssssssesssssssssssssassessens 48
3.4 Xanthan Gum Physical & Rheological Properties...........cccovveeververirrenvrsnennae 49
3.5 Experimental Test Procedure.............ccveeneeevenenenceceiereseneesensessesessenens 53
3.6 Experimental CONAItiONS .......c.ccceuieverrreernierentreiennesesssesssssssesssessssesessesesesens 54

4. DYNAMIC MODELING OF CONTINUOUS-FLOW MIXERS...... 55

>
—

INEFOAUCTION.......ceeteeeeeerectrtcteneeteeeerters et sseesaese e s se e s sessssesesnsssanesenssnssnane 55
4.2 Dynamic Modeling of Mixing in Continuous-Flow Vessels.......................... 55

4.3 Estimation of Non-Ideal Flow Parameters in Continuous-Flow Mixers ..... 56



4.4  Design of Input (Excitation) Signal..............cceeeververerernennenninceeeeeeeneneeseneseens 58
5. COMPUTATION FLUID DYNAMICS (CFD) 65
D1 INEOAUCHION......e ettt se e ssse s s sesasssesassssssssscssenssasanses 65
5.2 CFD WOork Methodology........c.cecueeveuneeeesenenenenenesssssasssssssessesessssessessessenssens 65
5.3  Property Transport Equations for Mixing Processes.............ovveeveeneeeemnene 66
S:4  Grid GENETAtON ........ocveeeeeceteeteetee et sessssse s s s s ssssasssssesensesenacnns 68
5.5  Discretization of Transport EQUAtIONS............ceceeeueeeiemenceseneneseseneensesseneens 70
5.5.1 Spatial DISCretization ..........ccceeeeereeerreresneesereensesessssesesssesesesessesssssssssssssssssens 70
5.5.2 Temporal DiSCretiZation.............ccceeeeveevereereeeneerneeenssenssssssssssssssesssssenes 71
5.6  Finite Volume Spatial DiSCretization................ceeueceeeeeenceceennenseseseseecssessessnnns 72
5.6.1 Pressure Gradient Interpolation SChemes ............coouvveeeeerecnrnnenceeneseencneneene 73
5.6.2 Momentum Interpolation SChemEs.........ccceervieccneesieee s sssessenens 75
5.6.3 Pressure-Velocity Coupling Schemes....... 79
5.7  Finite Volume Temporal DiSCretization.............eeueeeeeeceeeenenseesensensenssnsseeses 80
5.8  Solution of Discretized EQUALIONS...........o..ocueeiveeneerescenceneenessessesscssesessesseses 82
5.9  Checking CFD SOIUtON ......covuururreertrrecrresreeteeesessessses s sesssessesssessssssssssssssssnssns 83
5.10 CFD Modeling of MiXing VESSEIS............ooevuereerrenenrersrncncsesessesessessesenessces 86
5.10.1 Multiple Reference Frame (MRF) Model..........ccccceeeuneemrereeerennerernnrerennsennns 86
5.10.2  Sliding Mesh (SM) MOGEL.........uuuereuirerircrciereresessesnessess s sssessssessssssssees 87
5.11  Scale Model of Continuous-Flow Mixing VESSel........c..cooeveervmvuneuncenseresennne 88
S.11.1  GEOMEINY ..ottt s s s sssssssssessssssssssbsssassasssessessassasssnns 88
5.11.2  Material Definition ........ccccovivmuiirieieeescesereseesesesessessssesssssssssssssnsssssnsssns 88
5.11.3 Selecting Boundary Conditions...............ccccevueeereerereeserescrersnnenes 90
5.11.4  Generating MeShiNg ... ssnsae st ssssssssssens 91
5.11.5 Performing Numerical Simulations...............cooceeeenerernereremnesensessssesesesssesnes 93



X1V

5.11.6 Checking Grid INdependencCy ..........ccccvevrurrunrruinruerercnereereeeenesesssssssssses 94
5.11.7 Modeling Tracer Injection to Investigate Dynamics of Mixing Process ...96

6. RESULTS & DISCUSSION 101
6.1 INtrOAUCHION. ...ttt ettt eb s s s s sre b ae s 101
6.2 Impeller CharacteristiCs..........coiviniiininiiiiiinintnnnese s 101
6.2.1 Power Number EStimation ..........ccccovereivivnnsnnrcciiiiiictccense e 102
6.2.1.1  Experimental Power Number EStimation..........cceceeeeeeerrneeeneiennccinesennenenens 102
6.2.1.2 CFD Power Number Estimation...........c.cceevvvieeevcereerereenenens 107
6.2.2 Average Shear Stress and Apparent Viscosity in the Mixing Vessel......... 111
6.2.3 Flow & Circulation Numbers Estimation ..........cceeevrncvenvernneinnesinnennenene 119
6.3 Dynamic Model Parameters...........ieevenenenrnnnseeessssssnsnsseesesescseens 123
6.3.1 Dynamic Model Parameters Obtained from Experimental Data................. 126
6.3.1.1  Effect of Impeller Speed and Xanthan Gum Flowrate 126
6.3.1.2  Effect of Xanthan Gum Concentration . rerveeneteneenentes 130
6.3.1.3  Effect of Output Location........... . eeeeererensesasnent 134
6.3.1.4  Effect of Impeller Type . 136
6.3.2 Dynamic Model Parameters Obtained from CFD..........cccccoouevvnevnnivennenes 139
6.3.2.1  Effect of Impeller Speed and Xanthan Gum Flowrate........ . ... 139
6.3.2.2 Effect of Xanthan Gum Concentration ...........ccoeeeeeeensvncccsseeusncsesesnenisesessesssusseseanns 146
6.3.2.3  Effect of Output Location . cerverereeeenens 151
6.3.2.4  Effect of Impeller Type .. 155

6.4 Cavern Region & Flow Pattern in the Mixing Vessel.............ccccceuvvrueunnne. 159
6.4.1 Cavern Region in the Mixing Vessel ...........eeeeervernsenennnsennneeenesennns 159
6.4.2 Flow Pattern in the Mixing VESSElL........ccorevniernvninenineniinsincnninnesennanes 176

7. CONCLUSIONS & RECOMMENDATIONS FOR FUTURE
WORK 185

71 CONCIUSIONS ...ooeeeeeeeeeeeeeseeeeeesssseesssesssssssesssssssesssesssssssssssssssssssasssssssassesssnssssssnnnss 185

7.2 Recommendations for FUUIE WOTrK ...........eoorereennreeecrnnreeccrsneneccssneesesssnnees 187



XV

NOMENCLATURE. 189

REFERENCES 195

APPENDIX EXPERIMENTAL & CFD DATA 221







XVII

LIST OF TABLES
Table (2.1) Rheological Models for Fluids Possessing Yield Stress........................ 7
Table (2.2) Rheological Models for Fluids without Yield Stress.............cueuerennee 8

Table (2.3) Power Consumption in Mixing of non Newtonian Fluid Literature

Review
Table (2.4) Cavern Mathematical Models Literature Review.......................cocceuune. 28

Table (2.5) Using CFD to Model Mixing Processes in non-Newtonian Fluids

LIBEIAIUIE REVIEW .....oeeeeeeeeeeeeeeeeeeereeeeeeseesessesessesessesssssssssssessssessssassssesnsasssessssassssessssasses 38

Table (3.1) Rheological Parameters of Xanthan Gum using Herschel Bulkley

INOAEL.......oooveeererereeerereeereresessseesesestasassestsasseseasessasstsasststsassesssessssssasesssnssesessssesasassasasans 50
Table (3.2) Effect of Salt on Rheological Properties of Xanthan Gum Solutions. 51
Table (3.3) Density of Xanthan Gum SOIULIONS.............cuveiiiinnininnseissssessenens 53

Table (4.1) Dynamic model Parameters obtained from Two Different Input

SUGNAIS ...ttt s s s s bbb e s et ees 64
Table (5.1) Xanthan Gum Rheological & Physical Properties.......................... e 90
Table (6.1) Impeller Turbulent Power Number — Experimental Data................... 106
Table (6.2) Impellers Turbulent Power Numbers — CFD Simulations.................. 108

Table (6.3) Impellers Turbulent Flow and Circulation Numbers — CFD Simulations



Table (6.5) Impeller Pumping and Circulation EffiCiencies................cooceevcueccene 138

Table (6.6) Effect of Impeller Speed on Dynamic Model Parameters Estimation

from Experimental and CFD, 1.5% xanthan gum ................eneneneeencnninnens 142

Table (6.7) Effect of Xanthan Gum Concentration on Dynamic Model Parameters

Estimation from Experimental and CFD Data, 896 L/AK..............crenrneeennennns 148

Table (6.8) Effect of Output Location on Dynamic Model Parameters Estimation

from Experimental and CFD Data, 227 L/hr, 0.5% Xanthan Gum........................ 151

Table (6.9) Effect of Impeller Type on Dynamic Model Parameters Estimation

from Experimental and CFD Data, 897L/hr, 0.5% Xanthan Gum......................... 157
Table (6.10) Width and Shape of Impellers Blades...............oooeeeueenccrnincncncncnnns 157
Table (6.11) Cavern Diameter and Height in cm— A200 Impeller ........................ 169
Table (6.12) Summery of Cavern Dimensions for Axial Flow Impellers.............. 171

Table (6.13) Cavern Diameter and Height in cm — A100, A200 & A310 Impellers



XIX

LIST OF FIGURES

Figure (2.1) Categories of non-Newtonian FIUids.................oiinniinnniininns 6
Figure (2.2) Structure of Xanthan Gum Molecules (Jansson et al., 1975)............ 11
Figure (2.3) Flow/Head (Shear) Spectrum of Impellers.............uevvirecncunnne 15
Figure (2.4) Flow Pattern for an Axial and Radial Impeller.......................cccuu.... 16
Figure (3.1) Detailed View in Mixing VESSEl...........cvvvvinnrnnnininininininsenisinenes 44
Figure (3.2) Process Schematic Diagram................ccoceevcnvnenenneneincrnnsensssssenesens 46
Figure (3.3) Impellers Shape...........eeieeencnineenseisseessssssessssssssssssassssses 47
Figure (3.4) Xanthan Gum RREOGIrams. ..............ccccveemennrnereninneinesissesesssssssassessens 49
Figure (3.5) Xanthan Gum Rheograms Showing the Effect of Salt Addition........ 52
Figure (3.6) Vessel Configuration................eeeeeveeesueeseenene ...................................... 54

Figure (4.1) Continuous-Time Domain Dynamic Model for Continuous-Flow

Mixers (Ein-Mozaffari et al., 2002) ..........c.ovuereneneeereeneeneensisissssssssssssssssesssssssnesens 56
Figure (4.2) Rectangular Pulse showing Input and Output Responses................ 60
Figure (4.3) Bode Plot of Partial Derivatives of Model Parameters....................... 60

Figure (4.4) Procedure for Designing a Frequency-Modulated Random Binary
Input Signal (Ein-Mozaffari et al., 2002)..............cvurureveereirenirsisesninessencnsinessessssesns 61

Figure (4.5) Frequency-Modulated Random Binary Input Signal.......................... 62

Figure (4.6) Model Validation Procedure (Ein Mozaffari, 2002) ................cccccc.... 63



XX

Figure (4.7) Model Validation Frequency-Modulated Random Binary Input Signal

........................................................................................................................................... 63
Figure (5.1) 3D CElIS TYPES.......ceeeeeeeeeereeeseereessssenessesesessssesssssssssssssssesssssessassenens 69
Figure (5.2) Grid NOLALION ..............coeeeeeeeceeeereeeteeeeseeesisteestsesesassesssesaessssssesensssssenens 74
Figure (5.3) Overview of the Segregated Solution Method (Fluent, 2006)........... 84

Figure (5.4) Method of Estimating Yielding Viscosity in Herschel Bulkley Model 89
Figure (5.5) 3D Mesh Generated by Gambit 2.2...............ueeeveeevenerreienrecrereenenes 92
Figure (5.6) Convergence History of Scaled Residuals.................cooueueevecrveeerennns 93

Figure (5.7) Axial, Radial and tangential Velocity Profiles at a below the Impeller

Showing Grid INAEPENAENCY ..........ceeueceeeeteeeeeieeeeeeeeeesteesteeseeseesessesassessesessasasssssens 96

Figure (5.8) UDF Code Used to Model Tracer Injection for Frequency-Modulated

Random Binary Input Signal.................eieevieieeeineereeieeeeseceeeesseeesesessassssssesasnes 99
Figure (5. 9) CFD Tracer Input Output Showing the Effect of Time Step............. 100
Figure (6.1) Experimental Power Curve for A200................ueeeeveereereeeeevververvennns 103
Figure (6.2) Experimental Power Curve for all impellers...............veeeveverennnns 104

Figure (6.3) Impeller Turbulent Power Number Estimated using Mubaga and

Figure (6.5) Comparison between Experimental and CFD Torque — A200

IMIPEIIEE ...ttt te s reste e e e e e e s s asseesbe s s e sbesrnesaeeaessessannansassaessss 110



XXI

Figure (6.6) Comparison between Experimental and CFD Torque 0.5% Xanthan

Gum Solution = AT00 IMPEIIET ...t saeseneans 110

Figure (6.7) Comparison between Experimental and CFD Torque 0.5% Xanthan

Gum Solution = A310 IMPEIIET ...........oeeeeeeeeceeereeneeeensseeesissssessnssssssseseseasssasens 111
Figure (6.8) Average Shear Rate versus Impeller Speed — A200 Impeller ........ 112

Figure (6.9) Average Shear Rate versus Impeller Speed — 0.5% Xanthan Gum

SOIULION c.eeoeeeeeeeeeeeeeeeseeeesseeeseeessseessssessssessessssesssssassssesssssessssesssssesssaessesesssasssseessnesssaaen 113

Figure (6.10) Effect of Impeller Speed on Apparent Viscosity in Pa.s, 1.5%
Xanthan Gum (a) 50, (b) 150, (€) 250 rpm............cccuuuveiinniireresnnnereesseseessssenenes 115

Figure (6.11) Effect of Xanthan Gum Concentration on Apparent Viscosity (Pa.s),

100 rpm, (a) 0.5%, (b) 1.0%, (c) 1.5% Xanthan Gum Solution............................. 117
Figure (6.12) Flow Number & Circulation Number — A200 Impeller .................... 121
Figure (6.13) Flow Number & Circulation Number for Different Impellers........... 122

Figure (6.14) System Reproducibility Examined using Channeling and V/Vuny mixed

Figure (6.15) Effect of Impeller Speed & Input Flowrate on f and Vi mixeﬂ... 129
Figure (6.16) Effect of Xanthan Gum Concentration on f and Vyy mixedV .......... 133
Figure (6.17) Effect of Output Location on f and Viuiy mixed/V........cvvunevevncenersnnnn. 135
Figure (6.18) Effect of Impeller Type on fand Viiy mixed/V....ccovoveererrssrnennsnnnninnens 1.37

Figure (6.19) Effect of Impeller Speed on CFD Dynamic Response.................... 141



XXII

Figure (6.20) Pathlines Predicted by CFD — Effect of Impeller Speed, 1.5%

Xanthan GUM SOIULION ............eeueeeeceeereeeeineereeeesessscesestsssstssessssssessessssessesssssssssssanes 143
Figure (6.21) Effect of Xanthan Gum Flowrate on CFD Dynamic Response..... 145

Figure (6.22) Effect of Xanthan Gum Concentration on CFD Dynamic Response

CONCENELALION............oeeeeeereeereeerteeeeeneeeeeesestssesssatsasssesssssesssesesssasssasassasassessenasenssussns 149
Figure (6.24) Effect of Output Location on CFD Dynamic Response.................. 152
Figure (6.25) Pathlines predicted by CFD — Effect of Output Location................ 153
Figure (6.26) Effect of Impeller Type on CFD Dynamic Response...................... 156

Figure (6.27) Vertical Velocity Contours in m/s showing Cavern Formation...... 161

Figure (6.28) Velocity Contours in m/s showing the Effect of Impeller Speed on

Cavern Growth, 1.5% Xanthan Gum, (a) 50, (b) 250, (c) 500 rpm...................... 163

Figure (6.29) Velocity Contours in m/s showing the Effect of Xanthan Gum

Concentration on Cavern Growth, 300 rpm, (a) 0.5%, (b) 1.0%, (c) 1.5% xanthan

Figure (6.30) Velocity Contours in m/s showing the Effect of Impeller Type on
Cavern Growth, 150 rom, 0.5% Xanthan Gum, (a) A100, (b) A200, (c) A310... 167

Figure (6.31) Do/D versus Po.Rey— A200 Impeller .............einenivencrscsuscninnns 170
Figure (6.32) Hy/D. versus Impeller Speed for A200 Impeller ................ccocuucune.. 172

Figure (6.33) D/D versus Po:.Rey for A100 and A310 Impellers.......................... 173



Figure (6.34) Hy/D; versus impeller speed for A100 and A310 Impellers........... 175
Figure (6.35) Effect of Impeller Speed on Flow Pattern, 1.5% Xanthan Gum.... 177
Figure (6.36) Effect of Xanthan Gum Concentration on Flow Pattern, 150 rom 179

Figure (6.37) Effect of Impeller Type on Flow Pattern, 150 rpm, 0.5% Xanthan



Chapter 1: Introduction 1

1. Introduction

Continuous-flow mixing is vital in many processes such as polymerization, fermentation,
waste water treatment, and pulp and paper manufacturing because of its demonstrated
ability to improve product uniformity and minimize shut down, loading and unloading
times. Pseudoplastic or shear thinning fluids with yield stress such as paint, biological
and polymer suspensions, pigment slurries, radioactive slurries, and paper and pulp

suspension are commonly encountered in the aforementioned processes (Etchells et al.,
1987).

Continuous-flow mixers have traditionally been designed based upon ideal flow
assumption (Levenspiel, 1998); however, dynamic testing conducted on those mixing
vessels (Ein-Mozaffari, 2002) predicted different non-ideality parameters quantified by
channeling, recirculation and dead zones. Little information is available in the open
literature on the effects of flow non-ideality on continuous-flow mixers for shear thinning
fluids with yield stress. It is therefore highly desirable to investigate the dynamic
behaviour of such vessels under realistic conditions, aiming to incorporate flow non-
ideality parameters (channeling, recirculation and dead zones). Ein-Mozaffari’s (2002)
model successfully identified flow non-ideality in pulp suspension chest, and proved that
conventional methods used to design such vessels under-predict the power required to

achieve motion in the vessels.

A significant improvement in the design of mixing vessels can be obtained by developing
models that take into account the actual flow fields in a mixing vessel. Computational
Fluid Dynamics (CFD) made the development of those models possible by simulating
impeller motion using models such as Multiple Reference Frame (MRF) and Sliding
Mesh (SM) (Brucato et al., 1998).

Thus the objective of this study was (1) to apply the same dynamic model developed by

Ein-Mozaffari (2002) to a scaled continuous-flow mixer for shear-thinning fluids with
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yield stress, and (2) to use CFD to gain a better understanding of dynamic behaviour in

the vessel.

Chapter two will provide a review of our current understanding of non-Newtonian fluid
rheology, design consideration of mixing vessels, power consumption in agitated vessels,
cavern formation, continuous-flow mixing in agitated vessels, and CFD application to the

mixing process.

In chapter three, the specification of the scaled mixing vessel used in the experimental
work will be described, and the experimental procedure will be detailed. Chapter four
will provide a review of the dynamic model developed by Ein-Mozaffari (2002) to study
the mixing dynamics in stock pulp chest. The numerical method used to quantify flow
non ideal parameters, namely channeling and ratio of fully mixed volume in the vessel to
the total volume of the vessel, will also be described. Excitation signal design will be
examined because the choice of excitation signal has a substantial influence on parameter

estimations.

Chapter five will begin with CFD work methodology and conventional transpdrt
equations used to model mixing processes. Spatial and time discretization will then be
introduced with a special emphasis on pressure gradient, momentum and temporal
interpolation schemes. CFD modeling for impeller rotation will then be reviewed,

followed by the dynamic modeling of the continuous-flow vessel.

In chapter six, results obtained from experimental and CFD work will be presented.
Specifically, the effect of impeller speed and type, feed flow rate, fluid rheology, and
vessel configuration on the dynamic of the continuous-flow mixing vessel will be
explored. The effect of the aforementioned operation parameters on channeling and ratio
of fully mixed volume in the vessel to the total volume of the vessel will be investigated.
Then, parameters obtained from CFD will be compared with those obtained from

experimental data to test CFD ability to qualify and quantify flow non-ideality in a
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vessel. CFD will be used to relate flow pattern, cavern dimension and pathlines to flow

non-ideality parameters to provide a synopsis of the dynamics of continuous-flow mixers.

Chapter seven will present the conclusions drawn from this work and suggest

recommendations for future research.
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2. Literature Review

2.1 Introduction

Mixing refers to the induced motion of a material inside a vessel whereby the occurrence
(degree or gradient) of non uniformities in composition and/or properties of the product is
reduced to minimum (Ulbrecht and Patterson, 1985). Mixing is prevalent to almost every
process industry, including oil and minerals processing, pulp and paper manufacturing,
water and waste water treatment, and plastics manufacturing, and is considered to be the
backbone of the infrastructure of the chemical, petrochemical, pharmaceutical and

biochemical industries (Rushton and Oldshue, 1953).

The bulk of the research and development work done on mixing throughout several
decades has focused on Newtonian materials like water and oil. Non-Newtonian fluids,
however, can also be subjected to various mixing operations prevalent in polymerization,
fermentation, waste water treatment, and pulp and paper industries. Uncertainties still
exist in the interpretation of mixing in hydrodynamic complex systems to the extent that
the mixer design of non-Newtonian fluids is often described as an “art” rather than a
“science”, depending upon empirical correlations, working experience, and intuitive
knowledge (Sue and Holland, 1968).

Following is a review of the literature pertaining to rheology of non-Newtonian fluids,
design consideration of mixing vessels, power consumption in agitated vessels, cavern
formation, continuous-flow mixing in agitated vessels, and CFD application in mixing

processes.
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2.2 Rheology of non-Newtonian Fluids

Rheology studies the relation between force and deformation in materials. The
relationship between stresses acting at a point in a fluid and deformations occurring as a

result of their action is called rheological equation of state or constitutive equation

(Malkin, 1994).

Viscosity is usually defined as the ratio of shear stress (t) to shear rate (7). Fluids having

a constant viscosity for any shear rate are called Newtonian and their viscosity is called
Newtonian viscosity. If the ratio of shear stress to shear rate is not constant, the fluid is

called non-Newtonian, and their viscosity is called apparent or non-Newtonian viscosity

(Morrison, 2001).

Non-Newtonian fluids can be grouped into three different classes (Chhabra and

Richardson, 1999) as indicated in Figure (2.1).

Fhids

Time-Independent

Non-Newtonian
Fluid

Time-Dependent

Fluids

Viscoelastic

Fluids with Fhuids without Thixotropi
Yield Stress Yield Stress otropic
- Pseudoplastic H Pseudoplastic
|
— Dilatant — Dilatant

Figure (2.1) Categories of non-Newtonian Fluids

Rheopectic




Chapter 2: Literature Review 7

2.2.1 Time-Independent Fluids

Time-independent fluids are the most common type of non-Newtonian fluids. At any
time, shear rate at any point in these fluids is determined only by the value of shear stress
(Tanner, 2000). Under this category, two types of non-Newtonian fluids can be
distinguished: fluids with yield stress and fluids without yield stress

Some non-Newtonian fluids show little or no deformation up to a certain level of stress.
Such fluids behave like a solid below the level of stress and like a fluid above it. The
stress at which such fluids start to flow is called yield stress, resulting in fluids often
referred to as yield stress fluids (Bames, 2000). The internal structure of yield stress
fluids is capable of preventing movement below yield stress. However, the internal
structure reforms to allow the fluid to move when shear stress exceeds yield stress
(Macosko, 1994). Examples of fluids possessing yield stress can be found in plastic
melts, coal, cement, margarine and shortenings, greases, chocolate mixtures, toothpaste,

soap and detergent slurries, and paper and pulp suspension.
The rheological behaviour of fluids possessing yield stress can be described by many
empirical models, as listed in Table (2.1), where 1y is yield stress, K is consistency index,

n is power law index, and 7 is apparent viscosity (/7).

Table (2.1) Rheological Models for Fluids Possessing Yield Stress

Model Name Model Equation Reference
Bingham T, +Ky Malkin and Isayev, 2006
n=-——
Y
Herschel Bulkley 1, + K" Malkin and Isayev, 2006
1’] = _Y__:.__._.
Y
Casson V2 tyl/ 2 +K-?” 2 Casson, 1959
no= 172

T
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Non-Newtonian fluids without yield stress, conversely, can flow at any stress. Examples
of non-Newtonian fluids without yield stress include starch suspensions, fruit juice
concentrates and printer's ink. The rheology of non-Newtonian fluids without yield stress
can be expressed using different rheological equations, as listed in Table (2.2), where Ty
is yield stress, K is consistency index, n is power law index, 7, is viscosity at zero shear
rate, N is viscosity at infinite shear rate, a is a constant, 1) is shear stress at which

viscosity drops to half of its value at zero shear, and 7 is apparent viscosity (t/ 7).

Table (2.2) Rheological Models for Fluids without Yield Stress

Model Name Model Equation Reference

Power Law n= K(?)n'l Malkin and Isayev, 2006
(Ostwald de Waele)

Cross N-MNo _ 1 Cross, 1968

Mo—MNw 1+ (KJiP"

Carreau N-Ne _ {1 N (K.?)z}n-l)IZ Malkin and Isayev, 2006
No ~Mw
Yasuada N-—Ne _ {l +K ?)g }(n-l)/g Malkin and Isayev, 2006
Mo ~Nw
Ellis Mo Malkin and Isayev, 2006
n= I
1+ (Tyx /tIIZF

Non-Newtonian fluids with and without yield stress can be further divided into

pseudoplastic and dilatant fluids.

While pseudoplastic fluids thin at high shear rates, dilatant fluids thicken at high shear
rates. Most of the non-Newtonian fluids encountered in industry are shear thinning. At
zero shear rates, molecules in shear thinning non-Newtonian fluids are randomly oriented
and coiled, imposing maximum resistance to the passage past each other. However, as

shear rate is increased, the molecules tend to be “teased out” and aligned parallel to the
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applied shear, forcing the viscosity to decrease (Ferguson and Kemblowski, 1991).
Examples of pseudoplastic fluids are rubber solutions, adhesives, soap, detergents, paints,
and paper and pulp suspension. Dilatant fluids are encountered in comn flour/sugar
solutions, and many pigment dispersions containing high concentration of suspended

solids such as mica and powdered quartz.

2.2.2 Time-Dependent Fluids

Shear rate in time-dependent fluids is a function of both magnitude and the duration of
shear stress application to the fluid. Thixotropic and rheopectic or antithixoptropic fluids

are the most common kinds of time dependent non-Newtonian fluids.

In thixotropy, the longer the fluid is subjected to shear stress, the lower its viscosity.
However, in rheopecty, the longer the fluid is subjected to shear stress, the higher its
viscosity. Many gels, paints, and printing inks are thixotropic, exhibiting a stable form at
rest but becoming fluid when agitated (subjected to shear stress). Some lubricants and
gypsum suspension thicken or solidify when shaken and hence are considered rheopectic
fluids (Bames, 2000).

2.2.3 Viscoelastic Fluids

Viscoelastic fluids exhibit the characteristic of both fluids and elastic solids, showing

partial elastic recovery after deformation (after applying shear stress).

In a purely elastic solid the shear stress corresponding to a given shear rate is independent
of time, whereas for viscoelastic substances the shear stress will gradually dissipate with
time. In contrast to purely viscous liquids, viscoelastic fluids flow when subjected to
shear stress but part of their deformation is gradually recovered upon removal of shear
stress (Macosko, 1994). Examples of viscoelastic fluids include bitumenus, flour dough,

and some polymer and polymer melts such as nylon.
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2.24 Stimulant Time-Independent Yield Stress Fluids

Many materials have been used to simulate the mixing of time-independent yield stress
fluids in mixing experiments such as sodium carboxymethylcellulose (CMC), carbopol,

and xanthan gum (Edward et al., 2004).

Cellulose is the major component in the structure of the aforementioned materials;
however, the properties and application of these materials differ. For instance, while the
rheology of carbopol is very sensitive to pH variation, carbopol solution is transparent,
permitting flow visualization applications. Xanthan gum and carboxymethylcellulose;
however, are not suitable for flow visualization because they are opaque. Xanthan gum
solution shows high shear thinning properties even at very low concentration, whereas
similar concentrations of carboxymethylcellulose show totally Newtonian behaviour

(Macosko, 1994, Bames, 2000).

The remainder of this section focuses on structure, application and properties of xanthan
gum as a time-independent yield stress fluid. Xanthan gum will be used to perform

mixing experiments in this work.

Xanthan gum is a high molecular weight polysaccharide polymer produced by a
fermentation process using xanthomonas campestris bacterium (Kennedy and Bradshaw,

1984). The structure of xanthan gum (Jansson et al., 1975) is shown in Figure (2.2).

Xanthan gum has widespread application; in foodstuff applications it has been used in
salad dressings, creams, sauces, syrups, desserts, beverages, and prepared and frozen
foods. In the cosmetics and pharmaceutical industry, xanthan gum has been used in
lotions, creams, cough syrups, and toothpaste. Industrially it has been also employed in
oils, hydraulic fluid, pesticides, animal fodder, cleaning products, dyes, and metal bathing

(Kennedy & Bradshaw, 1984, Katzbauer, 1998).
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Figure (2.2) Structure of Xanthan Gum Molecules (Jansson et al., 1975)

Several studies have dealt with viscosity or rheology of xanthan gum solution. Most of
the studies indicated that the rheology of xanthan gum can be described as a
“pseudoplastic fluid with yield stress” (Whitcomb and Macosko, 1978, Galindo et al.,
1989, Westra, 1989, Torees et al., 1993, Garcia-Ochoa and Casas, 1994, Xuewu, 1996,
Podolsak et al., 1996, Renaud el al., 2005). Rheological models such as Herschel Bulkley
(Galindo et al., 1989, Torees et al., 1993, Garcia-Ochoa and Casas, 1994) and Casson
(Garcia-Ochoa and Casas, 1994) have been used to model xanthan gum properties. Cross
(Renaud el al., 2005) and power law (Galindo et al., 1989, Torees et al., 1993, Xuewu,
1996) have also been used to model xanthan gum rheological properties at very low

concentration when the values of yield stress could be neglected.

2.3  Design Considerations of Mixing Vessels

Optimal mixing can be achieved by minimizing mixer investment and operating costs in
order to provide high-yield and high-productivity operation. A conventional stirred tank

consists of a vessel equipped with a rotating mixer. The rotating mixer has several
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components: an impeller, a shaft, flexible coupling, and a motor drive. Several others
components, such as baffles and inlet/outlet, may be necessary to finalize stirred tank
design and satisfy process objective. The design of a mixing vessel can thus be

considered as a complex interaction of the factors listed below (Oldshue, 1983).

1. Vessel:
e Shape (vertical or horizontal) & (rectangular, square, cylindrical, etc.)
¢ Bottom shape (flat, dished, conical, etc.)
o Height/diameter ratio
2. Shaft:
e Shaft Entry (top, bottom or side)
e Center (on or off)
3. Impeller:
¢ Flow direction (axial or radial)
e Number of impellers
e Impeller design (blade width, blade height, blade twist, blade angle, blade
thickness, number of blades, pitch ratio, etc.)
e Clearance height
e Impeller/vessel diameter ratio
4. Mechanical:
e Variable frequency motor drive
e Shaft support
5. Other:
o Baffles
¢ Input/output location

The following sections (2.3.1-2.3.5) aim to provide detailed insight about mixing vessel

design.

2.3.1 Vessel Design

Mixing vessels are usually designed based upon proprietary data that have been refined
through experimentation. A vertical cylindrical tank is often described as a standard
mixing vessel; although, rectangular, square, or horizontal cylindrical vessels are also
sometimes used (Rushton and Oldshue, 1959, Oldshue, 1983, Edward et al., 2004).
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Tanks with height equal to diameter are ideal geometric proportions for top-entry
agitators. Short tanks with height less than the diameter require multiple top-entry mixers
or side entry mixer(s). However, tall tanks with height greater than diameter require a
single top-entry mixer with multiple impellers or bottom-entry mixer(s) to reduce shaft

length and provide mechanical stability (McDonough, 1992).

While conventional vessels use flat bottom tanks, dished bottom tanks such as ellipsoidal,
conical, ASME, spherical or hemispherical can also be used (Rushton, 1947). The
selection of bottom shape depends mainly on vessel use and required ease of cleaning and

emptying (Harnby et al., 1997).

2.3.2 Shaft Design

Shaft configuration for a specific mixer application depends on the process requirements,
tank geometry and drive unit (Ramsey and Zoller, 1976, Fasano et al., 1995). Shaft

selection does not follow a specific design procedure.

The three most common mounting arrangements of shafts are top, side and bottom
(AIChE, 2001). Although top-entry shafts can be used for many applications, side-entry
units are best situated for blending homogenous fluids or slurries with low settling
velocity solids (King, 1992). Bottom-entry shafts are not very common and are used
mainly with dished-bottomed tanks. Top-mounted shafts are the most advantageous for
three reasons (Bates, 1964, Tatterson, 1994). Firstly, top-entry shafts do not require a
mechanical seal to prevent liquid leakage. Secondly, the top-entry mixer hangs s-trai ght in
the vessel, allowing shaft and impeller weight to stabilize the shaft while in operation.
Thirdly, compared with side-entry devices, pumping rates are higher in top-entry shafls,

resulting in shorter blending times.

Mixers can be mounted in a number of different ways, including on-center, off-center,

and angular. Top-entry mixers can be mounted off-center and at an angle in order to
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avoid using baffles in the tank. Side-entry mixers must be angled approximately 7° to 10°
from tank diameter to develop a top-to-bottom flow pattern in the vessel (Holland and
Chapman, 1966).

2.3.3 Impeller Design

Hundreds of impellers are in commercial use in the industry. Generally, there is no one
unique impeller that meets all process specifications (Oldshue and Tood, 1981).
Determination of the most effective impeller should be based upon the understanding of
process requirements and knowledge of physical properties of materials to be mixed
(AIChE, 2001). Most of the impellers have three or four blades that are bolted or welded

on a central hub that mounts to the shaft.

Impellers share many characteristic properties with pumps. The most fundamental of
these properties is that impellers consume power to produce flow and velocity head (or
shear). Accordingly, impellers can be grouped in a flow/head (shear) spectrum as shown

in Figure (2.3) (Corpstein et al., 1979).

At the top of the impeller spectrum are hydrofoil impellers, propellers and axial flow
impellers, such as pitched blade turbines. These impellers produce high flow and low
shear rate, and are generally used for moderate viscosity, solid suspension, and heat
transfer applications (McDonough, 1992). Following are radial impellers producing high
power per unit volume (high shear). These impellers, including Rushton, bar and bladed
turbines are often used for gas-liquid, liquid-liquid dispersion and other mass transfer
applications (Hamby et al., 1997). Next are high efficiency impellers, such as paddle,
anchors, helical and spirals. These impellers are suitable for very high viscosity mixing
and slurries suspension applications. Extremely high shear rates may be obtained by
using colloid mills, homogenizers and sawtooth impellers. Theses impellers have
numerous applications in solid size reduction such as grinding, and in dispersing

pigments and making emulsions (Oldshue, 1983).
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Flow Level Shear Level

Low —> High Low — High

Impeller Type

yaroron & proper | 1

Pitched blade turbine

Rushton impeller

Bar & bladed turbine

High efficiency
impellers (paddle,
anchors, helical &
spirals)

Colloid mills, saw
blades & homogenizer

Figure (2.3) Flow/Head (Shear) Spectrum of Impellers

Due to their general multi-functions, axial and radial flow impellers are often used in
mixing vessels. Axial flow impellers circulate the flow vertically up and down away from
impeller blades, and parallel to the shaft axis. Radial flow impellers, on the other hand,
discharge fluid horizontally away from the impeller toward the tank wall. Compared with
radial flow impellers, axial flow impellers produce more flow per unit power (maximize
flow and minimize shear rate), and are more cost effective (AIChE, 2001 and Oldshue,
1989). The flow pattern generated by an axial and a radial flow impeller is represented in
Figure (2.4) below.
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Figure (2.4) Flow Pattern for an Axial and Radial Impeller

Geometrical factors such as the number of impellers, pitch ratio, location of impeller in
vessel and clearance, ratio of impeller to tank diameter, and blades geometry including

blade width, blade height, blade twist, blade angle, blade thickness, and number of blades

must be taken into consideration during the impeller design process.

For axial flow impellers, pitch ratio is equal to the distance in impeller diameter that an
impeller would advance for each revolution when rotated in a fluid body (Oldshue,
1983). Impellers with a pitch ratio of 1.0 (or square pitch) would generate a path equal in
length to impeller diameter for each revolution. Pitch ratio varies between 0.5 to 1.5
times impeller diameter. Variable-pitch, axial flow impellers have a constant blade angle
while constant-pitch impellers have a variable blade angle. Variable pitch blades
impellers produce a variable velocity discharge and variable shear rates across the

impeller diameter (Bates, 1964).

The location of an impeller relative to other impellers, vessel bottom, and the static, free
surface of liquid has an effect on mixing vessel performance. No formal rules are
ascribed to these dimensions. The ratio between clearance (distance between vessel
bottom to impeller blades) and liquid height in a mixing vessel is usually 1/3-1/2 (Perry
& Green, 1997). A particularly important ratio in mixing vessel design is impeller to tank

diameter ratio, which spans from 1/6 to 0.98. A typical value of 1/3 is recommended
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(McCabe, 2005). Similarly, no rules are ascribed to blades geometrical dimension such as

width, height, twist, angle, number of blades, etc.

2.3.4 Mechanical Design

Mixing vessel mechanical design contributes up to 60% of total mixer design cost
(McDonough, 1992). One of the most important elements in mixing vessels is the
variable speed device, an AC induction motor equipped with a control that varies the

frequency of the alternating current and consequently the speed of the motor.

The primary function of the shaft is to transit torque from the drive to the mixing
impellers. However, the shaft must perform other functions such as resisting the bending
moments created by the impeller loads, limiting deflections, and supporting the weight of
the impeller(s). Thus shaft support is crucial in mixing vessel design. Quill shaft support
configuration (Oldshue, 1983) is a common arrangement isolating shaft from moments by
connecting the shaft to a flexible coupling that accommodates misalignment accompanies

shaft rotation.

23.5 Other Design Considerations

Baffles are generally used in transitional and turbulent mixing processes for the following
reasons (Rushton, 1947):

¢ Promoting the flow pattern required for the process;

¢ Directing flow from the impeller producing the required vertical currents;
¢ Changing flow from a rotary pattern to a mixing pattern;

¢ Preventing excessive swirling, vortexing and air induction; and

e Assuring a stable consistent power draw.
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Top-entry mixers mounted on a tank centerline require baffles, whereas side-entry mixers
do not require baffles to achieve proper flow pattern. Baffles can also be eliminated from
mixers mounted in an angular off-center position. Square or rectangular tanks do not
require baffles as the tank walls act as baffles in providing vertical flow components for

top-to-bottom turnover (Ulbrecht and Patterson, 1985).

The other important factor in mixing vessel design is input/output location required in
continuous-flow mixing operation. The feed input should be pointed at an active surface
away from the tank wall and impeller shaft. The outlet is generally located on the side of

the vessel or in the bottom head.

24  Power Consumption in Agitated Vessels

2.4.1 Power in Agitated Vessels

Power (energy per time) is an integral quality required at all mixing processes to produce
flow and/or shear (head). Power is added to the fluid by the mixing device (impeller)
(Edward et al., 2004). An impeller operating at a specific speed and power produces
torque. Impeller rotation imparts a mechanical force opposed by the fluid in the vessel.
The fluid in turn produces a torque on the impeller transmitted through the shaft to the

motor (Oldshue, 1983). Power is related to torque by the following equation:

P=2nNM 2.1)

where N is impeller velocity, M is torque and P is power.

Power determines utility costs and energy (power multiplied by time) determines mixer
operating cost. Thus, a detailed analysis of power is essential to mixing vessel design (Su
and Holland, 1968).



Chapter 2: Literature Review 19

The following two sections aim to develop power relations for Newtonian fluids and non-
Newtonian fluids. Some important characteristics of power consumption in axial

impellers will be also reviewed in section 2.4.4.

2.4.2 Power Consumption for Newtonian Fluids

Impeller power consumption is a function of impeller speed, impeller diameter, physical
properties of the fluid, vessel size and geometry, impeller location relative to vessel and
fluid boundaries and relative to other impellers or obstructions in the mixing vessel, and

the presence or absence of baffles (Holland and Chapman, 1966).

Using Buckingham’s Pi Theorem, the following dimensional equation can be derived for

power consumption in mixing vessels (Uhl and Gary, 1966, Dickey and Fenic, 1976):

(=) R0RREEE .

where D, T, Z, C, w, p, b, 1, p, 1t, P, N and g are impeller diameter, tank diameter, liquid
depth, clearance off the vessel bottom, blade width, pitch of blades, number of blades,

blade length, fluid density, fluid viscosity, power, impeller rotational speed and

gravitational acceleration, respectively.

For geometrically similar systems, Equation (2.2) can be reduced to the following

c p.D’.N | [ D.N? P i,
n S g JlpDN)| (2.3)

€quation:

where
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2
Re = pD°.N is Reynolds number (the ratio of inertial to viscous force)
|
D.N? : e -
Fr= is Froude number (the ratio of inertial to gravitational force)
g
P .
Po= W is Power number
p. L[]

Equation (2.3) can be rewritten in terms of the dimensionless numbers defined above:

Po = c(Re}’ (Fr)° 2.4)
where c, a and b are equation constants.

For a fully baffled tank, where the surface waves and vortices are absent, the exponent
(b) is usually zero and the power number is solely a function of Reynolds number
(McDonough, 1992).

Depending on viscosity, mixing processes involve three different flow regions, namely
laminar, transition and turbulent. Turbulent flow prevails when Reynolds number is
greater than 10° or 10* (Tatterson, 1994). Plotting Power number versus Reynolds
number on log-log coordinates yields power curve. Important influencing factors for the
characteristics of such curves are the type of mixer, tank geometry (especially the

presence of baffles), and the rheology of mixing material.

In the laminar mixing regime, density has no influence on power draw. In the transition
region, both density and viscosity can be significant. In turbulent region, viscosity is not
important. Accordingly, in the turbulent range, Power number is almost constant. At
laminar range; however, power number is inversely proportional to Reynolds number
(Holland and Chapman, 1966).
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2.4.4 Power Consumption for non-Newtonian Fluids

While predicting power number poses no problems for Newtonian fluids, the situation is
more complicated for non-Newtonian fluids. Reynolds number is required to estimate the
region of mixing process, i.e., laminar or turbulent, and then to estimate power number.
Viscosity is necessary to calculate Reynolds number, but viscosity in non-Newtonian
fluids is a function of shear rate, which itself is a function of the flow parameters (Knoch,
1999, Shekhar and Jayanti, 2003).

Two approaches have been used in the literature to tackle power curve estimation in

non-Newtonian fluids:

e Modification of Reynolds number; and

e Modification of viscosity definition.

Modification of Reynolds number yields a power curve that is fluid and geometry
dependent (Foresti and Liu, 1959, Calderbank and Moo-Young, 1961). However, the
power curve obtained from modifying viscosity definition is efficient to describe all
Newtonian and non-Newtonian fluids. The pioneering work of Metzner and Otto (1957)
addressed the second approach based on the assumption that the fluid motion in the

vicinity of the impeller can be characterized by an average shear rate (7Y,,,) Which is

linearly related to the impeller rotational speed.
Yavg = Kk¢-N (2.5)

The proportionality constant (ks) is independent of tank-to-diameter ratio and dependent
only on impeller geometry. This approach has been cited by many researchers to estimate
power in fermentation broths, biological systems, foods, slurries, and concrete mixture
(Doraiswamy et al, 1994). Value of k; has been reported at 10-12 for many impellers
(Calderbank and Moo-Young, 1959 and 1961).
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Due to the importance of power in optimizing the configuration of stirred vessels,
thousands of published studies are available in the open literature. Table (2.3) briefly
reviews the work done on power consumption in non-Newtonian fluids using axial

impellers.

2.4.5 Characteristics of Axial Flow Impellers

The characteristic of any impeller can be usually quantified by two numbers, namely,

power number and flow number (King et al., 1988).
Power consumed by an impeller can be obtained by multiplying pumping capacity, Qp by

head H. A particular agitator imparts power at a rate dependent on its type, and this

power is characterized by power number.

P e[, ][] P « [pND?[N2.0?) 2.6)
The proportionality constant is called power number, Po, accordingly:

P

Po = DN @.7)

The other important characteristic of agitators is pumping capacity, which relates the
agitator ability to pump and circulate fluid in a vessel. Pumping capacity, Qp, is

proportional to impeller speed and impeller diameter.

Qpec|N?][D] 2.8)
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The proportionality constant is called flow number, Fl, accordingly:

Fl=-22

ND3 2.9)
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2.5  Cavern Region

An important characteristic of the rheology of pesudoplastic fluids possessing yield stress
is that viscosity decreases with increasing shear rate. Therefore, fluid flows easily in high
shear regions near the rotating impeller but is subjected to high shear flow resistance in
low shear regions remote from the impeller. In particular, the fluid motion ceases where
shear stresses are below the yield stress of the fluid. This leads to the formation of a well
mixed region of fluid around the impeller with the remaining fluid appearing stagnant
(Nienow, 1984, Nienow and Elson, 1988, Galindo et al., 1988, Galindo and Nienow,
1993, Nineow, 1998). The term “cavern” was first introduced by Wichterle and Wein
(1975 and 1981) to describe this region.

In the laminar flow region, the ratio of cavern diameter/impeller diameter is constant
(independent of impeller speed) and approximately equal to unity. Thus, mixing of a
yield stress fluid in the laminar region requires an impeller which has a diameter equal to
that of the tank to avoid stagnant regions (Solomon et al. 1981, Elson et al. 1986, Galindo
& Nienow, 1992, Galindo et al., 1996, Serraano-Carreon and Galindo, 1997).

In the transition and turbulent region, cavern diameter increases with increasing impeller
speed. Cavern diameter becomes constant when the cavern reaches the vessel wall. As
impeller speed continues to increase, cavern gains vertical circulation and increases in
height until it fills the whole of the vessel (Elson, 1990 B, Galindo & Nienow, 1992,
Galindo et al., 1996, Serraano-Carreon and Galindo, 1997).

Different mathematical models have been proposed to estimate cavern diameter
(Witchterle and Wein, 1975 & 1981, Solomon et al., 1981, Elson et al., 1986, Elson,
1988, Hirata & Aoshima, 1995 & 1996, Amanullah et al., 1998, Wilkens et al., 2005).
The details of those models are provided in Table (2.4).
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2.6  Continuous-Flow Mixing Operation

In batch mixing, material to be mixed is loaded into the mixer, the mixer is operated, and
the final product is unloaded so that another batch can be loaded into the vessel. By
contrast, continuous-flow mixing allows material to flow steadily from an upstream
process into the mixing vessel, is retained in the vessel for a specified mixing time, and
discharges for downstream handling. Continuous-flow mixing operation has numerous
advantages over the bath operation as the continuous operation allows high production
rates, improves process control, and decreases operation time by eliminating pump-out,

filling, and between-cycle cleaning.

In continuous-flow mixers, the mixing process depends not only upon the type of stirrer
and speed of stirring, but also upon mean residence time and vessel geometry, including
the input and output location. The outlet may be positioned either at the bottom of the
tank to drain vessel contents by gravity, or at the side of the vessel. The inlet position
may also vary, with the tip of the inlet pipe located at the top of the vessel or at some
place inside the stirred liquid close to the impeller. Although submerged inlets are
recommended for efficient mixing, they may generate operational problems such as
mechanical vibrations, corrosion, and clogging. Thus, bottom outlet and surface input are

often preferred.

The remainder of this section will be devoted to first developing the dynamic response of
a continuous-flow mixer, and then summarizing the work done in the open literature on

mixing in continuous-flow vessels.

2.6.1 Dynamic Modeling of Continuous-Flow Mixers

Continuous-flow agitated vessels have always been designed based on perfect (or ideal)
mixing assuming (Oldshue, 1983): (1) input stream is instantaneously dispersed

throughout the vessel, (2) input and output flowrate are equal, (3) composition of outlet
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stream is equal to the uniform composition throughout the tank, and (4) fully mixed

volume is equal to the total volume of solution in the vessel.

A mass balance on continuous-flow vessel yields the following:

dC
PQCrmn =~ PQLim que = PV —22 (2.10)
dC
Cm,in - Cm,out =Tm _%L (2.11)

where Cp, t, p, Q, V and 1,=V/Q, represent solution mass concentration, time, solution

density, solution flowrate, solution volume and vessel residence time.

At steady state, Cp inss=Cm,outss and Equation (2.11) can be written as follows:

dCm ,out
dt

(Cm,in - Cm,in,ss)—' (Cm,out - Cm,out,ss )= Tm (2.12)

dC;'n,out
dt

’ ’ -
Cm,in - Cm,out =Tm

(2.13)

’ —_

where Cy, 0 =Cryin — Crn,in,ss a4 Ciy out=Cin,out = Cim,out,ss ar€ deviation variables.
Taking Laplace transform of both sides of Equation (2.13) yields the following:
1:mS°C'm,out (s)= C’m,in (s)- C'rn,out (s) (2.14)

C;n,out (s) = 1
C:n’in ()  TLs+l

G(s) = (2.15)
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Equation (2.15) indicates the behaviour of a perfectly mixed-flow mixer represented by a

first order transfer function.

2.6.2 Continuous-Flow Mixers Literature Review

Works examining mixing in continuous-flow vessels is relatively limited to few
publications, although continuous-flow stirred tanks have been described by
Agricola in 1556. In his state of the art book De Re Metacllica (1556), Agricola provided
drawings of continuous-flow stirred tanks utilized in mining and metallurgical

applications.

Johnson and Hubbard (1974) obtained response data for negative step changes in input
tracer concentration for a continuous-flow mixing vessel under different impeller speeds
and polysaccharide dilution rates. Comparing experimental measurements with the ideal
residence time distribution, Johnson and Hubbard concluded that using ideal mixing
concept in scaling mixing vessels may lead to serious errors because bulk motion does

not dominate the mixing vessel.

In a typical continuous-flow mixer, the feed enters at the top of the tank, circulates in the
vessel and then exits at the bottom. The choice of feed rate, and thus mean residence time
(tm=V/Q, where V is vessel volume and Q is feed flowrate) is often related to the mixing
time (ty,), in batch vessels. Typically, a value of the ratio T/ tn=10 is often recommended

for an effective operation of continuous-flow mixers (Mavros et al., 1997, Zannoud et al.,
1991).

Using Laser Doppler Velocimetry, several investigators observed fully mixed volume in
agitated vessels. Height of fully mixed region was considered the height at which the
impeller jet diminishes in front of the baffles or the height at which slope of axial velocity
gradient approaches zero. Bittorf and Kresta (2000) investigated the effect of impeller off

bottom clearance on the size and location of fully mixed volume in a stirred vessel. Under
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fully turbulent flow conditions, the size of the active volume was found to be independent
of operation conditions (i.e., impeller diameter, impeller type, impeller rotational speed
and off bottom clearance). Active volume was approximately two-thirds of the tank
volume and the location of active volume was dependent upon the clearance for A200
impeller, but not for A310 impeller. This was attributed to the discharge angle of A200

and subsequent impingement of the discharge stream on vessel wall.

Mavros et al. (1997 & 2002 A&B) investigated the flow structure in a continuous-ﬂow}
stirred vessel agitated by a Rushton turbine and a Mixel TT using Laser Doppler
Velocimetry. Velocity measurements were obtained for two inlet locations: a surface
input located above the impeller and a submerged input facing the impeller. Mavros et al.
concluded that the flow disruption caused by incoming liquid stream in both
configurations was noticeable only in the first vessel quarter, which followed the plane
where the input tube was located. The disruption of the flow gradually attenuated and
velocity measurements taken in a plane rotated 90° clockwise from the input indicated a

flow pattern similar to that obtained in a batch mixing vessel.

Khopkar et al. (2004) studied the flow fields generated by agitating water using a
Mixel TT impeller in a stirred vessel. CFD was used to simulate the flow structure and
the results were verified using Laser Doppler Velocimetry. The influence of impeller
speed and inlet and outlet location was studied. Even when 1,/t,=9.6, short circuiting and

bypassing were observed in the vessel as long as the input was from top.

Ein-Mozaffari et al. (2001 & 2005) studied the dynamics of agitated pulp stock chest
under controlled conditions of impeller speed, pulp suspension concentration, input pulp
suspension flowrate and vessel input and output locations. They attributed the deviations
from ideal mixing to a number of factors including bypassing, recirculation and the
presence of dead zones in the chest. Such zones can arise from the interaction between
the circulation patters generated by the impellers, the suspension flow through the vessel
and chest geometry (Ein-Mozaffari et al. 2004). Dynamic tests conducted on a pilot stock
chest by Ein-Mozaffari et al. (2003) showed that the extent of non-ideal flow can be
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significant. The percentage of channeling was as high as 90% of pulp feed at high input
flowrates and low impeller speed. Even when eye observations show that the whole
suspension was in motion, the channeling and dead volume remained 26% and 16%

respectively (Ein-Mozaffari et al. 2002 A&B).

Samaras et al. (2006 A&B) studied the effect of continuous water flow and agitator type
(Mixel TT and Rushton turbine) on vessel hydrodynamics and flow non ideality using
residence time distribution analysis and Computational Fluid Dynamics. They concluded
that the amount of perfectly mixed volume in the vessel reached only 60%-80% of the
total vessel volume, and noted that up to 25% of the total vessel volume behaved liked

dead zones, and up to 14% corresponds to plug flow.

Aubin et al. (2006) studied the effect of pumping direction of a Mixel TT impeller,
feeding rate and the number of feed inlets on the operation of a continuously stirred tank
using CFD. They concluded that the mixing quality in such vessels can be improved,
without problems of short circuiting, by employing up-pumping impellers coupled with
multiple surface feed inlets. Using up-pumping impellers decreases mixing time, leading
to higher 1,/ t, ratios. Adding additional inputs intensifies total feed flowrate without

short circuiting problems caused by high velocity streams.

Ford (2004) and Ford et al. (2006) simulated the flow dynamics in a pulp chest
previously measured experimentally by Ein Mozaffari (2002) using Computational Fluid
Dynamics (CFD). Although CFD was able to capture the mixing dynamics in the vessel

fairly well, it underestimated flow non-ideality.

2.7 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) techniques are capable of providing very detailed
information in mixing vessels. CFD has been effectively utilized to investigate flow

fields (Bkker and Fasano, 1993, Wikstrom and Rasmuson, 1998, Kelly and Humphrey,
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1998, Ford et al., 2006, Moilanen et al., 2006), measure turbulence and energy dissipation
(Sahu et al., 1999), validate Metzner-Otto concept and locate regions of high shear stress
(Torrez and Andre, 1998 & 1999, Shekhar and Jayanti, 2003, A & B, Kelly and Gigas,
2003), provide a visual depiction of pressure distribution on impeller blades (Vlaev et al.,
2004), observe cavern formation (Adams and Barigou, 2006, Arratia et al., 2006), and
measure mixing time (Iranshai et al., 2006, Ihejirika and Ein-Mozaffari, 2007). In
conjunction with the results of laboratory and pilot-scale tests, CFD flow simulations of
mixing vessels are desirable as a supplement to the poorly established scale-up criteria.
traditionally used to design such vessels (Daskopoulos & Harris, 1996). The numerical

details of CFD development will be examined in chapter 5.

2.7.1 Mixing of non-Newtonian Fluids using CFD Literature Review

Based on Computational Fluid Mechanics (CFD), many packages have been developed
and used in the last few years to simulate complex processes, including mixing. The rest
of this section (Table (2.5)) will briefly review CFD studies on the mixing of non-
Newtonian fluids.

2.8  Research Objectives

It is evident from the literature review that mixing dynamics in continuous-flow vessels
are not well understood, especially for non-Newtonian fluids. This study aims to identify
important criteria for mixing in continuous-flow vessels that will improve the mixing

efficiency in those vessels. Thus the research objectives are:

* To improve the understanding of mixing dynamics in continuous-flow mixers,

* To identify sources of flow non-ideality in continuous-flow mixers,

* To study the effect of impeller speed, impeller type, fluid rheological properties,
fluid flowrate, and vessel configuration on the dynamics of continuous-flow

mixers,
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e To develop a CFD model for a scaled continuous-flow mixer,
e To use CFD to introduce further avenues for improvement of continuous-flow
mixing operation, and

¢ To recommend remedies to rectify flow performance in continuous-flow mixers.
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3. Experimental Work

3.1  Experimental Setup

A complete system was designed to simulate the continuous-flow mixing process,

consisting of four major parts: mixing, flow, tracer and data acquisition systems.

The major component of the mixing system is the mixing vessel. A flat-bottomed,
cylindrical, glass tank with a volume of 0.075 m® was used (internal diameter 40 cm and
height 60 cm). The tank was equipped with four 4 cm wide and 1.2 cm thick PVC bafiles
whose lengths were equal to the tank height. The tank was further equipped with PVC
input and output tubes of an inner diameter of 2.5 cm. Input was positioned in the plane
8=90° (at the baffles). The tube was located at the top of the vessel, immersed 3 cm into
the liquid. The tank was equipped with two outputs, the first of which was located at
tank bottom in the plane 6=315° (between two adjacent baffles), and the second located at
tank side at an elevation of 35 cm from tank bottom also in the plane 8=315° (between
two adjacent baffles). The tank was also equipped with a bottom drainage pipe. A
detailed view of the tank is provided in Figure (3.1).

The tank was supplied with a top-entry, 2.5 cm diameter, stainless steel shaft driven by a

2 hp mixer (Neptune Chemical Pump Co., USA).

Impeller torque was measured with a torque meter (Staiger Mohilo, Germany). equipped
with an encoder disk to measure impeller speed. Impeller speed was also checked with a
tachometer. Two flexible couplings were mounted above and below the torque meter to
accommodate radial, angular, and axial misalignment that accompany shaft rotation

(Quill shaft configuration, section 2.3.2).
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The second part of the experimental setup was flow system, consisting of feed section
and discharge section. Each section contains a plastic 0.3 m® cylindrical tank and a

progressive cavity pump (Moyno Industrial Products, USA).

A feed tank, supplied with a top entry shaft driven by a 3 hp mixer (Neptune Chemical
Pump Co., USA) and equipped with a marine propeller, was used to prepare fresh feed at

each experiment. A discharge tank was used to collect material during experiment runs.

Both feed and discharge pumps were equipped with a variable frequency drive to control
operation and maintain a constant liquid flowrate through the mixing tank. Tank liquid
level was kept constant at 41+1cm. To maintain this constant level, inlet flowrate was

kept constant and the outlet flowrate was manipulated to adjust liquid level in the tank.

The third part of the experimental system was the tracer injection unit. To study the
dynamic of continuous mixing, a tracer was injected in the system using a metering pump
(Milton Roy, USA). The tracer was prepared in a 0.06 m® plastic tank. The injection of

the tracer was controlled by a solenoid valve (Ascolectric Ltd., Canada).

Two flow-through conductivity meters (Rosement Analytical, USA) were supplied to

measure conductivity variations in the output and input of the mixing tank.

The last part of the experimental setup was the data acquisition system. This system was
able to record impeller torque and both input and output conductivity readings with the
corresponding temperatures. Data acquisition was made using LABVIEW software
(National Instruments, USA). Figure (3.2) represents a schematic diagram of the

experimental setup.
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3.2 Impeller Specifications

Four axial flow impellers, each with a 17.8 cm diameter, were used. A200 (equivalent to
a pitched blade turbine) was used as the main impeller in the current study.
A100 (equivalent to a marine propeller), A310 and A320 Lightning impellers were also
employed. Clearance between impeller and tank bottom was 15 cm. Figure (3.3) shows

the shape of those impellers.

Figure (3.3) Impellers Shape
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A200 impellers (pitched blade turbine) produce an axial flow pattern with a balance
between shear and pumping. Standard A200 impellers consist of four blades welded on a
central hub at a 45° pitch. A200 impellers are recommended for low- to medium-

viscosity, flow-controlled applications (Bates, 1964).

A100 impellers (marine propeller) produce a downward axial flow towards the bottom of
the tank, and are most effective in low viscosity applications requiring moderate pumping
(McDonough, 1992). A100 impellers are characterized by high discharge capacity with
low head. The twisted skewness of the blades creates a constant blade pitch. A100

impeller used in this experimental work has a square pitch.

Hydrofoil impellers (like A310 and A320) have 3 curved, twisted, and sometimes (like
A320) rounded edged blades. The blades are tapered more on width from impeller hub to
blades tip. Blade tip in these impellers eliminate any tendency for the flow to recirculate
around the tips, producing a uniform velocity across the entire discharge area. While
A310 is recommended for low-viscosity flow-controlled applications, A320 is advised

for higher-viscosity applications requiring high flow (Corpstein et al., 1979).

Material Preparation

Food grade xanthan gum 60 mesh size supplied by ADM (ADM, USA) was used
throughout the experiment cycle. Each batch was prepared by adding the appropriate
amount of xanthan gum to tap water. One third of the feed tank was filled with water.
The impeller in the feed tank was started first and then xanthan gum was poured
gradually into the water in the feed tank. Each batch was mixed for approximately 5-6
hours. Water was then added to complete the required solution volume, and the whole

solution was mixed for an additional 1-2 hours.

Saline tracer solution was prepared by dissolving table salt in distilled water. The

concentration of salt varied from 20 to 60 g/L, depending on xanthan gum flowrate.
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3.4  Xanthan Gum Physical & Rheological Properties

The rheological properties of xanthan gum solutions were measured with a computer
controlled C-VOR rheometer (Bohlin Instruments, USA). A cone and plate geometry was
used. The diameter of the cone was 4 cm with a 2° angle. The temperature at which these
measurements were made was the same as that of the bulk solution in the mixing tank. As
the mixing vessel temperature varied slightly with daily room temperature, all
measurements were made at 23+1 °C. Rheograms were obtained at controlled shear rate
in the range of 0.14-130S™.

Rheological data were fitted to Herschel Bulkley model. Regression coefficient (R?) and
Chi-square non-parametric test of statistical significance ()°) were used to evaluate the
fitted curves. Rheograms were obtained for three different concentrations, namely, 0.5,
1.0, and 1.5% mass concentration xanthan gum solutions in water. The results are shown

graphically with the best fitting obtained using Herschel Bulkley model in Figure (3.4).

S0 — Fitted Model Herschel-Bulkley
45 - s 0.5% xanthan solution
s 1.0% xanthan solution
40 4 - * 1.5% xanthan solution
TS T —— 2t - - -
&.’ -t -
B 30 T AT e
[
S25 17 -
(7]
| 3
()]
[+}]
L
)

0 20 40 60 80 100 120 140
Shear rate (1/s)

Figure (3.4) Xanthan Gum Rheograms
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The theological parameters of Herschel Bulkley model, yield stress (), consistency

index (K), and power law index (n), are shown in Table (3.1).

Table (3.1) Rheological Parameters of Xanthan Gum using Herschel Bulkley model

Xanthan Gum ) Consistency Regression Chi-square
. Yield stress Power law

Concentration, index . coefficient parameter

(ty,Pa) . index (n) ) '

% (K, Pas") R?) )

0.5 1.789 3 0.11 0.9905 0.0885

1.0 5.254 8 0.12 0.9985 0.1111

1.5 7.455 14 0.14 0.9992 0.0460

Xanthan gum is a polyelectrolyte polymer and its molecular structure depends primarily

upon the ionic strength of the side chains and the presence of free ions in the solution.

In an aqueous xanthan gum solution with no added ions, xanthan gum molecules are
extended due to electrostatic repulsion of the negatively trisaccide charged side chains.
When a salt like sodium or potassium chloride is added to dilute xanthan gum solution of
mass concentration <0.05% (Muller et al., 1986, Somlka and Belmonte, 2006) and semi
dilute solution of mass concentration <0.5% (Rochefort and Middleman, 1987, Ferguson
and Kemblowski, 1991, Carrington et al., 1996) , charge screening causes the side chains
to collapse down to the backbone. The salt will thus induce a disorder—order
(random—helix) transition in the backbone conformation. This transformation will lead
to a substantial decrease in molecular size and a corresponding decrease in solution
viscosity. No study has been made to verify the effect of salt on xanthan rheology at high
concentration (mass concentration >0.5%). Once the transitions in xanthan gum
molecular structure from a disordered to an ordered state occurs, the molecules in ordered
state becomes relatively insensitive to further increases in salt level. The critical value of
salt concentration beyond which no change in xanthan theological properties is
[NaCl] = 102 M (0.05% mass concentration) (Muller et al., 1986, Somlka and Belmonte,
2006).
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The effect of salt on behaviour of xanthan gum rheological parameters was investigated
by many investigators. It was observed that the addition of salt for dilute and semi-dilute
xanthan gum concentration increases consistency index (K) and decreases power law
index (n) (Torres et al., 1993). Yield stress was observed to increase with increasing salt
concentration (Hannote et al., 1991, Torres et al., 1995). Viscosity, consistency index,
and power law index were found to be constant when salt concentration reaches a critical

value (>0.3% mass concentration).

Each sample of prepared xanthan gum was used 1-3 times, till the maximum amount of
salt accumulated in the solution reached approximately 0.17%. The rheological properties
of xanthan gum solutions were measured with 0.17% Sodium Chloride salt. Figure (3.5)
shows the effect of adding salt on 0.5% and 1.5% xanthan gum solutions. Table (3.2)

shows Herschel Bulkley rheological parameters obtained for all xanthan gum solutions at
0.2% salt.

Figure (3.5) & Table (3.2) clearly demonstrates that adding 0.17% of salt did not

appreciably change the rheological properties of xanthan gum solutions.

Table (3.2) Effect of Salt on Rheological Properties of Xanthan Gum Solutions

. Yield stress Consistency index Power law
Xanthan Gum Solution .
(ty,Pa) _ (K, Pas") index (n)
0.5% Without Salt 1.789 3.00 0.110
0.5%, with 0.2% salt 1.910 3.47 0.116
1.0% Without Salt 5.254 8.00 0.120
1.0%, with 0.2% salt 5.783 8.65 0.127
1.5% Without Salt 7.455 14.00 0.140

1.5%, with 0.2% salt 7.564 14.90 0.149
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Figure (3.5) Xanthan Gum Rheograms Showing the Effect of Salt Addition
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Density was also estimated for 0.5, 1.0, and 1.5% mass concentration xanthan gum

solutions using a 25 ml pycnometer. Measurements were made at 23 °C. Data are shown
in Table (3.3).

Table (3.3) Density of Xanthan Gum Solutions

Xanthan Gum Solution Density
Concentration, % Kg/m3
0.5 997.36
1.0 991.80
1.5 989.76

3.5  Experimental Test Procedure

Xanthan gum solution was pumped from the feed tank to the mixing tank via the feed
progressive cavity pump. The solution was agitated in the mixing vessel and discharged
to the discharge tank by the discharge progressive cavity pump. Xanthan gum solution
was allowed to gather during test time in the discharge tank, where it could either be

pumped back to the feed tank via feed progressive cavity pump, or drained.

Dynamic testing was performed by exciting the system and observing its input and output
over a specified time interval. For this purpose, saline solution was pumped from tracer
tank through the metering pump at specified periods of injection. Tracer injéction was
controlled by a solenoid valve and the tracer was mixed with a fresh feed solution in the

feed pump prior to being pumped to the mixing vessel.

The input and output conductivity signals were measured by flow-through conductivity

meters and data were recoded by a data acquisition system controlled by LABVIEW
software.
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3.6  Experimental Conditions

The effect of operation conditions and design criteria on the dynamic and performance of

the continuous-flow mixing vessel was studied by varying the following parameters:

e Impeller velocity (50-700 rpm),

¢ Xanthan gum solution mass concentration (0.5-1.5%),

* Xanthan gum flowrate through the mixing vessel (227-896 L/hr),

* Impeller type A200 (pitched blade turbine), A100 (marine propeller), A310 and
A320 Lightnin impellers, and

* Tank geometry, including output location (bottom and side) as indicated in Figure
(3.6).

Configuration 1 Configuration 2

D
}

Figure (3.6) Vessel Configuration
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4. Dynamic Modeling of Continuous-Flow Mixers

4.1 Introduction

The main objective of this experiment was to identify flow non-ideality encountered in a
continuous-flow mixing vessel under different working conditions. For this purpose, a
model that describes the dynamics of a mixing vessel, incorporating non-ideal flow
parameters, i.c., channeling, recirculation and dead zones, should be adopted. The
dynamic model developed by Ein-Mozaffari (2002) is used here to describe the behaviour
of mixing in a continuous-flow vessel. Flow non-ideal parameters are estimated by the
method developed by Kammer et al. (2005).

This chapter briefly introduces Ein-Mozaffari (2002) and Ein-Mozaffari et al. (2002 A)
dynamic model, then explains the procedure for obtaining model parameters. The design

of excitation input signal is also discussed in the last section of this chapter.

42  Dynamic Modeling of Mixing in Continuous-Flow Vessels

Ein-Mozaffari (2002) and Ein-Mozaffari et al. (2002 A) developed a dynamic model for
an agitated pulp stock chest that included a well-mixed zone, within the possibility of
stock recirculation with the mixing zone and short-circuiting past the mixing zone. In this
model (shown in Figure (4.1)), (f) represents the portion of stock that bypasses the
mixing zone. A limited amount of mixing can occur in the bypass flow and is presented
by a first order transfer function (G). On the other hand, (1-f) is the fraction of stock that
enters the mixing zone and has a first order transfer function of G,. A potion of stock, R,
exiting the mixing zone can be recirculated within the mixing zone. 1) and 1, are the time
constants for the bypassing and agitated zones, respectively. Ty and T; are the time delays

for the bypassing and agitated zones, respectively.
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Figure (4.1) Continuous-Time Domain Dynamic Model for Continuous-Flow Mixers
(Ein-Mozaffari et al., 2002)

The combined transfer function for the above system in a continuous time domain is

given as follows:

e—Tz.S
s ([-£X1-R)
G _femr N l1+1,5 @.1
. )= .
mixing vesse 1+ Tl.s 1_ R.e'rz.s
1+T2.S

To estimate flow non-ideal parameters, i.e., channeling, recirculation and dead zones, the
mixing vessel has to be excited by an input signal in order to observe system response

(output signal).

4.3 Estimation of Non-Ideal Flow Parameters in Continuous-Flow Mixers

Because experimental data will be obtained at fixed time intervals, Kammer et al. (2005)

transformed the continuous-time model into a simple discrete-time model using zero-
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order hold (Seborg et al., 1989). The discrete-time domain transfer function equivalent to

Equation (4.1) is given below:

p‘q'—dl + pzq-(dl'H) + p}q-dZ + p4q-(d2+l) + p5q°(dl+d2) (4.2)

Glg)= — -
1+ pgq ™ +pyq 72 +pgq %2 +pog 2+

where: pi=f(1-a;), p2=-f(1-a))ay, p3=(1-f)(1-R)(1-ay), ps=-(1-H)(1-R)(1-ay)a,,
ps=-fR(1-a1)(1-a2), ps =-a1.32, 7= @122, ps =-R(1-a2), py =Ray(1-a7), a =e™", di=1+Tits,
d>d;, T; is i™ time delay, t; and q" are the sampling time and backward shift operator,

respectively. Backward shift operator is defined as g f(K)=f(K-1).

The model parameters (f, R, aj, a;, di, and d2) can be estimated by minimizing the cost

function as follows:

ol e

JL=

S b A b
Z[Yt -G(q)ut]2 (4.3)
t=1

where L, y”,, u’ are length of data set, measured output and measured input, respectively.

Two distinct stages were used during the minimum search process: an efficient but less
accurate least squares minimization for the optimal delays, followed by an accurate
gradient search for all parameters using Sequential Quadratic Programming (SQP)
method (Fletcher, 1987, Edager et al., 2001). This method is iterative optimization
technique and used to solve constrained nonlinear problems. A code written in MATLAB

based on SQP by Kammer et al. (2005) was used to estimate model parameters.

Recently, Upreti and Ein-Mozaffari (2006) developed a hybrid genetic multi-parameters
Optimization algorithm with gradient search to estimate flow non-ideal parameters in

agitated pulp chest previously studied by Ein-Mozaffari (2002). The non-ideal flow
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parameters identified by this algorithm agreed very well with Ein-Mozaffari’s (2002)

experimental data.

SQP is not guaranteed to converge to the global minimum because it is very sensitive to
the initial guesses. Hybrid genetic algorithm, by contrast, enables users to initiate the
search with any suboptimal points. The disadvantage of using Hybrid genetic algorithm is
that it is much more time consuming than SQP, requiring 10 hours to reach optimal in

comparison to 30min. with SQP.

Two parameters were used here to quantify flow non-ideality: f, the degree of channeling
in the vessel, and Vi mixed/V, the ratio of fully mixed volume in the vessel to the total
volume of the vessel. To calculate fully mixed volume, the effect of recirculation will be
eliminated by setting R=0 (Ein-Mozaffari, 2002). This assumption is very reasonable,
because dynamic response obtained experimentally (Figure (4.2), Figure (4.5) and Figure
(4.7)) did not show any effect of recirculation distinguished by a series of first order

exponential responses.

For R=0, the time constant for the agitated zone (1) is given by the following equation:

Viuly mixed _ Q1,.(1-f) (4.4)
Vv Vv

where Q is solution flowrate through the mixing vessel, and V is total volume of vessel.

44 Design of Input (Excitation) Signal

The choice of input signal has a substantial influence on the observed output. The same
procedure suggested by Ein-Mozaffari (2002) will be used here. This procedure consists
of the following steps:
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¢ Exciting the system by a rectangular pulse,

e Designing a frequency-modulated random binary exciting signal based on
rectangular pulse,

* Exciting the system by the frequency-modulated random binary exciting signal,

and

¢ Validating the use of frequency-modulated random binary exciting signal.

The excitation was performed by injecting the saline solution through a computer
controlled solenoid valve into the feed stream. The conductivity variations in input and
output streams were measured using the flow-through conductivity sensors. These signals
were recoded in a computer using data acquisition system to estimate flow non-ideal

parameters.

In the first experiment, the input signal was a rectangular pulse (two steps change).
Figure (4.2) shows a typical rectangular pulse and the corresponding output signal. It is
believed that the input signal should be persistently exciting, implying that all the modes
of the system should be excited (Ljung, 1999). Thus, a simple input such as two steps
change will not provide enough excitation to identify model parameters (Ein-Mozaffari,
2002). However, the quality of parameter estimation can be improved by using this
simple rectangular pulse to design a frequency-modulated random binary exciting signal
by concentrating the excitation energy at frequencies where the Bode plot for model

parameters is sensitive to parameter variations (Ljung, 1999).

For rectangular pulse input, Bode plot for partial derivatives of transfer fun.ction with
respect to model parameters (f, R, a;, a;) was obtained. The partial derivatives of the
model were calculated using MATLAB to generate Bode plots of these partial derivates.
The result is shown in Figure (4.3).
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The excitation energy for random exciting signal must be chosen at frequencies where the
magnitude of Bode plot is sensitive to model parameter variations (Ljung, 1999). From
Figure (4.3), model parameters exhibited maxima at the following frequencies:
@y = 0.00105 rad/s, wzp = 0.00023 rad/s, w,;= 0.00420 rad/s, @,;= 0.00026 rad/s.
Therefore, the excitation energy for the second experiment was concentrated at
frequencies from min {@y;, @r @a, @a2} = 0.00023 rad/s to max{ay,wp, @y, Ws} =
0.00420 rad’s.

A zero-mean white noise signal was filtered by a band-pass filter with cut-off frequencies
0.00023 rad/s to 0.00420 rad’s, as indicated in Figure (4.4). Then, the filtered signal was

converted into a binary sequence using:

w20 if ef <0 (4.5)
1if ef >0
f b
e et 0if eif <ol U
et Bl st I O
white noise filtered lif ¢ >0 binary
white noise Sequence

Figure (4.4) Procedure for Designing a Frequency-Modulated Random Binary Input
Signal (Ein-Mozaffari et al., 2002)

The new input and output signals (black line) are shown in Figure (4.5). In this figure the

response of the model to the given excitation is in gray line.
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227 L/hr, 250 rpm, 0.5% xanthan gum
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Figure (4.5) Frequency-Modulated Random Binary Input Signal
Experimental Output in Black and Model Output in Gray

The random exciting signal employed in these experiments was validated by using a
second random exciting signal applied to the system under identical operation conditions.

The same validation procedure (Figure (4.6)) suggested by Ein-Mozaffari (2002) was

implemented here.

Figure (4.7) shows the details of the second random exciting signal. The model
parameters, f & Vrily mixe/V, obtained from the first random exciting signal were used
together with the input signal imposed by the second random exciting signal to generate a

new output. The generated output was compared with measured output.




Chapter 4: Dynamic Modeling of Continuous-Flow Mixers 63

Input
Simulation Model System Experiment
Model Measured
Output Output

Y > Comparison < \ 4

Figure (4.6) Model Validation Procedure (Ein Mozaffari, 2002)
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Figure (4.7) Model Validation Frequency-Modulated Random Binary Input Signal
Experimental Output in Black and Model Output in Gray

The first and second dynamic model parameters obtained from both experiments were

compared against each other and shown in Table (4.1). The parameters completely
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matched, implying that the first exiting input signal was able to identify dynamic model
parameters, and that the estimated parameters are unique characteristics of the system

under specified operation conditions.

Table (4.1) Dynamic model Parameters obtained from Two Different Input Signals

First Input Signal (Figure (4.5)) Second Input Signal (Figure (4.7))
f Vully mixed/V f Viully mixed/V
0.2330 0.7550 0.2331 0.7549
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S. Computation Fluid Dynamics (CFD)

51 Introduction

Computational Fluid Dynamics (CFD) solves transport equations (fluid flow, heat
transfer, mass transfer) numerically using various algorithms. In this work, commercial
packages Fluent 6.3 and Mixsim 2.1 (Fluent Inc., Lebanon, NH) were used to perform
CFD modeling. Fluent 6.3 and Mixsim 2.1 use a finite-volume approach to tackle CFD
problems. The remainder of this section focuses on CFD principles and its application to
model mixing process. Only finite-volume approach is discussed due to its relevancy to

the packages used in this work.

5.2 CFD Work Methodology

CFD packages consist of three main elements: (i) a preprocessor, (ii) a solver and (iii) a

post processor (Versteeg & Malalasekera, 1995).

CFD Preprocessor accepts the inputs from the user(s) and transforms them into a form

suitable for use by the solver. The preprocessor activities involve the following:

¢ Defining system geometry (computational domain),
¢ Defining fluid properties,
e Selecting physical and chemical phenomena to be modeled,

¢ Dividing domain into a number of smaller sub domains, called grid (mesh) of

cells, and

* Specifying appropriate boundary conditions.

The CFD solver performs the following functions: (1) discretisizing the domain, (2)
transforming the governing transport differential equations into algebraic equations, and

(3) solving the algebraic equations.
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CFD postprocessors are equipped with data visualization techniques to display grid,

vector plots, contours, 2D and 3D surface plots and many other output capabilities.

The following sections highlight the most important parts of CFD principles, following

the work methodology described above.

5.3  Property Transport Equations for Mixing Processes

After specifying system geometry and fluid properties, selécting the physical and
chemical phenomena to be modeled becomes essential. This step is usually perfonﬁed by
choosing the appropriate transport equation(s) that represent the model under study.
Classical transport phenomena include continuity, motion, energy, and species transport
equations. Modeling an isothermal, non-reacting mixing vessel requires adopting

continuity and motion equations.

Transport equation for any system for any property can be written as follows (Bird et al.,
2002):

Rate of accumulation in property = Rate of property in - Rate of property out + Forces
acting on the system (5.1)

In mixing process, the general transport equation represents mathematical statements of
two conservation laws: 1) mass of a fluid is conserved; 2) the rate of change of
momentum equals the sum of forces acting on the fluid. These statements represent
continuity and momentum equations, respectively. These two equations can be written as

follows (Bird et al., 2002):

0 .
&E+d1v(pu)= 0 (5.2)
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%(pu) = —div(puu)+ div('r 'c)+ pg— grad(p) (5.3)

where p is fluid density, pu is mass velocity vector, puu is connective momentum tensor,

TT is stress tensor, g is gravitational acceleration vector, and p is fluid pressure vector.

The first term on the right hand side of Equation (5.3) represents the rate of momentum
gained by convection, while the second term represents the rate of momentum gained by
diffusion. The last two terms, pg-grad (p), symbolizes forces acting on fluid due to

gravity and pressure, respectively.

In CFD textbooks, a “generic transport equation” is used that defines all the individual

transport equations as follows:
%(pd)):—div(pud))+div(I‘d,V(D)+S¢ (5.4)

where @ is general transport property (®=1 in continuity equation and ®=u in
momentum equation), I'p is diffusion coefficient of ® (I'y = zero in continuity equation
and I'y = viscosity in momentum equation), and S¢ represents the source term (So = zero

in continuity equation and S¢= pg-grad (p) in momentum equation).

Stress tensor, 7, can be expressed as follows (Bird et al., 2002):

TT= —n[gradu + grad(uT)— %div(u.l)] (5.5)

= 2.
TT= -n[D - Edlv(u.l)] (5.6)
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where 1) is non-Newtonian (apparent) fluid viscosity, I is identity matrix and D is rate of
deformation (or strain) tensor. Non-Newtonian fluid viscosity is a function of all three
invariants of rate of deformation tensor. However, for non-Newtonian incompressible

fluids, 7 is a solely function of shear rate,y(Bird et al., 2002). ¥ is related to rate of

deformation tensor as follows:

Y= %(; : S) (5.7).

Thus, Equation (5.6) can be rewritten for non-Newtonian, incompressible fluids as

follows:

. =-n[o] with 1 = () (5.8)

5.4 Grid Generation

After selecting physical and chemical phenomena to be modeled for a specified geometry
(computational domain), the domain has to broken into sub domains usually called grid

(or mesh) of cells.

The computational cells can have a variety of shapes. Triangular or quadrilateral cells are
generally used for two dimensional problems, while tetrahedral, prisms, pyramids or
hexahedral cells are used for three dimensional geometries. Figure (5.1) below shows the
kinds of cells produced in Fluent 6.3 for 3D geometries (Fluent Inc., 2006). The grid
elements used in Fluent 6.3 and Mixsim 2.1 are mainly tetrahedral and hexahedral, with
pyramids between differently meshed zones. Tetrahedral and hexahedral cells produce 2
good quality grid. However, they can result in a very large grid for small-dimension
elements such baffle (Fluent Inc., 2006).
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cewe:

Tetrahedron Hexahedron Pyramid

Figure (5.1) 3D Cells Types

The density of the cells in a computational grid needs to be fine enough to capture flow
details, but not so fine that the overall number of cells in the domain is excessively large
to require large computational time (Edward et al.,, 2004). The most important
requirements placed on a gird generation are that there must be no holes between the grid
cells, grid cells do not overlap, the grid is smooth with no abrupt changes in the volume

of grid cells, and the gird elements are as regular as possible (Blazek, 2005).

Basically, two different types of grids exist:

e Structured grids — grid points are placed at the intersections of co-ordinates lines,
and interior grid points have a fixed number of neighboring grid points. Grid cells
are quadrilaterals in 2D and hexahedra in 3D geometries.

¢ Unstructured grids — gird cells and nodes have no particular order. Grid cells are
quadrilaterals and triangles in 2D and hexahedra, tetrahedral, prisms and pyramids

in 3D geometries.

Evaluation of gradients and fluxes on structured grids is greatly simplified, because each
grid can be accessed quickly and easily. The price paid for the enhanced flexibility in
structured grid is a prolonged time (often weeks or months) required to generate girds for
complex geometries. Unstructured girds, on the other hand, offer very flexible treatment
of complex geometries. Quadrilaterals and triangles grids (in 2D) and hexahedra,
tetrahedral, prisms and pyramids grids (in 3D) can be placed independent of the
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complexity of the domain. This mixed grids results in a reduction in the number of grid
cells, edges, faces and possibly nodes. Time required to build an unstructured, mixed grid
for a complex configuration is significantly lower than that for a structured grid
(Blazek, 2005, Versteeg and Malalasekera, 2007). Fluent 6.3 and Mixsim 2.1 uses

Gambit 2.2 to generate unstructured girds.

5.5  Discretization of Transport Equations

To apply CFD, the transport equations, which describe the continuous movement of a
fluid in space and time, must be discretized or changed from a continuous to a
discontinuous formulation. Discretization is the method of approximating the differential

equations from continuous domain to a discrete domain (Chung, 2002).

Discretization has to be applied to each term in transport equations; accordingly,
discretization can be divided into spatial (convective, diffusion and source) and temporal

(time).

5.5.1 Spatial Discretization

After generating a gird, the CFD solver implements the numerical technique to discretize
convective, viscous and source terms in transport equations. Three numerical techniques
are known for spatial discretization: (i) finite difference, (ii) finite element, and (iii) finite

volume.

Finite difference approach uses truncated Taylor series expansions to generate finite
difference approximations of derivates at each grid point for each term in the transport
differential equation. While finite difference method is an approximation of the transport
differential equation, the finite element method is an approximation of the transport
differential equation solution. Applying finite element method involves using weighted

residuals. An approximate functional behaviour of field variables that satisfies
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differential equations and boundary conditions is assumed. Substitution of this
approximation into the original differential equations and boundary conditions results in
an error called residual. Weighted residuals formulation seeks to determine the function
behaviour in such a way that the residuals vanish over the solution domain. Finite
element method uses simple piecewise approximation functions (e.g. linear or quadratic)
to describe the local variations of property in the transport differential equation. The
approximating functions, also known as shape or interpolation function, are defined in

terms of the value of the variables at nodes (Chung, 2002).

Finite volume method on the other hand is usually considered the classical or standard
approach to performing spatial discretization (Ranade, 2002). This method is widely used
in CFD packages, such as Fluent 6.3 and Mixsim 2.1. Finite volume technique consists of
integrating the transport governing equations about each cell (or control volume) yielding
discrete equations that conserve each quantity on a control volume basis. Volume
integrals in partial transport differential equations that contain a divergence term are

converted to surface integrals, using the Gauss’ divergence theorem (Date, 2005).

The remainder of this chapter will focus on finite volume discretization techniques.

5.5.2 Temporal Discretization

CFD solver implements two techniques to perform temporal discretization: (i) explicit,

and (ii) implicit approach.

Explicit time discretization scheme evaluates field variables at the current time level
only. Although explicit time discretization schemes are numerically cheap, stability and
convergence are hard to achieve using these schemes. Implicit time discretization
scheme, on the other hand, evaluates field variables at different time levels. Larger time

steps can be utilized with explicit time scheme without hampering the stability of the time
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discretization. Another important advantage of implicit schemes is their superior

robustness and convergence speed (Blazek, 2005).

5.6  Finite Volume Spatial Discretization

The steady state continuity and motion equations can be expressed as follows in terms of

an integral form for an arbitrary three dimensional control volume (CV):

div(pu)dv =0
J 59

[-divlpuu)dv+ [div([oVe®)dv+ [Sedv=0

cv cv cv (5.10)

The divergence terms can be rewritten as integrals over the entire bounding surface of the
control volume using Gauss’ divergence theorem (Bird et al. 1002), resulting in the

following equation:

(pu)dA =0
J (5.11)
;\[ ~(puu)dA + J(Fmv‘l’)dA + C{, Sedv =0 (5.12)

If the above equations are applied to all control volumes or cells in the computational
domain, and summed up for all the cells of computational domain the following

equations will result:

Nfaces

2.priigAp =0 (5.13)
f
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Nfaces - Nfaces - _
Z— prflIfAf + ZF(D(V(D)nAf + S(DAV =0 (5.14)
f f

where subscript (f) refers to cell face, Ny is the number of faces enclosing the cell
,Spis average value of Se over control volume, (V®). is magnitude of V® normal to

face (f), and superscript arrows indicate vector of transport property.

The real difficultly encountered in calculating velocity fields lies in the unknown pressure
field. The pressure gradient forms a part of the source term for the momentum equation.
Yet, there is no obvious equation for obtaining pressure. The unknown pressure field can
be indirectly specified from the continuity equation. If the correct pressure field is
substituted into the momentum equation, the resulting velocity field should satisfy the
continuity equation. Such coupling between pressure and velocity introduces a constraint

on flow field, and is usually called pressure-velocity coupling (Patankar, 1980).

Transport field variables are usually stored at the cell centers (nodes). Nodes are usually
Placed between control volumes such that the faces of control volume are positioned
mid-way between adjacent nodes. However, face values of field variables are required to

perform the calculations and must be interpolated from the cell values (Abbott and Basco,
1989).

Section 5.6.1 shows the interpolation schemes for pressure gradient, and section 5.6.2
focuses on interpolation schemes for momentum. The diffusion term in Fluent 6.3 is
always centre-differenced and hence second order accurate. Section 5.6.3 intends to shed

light on the possible methods for solving pressure-velocity coupling.

5.6.1 Pressure Gradient Interpolation Schemes

The pressure gradient appears in the momentum equation in terms of —dp/dx, -dp/dy and

~dp/dz. Different schemes can be used to interpolate the pressure at the nodes of the cells
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to the interface or faces of cells. Figure (5.2) intends to show the grid notation in a one-
dimensional geometry (Versteeg & Malalasekera, 2007) where capital letters denote cell

nodes and small letters denote cell faces.

L Sxyp e Sxpr N
r TN '1
w w P e E
bembn, |
LI g
Figure (5.2) Grid Notation

Fluent 6.3 and Mixsim 2.1 use the following pressure interpolation schemes:

Linear scheme;

Standard (First Order) scheme;
Second-Order scheme; and
PRESTO scheme.

e o o o

Linear interpolation scheme assumes a piecewise linear profile for pressure between
nodes of adjacent cells, computing face pressure as the average of the pressure values
between two adjacent cells. At one-dimensional grid, the pressure gradient at face (€) can

be expressed as follows (Fluent Inc, 2006):

Pg + Py
o) _ 2 _ (Pz +Pw)
= = (5.15)
ox).  Oxpe SxpE

2

Having first order accuracy, the first order scheme deals with smooth uniform pressure
fields. Under this scheme, the pressure at face (€) can be expressed as follows (Fluent Inc,

2006):
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(a_P) _ (PP

ox Sxpe (5.16)
2

Second order pressure interpolation scheme (central difference scheme) has a second
degree of accuracy. Under this scheme, the pressure at face (€) can be expressed as
follows (Versteeg & Malalasekera, 1995):

(ili) _ (e =Fp)

ox SxpE (5.17)

The above schemes store the transport properties at the nodes. Discretizating highly non-
smooth pressure fields using standard, linear and/or second order schemes may lead to
zero discretize gradient because velocity and pressure are both defined at the same nodes.
Staggered grid, first defined by Harlow and Welch (1965), leads to the development of
PRESTO (PREssure Staggering Option) scheme. This scheme can be used for high

swirling flows, such as flows involving a porous medium. PRESTO is second order

accurate.

As the second order scheme provides improvement over first order and standard schemes,

and as PRESTO is recommended for high swirling flow, second order scheme is used in

this work to discretize pressure.

3.6.2 Momentum Interpolation Schemes

The following different schemes can be used to interpolate the momentum term defined

at the nodes of the cells to the interface or faces of cells:

First-Order Upwind Scheme;
Second-Order Upwind Scheme;
Quadratic Upwind Scheme (QUICK); and
Power Law Scheme.

O -
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The first order scheme was first put forward by Courant et al., (1952) and subsequently
developed by Gentry et al. (1966), Barakat and Calrk (1966) and Runchal and Wolfshtein
(1969). In this scheme, quantities at cell faces are determined by assuming that the cell-
center values of any field variable represent a cell-average value and hold throughout the
entire cell; the face quantities are identical to the cell quantities. Thus face value is set

equal to the cell-center value of the upstream cell.
u, =up if u,>0 and u>0 (5.18)
U, =Ug if uy<0 and ue<0 (519)

Higher orders schemes, such as second order scheme developed by Barth & Jespersen
(1989), involve more neighbor points and reduce the interpolation errors as indicated

below:

u =up+Vu iy, if u,>0 and u>0 (5.20)
U, = Ug + V“E}R if Uw<0 and ue<0 (5.21)

where Vuis gradient of u in upstream cell center, and T is displacement vector pointed
from upstream cell center to the face midpoint (center). Gradients at the cell centers can
be estimated using Green-Gauss theorem. Barth & Jespersen second order upwind
corresponds to a Taylor series expansion around the centers of cell face, where only

linear term in Taylor series is retained.

The quadratic upstream interpolation scheme of Leonard (1979) and Leonard & Mokhtari
(1990), usually called QUCIK, uses a three-point upstream-weighted quadratic
interpolation for cell face values. The face value for any transport property can be
obtained from a quadratic function passing through two bracketing nodes (on each side of

the face) and a node on the upstream side as follows:



Chapter 5: Computation Fluid Dynamics (CFD) 77

6 3 1 :
u, =§up+§uE —§UW if uw>0 and ue>0 (5.22)
6 3 1 if <0 and u<0

where EE is the node upstream of node E.

In Patankar’s power law scheme (1980), the value of transport property at any face is
related to the value of Peclet number, a dimensionless number that shows the strength of

convention to diffusion. The power law expression for cell-face value can be expressed as
follows (Patankar, 1981):

de- E
For Pe<-10 2 _ —Pe (5.24)
de
de- E
For 10<Pe<0 2 _ (1 + 0.]Pe)5 —Pe (5.25)
de
de- E
For 0<Pe<10 2 _ (1 _ O.IPC)S (5.26)
de- EE
For Pe>10 2 _o (5.27)
de

where de is momentum conductance expressed as /oy, Fe is strength of convection

expressed as p.ue, Pe is p.ue.dx /i, p is fluid viscosity, p is fluid density, and 8 is element
length as indicated in Figure (5.2).
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Although first order schemes preserve conservativeness, boundedness and
transportiveness of transport equation, this scheme is first order accurate and is
numerically diffusive (Ranade, 2002). Second order scheme is unbounded, and physical
oscillations may appear in systems of strong convention (Versteeg & Malalasekera,
2007). Although QUICK scheme has a third order error and preserves transportiveness of
transport equation, it is unbounded and sometimes unstable (Ranade, 2002). Schemes like
Power Law combine the benefit of first and second order schemes. Peclet number is used
in this scheme to differentiate the use of first order scheme when diffusion dominates the
process (Pe<2) and second order upwind when convention dominates the process (Pe>2).
Power law is bounded and stable (Patankar, 1980, Ranade, 2002).

Few works have been published on the effect of momentum discretization schemes on
CFD results (Sahu & Joshi, 1995, Brucato et al., 1998, Joshi et al., 1998, Sahu et al.,
1998, Aubin et al., 2004, Deglon & Meyer, 2006). Power law scheme was found to be
superior to upwind schemes in predicting flow fields (Sahu & Joshi, 1995, Joshi et al.,
1998). Even when numerical simulations converged faster using upwind schemes, power
law scheme was preferred (Sahu & Joshi, 1995, Sahu et al., 1998, Joshi et al., 1998).
Bructo et al. (1998) compared numerical simulations of QUICK and Hyperid scheme (a
scheme less accurate than Power law, Patankar, 1980), and concluded that the numerical
predictions (flow fields and power consumption) do not differ appreciably except that
QUICK predicted higher recirculation rates in the top and bottom of the mixing vessel.
Aubin et al. (2004) observed that first order upwind scheme compared with second order
upwind scheme and QUICK, underpredicts a region of liquid swirling under the impeller.
Surprisingly, both first order upwind scheme and QUICK underpredicts power
consumption in the vessel. Deglon & Meyer (2006) observed that numerical scheme did
not affect CFD predictions for mean velocity profiles in the vessel. However, both flow
fields and power number were affected by numerical schemes. The accuracy of QUICK

was dominant over upwind schemes.

Power law scheme was used to discretize momentum in this work due to its accuracy,

robustness, conservativeness, boundedness and transportiveness (Patankar, 1980).
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5.6.3 Pressure-Velocity Coupling Schemes

Pressure-velocity coupling stems from the fact that the pressure field is required to
estimate the velocity field, yet there is no equation that describes pressure field. Iterative
strategies are used to encounter this problem based on the following approach: 1) Guess
initial pressure and velocity field, 2) Use those guessed fields to solve momentum
equation, a pressure correction, and velocity correction equations, and 3) Check if the

updated velocity field satisfies continuity equation (Wesseling, 2001).
The most frequently used velocity-coupling schemes are:

1. Semi-Implicit Method for Pressure-linked Equations (SIMPLE);
2. Semi-Implicit Method for Pressure-linked Equations Consistent (SIMPLEC); and
3. Pressure Implicit with Splitting of Operators (PSIO).

SIMPLE algorithm, originally developed by Patankar and Spalding (1972), Caretto et al.
(1972) and Patankar (1975), is essentially a guess-and-correct procedure for the
calculating of pressure on staggered grid arrangement. SIMPLE omits the implicit
velocity corrections at the neighboring nodes. Neglecting velocity corrections has
detrimental consequences on the overall performance of SIMPLE. Under-relaxation
factors (see section 5.9) have to be used to control the change of velocity and pressure
during the iterative process in order to maintain tﬁe stability of SIMPLE. Using relaxation
factors reduces the rate of convergence of SIMPLE algorithm (Ranade, 2002). Depending
on the value of under-relaxation factors, SIMPLE may not achieve convergence (Xu and
Zhang, 1999).

A number of modifications have been proposed to SIMPLE algorithm to improve
convergence properties. SIMPLEC algorithm of Van Doormal and Raithby (1984) and

PISO algorithm of Issa (1986) are examples of such modifications.
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SIMPLEC assumes that the velocity corrections at the neighboring nodes will be the
same as that of the node under consideration (Ranade, 2002). No restrictions on under-
relaxations are needed when SIMPLEC is applied due to the consistent assumption made
by this aigorithm (Xu and Zhang, 1999). It was observed that the convergence and
robustness of SIMPLEC was superior to SIMPLE. SIMPLEC was recommended to be

used for computation of incompressible fluids at fine grids (Zeng and Tao, 2003).

PISO algorithm was originally developed for the non-iterative computation of unsteady
compressible flow (Fluent Inc., 2006). PISO involves two corrector steps; the first of
which is the same as that of SIMPLE algorithm. The corrected velocity and pressure
fields are used to derive the second correction step. Several researchers also observed that
PISO is more computationally expensive to use than SIMPLE and SIMPLEC (Janget al,,
1986, Moukalled and Darwish, 2002 & 2004 A).

The convergence, robustness and stability of SIMPLEC were observed to be dominating
over the other algorithm (Darwish et. al., 2004 and Moukalled and Darwish, 2004 B).
SIMPLEC algorithm was thus used in this work for pressure-velocity coupling.

5.7  Finite Volume Temporal Discretization

For transient simulations, the governing transport equations must be discretized in both
space and time. Temporal discretization involves the integration of every term in the

differential equations over time step (At).
A generic expression for the time evolution of a variable @ is given by the following

equation:

oD
== F(d) (5.28)
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where the function F(®) incorporates any spatial discretization.
Fluent 6.3 and Mixsim 2.1 discretize time derivative using the following schemes:

e Backward first order differences; and
e Backward second order differences.

First-order accurate temporal discretization is calculated as:

=F(D) (5:29)

and the second-order discretization is calculated as:

3™ — 4™ + @™
24t

= F(®) (5.30)

where @ is any scalar quantity (like concentration), At is time step, m+1 is the value of
scalar quantity at next time step (t+ At), m is the value of scalar quantity at current time

step and m-1 is the value of scalar quantity at previous time step (t- At).

Once the time derivative has been discretized, a choice remains for evaluating F(®); in
particularly, which time level values of @ should be used in evaluating F? Fluent 6.3 uses

the following time integration schemes to evaluate F(d):

e Implicit Time Integration; and
e Explicit Time Integration.

While implicit time integration evaluates F(®) at the future time level, explicit time
integration evaluates F(®) at the current time level. Implicit scheme is unconditionally

stable with respect to time step size. The use of explicit time stepping is fairly restrictive
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because of sensitivity of this integration scheme to time step, and is used primarily to

capture the transient behaviour of moving waves (e.g., shocks).

By default, Fluent 6.3 disables the user to utilize explicit time integration for
incompressible flow simulations, because for such applications solutions must be iterated
to convergence within each time step (Fluent Inc., 2007). First order, implicit scheme was

used for temporal discretization in this work.

5.8  Solution of Discretized Equations

Discretization yields a set of algebraic equations that have to be solved simultaneously in
every cell in the domain under investigation. The linearized form of the discretized

equation can be written as follows (Versteeg & Malalasekera, 2007):

b = o, +b
ap®p %anb nb (5.31)

where @ is any transport property, subscript “nb” refers to the neighbor cells, and 3. and

ayp, are the linearized coefficients for @, and Dy,

Fluent 6.3 and Mixsim 2.1 solve transport equations using segregated and coupled solvers
(Fluent Inc., 2006). The segregated approach solves the governing equations sequentially
(i.e., segregated from one another). Coupled solver, on the other hand, solves the
governing equation simultaneously (i.e., coupled together). Both solvers yield a system of
equations represented by Equation (5.31) for dependent variables in every computational

cell.

The segregated approach solves for a single variable field (e.g. velocity) by considering
all cells at a specific time. It then solves again solves for the next variable field by
considering all cells at the same time, and so on. The segregated approach, therefore,

solves each discretized governing equation implicitly with respect to the equation’s
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dependent variable, resulting in a system of linear equations with one equation for each
cell in the domain (Abbott and Basco, 1989). A point implicit (Gauss-Seidel) linear
equation solver is used in conjunction with an algebraic multigrid (AMG) method
(Greenbaum, 1997, Versteeg & Malalasekera, 2007) to solve the equations for all

dependent variables in each cell.

Coupled solution method allows using both implicit and explicit solvers. Coupled
implicit approach solves for all variables in all the cells at the same time. Each equation
in the coupled set of governing equations under the implicit coupled solver is solved
implicitly with respect to all dependent variables in the set. This results in a system of
linear equations for each cell in the domain. A point implicit (block Gauss-Seidel) linear
equation solver is used in conjunction with an algebraic multigrid (AMG) method to
solve the resultants system of equations for all dependent variables in each cell. The
coupled explicit approach, on the other hand, solves for all variables in one cell at a
specific time. Each equation in the coupled set of governing equations under explicit
coupled solver is solved explicitly, resulting in a system of equations for each cell in the
domain. A multi-stage Runge-Kutta solver is used to solve the resultants system of
equations (Greenbaum, 1997, Fluent Inc., 2006).

Segregated implicit scheme, as indicate in Figure (5.3), was used to solve linearized

discretized equations in this work.

3.9  Checking CFD Solution

Iterative numerical solutions, such as CFD, are approximations to the exact solution of

the governing equations, depending on the appropriateness of numerical schemes used,

initial guesses, and iterations.

The solution of each governing equation at each iterative step is based on orientation

from the initial guesses that are refined through repeated iterations. Therefore, the right
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hand side of Equation (5.31) is a non-zero value, representing the error or residuals in the
solution. The total residual, often called unscaled residual, is the sum over all cells in the
computational domain of the residuals in each cell and expressed as follows
(Fletcher, 1991):

Update Properties

:

Solve Momentum
Equations

.

Solve
Pressure-Velocity
Coupling

.

Update Pressure
& Velocity

v

Solve any Other
Scalar Properties

Figure (5.3) Overview of the Segregated Solution Method (Fluent, 2006)

R =Y

Cells

Zanb(bnb +b- ap(Dp

(5.32)
nb

Since the total residual defined above depends upon the magnitude of the variable being
solved, it is customary to either normalize or scale the total residual to gauge its change
during the solution process. Using a scaling factor representative of the total flow rate of

@ through the domain, the unscaled residual can be expressed as follows:
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2,

Rd> — Cells

Zaan)nb +b-a, 0,
b (5.33)
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Convergence and stability are two mathematical concepts that are used to determine the

success or failure of a CFD solution.

Convergence is the property of a numerical method to produce a solution that approaches
the exact solution as the control volume size is reduced to zero. Convergence criteria are
preset conditions for the normalized or scaled residuals that determine when an iterative
solution is converged and the solution is no longer changing. Stability is associated with
the damping errors as the numerical method proceeds. When unstable or divergent
behaviour is obtained, “under relaxation” factors can be used to control the computed
Vvariables.

The solution of a single differential equation, solved iteratively, makes use of information

from the preceding iteration so that the new value is expressed as follows:
Dpew =Pig+AD (5.34)

Rather than using the full computed change in the variable (A® ) and in order to make
the convergence process stable, it is often necessary to use a fraction of the computed

range (Edward et al., 2004) so that:
(Dnew =(Dold+a'A(D (5.35)

Wwhere a is called under relaxation factor and usually takes a value from 0 to 1.0.

Small under relaxation factors facilitate convergence, but they require longer

computational time (Fletcher, 1991).
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5.10 CFD Modeling of Mixing Vessels

To model the geometry of the impeller in a mixing vessel, fully predictive simulation
methodologies were developed to explicitly present impeller rotation in a vessel. An
impeller in a mixing vessel induces a periodic flow field associated with separations
behind the blades and vortexes production, which are transported into the bulk flow of
the vessel by convection and turbulent transport. Fluent 6.3 uses the following two
methods to model impeller rotation in a mixing vessel: Multiple Reference Frame (MRF)
Model and Sliding Mesh (SM) Model.

5.10.1 Multiple Reference Frame (MRF) Model

A multiple reference frame model (MRF) is a steady state approach allowing for the
modeling of baffled tanks with complex (rotating or stationary) internals
(Luo et al., 1994).

A rotating frame is used for the region containing the rotating components while a
stationary frame is used for regions that are stationary. In the rotating frame containing
the impeller, the impeller is at rest. In the stationary frame containing the tank walls and

baffles, the walls and baffles are also at rest.

Momentum equation inside the rotating frame is solved in the frame of the enclosed
impeller while those outside the rotating frame are solved in the stationary frame. A
steady transfer of information is made at the MRF interface as the solution progresses.
While the solution of the flow field in the rotating frame in the region surrounding the
impeller imparts the impeller rotation to the region outside this frame, the impeller itself
does not move during simulations. Impeller position is static, implying that the
orientation of impeller blades relative to the baffles does not change. MRF is

recommended for simulations in which impeller-baffle interaction is weak.
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With this model, rotating frame section extends radially from the centerline or shaft out
to a position that is about midway between the blade’s tip and baffles. Axially, rotating
frame section extends above and below the impeller. In the circumferential direction, it

extends throughout the entire angle of the vessel (Fluent Inc., 2006).

5.10.2 Sliding Mesh (SM) Model

The sliding mesh (Luo et al., 1993) model provides a time-dependent description of the

periodic interaction between impellers and baffles.

In this model, the grid surrounding the rotating component(s) physically moves during
the simulations, while the stationary grid remains static. The velocity of the impeller and
shaft relative to the moving mesh region is zero as is the velocity of the tank, baffles, and

other internals in the stationary mesh region.

The motion of the impeller is realistically modeled because the grid surrounding it moves
as well, giving rise to a time accurate simulation of the impeller-baffle interaction. The
motion of the grid is not continuous, but it is in small discrete steps. After each such
motion, the set of transport equations is solved in an iterative process until convergence is
reached. The grid moves again, and convergence is once again obtained from another
iterative calculation. During each of these quasi-steady calculations, information is

passed through an interface from the rotating to the stationary regions back again.

Sliding mesh model is the most rigorous and informative solution method for stirred tank
simulations. Upon comparing numerical predictions obtained from applying different
impeller modeling methodologies, several investigators observed that steady state
approaches, like MRF, can provide reasonable predictions to flow field features and
power consumption. About one-seventh of the CPU-time can be saved using steady state
approaches (MRF) (Brucato et al., 1998, Marshall et al., 1999). Instead of performing a

single calculation to obtain a converged result, as is the case with steady state flows,
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sliding mesh simulations advance forward in time using small time steps. This requires
some level of convergence at each of the time steps. The goal of the sliding mesh model

is a solution for the final, periodic steady-state condition.

MRF was successfully used in modeling stirred baffles vessels (Harvey et al., 1997,
Naude et al., 1998, Jaworski et al., 2001, Bujalski et al., 2002, Kelly & Gigas, 2003,
Khopkar et al., 2004, Aubin et al., 2004, Sommerfeld & Decker, 2004, Jian et al., 2005,
Kukukova et al., 2005, Lane et al., 2005, Deglon & Meyer, 2006, Khopkar et al., 2006,
Kerdouss et al., 2006, Yue-Lan et al., 2007). MRF was used in this work to simulate

impeller rotation in the mixing vessel.

S5.11  Scale Model of Continuous-Flow Mixing Vessel
S.11.1 Geometry

A mixing tank with identical geometry to the one used in the experiments was modeled
using Mixsim 2.1. The same dimensions for tank, baffles, shaft, input and output

mentioned in section 3.1 were used to model the tank.

Impellers geometry was imported from Mixsim 2.1 impeller library. Unfortunately, A320
geometry is not available in Mixsim 2.1 impeller library, and for this reason A320 was

excluded from CFD modeling.

5.11.2 Material Definition

Xanthan gum was defined as a new material in Mixsim 2.1 material library. The
rheological properties of xanthan gum solutions were defined using Herschel Bulkley
model (section 2.2.1). An inherit difficulty in Herschel Bulkley model is that the model is
discontinuous because at vanishing shear stress rates, the non-Newtonian viscosity

becomes unbounded. To overcome this continuity problem, a two-viscosity model is
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used: at low shear stress rate (¥ < T,/[t,), xanthan gum solutions will act like a very

viscous "rigid" material with viscosity p,. As the shear stress rate is increased and yield
stress, 1y, is passed, xanthan gum behavior will be descried by a power law. Therefore the

apparent viscosities of xanthan gum solutions were described as follows.

n=Hp fort<t, (5.36)

n
T
1, +K| 7" -(-’—) (5:37)
Mo

n= - fort>1,
Y

where 1) is apparent viscosity, |, is viscosity up to yielding point (yielding viscosity), y is
the shear rate, 1, is the yield stress, K is the consistency index, and n is the flow

behaviour index.

Consistency index, K, power law index, n, and yield stress, 1,, were estimated for
Xanthan gum solutions from rheological measurements (Table (3.1)). Yielding viscosity
was estimated from experimental rheological curves. Yielding viscosity was assumed to
be the slope of the line of shear stress versus shear rate curve before yielding, as indicated

in Figure (5.4) (Bames et al., 1989). Density was measured using a pycnometer, as

indicated in section 3.4, and the data are given in Table (3.3).

D<n<l

Y

Yo .Y
Figure (5.4) Method of Estimating Yielding Viscosity in Herschel Bulkley Model
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Table (5.1) Xanthan Gum Rheological & Physical Properties

Xanthan Gum Consistency
. Yield stress Power law Density,
Concentration, index Ko, Pa.S s
(ty,Pa) index (n) Kg/m

% (X, Pas")

0.5 1.789 3 0.11 13.300 997.36
1.0 5.254 8 0.12 22.613 991.80
1.5 7.455 14 0.14 32.360 989.76

5.11.3 Selecting Boundary Conditions

Inlet Boundary Condition

At inlet boundaries, velocity (or pressure), and composition of the incoming fluid stream
are known. The inlet velocity can be calculated from volumetric flowrate specified from
experimental condition, i.e, v=4Q/nd> where Q is volumetric flowrate and d is pipe inlet
diameter. All other scalar, except pressure, can be set equal to input values. When
velocity is known, the boundary condition for pressure is not required since the pressure-
velocity coupling schemes depend on the pressure gradient and not on the absolute
pressure. CFD codes usually fix the absolute pressure at one inlet node (atmospheric
pressure for open tanks), and set the pressure correction to zero at that node (Versteeg &
Malalasekera, 1995 and Ranade, 2002).

Outlet Boundary Condition

Output boundary condition implies that gradients normal the outlet boundary are zero for
all the variables except pressure. This boundary condition means that the conditions
downstream of the outlet boundary should not influence the flow within the solution
domain. This condition approached physically in fully developed flows, thus the exit pipe
was modeled with a length/diameter ratio=10 (Versteeg & Malalasekera, 2007). For
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pressure boundary condition, static pressure (atmospheric pressure for open tanks) is
defined. For outflow through the exit, the static pressure is used to calculate the outflow
velocities (Ranade, 2002).

Walls Boundary Condition

At the impermeable wall boundaries, normally a “no slip” boundary condition is
employed. For velocity, this boundary condition implies that the traverse fluid velocity is
equal to that of the surface and setting the normal velocity equal to zero. For species
concentration, a zero flux boundary condition is applied at the wall of the vessel,
implying that the wall is impermeable and that the species can not penetrate the wall
(Versteeg & Malalasekera, 1995 and Ranade, 2002).

Symmetry (Free Surface) Boundary Condition

A symmetry surface is one across which the flux of all quantities is zero. The tank
surface is considered as a symmetry surface. At symmetry surface the normal velocity
and concentration are set equal to zero to ensure that there is no connective or diffusive

flux across the tank surface (Versteeg & Malalasekera, 1995 and Ranade, 2002).

S.11.4 Generating Meshing

A three dimensional mesh was generated in Mixsim 2.1 using Gambit 2.2, a rﬁeshing tool

package works under Fluent 6.3 and Mixsim 2.1.

The most critical part of the mesh was around the impeller where velocity gradients
prevail. Very fine mesh is required in the vicinity of the blades to define the blades
curvature. Mixsim 2.1 uses impeller mesh growth factor function to control mesh density
and generate unstructured grid. This function allows the mesh elements to grow slowly as

a function of the distance from impeller blades. A fine mesh was also generated for other
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curved bodies such as input, output, and tank walls to capture the geometrical features of
those elements. Mixsim 2.1 uses mesh normal angle, short edge factor, and maximum
growth factor function to control mesh density in curved objects (Fluent Inc, 2006). The
final three dimensional mesh of the model generated by Gambit 2.2 is presented in

Figure (5.5).

Figure (5.5) 3D Mesh Generated by Gambit 2.2

The grid quality was assessed using skewness of the cells (an indication of how close
cells are to a perfect equilateral element, i.e., skewness=0 describes perfect equilateral
and skewness=1 describes poorly shaped element). 98% of the cells generated had a
skewness smaller than 0.6, indicating an excellent mesh formation (Fluent Inc, 2006), and

78% of the cells were tetrahedral.
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S.11.5 Performing Numerical Simulations

The discretized equations were solved using a segregated implicit scheme. CFD
simulation carried using the followings schemes: (1) Second Order for pressure
interpolation, (2) Power Law for momentum interpolation, (3) First Order for temporal
discretization, (4) SIMPLEC for Pressure-Velocity Coupling, and (5) Multiple Reference
Frame (MRF) for impeller modeling. The under relaxation factors were left to the default
values (0.7 for pressure and 0.3 for momentum) as SIMPLEC impose no restrictions on
under relaxation. Convergence, as depicted in Figure (5.6), was monitored during CFD
simulations. Convergence history was monitored for mass, x-,y- and z- velocities. The
solution was considered converged when the scaled residuals were smaller than 1x107

for continuity and momentum equations.
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Figure (5.6) Convergence History of Scaled Residuals
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5.11.6 Checking Grid Independency

The accuracy of the CFD simulations depends on mesh resolution. Adding more cells to a
mesh enables the features of the flow to be better resolved. Grid independency can be
verified by demonstrating that adding grid cells to the computational domain can not
change flow fields appreciably; however, it is widely believed that no numerical solution
is grid independent (Sahu & Joshi, 1995, Joshi et al., 1998, Sommerfiled and Decker,
2004, Kukukova et al., 2005).

To verify the grid independency of the solution, additional cells were added to the default
mesh produced by Gambit 2.2. The default mesh has 96845 cells. Number of cells was
increased by 67% (161464 cells) and by 100% (205098 cells) by increasing global mesh
resolution factor and decreasing impeller mesh growth factor in Mixsim 2.1. Velocity
magnitudes were obtained at a plane located midway between impeller blades and bottom
of tank. This location was selected because high velocity gradients exist below the
impeller. Axial, radial and tangential velocities were plotted at this location for the
meshes indicated above and the results are shown in Figure (5.7). Values of the velocities
were dimensionalized using impeller tip speed, viz aND, where N is impeller speed and
D is impeller diameter and the corresponding locations (r) were normalized using'tank

radius (T/2), where T is vessel diameter.

All velocity profiles show that the first mesh of 96845 cells (Gambit 2.2 default) was
unable to predict the flow fields in the vessel accurately, as velocity magnitudes
calculated by this mesh differ substantially from the predictions of the second and third
mesh. CFD prediction for velocity profiles for the other two meshes was almost identical
as depicted in Figure (5.7). The second grid was used for the rest of the calculation in this
work as the Central Processing Unit (CPU) time required to achieve convergence was

approximately 5-6 hrs, compared to 8-10 hrs for the third grid.
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Figure (5.7) Axial, Radial and tangential Velocity Profiles at a below the Impeller
showing Grid Independency

5.11.7 Modeling Tracer Injection to Investigate Dynamics of Mixing Process

The flow fields obtained using Mixsim 2.1 were used to simulate the system dynamic
response to a tracer injection. When a tracer is added to a fluid in a mixing tank, the
transient calculation can be exclusive of the flow field simulations, provided that the
properties of the tracer and the background flow in the vessel are the same. Once the flow
field of the background fluid is satisfactorily converged, the tracer can be introduced and
transient species solution for the tracer can be performed. The properties of background
fluid (xanthan gum) will not be changed during tracer addition as the tracer was added in

very small amount to the vessel.

The convection-diffusion species transport equation solved by Fluent 6.3 takes the
general form (Brid et al., 2002).
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d . .
5 PYi)+divlpu i) = —div3) +R; +$, (5.38)

where Y; is local mass fraction of species i, R; is net rate of production of species i by
chemical reaction, S; is rate of creation by addition from the dispersed phase plus any

other sources, and J; is concentration gradient diffusion flux of species i.

In laminar flows, diffusion flux can be calculated from the following equation.

J; = —pD; n-grad(Y;) (5.39)

where D; , is diffusion coefficient of spices i in mixture m. Convection dominates mixing
vessel. In order to neglect diffusion term, diffusion coefficient was set to a very small

value (1x10™* cm?s).

No chemical reaction occurred between tracer and xanthan gum solution in the mixing

vessel and since no generation of tracer was possible in the vessel, both R; and S; are set

equal to zero.

In order to simulate transient species transport, species conservation equation must be
solved in a time-dependent form and species conservation equation must be discretized in
time and space. Temporal discretization involves the integration of every term in
Equation (5.38) over a time step At. First order scheme was used for temporal
discretization (section 5.7), and second order upwind scheme was used for concentration
interpolation (section 5.6.2). Implicit scheme was used for temporal discretization of

Species transport equation (section 5.7).

The time step was chosen so that the number of iterations needed to reach convergence at
each time step was about 20-30. The solution was considered converged when the scaled

residuals of tracer concentration were smaller than 1x10°6.
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In order to specify tracer injection, a User Defined Function (UDF), written in C
programming language (Ford, 2004) was linked to Fluent 6.3 solver. A typical UDF can
be shown in Figure (5.8). This UDF defines the time at which the tracer was continuously
injected in the mixing vessel. The UDF was linked to the inlet as a boundary condition
that specifies the tracer concentration in the inlet stream. Outlet concentration was

monitored with time to obtain the response.

Mass fraction of tracer in UDF was set to values analogous to the conductivity of the
random binary excitation signal used in the experimental work. Time step was set at first
to be equal to 0.1 sec, and the mass fraction of tracer was obtained with time. Then the
time step was increased to 1 sec, and the predicted dynamic responses (tracer
concentration) from the first and second runs were compared with each other to verify the
effect of time step on discretization process. The dynamic responses, as shown in Figure
(5.9), were overlapping, indicating temporal independency. The time required to obtain
full response using a time step of 0.1 sec was 24 hrs, while the time required to obtain full
response using a time step of 1 sec was 3-4 hrs. The time step used in simulating tracer

injection was thus set to 1 sec.
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#include "udf.h"
DEFINE PROFILE (tracer mf profile,t,1i)
{
real flow_time=CURRENT_TIME;
face_t f£;
begin_f loop(f,t)
{
if(flow_time>1854)
F_PROFILE(f,t,i)=0.1504;
else if(flow_time>1806)
F_PROFILE(f,t,i)=0.0598;
else if(flow_time>1486)
F_PROFILE(f,t,i)=0.1491;
else if (flow_time>1338)
F_PROFILE(f,t,i)=0.0481;
else if(flow_time>1212)
F_PROFILE(f,t,1)=0.1393;
else if (flow_time>764)
F_PROFILE(f,t,i)=0.0456;
else if (flow_time>500)
F_PROFILE(f,t,i)=0.1386;
else if (flow_time>230)
F_PROFILE(f,t,i)=0.0457;
else if (flow_time>58)
F_PROFILE(f,t,i)=0.1350;
else
F_PROFILE(f,t,i)=0.0442;
}
end_f loop(f,t)

Figure (5.8) UDF Code Used to Model Tracer Injection for Frequency-Modulated
Random Binary Input Signal



Chapter 5: Computation Fluid Dynamics (CFD) 100

L
I
I
|
1
i
i
1
i
i
'
i
1
i
1
1
|
[
.
t
1
I
1
i
1
I
1
1
I
|
l
t
t
1
I
+
1
1
1
1
I
I
1
|
I
|
I
|
I
t

(5]
:7
I
i
|
t
¥

o
}

Conductivity (ms)

1 T T T T
0 500 1000 1500 2000 2500

Time (Sec)

Figure (5.9) CFD Tracer Input Output Showing the Effect of Time Step
Time Step 0.1 sec in Black and Time Step 1.0 sec in Gray



Chapter 6: Results and Discussion 101

6. Results & Discussion

6.1 Introduction

In this chapter, the results collected from the experimental work and CFD modeling is
presented. Comparative analysis between experimental work and CFD is provided where

appropriate.

The chapter begins with identifying impeller characteristics, including power number and
flow number. In order to validate CFD, experimental values of torque are compared with
torque values obtained from CFD. Dynamic model parameters, f and Vigiy mixed/V,
obtained from experimental dynamic response utilizing Ein-Mozaffari model (2002) are
presented. CFD predictions for dynamic response is compared with the response obtained
experimentally. Dynamic model parameters estimated from CFD dynamic response using
Kammer et al. method (2005) is then presented and compared with parameters calculated

experimentally.

CFD is then used to capture the other important mixing characteristics, such as cavern,
and flow patterns. In order to obtain the whole picture that controls mixing behaviour in
continuous-flow mixing vessels, system non-ideal parameters is then related to cavern

and flow patterns.

6.2  Impeller Characteristics

Four impellers were used in this work, namely: A200, A100, A310 and A320. Power,
flow and circulation numbers are among the most important impeller characteristics. In
this section, torque and power number measurements obtained from experimental data
are compared with CFD predictions in order to validate CFD. CFD is then utilized to

estimate flow and circulation numbers and average shear stress near the impeller.



Chapter 6: Results and Discussion 102

6.2.1 Power Number Estimation

Power input to the impeller was obtained from torque and impeller speed using the

following relation:
P=2x.NM 6-1)
where N is impeller velocity, M is torque and P is power.

A torque meter and a tachometer were used to measure impeller torque and speed,
respectively. The torque that was lost due to bearing friction, or residual torque, was
subtracted from all torque measurements. Residual torque was obtained by operating the

mixing vessel when empty.

Power number was estimated from the following relationship using calculated values of

power obtained from measured torque:

P

Po = oD N3 (6-2)

where p is fluid density and D is impeller diameter.

6.2.1.1 Experimental Power Number Estimation

Values of power numbers for A200 impeller were plotted against Reynolds numbers at
different xanthan gum concentrations, as presented in Figure (6.1). Modified Reynolds
number definition for non-Newtonian fluids using Metzner-Otto (1957) definition of

effective viscosity was used as follows:
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_pND> pND? pND*> pN’D’k

" %avg i %ks.N) R (6-3)

Re

where m is apparent viscosity, Tave s average shear stress close to the impeller

(?avg =k,.N). Value of Metzner-Otto proportionality constant, ks was selected to be 10

(Metzner and Otto, 1957 and Metzner et al., 1961).

Shear stress, T, defined using Herschel Bulkley model, was inserted in Equation (6-3).
Values of 7,, K, and n presented in Table (5.1) were used for these calculations. The final

expression of Reynolds number is as follows:

YK(N)" (6-4)
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Figure (6.1) shows that power consumption depends upon xanthan gum concentration.
The higher the xanthan gum concentration, the higher the energy consumed by the
impeller to induce motion in the vessel. At low impeller speed (in the laminar region),
power number was inversely proportional to Reynolds number. To compare the
behaviour of all impellers, power curves for other impellers are plotted together in Figure
(6.2). A200 consumes the largest amount of power at a specific speed, while A310
consumes the smallest amount of power, as similarly observed by Ibrahim and Nienow
(1995).

In order to calculate turbulent power number for each impeller, water was used in the
mixing vessel instead of xanthan gum to achieve turbulent flow. Impeller turbulent flow
number is a characteristic of the impeller geometry and does not depend upon the

rheological properties of the material (Tatterson, 1994).
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Figure (6.2) Experimental Power Curve for all impellers
0.5% xanthan gum solution
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Impeller turbulent flow number, Poy, was estimated using Mubaga and Bennington (1997)
and Bubicco et al. (1997) method. Impeller turbulent flow number can be related to the

power input per unit mass via the following relation:

where {,, is power input per unit mass of material and V is solution volume in the vessel.

A plot of P/pV versus D’N*/V (as indicated in Figure (6.3)) under turbulent flow

conditions can provide impeller turbulent flow number. Table (6.1) shows impeller

turbulent power number.
° ——A100 ;
| —e—A200 ‘

PlpV

Figure (6.3) Impeller Turbulent Power Number Estimated using Mubaga and Bennington
(1997) and Bubicco et al. (1997) method
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Table (6.1) Impeller Turbulent Power Number — Experimental Data

Al100 A200 A310 A320
Power Number Turbulent | 0.66 1.16 0.40 0.63

For an A100 impeller, the following power number is given: 0.87 (Oldshue, 1983), 0.89
(Mishra el al., 1998), 0.23 (Nienow, 1990), 0.89 (Ranade et al., 1992), 0.89 (Sahu et al.,
1999), and 0.34 (Edward et al., 2004).

For an A200 impeller, the following power number is given: 1.27 (Oldshue, 1983), 2.21
(Ranade & Joshi, 1989), 1.27 (Nienow, 1990), 2.1 (Ranade et al., 1992), 1.7 (Jaworski et
al., 1996), 1.8 (Ranade and Dommeti, 1996), 2.1 (Mishra et al., 1998), 2.2 (Sahu et al.,
1999), 1.93 (Patwardhan and Joshi, 1999), 1.26 (Houcine et al., 2000), 1.93 (Aubin et al.,
2001), 1.22 (Wu et al., 2001), 1.6 (Wyczalkowski, 2004), 1.27 (Edward et al., 2004), 1.6
(Kukukova et al., 2005), and 1.3 (Kumaresan & Joshi, 2006).

For an A310 impeller, the following power number is given: 0.29 for A310 impeller
(Ibrahim & Nienow, 1995), 0.40 (Mavros et al., 1996), 0.34 (Patwardhan and ._Ioshi,
1999), 0.33 (Wu and Pullum, 2000), 0.32 (Wu et al., 2001), 0.37 (Wyczalkowski, 2004),
0.3 (Edward et al., 2004), 0.28-0.35 (Kumaresan et al., 2005), 0.3-0.4 (Kumaresan &
Joshi, 2006), and 0.31 (Wu et al., 2006 A).

For an A320 impeller, power number was reported to be 0.64 (Weetman and Coyle,
1989).

Power numbers for all impellers obtained from experimental measurements were in very

good agreement with values reported in the literature.

Experimental torque measurement accuracy was checked by performing a set of 6

experiments at 6 different speeds. Each experiment was repeated 4 times and the torque
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measurements were averaged. Error bars were plotted to include standard deviation in

each measurement.

Data presented in Figure (6.4) demonstrate that the maximum standard deviation

observed in torque measurements was 0.0175 N.m, indicating an excellent reproducibility

of torque measurements.
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Figure (6.4) Error Associated with Torque Measurements
0.5% Xanthan Gum Solution — A200 Impeller

6.2.1.2 CFD Power Number Estimation

Mixsim 2.

The flow fields were simulated using conditions identical to the experimental flow fields.

Unfortuna

provided by Mixsim 2.1, and for this reason the A320 impeller was excluded from the

1 estimates power from torque imparted by the impeller using Equation (6-1).

tely, the geometry of A320 impeller was unavailable in the impellers library

simulations.

350




Chapter 6: Results and Discussion 108

The experimental torque measurements were compared with CFD predictions and the
data are presented in Figure (6.5) to Figure (6.7) for A200, A100 and A310 impellers.
The data demonstrate excellent agreement between CFD and experimental torque
measurement for all impellers, indicating CFD’s ability to predict power consumption in
the vessel. Values of torque measured experimentally exceeded CFD predictions. The
deviation between CFD and experimental torque became notable (maximum 8%) at high
impeller speed. Flow conditions in the mixing vessel became turbulent at high impeller

speed, violating the laminar flow assumption imposed on CFD simulations.

Water was used instead of xanthan gum to obtain impeller turbulent power number. The
data presented in Table (6.2) show very good agreement with experimental data
presented in Table (6.1).

Table (6.2) Impellers Turbulent Power Numbers — CFD Simulations

A100 A200 A310
Power Number Turbulent | 0.68 1.14 0.42
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Figure (6.7) Comparison between Experimental and CFD Torque 0.5% Xanthan Gum
Solution — A310 Impeller

6.2.2 Average Shear Stress and Apparent Viscosity in the Mixing Vessel

Metzner and Otto’s (1959) study of impeller power consumption pattern for power law
fluids suggests that the shear rate near the impeller is directly proportional to the impeller
speed, and that this proportionality constant, ks, is largely independent of geometric and
fluid rheology. Shear stress influences the average apparent viscosity of non-Newtonian

fluids and hence affects power consumption and mixing characteristics.

CFD can be used to examine whether or not a value of k derived from the local shear
rate near the impeller is constant. Area weighted average shear rate for region around the
impeller was calculated from CFD flow fields. The region around the impeller extended
2.5 cm beyond the impeller blades both horizontally and vertically. This approach has
been used by many investigators to validate the authenticity of the Metzner-Otto concept
(Torrez and Andre, 1998 & 1999, Shekhar and Jayanti, 2003 A & B, Kelly and Gigas,
2003, Vlaev et al., 2006).
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Using CFD flow fields, average shear stress was estimated for all xanthan gum solutions
at all impeller speeds. Values k, were then estimated as the slope of average shear stress-

versus-impeller speed line following Metzner and Otto’s (1959) equation:
7=ks.N (6-6)

Resulting data are presented in Figure (6.8).The dependency of near-impeller average
shear rate on impeller speed and xanthan gum concentration was evident. Similar
observations were reported by Kelly and Gigas (2003), Wu et al. (2006 A & B), and
Vaev et al. (2006). However, an average value of ks =8.5 was extracted for A200. Value
of ks for A100 has been reported to be 5.4 (Weetman and Oldshue, 1988), 11 (Bakker and
Gates, 1995), 8.58 (Kelly & Gigas, 2003), and 9.2 (Rudolph, 2006).
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Figure (6.8) Average Shear Rate versus Impeller Speed — A200 Impeller

To allow for comparison of the impellers, Metzner-Otto relationship was plotted for all
impellers following the same approach explained above for A200. The results aré

presented in Figure (6.9). Values of k; have been reported to be 3.42 for A310 (Weetman
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and Oldshue, 1988), 11 for A100 (Metzner et al., 1961), 10 (Skelland, 1983), and 5.4
(Weetman and Oldshue, 1988).

The maximum average value of shear rate was 60 s”. The rheological properties were
measured at controlled shear rate in the range of 0-130S™, proposing that the rheological
measurements were made at the same range of average shear stress prevailing in the

mixing vessel.
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Figure (6.9) Average Shear Rate versus Impeller Speed — 0.5% Xanthan Gum Solution

Apparent viscosity (1) in the mixing vessel was monitored by extracting vertical and
horizontal apparent viscosity contours from CFD. Figure (6.10) shows the effect of
impeller speed on vertical and horizontal contours for the A200 impeller and Figure
(6.11) shows the effect of xanthan gum concentration on the same contours. Horizontal
apparent viscosity planes were obtained on planes cutting the impeller surface, while
vertical apparent viscosity contours were obtained on planes parallel to the shaft and

perpendicular to the impeller.
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It is clear that increasing impeller speed and reducing xanthan gum concentration reduce
viscosity in the mixing vessel. Viscosity was high except near the impeller region. The

minimum viscosity was 0.038 Pa.s and the maximum viscosity was 0.324 Pa.s.



Chapter 6: Results and Discussion 115

3.24e+01

3.07e+01

2.91e+01

2.75e+01
"~ 2.59e+01
"~ 2.43e+01
2.27e+01
2.10e+01
1.94e+01
1.78e+01
1.62e+01
1.46e+01
1.30e+01
1.14e+01
~ 9.73e+00
. 8.12e+00
6.50e+00
4.89e+00
3.27e+00
1.65e+00
3.79e-02

(c)

Figure (6.10) Effect of Impeller Speed on Apparent Viscosity in Pa.s, 1.5% Xanthan
Gum (a) 50, (b) 150, (¢) 250 rpm
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Figure (6.11) Effect of Xanthan Gum Concentration on Apparent Viscosity (Pa.s),
100 rpm, (a) 0.5%, (b) 1.0%, (¢) 1.5% Xanthan Gum Solution
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6.2.3 Flow & Circulation Numbers Estimation

Flow number measures impeller ability to generate connective flow. The higher the flow

number, the higher the convective flow generated by the impeller.

Flow number (sometimes called primary flow number) can be estimated from the

following relationship using impeller pumping flowrate, Qp:

where N is impeller speed and D is impeller diameter.

Impeller pumping flowrate can be estimated by integrating velocity profiles in planes
surrounding impeller swept volume. Experimentally, obtaining velocity profiles was
beyond the scope of this research. Instead, CFD velocity profiles were used to estimate

flow numbers.

Pumping flowrate that encompasses impeller swept volume can be estimated

mathematically as follows (Tatterson, 1991, J aworski et al., 1996, Mishra et al., 1998):

D/2 Zy
Qp =2m I(rUaxiallz] dr+ 7D IUmdiaIID /zdz (6-8)
0 -

Z

where r is radial coordinates, Uaxait and Ungial is axial and radial velocities, respectively, D
is impeller diameter, and z; & z are boundaries of impeller swept volume in axial
direction. Two planes define the location of the impeller swept volume in axial direction,
one below the impeller (z;) and one above the impeller (z;). These planes have been
defined to be touching impeller blades (Armenante and Chou, 1996, Mavros et al., 1996

& 1997, Mishra et al., 1998). Since axial velocity dominates, the second term in Equation
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(6-8) is negligible (Ranade et al., 1992, Ranade, 1997, Patwardhan and Joshi, 1999,
Kumaresan and Joshi, 2006).

The motion of an impeller induces a pumping effect as the liquid is drawn towards the
agitator and then pumped away from it. The outgoing flow may have an axial or radial
direction depending upon the impeller. The high velocity outgoing flow entrains the
neighboring fluid into motion, thus the overall circulating fluid combines both the
pumped out and the entrained fluid. Accordingly, another flow number called circulation
number or secondary flow number (Fl,), can be defined so as to include flow entrained by
impeller discharge stream (Ranade and Dommeti, 1996, Aubin et al., 2001, Kumaresan,
2005).

-
Flc - ND 3 (6'9)

where Q. is overall liquid circulation generated in impeller swept volume and including

flow entrained by impeller discharge. Mathematically, Q. can be estimated as follows:

l" Uaxial tum

Qe =2n  [(tUpy), dr (6-10)
0

where rly,,;im iS the radius where axial flow velocity reversal (from downward to

upward in downward pumping impellers) occurs (Jaworski et al., 1996, Mishra et al.,
1998).

Axial velocity profiles calculated at a plane exactly below impeller blades (z,=13.5 cm)
were integrated to calculate flow number. For circulation numbers the whole velocity
profile was integrated to include pumping and circulation. The results are shown for
A200 impeller in Figure (6.12) for different concentrations of xanthan gum solution. Both

flow and circulation numbers exhibit a decrease when xanthan gum concentration
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increased, indicating that an increase in xanthan gum concentration not only causes a loss
in pumping capacity, but also reduces circulation number. Both flow and circulation
numbers become independent of xanthan gum concentration and impeller speed at high

impeller speed.

________________________________________________

Fl, Flc

——Fl, 0.5% xanthan gum
—x— Flc, 0.5% xanthan gum
—a— Fl, 1.0% xanthan gum
—e— Flc, 1.0% xanthan gum
——Fl,1.5% xanthan gum
—o— Flc, 1.5% xanthan gum

0 200 400 600 800
Impeller Speed (rpm)

Figure (6.12) Flow Number & Circulation Number — A200 Impeller

Figure (6.13) shows the effect of impeller type on flow and circulation numbers. While
A310 has the highest flow and circulation number, flow and circulation numbers for

A200 were very close to those of A100.

Table (6.3) summarizes flow and circulation numbers obtained from CFD for all

impellers at turbulent flow condition.



Chapter 6: Results and Discussion 122

Table (6.3) Impellers Turbulent Flow and Circulation Numbers — CFD Simulations

Al100 A200 A310
Turbulent Flow Number 0.42 0.47 0.37
Turbulent Circulation Number | 0.89 0.92 0.77
I
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Figure (6.13) Flow Number & Circulation Number for Different Impellers
0.5% Xanthan Gum Solution

For an A100 impeller, the following flow number is given: 0.73 (Mishra el al., 1998),
0.56 (Nienow, 1990), 0.79 (Ranade et al., 1992), 0.72 (Sahu et al., 1999).

For an A200 impeller, the following flow number is given: 0.75-0.79 (Oldshue, 1983),
0.85 (Ranade & Joshi, 1989), 0.79 (Nienow, 1990), 0.94 (Ranade et al., 1992), 0.753
(Kresta & Wood, 1993), 0.85 (Ranade and Dommeti, 1996), 0.71 (Jaworski et al., 1996),
0.91 (Mishra et al., 1998), 0.98 (Sahu et al., 1999), 0.98 (Patwardhan and Joshi, 1999),
0.75 (Aubin et al., 2001), 0.76 (Wu et al., 2001), 0.83 (Kukukova et al., 2005), 0.88
(Kumaresan & Joshi, 2006).
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For an A310 impeller, the following flow number is given: 0.41 for A310 (Mavros et al.,,
1996), 0.49 (Patwardhan and Joshi, 1999), 0.56 (Wu and Pullum, 2000), 0.56 (Wu et al.,
2001), 0.31-0.35 (Kumaresan et al., 2005), 0.58-0.70 (Kumaresan & Joshi, 2006), 0.57
(Wu et al., 2006 A).

For an A320 impeller, flow number was reported to be 0.64 (Weetman and Coyle, 1989).

Flow numbers obtained for all impellers are smaller than most of the values reported in
the literature. Most of the studies conducted on flow number employed Newtonian fluids
such as water. However, it is believed that fluid viscosity affects flow number
measurements. Mavros et al. (1996) observed that flow number for A310 and Mixel TT
decreased by almost 50% when water was replaced with 1% carboxymethylcellulose.
Koutsakos et al. (1999) reported the flow number for Rushton turbine impeller deceased
from 0.455 to 0.072 when water was replaced with 0.28% carboxymethylcellulose

solution.

6.3  Dynamic Model Parameters

In order to improve the performance of continuous-flow mixers the effect of various
operating parameters was explored. Operation conditions examined included impeller
speed and type, xanthan gum solution flowrate and concentration, and vessel

configuration. Table (6.4) summarizes these experimental conditions.

To describe the performance of the continuous-flow mixer, two parameters will be
examined here, namely, f, the degree of channeling in the vessel, and Vguy mixed/V, ratio

of fully mixed volume in the vessel to the total volume of the vessel.
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Table (6.4) Range of Operation Conditions used in Experimental Work

Variable Range

Impeller velocity 50-700 rpm

Xanthan gum mass concentration 0.5-1.5%

Xanthan gum flowrate 227-896 L/hr

Impeller type A200 (main impeller), A100, A310 and A320
output location bottom and side

The reproducibility of the system was examined by repeating a set of 4 experiments 4
times each. The data were then analyzed to estimate f and Viully mixe/V. Standard
deviation was used to plot the error bar graph in Figure (6.14) based on the averaged
values of f and Vfgiy mixed/V. The maximum standard deviation observed was 0.0115,

indicating excellent reproducibility of the measurements.
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Figure (6.14) System Reproducibility Examined using Channeling and V/V gy mixed Ratio
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6.3.1 Dynamic Model Parameters Obtained from Experimental Data

Channeling and fully mixed volume in the mixing vessel was obtained from experimental
data by minimizing cost function associated with the system transfer function using a
MATLAB code developed by Kammer et al. (2005) based on Sequential Quadratic
Programming (SQP) method. Values of channeling and fully mixed volume obtained

from experimental data are documented in Appendix A.

6.3.1.1 Effect of Impeller Speed and Xanthan Gum Flowrate

For A200, data for channeling and ratio Vi mixe/V for different impeller speeds and
different xanthan gum flowrate are presented in Figure (6.15). Channeling decreased and
ratio Vsuny mixea/V increased as impeller speed increased. The high impeller speed disturbs
the fluid in the vessel, resulting in reducing dead zones and channeling. Higher feed
flowrate in the mixing vessel produces higher channeling and lower Viully mixed/V ratio.
Increasing the flowrate reduces mean residence time in the vessel, forcing the material to

leave the vessel faster without going into the well-mixed region close to the impeller.

The same observations have been reported by Mavros et al. (2002 A & B),
Ein-Mozaffari (2002), Khopkar et al. (2004) and Samaras et al. (2006 A). Ein-Mozaffari
et al. (2004) found that the ratio of flow induced by the impeller to the flow through the
mixing tank affects the extent of channeling. This was attributed to competition between
the pumping action of the impeller (which entrains the fluid in the mixing flow) and the

discharge flow (which removes fluid from the vessel).



Chapter 6: Results and Discussion 127

Experimental Data - 0.5% Xanthan Gum

1.0
0.9 ---mmmm e

—%—896 L/hr
—4— 603 L/hr
08 +-----"-----------mmmm e —e— 227 L/hr
0.7

0.6
0.5
04 1
03 -
0.2 -
0.1 -
0.0

Channeling

0 100 200 300 400 500 600
Impeller Speed (rpm)

Experimental Data - 0.5% Xanthan Gum

1.0
0.9 -
07 t+--- -~

0.6 -
05 |-
04 |-
03 -
0.2
01 -
0.0

VfullymlxN

0 100 200 300 400 500 600
Impeller Speed (rpm)



Chapter 6: Re

sults and Discussion

128

Experimental Data - 1.0% Xanthan Gum
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6.3.1.2 Effect of Xanthan Gum Concentration

The extent of channeling increases and the fraction of fully mixed volume decreases as
suspension concentration increases at a fixed impeller speed. Figure (6.16) shows
channeling and Viguiiymixed/V ratio for A200 at three different xanthan gum concentrations.
In order to avoid channeling and stagnant regions within the vessel, the minimum
impeller speed must be 500 rpm at 0.5% xanthan gum solution, 600 rpm at 1.0% xanthan
gum solution, and 700 rpm at 1.5% xanthan gum solution. The rheology of the fluid
significantly affects the dynamic performance of the continuous mixing process. Energy
delivered by the impeller will be dissipated in the concentrated xanthan gum solution
without producing enough mixing in the vessel, leading to high channeling and dead

zones. The same observations have been reported by Ein-Mozaffari (2002).
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Experimental Data - Flowrate 896 L/hr
1

—e— 0.5% Xanthan gum
0.9 oo —aA—1.0% Xanthan gum
—¥— 1.5% Xanthan gum

0.8 -

0.7 +-- A K-
0.6 f -~ TN\
0.5 f - NN e

Channeling

0.4 4 NN e oo
0.3 - NI TN e
0.2 | R EEEEEEREEEEEEEEEE LS

T R S

0 T T T T T Al T
0 100 200 300 400 500 600 700 800

Impeller Speed (rpm)

Experimental Data - Flowrate 896 L/hr
1
09 +----------------"- e e - T T - ® - - ---
08 4--cveoaee e A
07 +-coo . 0 e
Eosi-
Soal - L
0.3 +- ---- . [ e e e e e e e e
0.2 1 4~ ' —e—0.5% Xanthan gum
014--"- - - . |—A—1.0%Xanthan gum
0 | , —¥—1.5% Xanthan gum
0 100 200 300 400 500 600 700 800
Impeller Speed (rpm) |

anure (6.16) Effect of Xanthan Gum Cbnéentration on fand vmn;;,;;w
A200 Impeller



Chapter 6: Results and Discussion 134

6.3.1.3 Effect of Output Location

Ein-Mozaffari et al. (2005) found that the input/output location has a significant effect on
flow non-ideality in continuous mixing processes. Hence, we investigated the effect of
output location on the extent of non-ideal flow for two configurations Figure (3.6). From
Figure (6.17) it can be seen that for identical operating conditions, while Configuration 1
gave superior mixing response, Configuration 2 was more prone to a high degree of
channeling and stagnant zones. Configuration 2 (where the exit location is on the side of
the vessel) enables a large percentage of feed to be conveyed directly to the exit location
without being drawn into the mixing zone. In Configuration 1, however, the feed is

forced to flow through the mixing zone before leaving the chest.
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6.3.1.4 Effect of Impeller Type

Impellers share characteristics attributed to pumps, such as the ability to produce flow
and velocity head (or shear). Determining the most effective impeller for a specific
mixing application should be based on the understanding of process requirements
(AIChE, 2001). Figure (6.18) demonstrates the crucial role impellers play in determining
channeling and Vfuy mixe/V ratio. In summary, A100 impeller was the least effective,

while A320 impeller was the most effective.

Many attempts have been made to define impeller efficiency. The following two

efficiencies are usually encountered when distinguishing between impellers:

e Pumping efficiency
Pumping efficiency takes into consideration the impeller’s ability to pump fluid in

the mixing vessel. The following definitions have been frequently used in the
literature to define pumping efficiency at constant D/T (impeller diameter/vessel
diameter) ratio.
1. E;=FI/Po, (Medek and Fort, 1985).
2. np=F1/Po, average pumping rate per unit power consumption (Mishra et
al., 1998, Aubin et al., 2001, Wu et al., 2001, Wu et al., 2006 A).

e Circulation efficiency

Circulation efficiency takes into consideration the impeller’s ability to circulate
the fluid in the mixing vessel. The following definitions have been frequently
used in the literature to define circulation efficiency at constant D/T (impeller
diameter/vessel diameter) ratio.
1. E;=F1.>/Po, (Medek and Fort, 1985).
2. n=Fl/Po, average circulation rate per unit power consumption (Jawoski et
al. 1996, Mishra et al., 1998, Aubin et al., 2001, Wu et al., 2001, Wu et al.,
2006 A).
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Impellers turbulent power number (Table (6.1)) was used along with the flow and
circulation (Table (6.3)) to compare the performance of A100, A200, and A310. In order
to accomplish impeller evaluation and because A320 geometry was not available in the
Fluent 6.3 impeller library, flow number for A320 was selected to be 0.64 (Weetman and
Coyle, 1989). For A320 impeller, no published value for circulation number could be

located in the literature.

Data obtained from calculating pumping and circulation efficiencies are tabulated in
Table (6.5). The data clearly show that A200 provides the lowest pumping and
circulation efficiency, and A320 provides the best pumping efficiency. Circulation
efficiency also shows the same trend. A100 was reported to be superior to A200 by many
investigators (Elson, 1990 B, Ranade et al., 1992), while A310 was found to be better
than A200 (Lighnin Mixing Equipment Co., 1981, Weetman and Oldshue, 1988, Kubera
and Oldshue, 1992, Zhou and Kresta, 1996, Wu and Pullum, 2000) and better than A100
(Lighnin Mixing Equipment Co., 1985). A320 was found to provide better mixing
performance when compared against A200 (Weetman and Coyle, 1989, Oldshue et al.,
1989).

The comparison presented above coupled with the calculations presented in Table (6.5)
support the idea that A320 is superior to all other impellers. A320, also called fluidfoil,
has been developed to operate in the viscous flow regime, and to continually operate as

an axial flow impeller into the transition region (Weetman and Coyle, 1989).

Table (6.5) Impeller Pumping and Circulation Efficiencies

A100 A200 A310 A320
Pumping Efficiency E,=FI’/Po, 0.112 0.090 0.127 0.436
np=F1/Po, 0.636 0.405 0.925 1.032

Circulation Efficiency | E;=Flc’/Po, 1.068 0.671 1.268 -
n~=Flc/Po, 1.348 0.793 2.139 -
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6.3.2 Dynamic Model Parameters Obtained from CFD

Once the flow fields were generated using Mixsim 2.1, a User-Defined Function (UDF)
was linked to Fluent 6.3 solver to define the time at which the tracer was continuously
injected in the mixing vessel. UDF was linked to the inlet as a boundary condition and
outlet concentration was monitored with time. Channeling and fully mixed volume in the
mixing vessel were obtained from CFD input-output conductivity data in a manner
similar to that used in the experimental section. Values of channeling and fully mixed

volume obtained from experimental data are documented in Appendix A.

6.3.2.1 Effect of Impeller Speed and Xanthan Gum Flowrate

In order to evaluate CFD ability to estimate model parameters, experimental and CFD
input-output conductivity curves for tracer injections were compared against each other at

different impeller and xanthan gum flowrates. A200 impeller data are presented in Figure
(6.19).

Noise associated with experimentally measured input signals were excluded from input
signals used in CFD simulations. Output response predicted by CFD shows excellent
agreement with experimental response at high impeller speed (Figure (6.19, a). However,
CFD predictions of output signal deviates substantially from experimental measurements
with decreasing impeller speed. This can be depicted at low impeller speed (Figure (6.19,
c) where CFD was totally unable to predict the severe channeling occurriné in the mixing
vessel, quantified by the sudden bump (sudden sharp increase in conductivity).
Figure (6.19) shows that CFD can predict the dynamic response for mixing vessel when
the vessel performance becomes close to ideal. The same observations have been
reported by Ford (2004) and Ford et al. (2006).
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(c)- 898 L/hr, 50 rpm, and 0.5% xanthan gum

Figure (6.19) Effect of Impeller Speed on CFD Dynamic Response
Experimental Data in Black and CFD Data in Gray

In order to investigate CFD ability to distinguish the channeling in the mixing vessel,
pathlines obtained by releasing tracer particles from the inlet to the outlet were generated

in CFD. Data are presented in Figure (6.20).

Pathlines generated in Figure (6.20) indicate that the flow generated by the impeller at
50 rpm was not sufficient to disperse the injected tracer homogenously within the vessel.
Particle pathlines are not distributed all over the vessel, suggesting the possibility of the
existence of dead zones. The same behaviour was observed regarding water by Khopkar
et al. (2004). Experimental and CFD predictions of dynamic model parameters were
compared against each other in Table (6.6). CFD always predicted less channeling and

accordingly, higher mixed volume in the vessel.
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Table (6.6) Effect of Impeller Speed on Dynamic Model Parameters Estimation from
Experimental and CFD, 1.5% xanthan gum

Dynamic Parameters ~ Experimental CFD  Experimental CFD
896 L/hr 0 rom Hmpm
f 0.766 0.680 0.040 0.028
Viuly mixed/ V 0.14 0.22 0.1 0.92
227 L/hr
f | 0.715 0.612 0.003 0.001
Vfully mixed/V 0.23 0.32 0.91 1.00

Decreasing flowrate reduces the extent of channeling and increases the fraction of fully-
mixed volume. Figure (6.21) compares CFD and experimental dynamic response at the
same concentration of xanthan gum and same impeller speed, but at different xanthan
gum flowrates. CFD prediction of dynamic responses became closer to the experimental
results as xanthan gum flowrate decreased. This result was similarly attributed to CFD

inability to predict channeling in the mixing vessel.
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(a)-50 rpm

(b)-700 rpm

Figure (6.20) Pathlines Predicted by CFD — Effect of Impeller Speed, 1.5% Xanthan Gum
Solution
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Figure (6.21) Effect of Xanthan Gum Flowrate on CFD Dynamic Response
Experimental Data in Black and CFD Data in Gray
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6.3.2.2 Effect of Xanthan Gum Concentration

Channeling increased with increasing xanthan gum concentration. Dynamic response data
presented in Figure (6.21) show that CFD ability to predict channeling deteriorated as

xanthan gum concentration increased.

Table (6.7) shows a comparison between non-ideal flow parameters, channeling and
Visuymixed/V Tatio, obtained from experimental work and CFD modeling for an A200
impeller at different xanthan gum concentrations. Channeling predicted by CFD was
always smaller when compared with the data obtained experimentally under identical
operation conditions. Both experimental findings and CFD predicted that increasing
xanthan gum concentration results in increased channeling and reduced volume of the
totally mixed region in the vessel, as depicted in pathlines shown in Figure (6.23).
Dysfunction in vessel performance at high xanthan gum concentration can be attributed
to the interaction between input and output, forcing the material to leave the vessel

without entering the well-mixed region.
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(a)- 898 L/hr, 250 rpm, and 0.5% xanthan gum
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(c)- 898 L/hr, 250 rpm, and 1.5% xanthan gum

Figure (6.22) Effect of Xanthan Gum Concentration on CFD Dynamic Response
Experimental Data in Black and CFD Data in Gray



Chapter 6: Results and Discussion

148

Table (6.7) Effect of Xanthan Gum Concentration on Dynamic Model Parameters
Estimation from Experimental and CFD Data, 896 L/hr

Dynamic Parameters =~ Experimental CFD  Experimental CFD
0.5% xanthan gum 0 rpm 200 rpm
f 0.687 0.580 0.093 0.073
Viulty mixed/V 0.21 0.33 0.91 0.94
1.5% xanthan gum
f 0.766 0.680 0.178 0.148
Viully mixed/V 0.14 0.22 0.83 0.87
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(a)-0.5 xanthan gum solution

(b)-1.5% xanthan gum solution

Figure (6.23) Pathlines Predicted by CFD — Effect of Xanthan Gum Concentration
Impeller speed 150 rpm
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6.3.2.3 Effect of Output Location

Changing the output location to the side of the vessel degrades the performance of the
mixing process by increasing channeling and decreasing the volume of fully mixed
region in the vessel, as depicted in the pathlines in Figure (6.25) generated by CFD. The
interaction between input and output provokes the material to leave the vessel without
going into the impeller mixing region. Figure (6.24) shows the effect of changing the
location of output in the vessel on the dynamic response predicted by CFD. Table (6.8)
compares channeling and Vsy mixed/V ratio between experimental and CFD predictions
for the A200 impeller. Relocating the output to the side of the vessel may lead to short

circuiting and vessel dysfunction.

Table (6.8) Effect of Output Location on Dynamic Model Parameters Estimation from
Experimental and CFD Data, 227 L/hr, 0.5% Xanthan Gum

Dynamic Parameters ~ Experimental CFD Experimental CFD
150 rpm 400 rpm
Configuration 1
f 0.476 039 0.089 0.073
Vully mixed/V 0.45 0.57 0.97 0.99
Configuration 2
f 0.580 0.513 0.145 0.126
Viully mixed/V 0.39 0.50 091 - 0.94

Even at high impeller speed (250 rpm), CFD fails to predict dynamic response in the
mixing vessel as can be depicted by comparing part a and b of Figure (6.24). Changing
the location of the output can be a very valuable alternative that can enhance the
performance of continuous-flow mixers. The performance of the vessel can be further
improved by using an outflow-type outlet. Also, changing the location of input to the
bottom of the vessel forces the material to go into the impeller mixing region and

accordingly reduce channeling in continuous-flow mixers (Khopkar et al., 2004).
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Figure (6.24) Effect of Output Location on CFD Dynamic Response
Experimental Data in Black and CFD Data in Gray
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150 rpm

Flgure (6.25) Pathlines predicted by CFD — Effect of Output Location
0.5% Xanthan Gum Solution
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6.3.2.4 Effect of Impeller Type

Figure (6.26) shows the effect of changing impellers on the dynamic response predicted
by CFD. Table (6.9) compares channeling and Vigy mixed/V ratio between experimental

and CFD predictions for different impellers used.

A through review of the literature suggests that little effort has been spent investigating
the effect of impeller blade geometry on impeller efficiency. The efficiency calculations
presented in section 6.3.1.4 indicate that A320 impeller exhibited superior performance in

the mixing vessel compared to the other impellers.

It is believed that the performance of an impeller depends on many factors related to
impeller design, including blade width, blade height, blade twist, blade angle, blade
thickness, and number of blades. The impellers used in this work have different blade
widths and shapes. Accordingly, impeller performance is directly related to blade width
and shape. Table (6.10) outlines the maximum blade width and shape for all impellers

utilized in this study.
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Table (6.9) Effect of Impeller Type on Dynamic Model Parameters Estimation from
Experimental and CFD Data, 897L/hr, 0.5% Xanthan Gum

Dynamic Parameters  Experimental CFD Experimental CFD
A100 150 rpm 400 rpm
f 0.540 0.443 0.173 0.130
Viully mixed/ V 0.38 0.48 0.91 0.98
A200
f 0.590 0.477 0.195 0.154
Viully mixed/ V 0.33 0.44 0.88 0.93
A310
f 0.499 0.396 0.153 0.098
Viully mixed/ V 0.42 0.48 0.97 0.98
A320
f 0.462 - 0.122 -
Viully mixedV 0.45 - 0.99 -

Table (6.10) Width and Shape of Impellers Blades

A100 A200 A310 A320

Maximum 71 35.6 28 90
Blade Width

(mm)

Blade Shape
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The motion of an impeller in fluid can induce two forces: lift and drag. Lift is the net
force perpendicular or normal to the flow direction, while drag is the net force acting in
the flow direction. Two forms of resistance contribute to the total drag force: surface drag
(or skin friction) and form (or profile, pressure) drag. Surface drag arises from the friction
of the fluid against the skin of the impeller and form drag arises due to the shape or form
of the object (impeller) (Durgaiah, 2006). An optimal impeller blade design can be

achieved by increasing lift force and decreasing drag force.

Many factors affect lift force. Blade shape can greatly affect lift, because the amount of
lift force generated depends on flow “turning” produced by the blades. The higher the
flow turning, the greater the lift generated. Streamlined (A320), sleek twisted (A310) and
contoured-shaped (A100) blades can give rise to high lift force compared with the
straight and sharp blades of A200. Convex blades (only A320) have the tendency to
deflect the flow over impeller surface. Such blades do not let flow continue in a
straight-line motion. This will decrease pressure on the side of impeller normal to the

direction of flow and consequently increasing lift force (Coanda Effect, Bertin, 2002).

The amount of lift force generated also depends on the size of blades because lift force is
directly proportional to blade area. A320 has the greatest width among all other impellers
used, giving rise to big blade areas and consequently high lift force. Power dissipated in
the impeller region was found to be increase with increasing blade projected area
(increasing blade width), resulting in an increasing power number (Patwardhan & Joshi,
1999, Kuncewicz & Pietrzykowski, 2001, Kumaresan, et al., 2006, Wu and Pullum,
2000). Pumping effectiveness, on the other hand, was found to increase with increasing
impeller projected area, leading to an increase in flow and circulation numbers
(Patwardhan & Joshi, 1999, Kuncewicz & Pietrzykowski, 2001, Kumaresan, et al., 2006,
Wu and Pullum, 2000).

Blade geometry has a large effect on the amount of drag generated by the impeller.
Streamlined blades (A320), sleeked twisted (A310) and contoured-shaped (A100) blades
produce small form drag compared to sharp plat-like blades (A200). As with lift, the drag
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depends linearly on the size of the blades. Airfoil-type blades (A320, A310 & A100) can
also reduce skin friction compared to plate-type blades. The noticeable efficiency of
A310 can be attributed to its blade twist angle that can increase flow and circulation

number (increase lift force) and reduce form drag and skin friction.

6.4  Cavern Region & Flow Pattern in the Mixing Vessel

Analyzing system flow patterns can provide insight on the mixing process. Flow pattern
can be used as a first indication to qualify impeller suitability for a particular mixing

operation.

Flow fields generated by CFD were analyzed to estimate cavern dimensions and flow

patterns. Dynamic model parameters were then related to the flow patterns.

6.4.1 Cavern Region in the Mixing Vessel

Motion in viscoplastic fluids possessing yield stress ceases when shear stresses imparted
by an impeller fail to exceed yield stress of the fluid. This leads to the formation of a well
mixed region, called cavern, around the impeller with the remaining fluid stagnant. CFD
velocity contours made at different cuts in the vessel, as depicted in Figure (6.27) shows

the formation of a well mixed region close to the impeller.

CFD flow fields depicted the formation of a cylindrical cavern around the impeller.
Cavern diameters were measured on vertical planes cutting the impeller surface. Cavern
boundary is usually defined by the locus of points where the local velocity magnitude is
equal to 1% of the impeller tip speed (Hirata et al., 1994, Hirata and Asohima, 1996 &
1995). Cavern heights were estimated on planes parallel to the shaft, and perpendicular to
the impeller. The effect of impeller speed, xanthan gum concentration, and impeller type
on carven dimension is shown in Figur_e (6.28), Figure (6.29), and Figure (6.30),

respectively.
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Figure (6.27) Vertical Velocity Contours in m/s showing Cavern Formation
1.5% Xanthan, 500 rpm
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Figure (6.28) Velocity Contours in m/s showing the Effect of Impeller Speed on Cavern
Growth, 1.5% Xanthan Gum, (a) 50, (b) 250, (¢) 500 rpm






Chapter 6: Results and Discussion 165

3.00e+00
2.85e+00
2.70e+00
2.55e+00
" 2.40e+00
 2.25e+00
2.10e+00
. 1.956+00
.~ 1.80e+00

1.656+00
1.50e+00
1.35e+00
1.20e+00
1.05e+00
"~ 9.00e-01
. 7.50e-01
6.00e-01
4.50e-01
3.00e-01
1.50e-01
0.00e+00
(a)
(b)
(©)

Figure (6.29) Velocity Contours in m/s showing the Effect of Xanthan Gum
Concentration on Cavern Growth, 300 rpm, (a) 0.5%, (b) 1.0%, (¢) 1.5% xanthan gum
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Figure (6.30) Velocity Contours in m/s showing the Effect of Impeller Type on Cavern
Growth, 150 rpm, 0.5% Xanthan Gum, (a) A100, (b) A200, (c) A310
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Cavern diameters and heights were calculated from CFD flow fields. The results are
tabulated in Table (6.11).

Table (6.11) Cavern Diameter and Height in cm— A200 Impeller

Xanthan Gum) .5 10 15

Impeller Speed Concentration

(om) %W D | Ho| D | K | D | K
50 2637 1498 22.86] 1281} 2198 1222
100 3291 1843] 29.89] 1644] 2637) 1477
150 40 2622 37.8] 2041] 35.16f 19.34
200 401 3322 40 26.12 401 2475
250 401 3921 40 319 40| 3007
300 40 41 401 3714 401 3491
400 40 41 40 41 40 41

Cavern size found to increase with increasing impeller speed where regions with
significant fluid motion were growing. With respect to xanthan gum concentration,
however cavern size was found to decrease. This can be attributed to the effect of yield
stress; as increasing xanthan gum concentration increases yield stress, more stagnant
regions are formed in the mixing vessel where shear stress fails to exceed yield stress.
Cavern size continued to grow to the point where cavern diameter touched the vessel
wall. Cavern region then gained vertical circulation and increased in height until it filled
the whole vessel. These observations were reported by many investiga-tors for cavern
growth in transition and turbulent flow region, including: (Elson, 1990 A & B, Hirata et
al., 1991 & 1994, Galindo and Nienow, 1992, Galindo et al., 1996).

Following CFD predictions, cavern diameter was compared with Elson’s model (1988),
which describes the formation of a cylindrical cavern centered upon the impeller
assuming that shear stress at the cavern boundary equals fluid yield stress. This model

estimates cavern diameter as follows:
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(1_32)3_‘ Py.Re,
D '(H%c+ %)nz (6-11)

where Poy is impeller turbulent power number, Re is Reynolds yield stress (=p.N%.D%1,),

D, is cavern diameter and H, is cavern height.

A plot of dimensionless cavern diameter, D/D, versus dimensionless stress (Reynoids
yield stress defined using Poy) should give a slope of 1/3. CFD data are plotted for all
xanthan gum concentrations in Figure (6.31). The slope of D./D-versus-Po.Re, line
was 0.24, lower than the slope expected from Elson’s model (1988). Galindo and Nienow
(1992) reported a value of 0.25 for the slope of D./D-versus-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>