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Wet granulation, a common unit operation in multiple industries, involves the production of
"granules” which are assemblies of primary particles held together by interparticle bonds.
Depending on the application, granules with the required attributes such as enhanced strength,
flowability, dissolution properties or uniform composition, can be manufactured. It is widely
accepted in granulation research that the wet granulation process is comprised of several
competing rate processes that dictate the granule growth behaviour and ultimately the granule
attributes. In the micro-scale models developed for these rate processes (granule coalescence,
consolidation and breakage) and further mapping studies to link formulation, processing and
equipment variables to the granule growth behaviour, where the most significant of such work
being the "Granulation growth regime map" (Iveson and Litster, 1998b; Iveson et al., 2001b), a
fundamental parameter is the external stress exerted on the granules during granulation. The
external stress is exerted by the main agitator in the granulator and subsequently transmitted via
inter-granule or granule-wall collisions in the system. This thesis studies and characterises the
external stress in a high shear granulator, more specifically the impeller blade-granule bed

stress. The reserach was divided into the following main parts:

A novel, custom-built telemetric impeller stress sensor in the studied granulator was first
developed for direct measurements of the instantaneous blade-bed stress. With this system, the
steady-state blade-bed stresses were studied for a range of parameters including bed load,
granule sieve size and granule/particle density for dry beds and liquid addition for wet beds.
The bed surface velocity, measured using high speed recording and analysed with Particle
Imaging Velocimetry (PI1V), was used to represent the characteristic velocity of the dynamic
bed. A correction factor was applied to the theoretical blade-bed stress equation derived based
on the imparted inertial stress on continuous bed, which accounted for the increasing bed
“fluidisation” with increasing impeller speed. This enabled much improved predictions of the
time-averaged blade-bed stress for the studied parameters, especially at high impeller speeds.
The blade-bed stress behaviour during the granulation process was also studied while looking

at the evolution of granule attributes.

Further characterisation of the steady-state blade-bed stress was carried out by simulating
the dynamic dry particle beds in the high shear granulator using the Discrete Element Method
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(DEM), a widely used simulation method for granular systems. Following the validation of the
DEM simulation with the experiments, additional impeller speeds, particle/particle bed
properties, impeller geometries and granulator scales were studied from the simulations. A
modified correction factor was also applied in the blade-bed stress equation to account for
different granulator scales and blade widths. Additionally for the bed characteristic velocity, it
was also shown that the bed surface velocity is not the dominant factor for the stress over-
prediction from theory with increasing impeller speeds, i.e. the increasing bed “fluidisation” is

the dominant factor.

Finally, the temporal values of the steady-state blade-bed stress, bed surface velocity and
bed height were studied in terms of the variability/fluctuations, for the different
parameters/conditions studied in the experiments and simulations as previously mentioned.
More importantly, the results were also related to the identified flow regimes of the

granule/particle bed when the impeller speed or Froude number was varied.



Acknowledgements

Acknowledgements

Firstly, 1 would like to extend my greatest appreciation to my academic supervisors,
Professor Agba Salman and Professor Mike Hounslow for their continuous support and
guidance throughout my PhD studies. Their support has been extremely helpful for me to cope
with the challenges of research. | would also like to thank AstraZeneca for funding this work
and not forgetting my industrial supervisors, Dr Gavin Reynolds and Dr Bindhu Gururajan for

their helpful suggestions and industrial insight in this field of study.

I am also particularly grateful for the assistance given by the departmental technicians,
notably Oz Macfarlene, Stuart Richards and Usman Younis in building, improving (and

repairing!) the central piece of equipment for this research.

My fondest thanks to the members of the Particle Products Group (past and present alike)
for all their help, support, encouragement and also in making my PhD life a thoroughly
memorable and enjoyable one. Thanks to Kate for your meticulous reviews and general help; to
Jinsheng for your technical insight on the research; to Washino for supplying your DEM code,
imparting your coding and simulation knowledge and for putting up with my incessant
questions; to Ranjit for your support and sharing of our PhD "pains"; to Vikram, Xavier, James,
Michal, Christine, Ale and Robert for your various help, company and in making PPG as great
and special as it is!:); and to Vishal, Vikrant, Heledd, Chi, Selassie, Bart, Waleed, Bob, Riyadh,
William, Menan, Chalak, Syed and Mohammed- it has been truly great to know you all.

For their eternal love and support, | reserve my special gratitude to God, Mom, Dad and
William. The constant encouragement, prayers and our "Skyping" sessions are some of the

biggest motivations to me in pursuing this work.



Publications

Publications

Listed below are the publications resulting from this thesis.

Journal papers:

Chan, E.L., Reynolds, G.K., Gururajan, B., Hounslow, M.J., and Salman, A.D., 2013.
Blade-granule bed stress in cylindrical high shear granulator: 1-online measurement and
characterisation. Chemical Engineering Science, 86, 38-49.

Chan, E.L., Reynolds, G.K., Gururajan, B., Salman, A.D., and Hounslow, M.J., 2012.
Blade-granule bed stress in cylindrical high-shear granulator: variability studies.
Chemical Engineering and Technology, 35, 1435-1447.

Chan, E.L., Reynolds, G.K., Gururajan, B., Hounslow, M.J., and Salman, A.D., 2010.
Granule stress characterisation for high shear granulation: model validation. Journal of
Pharmacy and Pharmacology, 62, 1335-1336 (Extended abstract).

Conference papers:

Chan, E.L., Reynolds, G.K., Gururajan, B., Hounslow, M.J., and Salman, A.D., 2012.
Blade-granule bed stress in a cylindrical high shear granulator: wet bed study. 7"
International Conference for Conveying and Handling of Particulate Solids,
Friedrichshafen, Germany.

Chan, E.L., Reynolds, G.K., Gururajan, B., Hounslow, M.J., and Salman, A.D., 2011.
Blade-granular bed stress in cylindrical high shear granulator: online measurement. 5"

International Granulation Workshop, Lausanne, Switzerland, Paper 108.



Thesis content

Thesis content

THESIS ADSTFACT .......i ittt e et e b et e bt e st e besaesbeaneeneas i
ACKNOWIBAGEIMENTS. ...ttt e s et et e e ste e beaseesnaenreenneas iii
(U] o] [Tor= LA To] o 1SRRI 1\
TESIS CONTEINT ...t e ettt b et e e bbb e e %
TS o) 110 0] TSRS X
LIST OF TADIES ... XX
NOMENCIALUTE ...ttt bttt ettt e bbb neeneas Xxii
Chapter 1 INTrOTUCTION. .....cciiiieiice ettt teenbeaneesreenres 1

1.1 Granulation: What, Why and NOW? ...........cccoiiiiiiiieie st 1

1.2 Research motivation and ODJECLIVES ..........coveiiiiiiicieccie s 5

1.3 TNESIS SEIUCTUIE.......eeeieieeeet ettt bbb bbbt bbb bbb ene 6
Chapter 2 LITEratUre FEVIEW ........ccviiieiieiiieie e siesee e stestestae e e steaaeasaesseeste e saesaesneesseensens 7

2.1 INEFOTUCTION ...ttt b bbbt bbb e bbb nnenne 7

2.2 Wet agitation granulation: the three main rate ProCesSeS........ccvvererrieriinieneerieseeree e 7

2.2.1 Wetting and NUCIEALION .......ccuviiiiiieie et sre e 8

2.2.2 Coalescence and CONSOITALION .........coiiiiiiiiiiiic e 9

2.2.3 Breakage and attrition .........c.ccoviiiiiiniieseses e 10

2.3 Granule growth and growth DENAVIOUF ............cccviiiiiiiiiiie e 11

2.3.1 Micro-Scale MOAEHING ......ccoiiiiiiiiiier s 12

2.3.1.1 Granule conSOIITAtION ........cccoiiiiiiiiiiie s 12

2.3.1.2 Granule c0alescence MOUEIS .........ccoiiiiiiieiinie e 16

2.3.1.3 Growth limiting/breakage MOdels..........cocoviiiiiiieii e 20

2.3.1.4 Wet granule Strength ........c.coveiiieie e 21

2.3.2 Macro-scale CharaCteriSation.............coeiiriririniieee s 24

2.3.2.1 Granule growth DENAVIOUIS.........c.cciiieiiiiececie e 24

2.3.2.2 Mapping in granuIAtioN ...........cccoveriiieiiiie e 25

2.4 EXternal Stress 0N QranUIBS ........cvouiiiiiiiieiese e 29

2.4.1 Stress characterisation in granulation..............cocovieiiiieie e 31

2.4.2 Stress measurement and granulation monitoring methods...........c.ccoocvvvvieiiiniennnn, 32

2.4.3 Outlook and thesis 0bjectives reVisited...........ocvvvviiieii i 35



Thesis content

Chapter 3 Telemetric impeller stress sensor system and other methodology ................
S L INEFOTUCTION ..ot bbbttt bbb 37
3.2 Blade-granule bed StresS MeaSUrEMENT .........ccueiiiieiiniieieeieseeie e e sre e see e e 37

3.2.1 High shear granulator and pressure colouring films method ............ccccccevviiiinnnnnnn 37
3.2.2 Telemetric impeller Stress SENSOr SYSTEM .....cc.viviiieieiierie e 39
RO = 70 o (1Sl ] o (o] TR 39
3.2.2.2 Sens0or CaliDratioN..........ccoiiiiiiiie e 42
3.2.2.3 Measurement and analySis ..........ccocereriiiiiii e 46

3.3 Granule bed surface velocity and height ............cccooiiiiiiiii e 48
3.3.1 High speed camera reCOrding.........ccocuuiiiririnienisesese s 48
3.3.2 Bed surface velocity and height analysis ..........cccooeviiieiiiieiiniesece e 49
3.4 Dry granule/particle and liQuid ProPertieS.........ccveeiiirieiiierieiieie e 51
3.4.1 GranuUIE/PartiCle SIZE.........ccviveieiieie ettt 51
3.4.2 Granule/particle apparent AENSITY .......cooveierieiieiieie e 53
3.4.3 Strength and Young's MOCUIUS...........ccoiiiiriiieiic e 54
3.4.3.1 Single granule diametric COMPIESSION ........ccceiererierierereniere e 55
3.4.3.2 Uniaxial confined multiple granules COMpPression ..........ccocceeeerenenenesesennenns 57
344 LIQUIA VISCOSILY ...ttt sttt sbe b b s 58
3.4.5 Liquid SUITaCE tENSION ......eiuiiiiiiiieciisieeie st 60

Chapter 4 Dry granule/particle bed characterisation: experimental................cccccceenen.
O I Y (oo [0 Tod £ o] o PSR PRRN 61
4.2 Blade-granule Ded Stress: thEOIY ........cocoiiiiiiiiiiieie e 61

4.2.1 Force of a blade moving linearly through a cohesionless granule bed ..................... 61
4.2.2 Force and stress of a rotating blade through a cohesionless granule bed.................. 64
4.3 Materials and MethodolOgy ........ccveuiiiiiiiiei e 67
4.3.1 Granule preparation and granule/particle properties.........ccccovvereriveiesieesesieese e, 67
4.3.2 Blade-bed stress, bed surface velocity and bed height measurements...................... 71
4.4 Bed-granule bed stress, bed surface velocity and bed height results .............ccccceeenenne. 72
= = o [ U ST SSSR PSR 72
A.4.2 GIANUIE SIZB....c.veeieie ittt ettt e et e e be e s beesaeeeseesbeeaneeansaeareeanneans 76
4.4.3 Granule/particle MaterialS ..o 78
4.5 Blade-bed stress prediction from theory ... 80
4.6 Chapter summary and CONCIUSIONS ........ccoiiruiiireiiniere e 87

Vi



Thesis content

Chapter 5 Wet granule/particle bed characterisation: experimental ...............c............
5.1 INEFOTAUCTION ...ttt b bbb 89
5.2 Steady-state Stress fOr WEL DEAS.........cueiiiiiiiiieise e 89

5.2.1 Materials and methodology .........cccooiiiiiiiieiiiie e 89
5.2.2 Blade-bed stress, bed surface velocity and bed height results ............ccccoeceviviennnne 92
5.2.3 Blade-bed stress prediction from theory ... 98
5.3 Unsteady-state Stress for Wet DedS..........ccoeviiiiiiiiiiee s 100
5.3.1 Materials and Methodology .........ccccvriiiriiiiieie e 100
5.3.2 ReSUItS @Nd AISCUSSION. ......cueiiiriiiiisiiiiiiti sttt 102
5.4 Chapter summary and CONCIUSIONS...........cccuiiiiriiinisiee e 108

Chapter 6 Dry particle bed characterisation: simulation ............cccccoveviinieeneeie e,
(CT0 N 1 (oo [0 To1 o] o SRR 110
6.2 Principle of Discrete Element Method (DEM).........ccccoeviiiiiiiiiiiieseee e 111

6.2.1 Description and equations Of MOLION .........cccviiiriiiieie e 111
6.2.2 Soft-sphere DEM MOGEI ........ccoveiiiiiiiiieiece e 112
6.2.2.1 Stiffness and damping COETFICIENTS .......ccovviieiiiieiie e 115

6.3 Simulation geometries and ParamELErS.........cvuvvivverierieresie e see e 117
6.3.1 MaIN AESCIIPLION. .....iitiiiieiiiieeieeiee ettt sbesb e b b nne s 117
6.3.2 Particle bed/particle Properties. ... 118
6.3.3 IMPEIIEr GEOMELIIES. .. ccveiveeieeieeieeeee e 121
6.3.4 GranUIALOr SCAIE .........cceiiiiiiiei e 123
6.4 Simulation and analysis method of the blade-bed stress, bed velocities and bed height124
6.5 DEM validation: experimental COMPariSON...........ccvvverieiieieniienieie e 126
6.6 Simulation results: impeller speed and radial PoSItION............ccccooveievieiesiere e 135
6.7 Simulated blade-bed stress, bed surface velocity and bed height results...........c............ 145
6.7.1 Particle/particle bed PropPerties........cccviieiieieiiee e 145
6.7.2 IMPEllEr GBOMELIIES. ... viviitieie ettt b e esneeneens 156
6.7.3 GranUIAtor SCAIE ..........oouiiiiieiie e 162
6.8 Blade-bed stress prediction from theOry ... 166
6.8.1 Predictions using different bed heightS ..o 166
6.8.2 Fittings for different Parameters..........coveiiiieiieieiee e 169
6.8.3 Predictions using different bed VEIOCITIES ..........ccevviiiiieiii i 175
6.9 Chapter summary and CONCIUSIONS..........cccuiiiiiiiiiine s 178

vii



Thesis content

Chapter 7 Further insight: variability studies across flow regimes...........c.ccccccvevveennen.
T L INEFOTUCTION ..t bbbt 181
7.2 FIOW SEUTIES. ...ttt bbb 181
7.3 Materials and MethodOIOgY ........cueiviiiiiiiieiieie e 182
7.4 Granule/particle bed fIOW regimes ..o 183

T4 L DY DEAS ..o 183

T A2 WL DEAS. ...ttt eae 185
7.5 Behaviour of the Ded SUMaCE.........ccoov i 188
7.5.1 Experimental bed surface velocity and bed height.............ccccooiiiiiniiiiiis 188
7.5, 1.1 DY DEAS ..ot 188

T.5. 1.2 WELEDEAS.....ceiiiiiiei bbb 196

7.6 Behaviour of blade-Ded region ... 202
7.6.1 Experimental blade-Ded StrESS........ccuviiiiiiiiieiice e 202
7.6.2 Simulated bed-blade StrESS ... 204
7.7 Chapter summary and CONCIUSIONS .........ccoueiiiiiiieie e 209

Chapter 8 Overall conclusions and future Work ...

8.1 TheSIS CONCIUSIONS........ciuiiiiiiiiiieiie bbb 211
8.1.1 Dry granule/particle bed characterisation (Chapter 4) ..........ccccvvvrvininienieninienenens 211
8.1.2 Wet granule/particle bed characterisation (Chapter 5)........c.ccoorvvriinienenieniniinennens 212
8.1.3 Further dry bed characterisation using DEM simulations (Chapter 6) ................... 213
8.1.4 Variability studies across flow regimes (Chapter 7) .......ccccoovveriiniinineninininenens 214

8.2 FULUIE WOTK ...ttt bbb bbb ae b e 215

RETEIEINCES ...ttt bbbttt b et e bbb e e

Appendix A Blade-bed stress measurements using pressure colouring films...............
AL FIIM ESCIIPIION ...ttt sttt beenee s 227
A2 Film CalIDration ...........ooiiiiie e 228
A.3 Application for blade-granule bed stress MeasureMents ..........ccovveveeveresiieseerieseeieens 231
A.4 Comparison with impeller stress sensor and time effect ............ccocevvvvievieiieniiiecieeins 236

Appendix B Particle Imaging Velocimetry (PIV): further details ............c..cccccovevinnnn,
B.1 Overview of PIV @lgorithms..........cooviiiiiiiiieiecese e 239

B.1.1 Auto-correlation algorithm ..........cccoooeiiieii i 239
B.1.2 Cross-correlation (COR) algorithm ..........ccocooiiiiiiiiiiiieee e 240
B.1.3 Minimum quadratic difference (MQD) algorithm .........c.ccocooniiiinininiinne 240



Thesis content

B.2 Pixel-distance CaliDration.............ccoccoiiiiiiiiiiiise e 241
B.3 Size Of INtErrOgation @ra..........ccccueiuieieiieie ettt 242
Appendix C Granulation: binder spray system calibration .............c.ccccceoveiieiinennenn,
Appendix D DEM simulations: particle bed flow images and further details ..............
D.1 Particle bed/particle Properties ........ccocvieeieiieriiieie e 247
D.1.1 B I0A........ciiiiiiiiieiiieieie e 247
D.1.2 PArtiClE SIZE .....ocveieiieiieiieee e 249
D.1.3 PartiCle deNSILY ......cccoieiiiiieie it 251
D.1.4 Interparticle sliding friction COETFICIENT ..ot 253
D.1.5 Restitution COBTFICIENT ........coiiiiiiiiie e 257
D.1.6 YOUNQ'S MOUUIUS ......oouiiiiiiiiieiie et 258
D.2 IMPEIIEr GEOMEBLITES .. .eviiiiie ettt bbbt b nne s 260
D.2.1 BlAde WIALN .....oviiiiiiiicee e 260
D.2.2 Blade @ngle......cooiieiiiieiiiieie et ene e 263
D.2.3 NUMDEr Of DIAAES .....c.eeiiiiiie e 266
D.3 GranUIALOr SCAIE..........cciiiiiii i 269
D.3.1 Same particle diameter (D/dp = 20-160).........cccceoiiiiiiiiiiiiiiii e 269
D.3.2 Same particle diameter to granulator diameter ratio (D/d, = 80).......ccccvverinennne. 271



List of figures

List of figures

Chapter figures:

Figure 1.1: Schematic of the general wet agitation granulation process. .........c.ccocveeevereriennnnenn 3
Figure 2.1: Competing rate processes or mechanisms in wet agitation granulation processes
(modified from EnNis & LItStEr, 1997).....cciiiiiiiiiieiiiie s 8
Figure 2.2: Distribution and immersion mechanisms in the formation of nuclei (modified from
Schaefer and MathieSen, 1996) ........ccuuiiiiiiiiieiere e nre e 9
Figure 2.3: Granule breakage and attrition. ..........cocooveieiieniiieii e 10
Figure 2.4: Development of granule consolidation Models...........ccccoeiiinininininicnecccee, 12
Figure 2.5: Development of granule coalescence models. ..........cccoovveiiiiniininininince, 16
Figure 2.6: Two colliding particles covered in a viscous layer of liquid of thickness h (modified
from ENNis €t al., 1991). ..ot 17
Figure 2.7: Collision & separation stages: (a) approach stage; (b) deformation stage; (c) initial
separation stage; (d) final separation stage (modified from Liu & Litster, 2001)...........ccccuo.... 18
Figure 2.8: Boundaries for type I, 11 coalescence and rebound for surface-wet granules (taken
Trom Liu & LItSter, 2001). ..eciiiieieiieieeiesie ettt ettt e nnaeneene s 20
Figure 2.9: Dimensionless strength, Str* versus Capillary number, Ca (taken from Iveson et al,
70107 TSSOSO PRSP 23
Figure 2.10: Modified "Granulation growth regime map" (taken from Iveson & Litster, 1998b).
.................................................................................................................................................... 26
Figure 2.11: Effect of processing and formulation variables on granule growth behaviour (taken
from 1veson & Litster, 1998D)........cuiiiiiiiii e 27
Figure 2.12: Experimental validation of growth regime map (lveson et al, 2001b). ................. 28
Figure 2.13: Factors affecting granule growth behaviour in the wet agitation granulation
S0 TSP PPRRRN 29
Figure 2.14: Mixer granulator configurations: (a) horizontal mixer and (b) vertical, bottom-
driven mixer (taken from Reynolds et al., 2007).......ccccciveriiiieiiiiieie e 31
Figure 3.1: ~10 L Roto Junior high shear granulator. .............ccooviieiiiie i 38
Figure 3.2: Sensor plate on the impeller blade. ..o 40
Figure 3.3: Schematic of the telemetric impeller stress sensor system in the Roto Junior......... 40
Figure 3.4: Flow diagram of the telemetric impeller stress Sensor System.........cccoccevevvverennnne 42
Figure 3.5: Output flow in the telemetric impeller stress SENSOr SYSteM. .........cccovrvererieriennns 43
Figure 3.6: Customised sensor plate holder for calibration. Right: position of the strain gauge
on the underside Of the PIALE. .........coi i 43
Figure 3.7: Setup for the sensor plate calibration. ... 44



List of figures

Figure 3.8: Calibration curve for a 0.25 mm stainless steel plate using continuous compression
and deadweights and the fitted polynomial expression. R? is the coefficient of determination
showing the goodness of fit, where 1 indicates perfect fit. ..........cccocrieiinieiiiin s, 45

Figure 3.9: Plate average vertical height displacement, w4, from continuous compression. ...45
Figure 3.10: Loading and unloading results (weights) for 0.25 mm thick stainless steel plate..46
Figure 3.11: Example sensor output: readings for dry mannitol bed (1.5kg load, 0.5-1.0 mm

sieve size) at impeller Speed OF 150 FPM. ..o 47
Figure 3.12: Time-averaged blade-bed stress for dry mannitol granules bed (1.5 kg load, 0.5-
1.0 mm sieve size) and empty runs at different impeller Speeds. ..........ccovevivieiiiiciiniiienns 47
Figure 3.13: Schematic of the high speed camera setup with the Roto Junior............cc.ccccvene. 48
Figure 3.14: Example high speed camera image (top view of granule bed) for bed surface
VEIOCILY @NAIYSIS. .vevviiiiiie ettt et e st e sbe e e b e e nte e reenenne s 49
Figure 3.15: Example high speed camera image for bed height evaluation............c.c.cccccoevennnn. 51
Figure 3.16: Schematic of the dynamic image analysis method for size measurement in the

(O 1 1] 2 TP 52
Figure 3.17: Zwick/Roell Z0.5 compression machine and schematic (left) of the punch and die.
.................................................................................................................................................... 55
Figure 3.18: Force-displacement curve for single granule crushing tests (dry mannitol granules,
0.5-1.0 mm sieve size produced in ChapLer 4). ... e 56
Figure 3.19: Force-displacement curve for uniaxial confined multiple granules compression
(dry mannitol granules, 0.5-1.0 mm sieve size produced in Chapter 4).........cccovvvvvvvieiiniennnns 57
Figure 3.20: Plot of In P (pressure) versus In &’ (natural strain) and fitted Adam's equation
(Equation 3.8) (dry mannitol granules, 0.5-1.0 mm sieve size produced in Chapter 4)............. 58
Figure 3.21: proRheo R180 Rheomat “tube and bob” rotational viscometer with the 32.54 mm
diameter tube and 30 mm diameter bob attached. Left: Schematic of the tube and bob............ 59
Figure 3.22: Viscosity of paraffin oil at different shear rates. ...........c.ccocvonininininineneee, 59
Figure 3.23: FTA 32 drop shape analyser for liquid surface tension measurements. ................ 60
Figure 4.1: Blade moving through a granule bed (modified from Bagster and Bridgwater, 1967
and Bagster and Bridgwater, 1969). ........cocviiiiiiiiiiee e 62
Figure 4.2: Vertical axis cylindrical granulator............cccooveiiiiieiieieiise e 64
Figure 4.3: Granule bed and impeller blade profile in the z-r plane (front view). .........c..cc....... 65
Figure 4.4: Granule bed and impeller blade profile in z-a plane (Side VIEW). ........cccoecvviieieennnne 65
Figure 4.5: Microscopic images of (a) lactose granules, 0.1-2.0 mm (b) mannitol granules, 0.1-
722 O 2 0SSR 70
Figure 4.6: Granule bed images at different impeller speeds (mannitol granules, 1.0-2.0 mm
SIEVE SIZE, 1.5 KG 10A). ..ooviiiii e 73

Figure 4.7: Time-averaged data for different bed loads (mannitol granules, 0.5-1.0 mm) (a)
blade—granule bed stress (b) bed surface velocity (circumferential) and (c) bed height. ........... 75

Xi



List of figures

Figure 4.8: Time-averaged data for different sieve sizes (mannitol granules, 1.5 kg) (a) blade—
granule bed stress (b) bed surface velocity (circumferential) and (c) bed height...................... 77

Figure 4.9: Time-averaged blade—granule bed stress, bed surface velocity (circumferential) and
bed height of different granule types and polypropylene balls at different bed loads................ 79

Figure 4.10: Experimental and calculated (Equation 4.8) blade—bed stress (mannitol granules,
0.5-1.0 mm) at bed loads of (a) 1.0 kg (D) 1.5 Kg (€) 2.0 KG. .erververeriiiiiiine e 81

Figure 4.11: Variation of the normalised bed velocity (circumferential) with the normalised bed
height from DEM simulations (3.5mm monosized particles, 1.5 kg bed load). The top most
value for each series indicates the average surface velocities and the respective arrows indicate
the surface height FIUCTUALION FANGE..........oiiiiiiiiie e 83

Figure 4.12: Plot of B; and 1/v, for all materials. Dashed lines represent X =y........ccccevvvenne 84

Figure 4.13: Comparison of the calculated blade—bed stress without (Equation 4.8) and with the
correction parameter B; (Equation 4.12) with the experimental results (mannitol granules, 0.5-
1.0 mm) at bed loads of (a) 1.0 kg (b) 1.5 Kg (C) 2.0 KQ...veeveriiiiiiiiiiiieeeeeeeeeeeee 85

Figure 4.14: Plotted measured stress with the predicted values with the correction parameter B,
(Equation 4.12) for (a) mannitol granules of all sieve sizes and bed loads and (b) different

granule types and polypropylene balls. Dashed lines represent X = y........cccocvevevveveseeviesnnenn. 86
Figure 5.1: Microscopic images of polypropylene balls wetted with different water content.
Scale bar represent 2000 [UM. ...c.oiieiiiieie e nre e 91
Figure 5.2: Saturation states of liquid-bound particles (modified from Newitt and Conway-
JONES, 1958). .. iiiiiiiiiiti ettt et b et e e re et e nenne s 91
Figure 5.3: Time-averaged blade-bed stress and bed surface velocity for different water
content: large fluctuations at 25%W/W WALET. ...........cceiierieiierie e 93
Figure 5.4: Bed flow images for different water content at 350 rpm. ........ccccocererienienenencnenne. 93
Figure 5.5: Time-averaged data for different water content (a) blade-bed stress (b) bed surface
velocity (circumferential) and () bed Neight. ..o 95
Figure 5.6: Time-averaged data for different 8% HPC solution content (a) blade-bed stress (b)
bed surface velocity (circumferential) and (c) bed height. ..........ccccoooiiiiiinni 97
Figure 5.7: Plots of B; and 1/v, for (a) different water content and (b) different 8% HPC
solution content. Dashed [iNES FEPrESENT X = Y. .iiuviieieiieie e 99
Figure 5.8: Plotted measured stress with the predicted values with the correction parameter B,
(Equation 4.9) for dry and wet polypropylene beds. Dashed lines represent X =V.................. 100
Figure 5.9: Results for continuous water adding (a) blade-bed stress during granulation (b) size
of dried granules and (c) bulk strength of dried granules. ............ccccevvievieiie i 103
Figure 5.10: Granule images with granulation time for continuous water adding. .................. 103
Figure 5.11: Results for L/S: 0.21 (a) blade-bed stress during granulation (b) size of dried
granules and (c) bulk strength of dried granules. ... 105
Figure 5.12: Granule images with granulation time for L/S: 0.21........ccccccoviviniininninieieene, 105

Figure 5.13: Results for L/S: 0.28 (a) blade-bed stress during granulation (b) size of dried
granules and (b) bulk strength of dried granules. ... 106

Xii



List of figures

Figure 5.14: Granule images with granulation time for L/S: 0.28..........ccccovvvviiiiiniieicieenn, 106
Figure 5.15: Impeller torque and power consumption in a Fielder PMA 10 (10 liter) high shear
granulator (modified from Levin, 2007).......cccccveriiiiiriiiieiiiiesesie e 108
Figure 6.1: Contact between two spherical particles of radius r,. A is the area of deformation
and ¢ is depth of the contact deformation (taken from Campbell, 2006). ..........c.ccceeririrnnnene 112
Figure 6.2: Soft-sphere DEM model for (a) normal force (b) tangential force (modified from

QI TU LA L ) USRS 113
Figure 6.3: Forces and torque of two spherical particles (i and j) in contact. ..........cc.ccoceeenee 114
Figure 6.4: Relationship between parameter f and restitution coefficient, e (taken from Tsuji et
L., 1992). iRt b ettt ettt n e ntenes 117
Figure 6.5: Experimental and simulated geometry (~10 L mixer, three-bladed impeller with 32°
INCHINEA DIATES). ...ttt et esre e e nneenees 118
Figure 6.6: Simulated blade gEOMELIIES. ......oiveieiieieiiee e 122

Figure 6.7: Experimental impeller stress sensor plate and analysed contact region for the
] 0T L] ST OSRSSS 125

Figure 6.8: Top view of the granulator and the bed surface velocities analysis region. Inset:
High speed camera recorded image. The colour bar indicates the particle total velocity in m/s.

Figure 6.9: Images of the granule/particle bed at three different impeller speeds for 1.5 kg bed
load. Top row: 1.0-2.0 mm mannitol granules; Middle row: simulated 2.0 mm particles;
Bottom row: simulated 3.5 mm particles. The colour bar indicates the particle total velocity in

107 T TP PR VRPN 127
Figure 6.10: Temporal blade-bed stress for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and (b) simulated 2.0 MM PartiCleS. ..o 128

Figure 6.11: Temporal blade-bed stress for the 1.5 kg bed load of (a) 2.0-4.75 mm mannitol
granules and (b) simulated 3.5 mm particles. * No measurement data for the 2.0-4.75 mm
mannitol granules at 350 FPM. ......ce i 129

Figure 6.12: Time-averaged blade-bed stress for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and simulated 2.0 mm particles and (b) 2.0-4.75 mm mannitol granules and simulated
3.5 MM PAITICIES. ..t be et s raenseeseesaeeneenaeaneens 130

Figure 6.13: Temporal bed surface velocity for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and (b) simulated 2.0 mm particles. Top and bottom rows show the circumferential
and radial components rESPECTIVEIY.........oiiiiiiieieieee et 131

Figure 6.14: Temporal bed surface velocity for the 1.5 kg bed load of (a) 2.0-4.75 mm mannitol
granules and (b) simulated 3.5 mm particles. Top and bottom rows show the circumferential
and radial components rESPECTIVEIY.........ooiiiiiiiie i 132

Figure 6.15: Time-averaged bed surface velocities for the 1.5 kg bed load of (a) 1.0-2.0 mm
mannitol granules and simulated 2.0 mm particles and (b) 2.0-4.75 mannitol granules and
simulated 3.5 MM PAFLICIES. ........couiiiiie e 133

Figure 6.16: Temporal bed height at the wall for 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and (b) simulated 2.0 MM PartiCles. ...t 133

Xiii



List of figures

Figure 6.17: Temporal bed height at the wall for 1.5 kg bed load of (a) 2.0-4.75 mm mannitol
granules and (b) simulated 3.5 MM PArtiCIES. ..........ceviiiiiiiieii e 134

Figure 6.18: Time-averaged bed height at the wall for the 1.5 kg bed load of (a) 1.0-2.0 mm
mannitol granules and simulated 2.0 mm particles and (b) 2.0-4.75 mannitol granules and
simulated 3.5 MM PArtICIES. ........coi i e 134

Figure 6.19: Simulated time-averaged blade-bed stress along the radial position (normalised
with the blade radius) for the 1.5 kg, 3.5 mm particle beds. .........ccccooiiininiiin 136

Figure 6.20: Simulated time-averaged bed height along the radial position (normalised with the
blade radius) for the 1.5 kg, 3.5 mm particle beds. .........ccovvviiiiiiiin 137

Figure 6.21: Simulated time-averaged bed surface velocity (circumferential) along the radial
position (normalised with the blade radius) for the 1.5 kg, 3.5 mm particle beds. *The top graph
for the 50 rpm case is plotted additionally on an adjusted y-axis.........cccccevvriverenienenriesennnn. 139

Figure 6.22: Simulated time-averaged particle bed velocities (circumferential) and blade linear
velocity along the radial position at different impeller speeds for the 1.5 kg, 3.5 mm particle

0T SR 140
Figure 6.23: Simulated time-averaged blade-bed normal stress at the sensor and blade tip
regions for the 1.5 kg, 3.5 mm particle Deds. .........cccooviiniiiiiii e 141
Figure 6.24: Simulated time-averaged blade-bed normal and shear stress at the sensor regions
for the 1.5 kg, 3.5 MM particle DEAS. .........ccuoiiieiiiiee e 142
Figure 6.25: Simulated time-averaged bed surface and bed height-averaged velocities
(circumferential component) for the 1.5 kg, 3.5 mm particle beds. .........cccccevvviiviiinininennn. 143
Figure 6.26: Simulated time-averaged bed height at the sensor region and at the wall for the 1.5
Kg, 3.5 MM PArtiCle DEAS. .....ccviiieie s 143
Figure 6.27: Simulated time-averaged data for different bed loads (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height..........ccocooiiiii 146

Figure 6.28: Simulated time-averaged blade-bed stress (left column) and bed height (right
column) along the radial position at different bed loads. ...........ccccoovveveiieiiiciccecece, 147

Figure 6.29: Simulated time-averaged data for different particle sizes (a) blade—bed stress (b)
bed surface velocity (circumferential) and (c) bed height. ..........ccccoviveiiiieie 149

Figure 6.30: Simulated time-averaged data for different particle densities (a) blade—bed stress
(b) bed surface velocity (circumferential) and (c) bed height. *Numbers in brackets are the bed
DUIK ABNSILY. ..o ettt e e s be et e sreeneereeneenee e 150

Figure 6.31: Simulated time-averaged data for different interparticle sliding friction
coefficients (a) blade—bed stress (b) bed surface velocity (circumferential) and (c) bed height.

Figure 6.32: Simulated time-averaged blade-bed stress (shear component) for different
interparticle sliding friction COBTIICIENTS. .........cooviiiiiiiie s 153

Figure 6.33: Simulated time-averaged data for different restitution coefficients (a) blade—bed
stress (b) bed surface velocity (circumferential) and (c) bed height. ... 154

Figure 6.34: Simulated time-averaged data for different Young's modulus (a) blade—bed stress
(b) bed surface velocity (circumferential) and (c) bed height. ... 155

Xiv



List of figures

Figure 6.35: Simulated time-averaged total blade-bed force for different blade widths *Legends
indicate the blade width, hy, and blade inclined height, h; in brackets............ccccccoooivvniinnnnnn. 157

Figure 6.36: Simulated time-averaged data for different blade widths (a) blade—bed stress (b)
bed surface velocity (circumferential) and (c) bed height. *Legends indicate the blade width,

hy, and blade inclined height, hy in bBrackets. ... 158
Figure 6.37: Simulated time-averaged data for different blade angles (a) blade—bed stress (b)
bed surface velocity (circumferential) and (c) bed height. ..., 159
Figure 6.38: Simulated time-averaged total blade-bed force (at the sensor region for all blades)
for different NUMDEr OF DIAUES. ......oovviiiiieiice s 160
Figure 6.39: Simulated time-averaged data for different number of blades (a) blade—bed stress
(b) bed surface velocity (circumferential) and (c) bed height. ..........cccceveiiiiieiiiieiee e, 161

Figure 6.40: Bed flow images from simulation for different granulator scales at a Froude
number of 0.18 for the same particle size (3.5 mm) and different D/d, The colour bar indicates
the particle total VEIOCItY IN M/S. ....c.oiiiiiiii e 162

Figure 6.41: Simulated time-averaged data for different granulator scales (a) blade—bed stress
(b) bed surface velocity (circumferential) and (c) bed height. Left column: constant D/d,, right
COIUMN: CONSEANT Cp. +.vvviiiiicc 164

Figure 6.42: Scaled parameters for different simulated granulator scales (a) normalised blade-
bed stress (b) bed surface velocity (circumferential) to impeller linear velocity ratio (c) bed
height to blade inclined height ratio. Left column: constant D/d,, right column: constant dp.. 165

Figure 6.43: Comparison of the calculated blade—bed stress with no correction factor (Equation
4.8) using either the simulated bed height at the wall or sensor region-averaged bed height,
with the simulated blade-bed stress for the 3.5 mm particles, 1.5 kg bed. The measured blade-
bed stresses for the 1-2 mm sieve size mannitol granule are also included in the plot. ........... 167

Figure 6.44: Plot of B; versus 1/v, for different simulated bed loads using the (a) bed height at
the wall and the (b) sensor region-averaged bed height. ..., 167

Figure 6.45: Comparison of the calculated blade—bed stress with correction factor B; (Equation
4.9) with the simulated blade-bed stress at different bed loads..........c.cccevviveiiiiecicieciens 168

Figure 6.46: Plot of B, versus 1/v, for different simulated particle bed/particle properties (a)
bed load (b) particle size (c) particle density (bed bulk density in brackets) and (d) interparticle
Sliding friction CORTFICIENT. ....iiviiiie e ae e 169

Figure 6.47: Plot of B, versus 1/v, for different simulated impeller geometries and granulator
scales (a) number of blades (b) blade width (blade inclined height in brackets) (c) blade angle
and (d) ranUIAtor SCAIES. ..........uoiiiiiiiiiie e 170

Figure 6.48: Results of (a) relative velocity, vre, and (b) relative Froude number, Fr,>®, for
different granulator SCAIES. ........ccoiiiiiiii i 171

Figure 6.49: Plot of B, versus (2h,/D)*%/Fr.’° for different simulated particle bed/particle
properties (a) bed load (b) particle size (c) particle density (bed bulk density in brackets) and
(d) interparticle sliding friction COETFICIENT. ........cccveiiiiecice e 173

Figure 6.50: Plot of B, versus (2h,/D)*3/Fr"° for different simulated impeller geometries and
granulator scales (a) number of blades (b) blade width (blade inclined height in brackets) (c)
blade angle and (d) granulator SCAIES. ...........cooiiiiiiiiiie s 174

XV



List of figures

Figure 6.51: Variation of K, values with blade angle. ..., 174

Figure 6.52: Comparison of the calculated blade—bed stress with no correction factor (Equation
4.8) using either the simulated bed surface velocity or bed height-averaged velocity, with the
simulated blade-bed stress for the 3.5 mm particles, 1.5 kg bed. ... 175

Figure 6.53: Plot of B, versus (2h,/D)**/Fr.° using the simulated bed height-averaged
velocities for different simulated particle bed/particle properties (a) bed load (b) particle size
(c) particle density (bed bulk density in brackets) and (d) interparticle sliding friction

(o0 T=) 7 1To] =T SRS 176

Figure 6.54: Plot of B, versus (2h,/D)**/Fr.’° using the simulated bed height-averaged
velocities for different simulated impeller geometries and granulator scales (a) number of
blades (b) blade width (blade inclined height in brackets) (c) blade angle and (d) granulator

0| [ TPV 177

Figure 7.1: Granule bed flow regimes for 1.0-2.0 mm, 1.5 kg dry mannitol bed at different
speeds/Froude number: (a) slow/frictional (b) toroidal and (c) fluidised...........c.ccccorvvrirnnene. 184

Figure 7.2: Bed flow images for 1.5 kg bed of dry and wet (2%w/w and 5%w/w water)
POIYPIOPYIENE DALIS. ... s 186

Figure 7.3: Bed flow images for 1.5 kg bed of wet (5%w/w, 15%w/w, and 25%w/w water)
POIYPIOPYIENE DALIS. ... s 187

Figure 7.4: Total bed surface velocity (vsurfr) results: (a) temporal values and RSD (relative
standard deviation) for 0.5-1.0 mm, 1.5 kg granule bed (b) time-averaged values for different
sieve sizes (i) actual values (ii) normalised values (c) time-averaged values for different bed
loads (i) actual values (ii) NOrmalised VAIUES. ..........cccoveieiiiiiiiee s 190

Figure 7.5: Circumferential (veyrrc) and radial (vsusr) Vvelocity results: (a) time-averaged values
for different sieve sizes (b) time-averaged values for different bed loads .............ccccovevennee. 191

Figure 7.6: Total bed surface velocity (vsrst) with impeller rotation and FFT analysis for 0.5-
1.0 mm, 1.5 Kg granule DEA. ........ccviiiiiiiiiiiese e 193

Figure 7.7: Bed height at the wall (Hqr) results: (a) temporal values and RSD (relative standard
deviation) for 0.5-1.0 mm, 1.5 kg granule bed (b) time-averaged values for different sieve sizes
(c) time-averaged values for different bed 10ads. ..........cocoviveiiiieniiie e 194

Figure 7.8: Bed height at the wall (Hq r) with impeller rotation for 0.5-1.0 mm, 1.5 kg granule
01T TRV 195

Figure 7.9: Time-averaged total bed surface velocity (vsury) results for dry and wet beds of
polypropylene balls (a) actual values (b) normalised values and (c) RSD (relative standard

(0 [V T[]0 ) TR TSP PT PR PTUROPTROPN 196
Figure 7.10: Total bed surface velocity (vsrs¢) with impeller rotation for dry and wet (2%w/w
water) bed of polypropylene Dalls. ... 198

Figure 7.11: Total bed surface velocity (vsurtt) with impeller rotation for wet (5%w/w and
10%wi/w water) bed of polypropylene Balls. ... 199

Figure 7.12: Total bed surface velocity (vsut¢) with impeller rotation for wet (15%w/w and
25%w/w water) bed of polypropylene balls. ..., 200

XVi



List of figures

Figure 7.13: Experimental blade—granule bed stress results: (a) temporal values and RSD
(relative standard deviation) for 0.5-1.0 mm, 1.5 kg granule bed (b) time-averaged values for

different sieve sizes (c) time-averaged values for different bed loads. ..........cccccvvvviiiiiinnnns 203
Figure 7.14: Simulated blade-bed stress results for 3.5 mm, 1.5 kg bed of particles (a) temporal
blade—bed stress and (B) FFT @nalySiS. ..o 205
Figure 7.15: Simulated temporal blade—bed stress at 350 rpm (Fr: 0.97) for (a) different particle
sizes and (b) different Ded 10adS. .........ccooiriiii e 206
Appendix figures:

Figure A.1: Schematic diagram of the pressure colouring film. .........ccccooninininiiiiiiie 227
Figure A.2: Pressure chart for LW (low pressure) film (FujifilmCorporation, 2012b)............ 229
Figure A.3: Calibration image for a 4LW film: coloured patches from six compressions. .....230
Figure A.4: Pressure calibration plots for 3LW and 4LW films. ... 230
Figure A.5: Measurement using pressure films in the high shear granulator (a) film strip on the
blade (b) film strip (C-film) after measurement. .........ccceviriiereiieiece e 231

Figure A.6: Segmented areas (indicated by the bright red patches) of the film for area
determination (x37.5 magnification - 2.3 mm X 1.6 MM). ....cccccviiiiininiiiesree e 232

Figure A.7: Results for varying impeller speed, angle and bed load cases (pressure film
0 LC] (00T ) PRSPPI 233

Figure A.8: Plotted measured blade-bed stress using the pressure films with (a) blade-bed stress
equation (no correction factor, Equation 4.8) and (b) blade-bed stress model with correction

factor By = Ki/Vrel (EQUALION 4.12). ...ocveiieiiece sttt 235
Figure A.9: Comparison with the impeller stress sensor (a) pressure film affixed onto the blade
(b) pressure film (C-film) after MeasUrEMENT...........ccoovveieriieiisiere e 236

Figure A.10: Measured blade-bed stress using the impeller stress sensor and pressure film for
0.5-1.0 sieve size dry mannitol granules, 1.5kg bed load. Dashed lines represent the time-

averaged values from the SENSOr MEASUIEMENTS. .......ccvvieeiiiiereeie e 237
Figure A.11: Micro-capsules containing colour-forming material on the A-film (4LW grade).
.................................................................................................................................................. 238
Figure B.1: Schematic of a multiple exposure image (arrow indicates the displacement vector).
.................................................................................................................................................. 239
Figure B.2: Pixel-distance values at different mixer heights...........cccovriiniiiiniiiniieeee, 241

Figure B.3: Temporal bed surface velocity (circumferential+radial components), Vg, for 0.1-
0.5 mm mannitol granules at 150 rpm impeller speed for different interrogation area sizes. ..243

Figure B.4: Temporal bed surface velocity (circumferential+radial components), Vg, for 0.5-
1.0 mm mannitol granules at 150 rpm impeller speed for different interrogation area sizes. ..243

Figure B.5: Temporal bed surface velocity (circumferential+radial components), Vgyrt, for 1.0-
2.0 mm mannitol granules at 150 rpm impeller speed for different interrogation area sizes. ..244

XVil



List of figures

Figure B.6: Temporal bed surface velocity (circumferential+radial components), Vg, for 2.0-
4.75 mm mannitol granules at 150 rpm impeller speed for different interrogation area sizes. 244

Figure B.7: Time-averaged bed surface velocity (circumferential+radial components), Vg, at
different interrogation area sizes for different mannitol granule sieve Sizes. ..........ccccoceeenene. 245

Figure C.1: Spray rate calibration with different nozzle sizes for water. ...........cc.ccoovverinicnene 246

Figure D.1: Particle bed image for 1.0 kg (left column) and 1.5 kg (right column) bed loads.
The colour bar indicates the particle total velocity in m/s (and also for subsequent figures in

N o] o 1=1 1o [T I ) TR 247
Figure D.2: Particle bed images for 2.0 kg (left column) and 3.0 kg (right column) bed loads.
.................................................................................................................................................. 248
Figure D.3: Particle bed images for 2.0 mm (left column) and 3.5 mm (right column) particles.
.................................................................................................................................................. 249
Figure D.4: Particle bed images for 5.0 mm (left column) and 10.0 mm (right column)

[0 L o] TP 250
Figure D.5: Particle bed images for 600 kg/m?® (left column) and 1230 kg/m? (right column)

[0 L o] TP 251
Figure D.6: Particle bed images for 2500 Kg/m?> Particles. ..........cccovvveeveernrsrnesrssesseeneeeean. 252
Figure D.7: Particle bed images for ps=0.02 (left column) and p¢= 0.1 (right column).......... 253
Figure D.8: Particle bed images for = 0.3 (left column) and ps= 0.5 (right column)............ 254
Figure D.9: Particle bed images for ps= 0.9 (left column) and ps= 1.5 (right column)............ 255

Figure D.10: Simulated time-averaged blade-bed stress, bed surface circumferential velocity
and bed height along the radial position for ;= 0.02 (left column) and p;= 0.3 (right column).

Figure D.13: Simulated time-averaged number of particles in contact with the blade at the
sensor region, Ny, for different Young's modulus. ... 259

Figure D.14: Particle bed images for h,, = 20 mm (left column) and h,, = 35 mm (right column).

Figure D.16: Plot of log(B,Fr."°) against log(2h,/D) for different blade width cases from
][ 410] F= U o] TSROSO 262

Figure D.17: Particle bed images for 20° (left column) and 32° (right column) inclined blades.



List of figures

Figure D.19: Particle bed images for 90° inclined blades. ...........cccoveviiiininniieiecee e, 265
Figure D.20: Particle bed images for the 2-bladed (left column) and 3-bladed (right column)
T oL | 1=] £ TSR 266
Figure D.21: Particle bed images for the 4-bladed impellers. ... 267
Figure D.22: Simulated time-averaged blade-bed stress (left column) and bed height (right
column) along the radial position for different number of blades. ..........cccccovveviiieiiiiciies 268
Figure D.23: Particle bed images for the 0.173 L, D/d, = 20 (left column) and 1.39 L, D/d, = 40
(right cOlUMN) GranUIALOTS. .....veviiie it sb e sne e 269
Figure D.24: Particle bed images for the 11.1 L, D/d, = 80 (left column) and 88.7 L, D/d,, = 160
(right cOlUMIN) GranUIALOTS. .....eevieiieiieeie et sre e sneenees 270
Figure D.25: Particle bed images for the 0.173 L (left column) and 1.39 L (right column)
granulators (D/ty = 80)........ciiiiiieiiree e 271
Figure D.26: Particle bed images for the 11.1 L (left column) and 88.7 L (right column)
granulators (D/ty = 80)........coiiiiieiie e 272

XiX



List of tables

List of tables

Chapter tables:

Table 1.1: Wet agitation granulation equipment (summarised from Snow et al., 1997).............. 4
Table 2.1: Effect of powder, binder properties and agitation intensity on consolidation
DERAVIOU. ... bbb bbb 15
Table 2.2: Effect of powder, binder properties and agitation intensity on wet granule strength.
.................................................................................................................................................... 23
Table 2.3: Dimensionless parameters in "Granulation growth regime map". ........ccccccoevvvnenen. 25
Table 2.4: Regimes in the "Granulation growth regime map™. ..........ccoccvviinininienenineseneens 26
Table 2.5: Qualitative prediction of the effect of processing and formulation variables on
granule growth behaviour (summarised from Iveson & Litster, 1998bD) .........ccccovvevvvveriernnenee. 27
Table 2.6: Stress and monitoring measurements in granulators. ...........ccocoveeeninienieninienenenens 33
Table 3.1: Properties of paraffin Oil...........ccooo i 53
Table 4.1: Powder grades and ProPertiES........ccviieiieieiieieiiesieseesieseesiesee e see e seesseeseesseenees 67
Table 4.2: Formulation for the different granules. ...........cccoovveiiiiieii i 68
Table 4.3: Size and density properties of different formulation granules and polypropylene
DAL, .. bbb bbb 69
Table 4.4: Single and bulk granule/particle Strength. ..., 71
Table 5.1: Bed bulk density and bed porosity of the dry and wet beds.............ccocvcevinininennns 96
Table 5.2: Granulation formulation and operating conditions for unsteady-state measurements.
.................................................................................................................................................. 101
Table 6.1: Stiffness and damping coefficients models used for the DEM soft sphere model in
TS TNESIS. .ttt et r e re e 116
Table 6.2: Measured Young's modulus of dry mannitol granules. ..........ccccovevviiienieiieniennns 119
Table 6.3: Simulation parameters for different particle bed/particle properties...........cccccocv.... 120
Table 6.4: Simulation parameters for different impeller geometries..........ccccocevvviveviiieninnns 121
Table 6.5: Simulation parameters for different granulator scales. ..........cccccovvevviiieieiieiiennns 123
Table 6.6: Froude numbers in commercial high shear granulators. ...........ccccoevvvieneiiieiiinnns 144
Table 6.7: Summary of the fitted constants for the correction factors. ...........cccccceeveeeveennnenne. 179

Table 7.1: Summary of the fluctuation periodicity of the bed surface velocity and bed height for
dry mannitol granule DEAS. ........ccoiiiiii 201

Table 7.2: Summary of the fluctuation periodicity of the bed surface velocity and bed height for
dry and wet beds of polypropylene Dalls. ..o 202

Table 7.3: Summary of the blade-bed stress fluctuation properties for different particle/particle
bed properties at Fr: 0.97 (350 rpm in the 11.1 L granulator) from simulation. ...................... 207

XX



List of tables

Table 7.4: Summary of the blade-bed stress fluctuation properties for different impeller
geometries and granulator scale at Fr: 0.97 from simulation.............ccooeviiiinenienesienennns 208

Appendix tables:
Table A.1: Grades of the pressure films (FujiFilm Corporation, 2009a) ...........ccccervriieiinnnns 228
Table A.2: Formulation and granulation conditions for pressure film measurements. ............ 232

XXi



Nomenclature

Nomenclature

ap acceleration of particle/granule

al tip acceleration of the impeller tip

Ap contact area of impeller stress sensor

B correction parameter 1 for the blade-bed stress equation (oicor)

B> correction parameter 2 for the blade-bed stress equation (oi(cor)
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Co correlation number (for PIV)

D impeller diameter

dFig inertial blade-particle/granule bed force at a particular radial position
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dv.10 10™ percentile of the particle size volume-based distribution
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e restitution coefficient
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Ew Young's modulus of the wall

f1, pixel values of first and second images respectively (for PIV)

Fci total interparticle and particle-wall contact force for particle i (for DEM

simulation)

Fcin normal component of blade-particle force (for DEM simulation)

Fenij normal contact force between particle i and particle j (for DEM simulation)
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F+ load during fracture (for single particle/granule compression)

Fn horizontal force on a linear blade

Fr Froude number

Fr”®  relative Froude number (square root)
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Mp
Np
ny

ni,-

Nx, Ny
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Nomenclature

gravitational acceleration

particle/granule shear modulus

thickness of liquid binder layer on particle/granule

initial granule bed height (for bulk granule compression)
length of particle/granule surface asperities

particle/granule bed height at the wall

particle/granule bed height at a particular radial position
undisturbed particle/granule bed height

impeller blade inclined height

maximum falling distance (for a tumbling drum)

height of surcharge

impeller blade width

moment of inertia of particle i (for DEM simulation)

fitted constant 1 for the corrected blade-bed stress equation (ai¢cor)
fitted constant 2 for the corrected blade-bed stress equation (ai¢cor)
dimensionless particle/granule consolidation rate

normal stiffness (for DEM simulation)

coefficient of passive failure

tangential stiffness (for DEM simulation)

blade length (linear blades)

mass of the particle/granule bed at a particular radial position
total torque of particle i (for DEM simulation)

mass of particle i (for DEM simulation)

particle/granule mass

number of drum revolutions

number of impeller blades

unit vector of the centre of particle i to the centre of particle j (for DEM
simulation)

sizes of the interrogation area (for PIV)
normalised output of the impeller stress sensor
sum of the pixel value differences (for PIV)
impeller radius

radial position in the cylindrical granulator

particle/granule radius
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Vi
Vi
Vo
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Vrel

Vitij

Vsurf,c
Vsurfr
Vsurf,t
Vtip
w

Wi

Nomenclature

granule liquid saturation

maximum granule liquid saturation
Stokes deformation number
dimensionless strength

Stokes viscous number

critical Stokes viscous number
Hertzian particle contact time

unit vector in the tangential direction between particle i and particle j (for DEM
simulation)

particle/granule initial or characteristic velocity

particle/granule bed linear velocity

translational velocity of particle i (for DEM simulation)

impeller blade linear velocity

particle volume

relative velocity between particle i and particle j (for DEM simulation)
relative velocity between the blade and the particle/granule bed

relative tangential velocity (slip velocity) at the contact surface between particle i
and particle j (for DEM simulation)

bed surface velocity (circumferential component)

bed surface velocity (radial component)

bed surface velocity (circumferential+radial component)

impeller tip velocity

binder content, i.e. liquid to solid weight ratio

gap height between the bottom of blade to the undisturbed particle bed surface
interparticle gap

x and y coordinates in the image (for P1V)

wet particle/granule yield strength

immersion of the blade

XXiV



Nomenclature

Greek characters:

Pt
0i(r)

Oi(r)cor

On

To

Ts

parameter proportional to the friction coefficient (for bulk granule compression)
parameter function of the restitution coefficient (for DEM simulation)
liquid surface tension

displacement of particle/granule or particle/granule bed (for single or bulk granule
compression)

depth of the particle deformation or displacement due to normal force between
particle i and particle j (for DEM simulation)

depth of the particle deformation or displacement due to tangential force between
particle i and particle j (for DEM simulation)

natural strain (for bulk granule compression)

strain rate

particle/granule bed porosity

intra-particle/granule porosity

normal damping coefficient (for DEM simulation)
tangential damping coefficient (for DEM simulation)
impeller blade inclination angle

liquid-solid interfacial contact angle

liquid viscosity

sliding friction coefficient (for DEM simulation)
coefficient of interparticle friction

rolling friction coefficient (for DEM simulation)
particle/granule apparent density

particle/granule bed bulk density

liquid density

particle/granule density

solid density

particle/granule true density

impeller blade-bed normal stress at a particular radial position

impeller blade-bed normal stress at a particular radial position with correction
parameter

normal component of the blade-particle contact stress (for DEM simulation)
bulk agglomerate strength parameter (for bulk granule compression)

particle/granule tensile strength

XXV



Nomenclature

p particle/granule Poisson's ratio

Ow Poisson's ratio of the wall

@ granule packing coefficient

o dynamic angle of friction between between the granules and the floor
Po angle of internal friction

P liquid fraction

Ps solid fraction

dw angle of wall friction

We degree of particle/granule consolidation

g particle/granule bed rotational velocity

;i rotational velocity of particle i (for DEM simulation)
) impeller rotational speed

Abbreviations:

CCD charge-coupled device

CFD Computational Fluid Dynamics

COR Cross-Correlation Algorithm (for PIV)
DAQ data acquisition

DEM Discrete Element Method

FFT Fast Fourier Transform

HPC Hydroxypropylcellulose

L/S liquid to solid weight ratio

MCC Microcrystalline cellulose

MQD Minimum Quadratic Difference (for PIV)
PEPT Particle Emission Positron Tracking
PIV Particle Imaging Velocimetry

RSD relative standard deviation

XXVi
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Chapter 1

Introduction

This chapter starts with a general background to the research area, i.e. granulation, followed
by the motivation behind this thesis, the main objectives to achieve and finally a description on

how this thesis is structured.

1.1 Granulation: What, why and how?

What?

Granulation, a unit operation in chemical engineering processes specifically for particle
processing, is the process of producing granules from primary particles. By definition,
granulation is a particle size enlargement process which involves several competing rate
processes or mechanisms (lveson, 2001) and a granule is an assemblage of primary particles
held together by one or a combination of interparticle bonding forces or mechanisms. These

include:

e Attractive forces between solid particles, such Van der Waals and electrostatic forces;

e Adhesion, cohesion and interfacial forces due to the presence of liquid;

e Solid bridges from hardening of binder, partial melting or crystallisation of dissolved
materials; and

e Mechanical interlocking between pores or irregularities of particle surfaces.

The granular products are sometime classified as either granules or pellets. Granules are
agglomerates which are irregular in shape with a wider size distribution while pellets are more

spherical agglomerates with a narrow size distribution (Seo and Schaefer, 2001).
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Why?

Granulation is carried out extensively in a broad range of industries such as pharmaceutical,
food, agricultural, homecare and fine chemicals, to produce granular products for end-users
(consumers) or intermediate products for subsequent processing. Some examples of granular
products include instant drink or soup granules, food flavouring cubes, granules for
pharmaceutical tablets, fertilizers, detergent powders and catalysts. There are numerous reasons

for granulation depending on the application, for instance to:

e Improve strength of the particles to withstand handling or transportation conditions;

e Prevent segregation of the constituents of a powder mix;

e Ensure uniform distribution of the constituents of a powder mix, such as the active drug
components for pharmaceutical tablets;

¢ Reduce dustiness of the product and therefore human hazard or explosion risks;

e Improve flowability of the product for storage and transportation. Fine powders are
cohesive and difficult to flow;

e Increase bulk density, such as for storage and transportation where the volume of
material is reduced,;

e Improve compressibility of granules, such as for drug or food tablets;

e Reduce caking and lumping for hygroscopic material since granules can absorb more
moisture and retain their flowability due to their larger size;

e Improve product appearance, e.g. smooth, spherical granules with uniform size
distributions;

e Control the dissolution characteristics, such as for food granules; and

e Control the surface area per volume and porosity, such as for catalysts.
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How?
In general, there are several types of granulation which could be categorised as either:

e Wet agitation granulation, which is the type of granulation studied in this thesis and is
described further below;

e Compression-type or pressure granulation where pressure is applied on the primary
particles to promote the interparticle bonds without the addition of liquid (although solid
binder may or may not be used). Examples of this type of agglomeration are dry extrusion,
roller compaction, tablet pressing and pellet milling (Litster and Ennis, 2004); and

e Heat bonding granulation such as sintering where the powders are heated below their
melting point until they adhere to each other (Sherrington, 1981).

In wet agitation granulation, liquid binder is added to the solid primary particles (Figure
1.1). Interparticle bonds are created from the presence of liquid and subsequently from solid
bridges after drying. During the process, the granulating mixture is also continuously subjected
to agitation that is induced mechanically or by other means. This is important to mix the
granulating mixture, disperse the binder uniformly and impart forces onto the granulating
mixture for size enlargement. The solid primary particles and liquid binder are commonly
known as the granulation formulation, and the solid ingredients can include active material
(e.g. active drug ingredients for pharmaceutical formulations), excipients or fillers, additional
binders, diluents, flow aids, surfactants, wetting agents, lubricants, or end use aids (Green and
Perry, 2008). Common equipment used for wet agitation granulation is summarised in Table
1.1.

Liquid
binder
Agitation (e.g. rotating ((f_:c"*
l _|_ impeller, fluidising air, > (pp c‘“r
rotating drum etc.) ({'('_‘p n
6000 R *
000, '
Y C Granules

Primary particles

Figure 1.1: Schematic of the general wet agitation granulation process.
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Table 1.1: Wet agitation granulation equipment (summarised from Snow et al., 1997).

Equipment Agitation method
Mixer granulator Impeller (vertical axis cylindrical mixer),
(batch or continuous high shear mixers) ploughshare (plough mixer), paddle (paddle mixer)

e.g.: horizontal (plough mixer, paddle mixer, ribbon
mixer), vertical (cylindrical mixer, conical mixer,

pan mixer)
Tumbling granulator Rotating/rolling motion of drum
e.g.: Rolling drum, discs granulators
Fluidised bed granulator Fluidising gas
Twin screw granulator Rotating screws

Ultimately, granulation is carried out to obtain granular products that achieve or meet
specific attributes depending on the application. For instance, granules for instant drinking
powders should readily dissolve (influenced by granule porosity) while granules intended for
tableting should have high compressibility (influenced by granule size, shape, surface area,
density and strength). For this, characterisation and analysis of final product properties is a

crucial step following the granulation process and can be divided into the following categories:

e Granule size/size distribution and specific surface area.

e Granule outer morphology such as surface properties and shape.

e Granule inner morphology such porosity, composition, binder content and homogeneity.

e Granule mechanical properties such compressive strength, impact strength, Young's
modulus and friability.

e Dissolution characteristics.

e Flow properties such bulk density and frictional properties.

These attributes are dictated by the granulation rate processes, which are in turn affected by
a variety of factors during processing, such as those listed below for the wet agitation

granulation process:

e Formulation variables such as the amount and properties of primary particles (physical
properties) and binder (rheological properties).
e Processing variables such agitation intensity, temperature, binder addition method, binder

addition rate and processing time.
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e Equipment variables such as granulator geometry, configuration and granulator scale/size.

In granulation, structured experiments are often carried out to investigate the effect of the
aforementioned variables on the granular product attributes, which is of interest to generate an
ideal “working space” of the process that gives the desired granules attributes. This is however
heavily based on empirical knowledge rather than sound scientific principles and more often
that not, a large number of “trial and error” experiments are required to achieve the ideal

granulation conditions.

1.2 Research motivation and objectives

As elucidated in the previous section, in order to achieve better scientific control of
granulation it is important to understand how formulation, processing and equipment variables
influence the underlying granulation rate processes. Micro-scale models have been developed
to describe some of the rate processes or mechanisms, for instance granule coalescence (i.e. the
sticking of two granules or particles). A more recent development involves the macro-scale
approach of linking formulation, processing and equipment variables to the granule growth
behaviour based on understanding and application of the rate processes, also known as the
“Granulation growth regime map” (lveson and Litster, 1998b; Iveson et al., 2001b). One of the
fundamental parameters in both the micro-scale models and the “Granulation regime map” is
the external stress exerted on the granules. The stress affects the rate processes and thus plays a

role in dictating the granule growth behaviour and ultimately the granule attributes.

Therefore, the primary objective of this thesis is to improve the understanding of the
external stress exerted on the granules in high shear granulation, specifically in a vertical axis,
cylindrical high shear granulator. For the high shear granulator, the stress of interest is the
impeller blade-granule bed stress. To achieve this, the research is divided into the following

main parts:

e Development of a novel, direct impeller blade-granule bed stress measurement method in

the high shear granulator; measurement and theoretical prediction of the impeller blade-bed
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stresses in the granulator for different processing conditions (impeller speed, particle or
particle bed properties and liquid addition).

Application of simulations (DEM) for further characterisation of the blade-bed stress for
different particle/particle bed properties, impeller blade geometries and granulator scales.
Further insight on the blade-bed stress and bed flow across different flow regimes in the

granulator.

1.3 Thesis structure

This thesis is structured in the following order:

Chapter 2 presents a comprehensive review of the relevant literature and highlights the
gaps in knowledge that this research work aims to fill;

Chapter 3 explains the measurements and analysis methods employed, particularly
highlighting the development of a novel, direct impeller blade-granule bed stress
measurement method in a high shear granulator;

Chapter 4-7 presents the core results and achievements: Chapter 4 focuses on experiments
of dry granule/particle beds in the high shear granulator; Chapter 5 studies wet
granule/particles beds; Chapter 6 presents further characterisation of the blade-bed stress
using Discrete Element Method (DEM) simulations; and Chapter 7 presents additional
insight of the granule bed behaviour across flow regimes;

Chapter 8 summarises the overall conclusions and achievements of this research work and
discusses the scope for future work stemming from this study; and

The appendix provides supplementary information and material.

Each chapter also commences with a brief introduction section presenting the chapter’s

structure and content.
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Chapter 2

Literature review

2.1 Introduction

The content of this chapter is presented in the following order:

e Following the brief introduction of granulation in Chapter 1: Section 1.1, further review on
the wet agitation granulation process, with emphasis on the main rate processes, is
presented;

e Review of granule growth and growth behaviours: (a) micro-scale models and (b) macro-
scale characterisation of the granule growth behaviour, followed by the development of the
granulation regime maps;

e Review of granule stresses in high shear granulators; the importance, characterisation work
and measurement methods; and

e Qutlook from the literature review.

2.2 Wet agitation granulation: the three main rate processes

As previously described, in the wet agitation granulation process, binder is introduced in
liquid form into the granulating mixture while being continuously agitated. The process often

involves the following main steps:

e Dry mixing of the powder;

e Addition of binder; common methods for mixer granulators are via spraying (Holm et al.,
1985b; Ohno et al., 2007; Realpe and Velazquez, 2008), pouring (Hoornaert et al., 1998;
Knight et al., 2000; Tu, 2008), or drip in (Ohno et al., 2007);

e Wet massing, i.e. agitation of the granulating mixture after the completion of binder
addition; and

e Drying of granules, e.g. with an oven or fluidised bed.
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Another common wet granulation method is melt granulation, also known as a single step
process (Schaefer, 2001; Tan et al., 2006; Theis and Kleinebudde, 1999; Walker et al., 2006).
Powdered or flaked binder is mixed together with the initial powder mixture and melted with
the application of heat. The wet agitation granulation process is generally divided into three
main and competing rate processes which have been widely accepted in modern granulation:
wetting and nucleation; consolidation and growth; and breakage and attrition (Ennis and
Litster, 1997) (Figure 2.1). The final granule attributes such as size, strength, porosity and

morphology ultimately depends on the balance of these rate processes.

(i) Wetting & Nucleation

(iii) Breakage & Attrition
L] ' .
@ —— " — .
By
L

Figure 2.1: Competing rate processes or mechanisms in wet agitation granulation processes (modified
from Ennis & Litster, 1997).

2.2.1 Wetting and nucleation

Wetting and nucleation is the first stage of the granulation process where liquid is brought
into contact with the powder, imbibes into the bed to a certain degree and is then dispersed
throughout the system. This stage is important as poor wetting produces nuclei with broad size
distributions or a mixture of overwet and ungranulated material. Preferential wetting of the

binder also leads to inhomogeneous composition in the granules (Hapgood et al., 2007). Two
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key processes take place in this stage (Iveson et al., 2001a). The first is the formation of
‘nuclei’, which occurs as the liquid droplet penetrates into the powder bed and forms an initial
weak, loose particle assembly. The process is governed by wetting thermodynamics (i.e. if the
process is energetically favourable) and wetting kinetics (i.e. rate of droplet penetration into the
solid pores or spreading across the surfaces). The second process is the binder dispersion which
is promoted by mechanical agitation. Effective binder dispersion more often results in granules
with more uniform properties and a narrower size distribution (Holm et al., 1984; Holm et al.,
1983).

It was also proposed that two different nuclei formation mechanisms exist depending on the
relative size of the droplet and primary particles (Schaefer and Mathiesen, 1996) (Figure 2.2).
If the drop size is relatively small, the distribution mechanism is likely to take place; the binder
droplets are distributed on the primary particles surfaces followed by the coated particles
sticking to each other. This mechanism typically yields nuclei with air voids. Conversely, if the
binder droplet size is relatively large compared to the powder size, the immersion mechanism
occurs where the small particles are immersed in the drop, which usually produces nuclei with

saturated pores.

(i) Distribution mechanism

D )] O
o PO, o0 o~0 @
oA — (@] —_—
030 *+eg® 090
Solid Binder Distribution Coalescence

(i) Immersion mechanism

Solid Binder Immersion

Figure 2.2: Distribution and immersion mechanisms in the formation of nuclei (modified from Schaefer
and Mathiesen, 1996)

2.2.2 Coalescence and consolidation

The second rate process during wet agitation granulation is coalescence and consolidation.
Consolidation is defined as the compaction of the initial nuclei and granules by impact with the

agitator, vessel wall and collision with the other granules. The extent of consolidation will
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ultimately determine the porosity and strength of the final product. More consolidated granules
will be less porous and hence, stronger and vice versa. Granule coalescence is described as the
enlargement of granules as more particles come together and stick with each other through
formation of interparticle bonds which are strong enough to resist the separating forces in the
system. Consolidation is also closely related to granule coalescence since a higher degree of
consolidation typically causes more interstitial liquid to be squeezed out onto the granule
surface thus promoting coalescence and growth. Several coalescence and consolidation models
have been developed for different types of particles (i.e. elastic, plastic, surface-dry or surface-
wet) and these models are reviewed in Section 2.3.1.1 and 0 which also discusses the granule

growth phenomena in more detail.

2.2.3 Breakage and attrition

The final rate process which can affect the final granule attributes can be divided into two

phenomena as shown in Figure 2.3 (lveson et al., 2001a).

Breakage
Wet granule % % %
&

Attrition
W & o

Dry granule 0O

Fracture @ '
T —— &6

Figure 2.3: Granule breakage and attrition.

If bonds formed in the granules are not strong enough to resist the separating forces in the
granulator after a certain time, breakage of the wet granules will take place. Attrition or
fracture of the dry granules may also occur due to binder solidification inside the granulator or
during subsequent drying and handling stages. The breakage and attrition phenomena depend
largely on the fracture mechanics and mechanical properties of the granules (such as elastic

modulus, hardness, fracture toughness etc) as well as the types and magnitudes of stress

10
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application. Several models to predict the conditions under which wet granule breakage will

occur have been developed and are presented in Section 2.3.1.3.

2.3 Granule growth and growth behaviour

Granule growth is generally described as the increase granule size with the granulation time,
and for wet agitation granulation these occur during the liquid addition and wet massing steps.
There are several modes of granule growth (Sastry and Fuerstenau, 1973), as follows:

¢ Nucleation: formation of an initial 'nuclei' of loosely held primary particles by the liquid
binder either by the distribution or immersion mechanism as shown previously in Figure
2.2.

e Coalescence: (a) random, i.e. two similar size particles colliding and sticking together or
rebounding, or (b) preferential, i.e. sticking of multiple small particles on the surface of a
larger agglomerate, also typically known as “layering”, "snow-balling” or "onion-
layering".

e Crushing and layering and abrasion transfer for weaker, brittle granules.

In the micro-level (single particles) scale, several coalescence models have been developed
to describe the sticking of two equi-sized spherical particles. These models differ in the
material properties of the particles and surface conditions such as elastic, plastic or elastoplastic
and surface wet or surface dry. There are several factors contributing to the coalescence
phenomena such as the wet granule strength, force exerted on the particles and amount of
liquid binder at the particle surface. Granule consolidation leads to transfer of liquid to the
granule surface, thus altering the liquid amount and ultimately affects the coalescence process.
Breakage of granules is another phenomenon that limits granule growth, ultimately affecting
the growth behaviour. Therefore, micro-scale models to describe the following rate processes

are presented in Section 2.3.1: consolidation, coalescence and breakage.

In the macro-scale or processing level, granule growth is typically classified in terms of the
the growth behaviour during processing, i.e. change of granule size with granulation time.

Based on these growth behaviours, regime maps to link formulation, processing and equipment

11
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variables to the growth behaviours are built with the most significant development being the
"Granulation regime map" by Iveson and co-workers (Iveson and Litster, 1998b; Iveson et al.,
2001b).

2.3.1 Micro-scale modelling

2.3.1.1 Granule consolidation

The consolidation process is described as the compaction of granules through interparticle,
particle-agitator and/or particle-wall collisions, which leads to the reduction of granule
porosity. For wet granules, the extent and rate of consolidation depends on the interaction of
three forces: friction from interparticle contact, capillary and viscous forces from the
interparticle liquid bridges, the same forces which contribute to the strength of granules (Iveson
et al., 2002; Iveson and Litster, 1998a; Iveson et al., 1996). Logically, granules that are stronger
will be harder to consolidate and vice versa. The reduction of granule porosity is commonly
used to describe the consolidation process (lveson and Litster, 1998a; Iveson et al., 1996;
Ouchiyama and Tanaka, 1980). Ennis et al and Tardos et al, on the other hand, modelled the
granule consolidation in terms of reduction of interparticle gap (Ennis et al., 1991; Tardos et

al., 1997). Figure 2.4 displays the milestones in the development of consolidation models.

Ouchiyama & Tanaka, 1980
o Development of a consolidation rate model for an assembly of surface-wet,

deformable particles held together only by liquid capillary force.

A\ 4
Ennis et al, 1991 & Tardos et al, 1997
e Characterisation of the amount of consolidation of two contacting surface-wet,
elastic particles in terms of the reduction of interparticle gap, considering only the
liquid viscous force.

A 4
Iveson et al, 1996 & 1998a
e Development of an empirical model for consolidation rate from granule porosity
data.

Figure 2.4: Development of granule consolidation models.

12
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Ouchiyama and Tanaka considered a granular matrix held together by the liquid capillary
force which generates a normal resistive force at the interparticle contacts (Ouchiyama and
Tanaka, 1980). Taking into account the packing coordination number of spherical granules, i.e.
the number of neighbouring particles that are in contact with the central particle, consolidation
is described as the increase of the coordination number as the external applied force is
increased. The coordination number is then related to the granule porosity. The detachment of
the granules due to dilation was not considered in this case. From force balance of the external
applied force and resisting force of the granule assembly, the rate of consolidation, i.e. change
of porosity with time, dey/dz, is given by Equation 2.1. 7 is the dimensionless consolidation
time, K. is the dimensionless consolidation rate, n; is the parameter describing the distribution
of granule impact energies, q is the collision frequency, t is the granulation time, p, is the
particle density, g is the gravitational acceleration, Hpa is the maximum falling distance (for a
tumbling drum), f(u,) is a function of the coefficient of interparticle friction, @(s) is a function
of granule saturation and particle assembly, d, is the particle diameter, y the liquid surface

tension and 6 is the liquid-solid interfacial contact angle.

dt &p- K

B ( 13 ) _ 16 ppgHmax dy
T=\57)9-UKec =
256 3 f(up)®(s)vicosb;s

Equation 2.1

In Ennis and co-workers' work, for non-rebound cases of two contacting particles, when the
initial Kinetic energy is fully dissipated, subsequent collisional forces results only in the
reduction of the interparticle gap (Ennis et al., 1991). This reduction of the interparticle gap,
Ax, 1s the amount of consolidation, which is given in Equation 2.2, where only the liquid
viscous force is considered. hg is the thickness of the binder layer which is also assumed to be
half the initial gap distance and St, is the Stokes viscous number (Equation 2.4). Tardos and co-
workers also rewrote Equation 2.2 in terms of the degree of consolidation, . ( Equation 2.3)
(Tardos et al., 1997).

Ax = 2hy(1 — e~ 5t)
Equation 2.2

13
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Ax

= — = 1 — oSty
l/)C Zho ( e )
Equation 2.3
2myuy  8ppugt,
St‘li = > =
3mwr? 9
Equation 2.4

In Equation 2.4, m, is the particle mass, U is the particle initial velocity, r, is the particle
radius, py is the particle density and p, is the liquid viscosity. The Stokes viscous number gives
the ratio of the initial Kinetic energy of the colliding granules to the energy dissipation by the
viscous liquid layer, first defined by Ennis and co-workers, and is an important dimensionless

parameter in granule coalescence studies.

An empirical equation to describe the consolidation rate (Equation 2.5) is proposed by
Iveson and co-workers from granule porosity data using glass ballotini as powder and water
and aqueous glycerol solutions as binder granulated in a drum granulator (Iveson and Litster,
1998a; lveson et al., 1996). Exponential decay of the porosities were observed. &, min is the
minimum porosity reached, g, is the granule initial porosity, k. is the consolidation rate
constant and Np is the number of drum revolutions.
= exp ()

Equation 2.5

From literature, various experiments have been conducted to investigate the consolidation
behaviour at different formulation and processing variables. Table 2.1 summarises the results

for studies of changing the powder, binder properties and agitation intensity.

14
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Table 2.1: Effect of powder, binder properties and agitation intensity on consolidation behaviour.

Powder/binder
Properties

Effect of consolidation behaviour

Consolidation
rate(de,y/dt)

Extent of

consolidation (epmin)

Mechanistic explanation

Primary particle
size, dp

Increase as dp

increase (lveson and

Litster, 1998a;

Schaefer et al., 1990)

Increase as dj
increase
(Gabbott, 2007;
Ganderton and

Hunter, 1971; Iveson
and Litster, 1998a3;

Schaefer and
Mathiesen, 1996)

The interparticle force decreases as dj
increases (number of interparticle contact
decrease); the viscous force decreases as

dp increases (due to increasing average

gap distance) and capillary force also
decreases as d, increase (liquid bridge
curvature decrease). All these forces
contribute to the strength of the granules.
Hence, reduction of these forces will
promote consolidation.

Binder viscosity,
Hi

Decrease as |
increase

(lveson and Litster,

1998a; Keningley et

al., 1997; Schaefer
and Mathiesen, 1996)

At low binder

content, increase as

increase; at high
binder content,
decrease as I,

increase (lveson and

Litster, 1998a)

The consolidation behaviour of granules
for varying binder viscosity depends on
the balance between the interparticle
friction and viscous force. The
interparticle friction could decrease as
increases due to better lubricating effect
and conversely, the viscous force
increases with increasing p;. At high
binder content, the particles are more
lubricated and granules are compacted
more easily, while at lower binder
content, the viscous force dominates
which hinders consolidation.

Binder content, w

Does not change

significantly with w
(lveson and Litster,

1998a)

At low viscosity,
increase as w
increase; At high

viscosity, decrease as
w increase (lveson
and Litster, 1998a;

Schaefer et al., 1990)

Similar to the viscosity effect, the
consolidation behaviour for varying
binder content depends on both the

friction and viscous force. The
interparticle friction decreases as w
increases (better lubricating effect) and
conversely, the viscous force increases
with increasing w (more binder between
particles). At low viscosity, the
lubrication effect is more pronounced
while at high viscosity the viscous force
dominates.

Agitation
intensity
(impeller speed,
fluidising air
velocity etc)

Increase as agitation
intensity increases
(Gabbott, 2007; Ohno
et al., 2007; Ritala et
al., 1988; Schaefer et

al., 1986)

Decrease as agitation
intensity increases
(Eliasen et al., 1999;

Ganderton and
Hunter, 1971)

Increase as agitation
intensity increases
(Gabbott, 2007; Ohno
et al., 2007; Ritala et
al., 1988; Schaefer et

al., 1986)

Decrease as agitation
intensity increases
(Eliasen et al., 1999;

Ganderton and
Hunter, 1971)

As agitation intensity increases, the force
to deform and consolidate the granule
increases.

If the system is weak (such as low binder
content), increasing the agitation
intensity promotes breakage of granules
which delays the consolidation process.
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2.3.1.2 Granule coalescence models

Modelling of granule coalescence is usually carried out for two equi-sized spherical
particles. Successful coalescence or sticking of particles is deemed to occur if the binding
forces are dominant over the separating forces. Figure 2.5 shows the development of

coalescence models.

Ouchiyama & Tanaka, 1975
e Modelling of the growth rate of surface-dry, plastic particles using a population
balance.
e Introduction of a coalescence probability model.

Ennis et al, 1991
e Modelling of surface-wet, elastic particles.

e Development of the dimensionless Stokes’ viscous number, St, and coalescence
criterion.

A 4

Liu & Litster, 2000
e Modelling of surface-wet, elastoplastic particles.

Figure 2.5: Development of granule coalescence models.

From one of the earliest works of particle coalescence models, Ouchiyama and Tanaka
deduced that particle coalescence depends strongly on the cohesion force developed at the
point of deformation of two colliding particles (Ouchiyama and Tanaka, 1975). The particles
will stick together should this cohesion force be strong enough to resist the subsequent
separating forces. A coalescence probability model is then introduced for dry, spherical,

deformable particles.

In Ennis and co-workers's work, they asserted that successful coalescence of two colliding
particles will occur if they do not possess sufficient kinetic energy to overcome the strength of
a dynamic pendular liquid bridge between the particles (Ennis et al., 1991). Force balance
conducted on two surface-wet, elastic particles coming into contact (Figure 2.6) vyields
Equation 2.6 to describe the motion of the particle upon collision, considering only the liquid

viscous forces. Sty is the Stokes viscous number which is the ratio of the initial kinetic energy
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of the colliding particles to the energy dissipative by the viscous liquid layer as previously

explained, x is the interparticle gap and hy is the binder layer thickness.

—u 1 1l<h0
u=u|1-goin(3)]

Equation 2.6

Figure 2.6: Two colliding particles covered in a viscous layer of liquid of thickness h (modified from
Ennisetal., 1991).

A critical value of the Stokes coalescence number, St,* which rebound of the colliding
particles will occur is given in Equation 2.7. e is the particle’s restitution coefficient and h, is
the length of the surface asperities. For successful coalescence, the viscous force of the liquid
bridge has to fully dissipate the initial kinetic energy of the colliding particles. This gives the

criterion for successful coalescence, as shown in Equation 2.8.
sti=(1-5)m (2)
v e) " \n,

St, < St}

Equation 2.7

Equation 2.8

To model elastoplastic particles, Liu and Litster characterised the particle mechanical
behaviour by both the elastic or Young's modulus and the wet particle yield strength (Liu et al.,
2000). Like Ennis and co-worker's work, only the liquid viscous force was considered. Plastic
deformation is taken to commence upon solid contact of the colliding granules. The approach
and separation process of two surface-wet, colliding particles are divided into a few stages
(Figure 2.7). Coalescence of particles occurs for either of the following situations: The velocity
of the colliding particle decreases to zero during the approach stage before the solid surfaces
come into contact and prior to any deformation of the particle taking place (Figure 2.7a) which
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is referred to as type | coalescence; or the particle velocity decreases to zero during the
separation stage (Figure 2.7c-d), referred to as type Il coalescence. The criterion for type |

coalescence is given in Equation 2.9.

* ho
S t, < In (h_a>

Equation 2.9

Figure 2.7: Collision & separation stages: (a) approach stage; (b) deformation stage; (c) initial
separation stage; (d) final separation stage (modified from Liu & Litster, 2001).

Further theory development by Liu and Litster incorporating the plastic deformation of the
particles upon contact during the deformation and separation stages yield the condition for type
Il coalescence (Equation 2.10) where the initial collision kinetic energy is completely
dissipated after the particles collide, deform to a certain extent and start to move away from

each other. Y, is the wet particle yield strength, E* is the particle Young's modulus, D is the
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particle harmonic mean diameter, ¢ is the permanent plastic deformation and Sty is the

dimensionless Stokes deformation number.

N[ =

Y -9/8
(E_zi> (Stdef)
<0.172 D [1 11 <h0>]4 hé 1 +2h0<h0 1)
St, \hyg St, n h, h2 5 \h,
2
2h§ (hg Y, i L by
CHE <h_>] {1 ~736(5) (Staep) ™ [1 5 in (1)

Equation 2.10

The Stokes deformation number, Styes (Equation 2.11) was first defined by Tardos and co-
workers to characterise the deformation of liquid-bounded particles (Tardos et al., 1997). V, is
the particle volume and 7 is the particle characteristic strength. Equation 2.11 can be rewritten
to Equation 2.12 in terms of density, and the wet particle or granule yield strength, Y, is used in
place of the characteristic strength. The Stokes deformation number is defined as the ratio of
the external energy to the energy required for deformation and is a measure of the particle’s

deformability. The external energy is taken as the initial kinetic energy of the colliding

granules.
o myug
def =
2V,
Equation 2.11
2
PpUo
Stger = —
el T 2y,

Equation 2.12

Regimes for both coalescence types are mapped in Figure 2.8. As expected, type I
coalescence occurs if St, is small enough, or in other words, the liquid is viscous enough to
impede and stop the approaching particles before contact of the surfaces. This is regardless of
the deformation number as non-contact of the particles indicates that the mechanical properties
of the solids are not considered. Type Il coalescence, on the other hand, depends on both St,

and Stger. Increasing particle deformation enhances the probability of coalescence even when
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the viscous number is high. This can be accounted for by the contribution of the plastic
deformation in absorbing the impact kinetic energy and increasing viscous dissipation as the
particle contact area increases. At small deformation numbers, there is a limiting viscous
number that will result in coalescence, in which the criterion is the same as that proposed by

Ennis and co-worker for non-plastic deformable particles (Equation 2.7 and Equation 2.8).

100 ¢ - f
F Increasing increasing System:
3 ¥ o U,
R, Y JE* = 0.01
-
S hyth, =10
L Y _
. Increasing dplho = 10
S
] Rebound
10 |
Typell
St= Coalescence
F (141/8)In(hgh,) = Equation 2.7
Type | Coalescence
1 L i i i i

1.E-6 1.E5 1.E-4 1.E-3 1.E2 1.EA1 1.E+0
St gor '

Figure 2.8: Boundaries for type I, 11 coalescence and rebound for surface-wet granules (taken from Liu
& Litster, 2001).

2.3.1.3 Growth limiting/breakage models

In wet agitation granulation, granules undergo continuous impact and collisions throughout
the granulation process. These impact forces lead to deformation of granules which contributes
to coalescence but could also lead to breakage of granules. Tardos and co-workers who
introduced the Stokes deformation number also deduced that granules will deform and break if
there is enough externally applied mechanical energy (Tardos et al., 1997). Breakage will occur
if Styes exceeds a critical deformation number (Equation 2.13). Below the critical number,
granules will only deform and perhaps coalesce. There are no existing models for this critical
number, although Tardos and co-workers found that that the breakage of granules in a fluidised

bed occurs at Sty of approximately 0.2.
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Styer > St;ef

Equation 2.13

Keningley and co-workers proposed an equation describing that granules will be formed if
they are strong enough to resist the impact forces (Keningley et al., 1997). The granules will
deform from the impact forces and eventually fracture and break at a critical strain. Force
balance of the kinetic energy from the impact and energy absorbed by granule deformation
gives Equation 2.14. €4 IS the maximum strain above which fracture and breakage of the
granule will occur. The critical strain value is found to be 0.1 by Keningley and co-workers for

calcium carbonate granules in a food processor.

£°  Ppliody
5401 —¢&,2 1

2 —
Emax_

Equation 2.14

2.3.1.4 Wet granule strength

Modelling of granule coalescence and breakage in the previous sections shows that the
granule deformability, reflected by the Stokes deformation number, is also dependent on the
yield strength of the wet granules (Y, in Equation 2.12). The strength of wet granules itself
depends on many factors, and studies to characterise the strength have been attempted by
several authors. One of the earliest works was carried out by Rumpf where a model for the
static tensile strength of liquid-bounded granules, z;, is proposed (Equation 2.15) (Rumpf,
1962), where the mode of failure is the abrupt rupture between an assembly of equi-sized
spheres. Only the liquid capillary force is considered. s is granule liquid saturation and C is the
particle shape constant. Subsequent works started to highlight the contribution of frictional and
viscous effects on the granule strength at high strain rates, also sometimes known as the
"dynamic yield strength™ (Adams and Edmondson, 1987; Iveson et al., 2002; Liu et al., 2009;
Pepin et al., 2001; Simons and Pepin, 2003; Van Den Dries and VVromans, 2002). For instance,
Van den Dries and Vromans modified Rumpf’s equation to consider the liquid viscous force

instead of the capillary force (Equation 2.16). v is the relative velocity of moving particles.
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1—¢,ycos
d

7o = sC
€p P

Equation 2.15

Y _ 9 1 - gp 2 97'L'Mll7rel
P8\ g 16d,

Equation 2.16

Iveson and co-workers performed dimensional analysis on the granule strength, taking into
account a wide range of parameters that would affect the wet granule yield strength (including
the coefficient of inter-particle friction, x,, granule packing coefficient, @, and strain rate, €)
(Equation 2.17) (lveson et al., 2002). The left hand dimensionless term is the dimensionless
strength while the first right hand term is called the "Capillary number”. Experimental
validation of the model using different powder and binder combinations gave a relationship
between the dimensionless strength, Str* and the capillary number, Ca (Equation 2.18) where
ki, ko and p are empirical parameters. Figure 2.9 presents the experimentally fitted Equation
2.18 by Iveson and co-workers. It can be seen that at low strain rates, frictional force dominates
(i.e. Ca number does not change) while at higher strain rates the contribution of viscous effects

towards granule strength becomes significant.

Ypdp _ ,Llldpé
ycosOs

Equation 2.17
Str” =k, +k,CaP
Equation 2.18
Table 2.2 summarises the literature on studies of the effect of particle properties, binder
properties and agitation intensity on the wet granule strength. Existing experimental
measurements of the wet granule yield strength from literature can be divided into two types:
granule compression or impact tests, with the latter producing much higher strain rates (lveson
et al., 2002; Iveson and Litster, 1998c).
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Figure 2.9: Dimensionless strength, Str* versus Capillary number, Ca (taken from Iveson et al, 2002).

Table 2.2: Effect of powder, binder properties and agitation intensity on wet granule strength.

Powder/binder Prediction from

Experimental results

Mechanistic explanation

Properties models (Equation
2.16 & Equation
2.18)
Primary particle size, Increasing d, Increasing d, Increasing d, decreases the inter-
dp decreases strength decreases strength particle friction (number of inter-
(Iveson and Litster, particle contacts decrease),
1998c; Van Den decreases the capillary force (liquid
Dries et al., 2003) bridge curvature decreases) and
decreases the viscous force (bigger
average gap distance) - all
contributing to the decrease of
strength.
Binder viscosity, W Increasing W, Increasing W, Viscous force increases with

increases strength

increases strength
(Eliasen et al., 1998;
Iveson and Litster,
1998c)

increasing viscosity. Viscous effect,
however is negligible at low strain
rates (lveson et al, 2002).

Binder content, w
(which affects
granule saturation
level, s)

Increasing w
increases strength

Variable effect
(Iveson and Litster,
1998c; Schubert,
1975)

Increasing binder reduces friction
(lubrication), increases the viscous
force and increases the capillary
force. Net effect on strength will
depend on the balance of these
forces. Again, at low strain rates, the
capillary and viscous effects are
negligible. Strength also changes
according to saturation states
(Newitt and Conway-Jones, 1958;
Schubert, 1975).

Binder surface
tension, y

Increasing y
increases strength

Increasing y
increases strength
(Iveson and Litster,
1998c)

Increasing y increases the capillary
force but for viscous binder, viscous
force dominates and effect of y is
negligible.
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2.3.2 Macro-scale characterisation

The rate processes described in the previous section: granule consolidation, coalescence,
and breakage, occur simultaneously during granulation and affect the granule growth
mechanism or behaviour during the process. Several granule growth behaviours can also be

characterised based on the evolution of granule size with granulation time.

2.3.2.1 Granule growth behaviours

Nucleation only behaviour occurs when granules do not grow significantly, i.e. formation of
nuclei or small, weak granules only. This is most commonly due to insufficient liquid for
coalescence, as found by Realpe and Velazquez when using small amounts of binder (Realpe
and Velazquez, 2008) or when weak binder is used. Steady-state growth is characterised by a
steady increase in the granule mean size with time and is usually observed for granules that are
relatively easy to deform and consolidate and when adequate binder liquid is added to promote
coalescence (Knight, 1993). Provided that the impact forces are not too high, granule growth
will dominate over breakage resulting in a net increase in size. Unconstrained growth can
occur when granule growth is much more dominant than breakage and usually occurs for
systems with high liquid content and easily deformable and consolidated granules (Scott et al.,
2000). This usually ends in the formation of a large amount of lumps and is also known as
balling. The induction behaviour is described as an initial period of little or no growth (the
duration of this period is called the induction time), followed by a rapid increase of the granule
size. Induction behaviour is commonly observed for hard, non-deformable granules which
result in slow consolidation and growth during the induction time. When sufficient liquid is
squeezed out onto the granule surface to trigger coalescence, rapid growth is observed.
Schaefer observed this behaviour when granulating fine primary particles and high viscosity
binder which led to initially strong, poorly deformable and consolidated agglomerates
(Schaefer, 1995). Finally, crumbling or breakage behaviour is characterised by no change in
the granule size or a decrease in the granule size with time. If breakage of granules is balanced
by growth, there is zero net growth while reduction of granule mean size is observed if
breakage is dominant. This behaviour usually occurs when the impact forces are high and
granules are relatively weak. Breakage can also be detected via granule size distribution, i.e. an
increase in the smaller size fractions and a decrease in the large size fractions during breakage

gives a bimodal granule size distribution (Realpe and Velazquez, 2008).
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2.3.2.2 Mapping in granulation

From literature, a widely used approach in granulation is the study of the effect of
formulation, processing and equipment variables to the granule growth behaviour and granule
attributes. More often, the results obtained are only limited to the studied variables. Hence,
mapping in granulation is another approach to gain a more generalised understanding of the
granulation process. These works typically explore the combined effect of two or more
variables to obtain a map with different granule growth regimes (Keningley et al., 1997; Tu et
al., 2009). An earlier example of such work was carried out by Keningley and co-workers ,
who produced an experimental map with regimes of granule growth behaviour at different
binder liquid content and viscosity for calcium carbonate granules in a food processor
(Keningley et al., 1997). These maps provide a better understanding in the growth behaviour
prediction but are still limited to a particular system, i.e. formulation and equipment. A
milestone in granulation is the development of the "Granulation growth regime map" for
generalised systems by lveson and co-workers (Iveson and Litster, 1998b; Iveson et al.,
2001b). The aim of the map is to link the formulation, processing and equipment variables to
the granule growth behaviours. Iveson and Litster proposed the following two dimensionless
parameters for the map which affects the granule growth behaviour: the maximum granule pore
saturation, Smax (Equation 2.19) and the Stokes deformation number, Stqes (Equation 2.12). Table

2.3 presents the definition and description of these two parameters.

Table 2.3: Dimensionless parameters in "*Granulation growth regime map"'.

Term Description Effect on granule growth Symbols
Smax The maximum granule The liquid saturation reflects ~ w: liquid to solid mass
wps(1 — &y min) pore liquid saturation (a the binder liquid content ratio
-  PlEpmin measure of the amount of added to the system. ps. density of solid
p,min . N . " . . .
binder liquid occupying Generally, increasing the p1: density of liquid
Equation 2.19 the gran_ule por_es). _ binder conte_nt_ increases_ the Emin- minimur_n
(Eliasen et al., 1998) Pore saturation varies with growth until its saturation granule porosity
granulation time; hence point.
the maximum saturation
value is taken to represent
a particular system.
PpUs The extent of deformation  The deformability affects the pp:- granule density
Staey = A experienced by the granule consolidation and Uo: characteristic
P based on the process coalescence of granules; velocity (impeller tip
(Equation 2.12) agitation intensity and higher deformability velocity for high shear
granule strength. promotes consolidation and granulator)
coalescence but if the Y,: granule dynamic
deformation is too high, yield strength

breakage occurs.
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In the proposed map, different regimes of growth behaviours are established for the varying
maximum pore saturation and amount of deformation (Figure 2.10). Table 2.4 summarises the
different regimes or growth behaviours in the map, most of which have also been described
previously in Section 2.3.2.1. From the regime map, the effects of various operating parameters
and formulation properties on the granule growth behaviour were also predicted qualitatively
by the authors (Figure 2.11 and summarised in Table 2.5).

"D‘w“
“Crumb”
Free- . Siurry/
Flowing prsr—— o  Over-Wet
Powder - Steady : : Mass
: Growth . Rapid:
. : . Growth:
Increasu-tg : kncreasing Growth Fiska
Detformation| - Nucleation '
Number, | Only . ... R
induction .
"'.__Dmuasng Indudlion Tima
] 100%

Maximum Pore Saturation,

Figure 2.10: Modified ""Granulation growth regime map"* (taken from Iveson & Litster, 1998h).

Table 2.4: Regimes in the ""Granulation growth regime map".

Regimes Description

Conditions

Nucleation only Only formation of nuclei takes place. There is
insufficient liquid content to promote

coalescence and granule growth.

Low liquid content (I10W Syay), low
and intermediate Stgs.

Steady growth Sufficient liquid at the surface of the granule Sufficient liquid content (medium

promotes coalescence and steady granule to high Spa), intermediate Styey.

growth.
Rapid growth Rapid increase of granule size with granulation  High liquid content (high Spay), low
time. and intermediate Stger.

Induction Poor deformability leads to an initial period of  Sufficient liquid content (medium

little or no growth followed by rapid growth to high Spax), low deformability

once sufficient liquid is squeezed out onto the (low Stges).
granule surface.
Dry powder At very little liquid content, the powder Very low Spay.
remains dry.
Crumb Granules could not be formed in this regime High process agitation intensity;
due to weak system/high agitation intensity weak granules (high Stge).
and remain as particle fragments.

Slurry Excessive liquid added leads to the formation ~ Excessive liquid content (very high

of an over-wetted mass.

Smax)-
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Figure 2.11: Effect of processing and formulation variables on granule growth behaviour (taken from
Iveson & Litster, 1998b).

Table 2.5: Qualitative prediction of the effect of processing and formulation variables on granule
growth behaviour (summarised from lveson & Litster, 1998b)

Process Effect on: Granule growth behaviour
Variables Stget Smax
Process agitation Increasing agitation Increasing agitation Shifts from the nucleation to
intensity intensity increases the intensity promotes granule crumb, steady/induction

(impeller speed
for high shear
granulator)

impact velocity and
hence, Stger.

consolidation, hence
producing more compact
granules (smaller &q;,) and
hence, higher Spax.

growth; induction to
steady/rapid growth; steady to
crumb/rapid growth; and rapid
growth to over-wetted mass.

Binder viscosity

Increasing viscosity
generally increases
granule strength and
hence, reduces
deformability and St

Variable effect.

Shifts from crumb to steady
growth; and steady to
induction growth.

Primary particle
size

Decreasing primary
particle size generally
increases granule strength
and hence, reduces
deformability and Stg.

Variable effect.

Shifts from crumb to steady
growth; and steady to
induction growth.

Binder content

Variable effect

Increasing binder content
iNCreases Smax.

Shifts from dry powder to
nucleation only; nucleation to
steady/induction growth;
steady/induction rapid growth;
and rapid growth to over-
wetted mass.

Binder surface
tension

Decreasing surface
tension generally
decreases granule strength
and hence, increases Styf.

Decreasing surface
tension reduces the extent
of consolidation (larger
emin) @nd hence, smaller

Smax-

Shifts from induction to
steady growth; and steady
growth to crumb/nucleation
only.
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To validate the regime map, Iveson and co-workers collected granulation data from
available literature for different types of granulators, e.g. food processors, horizontal plough
(Lodige) mixer and drum granulators (Iveson et al., 2001b). Additional granulation
experiments were also carried out in a drum granulator and a vertical axis, high shear
granulator. The wet granule yield strength, Y,, was determined by compressing hand-made
cylindrical compacts of the studied formulation (lIveson et al., 2002). Data for most granulators
fitted into the map except for the high shear granulator where Sty is much higher than the rest
(Figure 2.12). A reason postulated is the choice of the characteristic velocity, ug for the high
shear granulator. The speed of the chopper was chosen instead of the impeller speed and could
be an overestimate of the externally applied stress. Another reason is the characterisation of the
granule dynamic yield strength. Strength is affected by strain rate (Iveson et al, 2002) but since
the strength was determined via compression, the strain rates were not comparable to the high

strain rates in the high shear granulator.
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Figure 2.12: Experimental validation of growth regime map (lveson et al, 2001b).

28



Chapter 2: Literature review

2.4 External stress on granules

From the review in previous sections on the micro-scale models of granule growth and
macro-scale characterisation of granule growth behaviour followed by the development of the
"Granulation regime map" which links formulation, operating and equipment variables with the
granule growth behaviour, it can be summarised that the extent of granule growth, and hence
granule growth behaviour depends ultimately on the balance of the binding and separating
forces acting on the granule. Figure 2.13 provides a summary of the factors that contribute to

the binding and separating forces in the wet agitation granulation process.

Granule growth

\ 4
A

Promote granule behaviour Promote granule
coalescence/growth breakage
Binding forces Separating forces
5 5 5 x 5
i Promote : Promote : Promote i Promote \Promote

Surface Liquid Granule- Inter-granule, !
i liquid bridge granule granule-wall ~ [7="17
i availability strength contact area collision ¥
i L .“f Promote? Promote,” fﬂl?_romot_.e% ¥
+ Promote or demote depending on ! /! SEXTERNAL. i l
i amount and binder properties | Granule : _______ STRESS -. ! i
| BINDER deformation |promote | “(AGITATORS) | !
' Promote or demote depending on : 4 . ............. i
i amount and binder properties ¢ -"Demote : !
i Wet granule  [q- ... PRIMARY | |
! strength Smaller | PARTICLES ! :
| size ! |
| Demote :  promotes : :
: v :
! 19 . J

S H H < _______________
Bromote Granule consolidation Bromote

Figure 2.13: Factors affecting granule growth behaviour in the wet agitation granulation process.

The boxes shaded in light brown indicate the primary factors (i.e. formulation and external
stress exerted on the granules) that affect the secondary factors (i.e. wet granule strength,
consolidation, deformation behaviour etc.) which help to promote either the binding or

separating forces. The formulation can be controlled by the binder and powder properties,
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however proper characterisation of the external stresses remains an interesting and useful area
for granulation research. In wet agitation granulation processes, this external stress is exerted
by the agitation source in the granulator and is transmitted throughout the granule bed through
intergranule collisions. The effect of the external stress, which initiates the intergranule and
granule-wall collisions, on granule growth is varied since the collisions could either deform,
consolidate and/or break the granules. At low forces, insufficient deformation and
consolidation hinders granule growth while at a critical stress, granules will break or fracture,
thereby limiting growth. The optimal granule growth condition would be between these two

critical points.

The agitation method that applies the external stress differs with granulator types. In mixer
granulators, these are the agitators rotating at high speed depending on the granulator
configuration. There are several mixer granulator configurations which can be continuously or
batch operated, namely the horizontal and vertical shaft mixers, and the latter can be either top-
or bottom-driven (Figure 2.14). Also previously summarised in Table 1.1 of Chapter 1,
examples of horizontal mixers include the plough mixer, paddle mixer and ribbon mixer while
the bottom-driven cylindrical mixer and top-driven conical mixers are examples of a vertical
axis mixer (Snow et al., 1997). In these mixers, the agitator (e.g. impeller, plough, paddles etc.)
rotates at high speeds, i.e. ~100-1500 rpm depending on the scale (Reynolds et al., 2007), to
disperse the binder and continuously mix the granulating mixture in addition to exerting normal
and shear stresses on the granule bed to promote granule growth. The rotating agitator also
initiates the intergranule contacts/collisions, thus generating a continuous network of forces
throughout the granule bed (Campbell, 2006). Aside from the main agitator, a chopper is also
typically mounted at the top or side of the granulator and rotates at a much high speed (~1500

rpm) to disperse the binder and break up the larger granules.
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Figure 2.14: Mixer granulator configurations: (a) horizontal mixer and (b) vertical, bottom-driven
mixer (taken from Reynolds et al., 2007).

2.4.1 Stress characterisation in granulation

There is little characterisation work on the stress in mixer granulators found in the literature.
The impact stress was often used to predict the stress experienced by granules based on the
acceleration imparted by the agitator (Oulahna et al., 2003; VVan Den Dries and VVromans, 2002;
Vonk et al., 1997; Vromans et al., 1999), given by Equation 2.20. F is the impact force, A, is
the granule projected surface area, m, is the granule mass and d, is the granule diameter. a, is
the acceleration that the granules gained from collision with the mixer agitator. This was taken
as the acceleration of the impeller tip by the authors which is estimated from Equation 2.21,
where vy, is the impeller tip velocity. Substituting Equation 2.21 into Equation 2.20 gives the
impact stress in Equation 2.22.

F my,a,
Oimpact = 5 =~ 2
v o(%)
2
Equation 2.20
Ap = Aptip = A_t ~ Vtip dp
Equation 2.21
2

— 2
Oimpact = §ppvtip

Equation 2.22
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The impact stress is given as a product of the granule density and the square of the impeller
tip speed. This is in fact similar in form as the numerator in the Stokes deformation number
(Equation 2.12, rewritten below) if uo, the characteristic velocity, is taken as the impeller tip
speed. For mixer granulators however, the impact stress is logically affected by the agitator
geometry such as the blade width/height, angle and other granule bed properties such as bed
load or filling level. The effects of these are not explicitly known from Equation 2.22 since it is

not a direct correlation of the agitator to granule bed stress.

2
PpUp

Stdef = —ZY
14

From: Equation 2.12

2.4.2 Stress measurement and granulation monitoring methods

Measurements of stresses in mixer granulators from the literature were scarce, particularly
for direct evaluation of the agitator—granule bed stress, i.e. measurement of the stress at the

agitator-granule bed contact region.

Table 2.6 summarises the stress and other monitoring measurement methods from the
literature. Amongst the methods, the direct agitator torque and power draw or consumption
measurements are widely used as an indication of the agitator-granule bed load due to the
relatively inexpensive and simple measurement since most commercial granulators are
equipped with torque or power measurement devices. The power draw or consumption of the
agitator motor is measured using a power or watt transducer while direct agitator torque, i.e. the
force required to rotate the agitator, is measured using strain gauge sensors attached on the
agitator shaft. Agitator torque and power draw measurements were used in most of these works
for granulation monitoring, i.e. to monitor the torque or power and relate them to the change of
targeted granule attributes, typically mean size or size distribution, the cohesiveness or
"wetness" of the granulating mixture and granule density or granule strength. From the
monitoring, a granulation "end-point™ is then determined when the target granule attributes are
obtained. Besides granulation monitoring, the power draw is also used in granulation scale-up
studies, i.e. keeping the Power Number constant across scales (Horsthuis et al., 1993; Mort,
2005; Mort, 2009).
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Table 2.6: Stress and monitoring measurements in granulators.

Type of measurement

Granulator type

Method

Reference

cylindrical mixer

gauge or
piezoesensors) inserted
into the granule bed

Stress Granule bed Vertical axis, Stress sensor probe (Watano et al., 2005)
internal stress cylindrical mixer  (strain gauge) inserted
(shear and into the granule bed
normal)
Granule bed Vertical axis, Pressure colouring (Fu et al., 2009)
internal stress cylindrical mixer films attached on a
(normal) probe inserted into the
granule bed
Granule bed Vertical axis, Breakage count of (Tardos et al., 2004)
internal stress cylindrical mixer calibrated "test"
(shear) particles added to the
granule bed.
Wall-granule Fluidised Couette  Stress sensor (hydraulic (Talu et al., 2001)
bed stress (shear Device piston force transducer)
and normal) at the wall
Wall-granule Horizontal axis, Piezoelectric stress (Fuetal., 2011)
bed stress (shear plough mixer sensor at the wall
and normal)
Internal vibration of granule bed Vertical axis, Sensor probe (strain (Ohike et al., 1999;

Staniforth et al., 1986)

Planetary mixer

Sensor probe (strain
gauge) inserted into the
granule bed

(Staniforth and Quincey,
1986)

Direct agitator torque

Vertical axis,
cylindrical mixer

Strain gauge sensors on
impeller shaft

(Cavinato et al., 2010;
Chitu et al., 2011;
Corvari et al., 1992;
Ghanta et al., 1984;
Kopcha et al., 1992;
Leuenberger et al., 1990;
Mackaplow et al., 2000)

Planetary mixer

Strain gauge sensors on
impeller shaft

(Lindberg et al., 1977)

Power draw/consumption

Vertical axis,
cylindrical mixer

Watt transducer or
power cell at the mixer
motor

(CIiff, 1990; Holm et al.,
19853, b; Kopcha et al.,
1992; Mackaplow et al.,
2000; Ritala et al., 1988;
Rondet et al., 2012;
Schaefer et al., 1992;
Terashita et al., 1990a;
Terashita et al., 1990b)
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However, the torque and power draw often involve other influences as they reflect the total
resistance of the bed while being rotated by the agitator or in other words, the total load exerted
on the agitator by the bed. Factors such as the granule-wall friction and the bed cohesiveness
will affect the torque and power draw readings (Darelius et al., 2007; Knight et al., 2001).
These measurements are, therefore, not directly correlated to the actual agitator-granule bed
interactions or impacts. In addition, power draw is also influenced by the bearing wear and
other changes on the efficiency of the motor system, and is thus less sensitive to change in the
granulating mixture than the torque (CIiff, 1990; Corvari et al., 1992; Kristensen and Schaefer,
1987).

Direct measurements of the stresses in agitator granulator have focused on either the granule
bed internal stress or the granulator wall-granule bed stresses. For the granule bed internal
stress, this was carried out by inserting a stress sensor probe with attached strain gauge, into a
specific location in the granule bed which measures both the normal and shear stresses (Watano
et al., 2005). In another work, Fu and co-workers introduced a probe with affixed pressure
colouring films into the granule bed to measure the normal stress on the probe (Fu et al., 2009).
The pressure colouring films consist of micro-bubbles containing colour forming material
which burst upon pressure application and the resulting colour density is related to the pressure
or normal stress. After a certain measurement time, the probe was removed to detach the films
for analysis of the colour density. However, this method gives a built-up stress over the
measurement time. In Tardos and co-worker's work, they measured the granule shear stresses
indirectly by using cylindrical “test” particles made from Play-Doh® with known vyield
strength (Tardos et al., 2004). Specific amount of the “test” particles were added to the
granulating mixture and the average shear stress was assumed to be equal to the measured yield
strength if approximately 50% of the “test” particles were broken upon inspection. In the above
works, the measured granule stresses were applied for scaling-up of the granulators.
Maintaining the same stresses of the granule bed is also a method to control the same

granulation conditions in different granulator scales (Mort, 2009).

For the granulator wall-granule bed stresses, Fu and co-workers introduced piezoelectric
stress sensor probes at the wall of a horizontal axis Lodige plough mixer with rotating “pin
tools” (Fu et al., 2011). Two probes in different orientations enabled both the normal and shear

components of the stress to be measured. The authors then applied the stresses to predict
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material caking on the mixer wall, also known as “wall make-up” from balance of the applied
shear stress on the material and the resistance stress of the material at the wall. In another work
by Talu and co-workers, hydraulic piston force transducers were attached onto the wall of a
Fluidised Couette Device, which is consists of two concentric cylinders and granules in the
annulus was sheared by the rotating inner cylinder (Talu et al., 2001). Both shear and normal
components were measured and the authors concluded that the normal stresses could be applied
to monitor the granulation process. The fluctuations of the normal stresses were affected by the

granule size, density and strength.

Other probe methods have also been employed which measure the vibration of the strain
gauge sensor probes instead of the stress (Ohike et al., 1999; Staniforth et al., 1986) The
vibration amplitudes and frequencies were also used to monitor the granulation process and for
the "end-point™ determination. For instance, Ohike and co-workers carried out Fast Fourier
Transform on the vibration fluctuations and related the intensity or amplitude of the main
frequency peak to the mean size of the granules. The authors found that the intensity or

amplitude increased with the granule mean size.

2.4.3 Outlook and thesis objectives revisited

A recent development in granulation involved the introduction of the "Granulation growth
regime map" which aims to link processing, formulation and equipment to the granule growth
behaviour through understanding and application of micro-scale models of granulation rate
processes. The authors have validated the map using granulation data from different types of
granulators although several limitations still exists; one being the proper characterisation of the
external force or stress on the granules which influences the granule deformability from the
Stokes deformation number. From the summary in Figure 2.13, the external stress from the
agitator which initiates the intergranule collisions throughout the granule bed can affect the
granule behaviour in several ways. For mixer granulators, the main source of external stress
comes from the main agitator which rotates at high speeds. Previous granulation work
estimates the impact stress based on the impeller tip speed which is not directly correlated to
blade geometry and granule bed properties. There are also currently no direct measurements of

the force and hence stress exerted by the agitator to the granule bed, where most stress
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measurements were carried out either at a specific location in the granule bed or at the
granulator wall. Therefore, in this thesis, a novel direct measurement method for the stress
exerted by the agitator to the granule (i.e. the impeller blade-granule bed stress) in a vertical
axis, cylindrical high shear granulator, is developed. This is detailed in the next chapter.
Subsequently in Chapter 4, an impeller blade-granule bed stress equation is proposed from
theory which directly correlates the stress with blade geometries and granule bed properties,
followed by characterisation of the blade-bed stress from both experiments and Discrete
Element Method (DEM) simulations (Chapter 4, Chapter 5 and Chapter 6). Description of the
DEM is given in Chapter 6 itself.
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Chapter 3

Telemetric impeller stress sensor system and other methodology

3.1 Introduction

In this chapter, the measurement and analysis methods for the experimental work carried out

in this thesis are detailed. For clarity, the methods are presented in the following order:

e Description of the high shear granulator and the development of a novel direct blade-
granule bed stress measurement method in the studied granulator;

e Description of secondary measurements of the granule bed in the granulator, necessary for
the impeller blade-bed stress equation, which theoretical development is highlighted in
Chapter 4. These are the granule or particle bed surface velocity and bed height
measurements; and

e Description of methods to ascertain the properties of dry granules or particles used or
produced in the experiments (size, apparent density, strength and Young’s modulus), as

well as some properties of liquids used in the experiments (viscosity and surface tension).

The types of materials used and granulation steps are explained in the individual chapters, as

appropriate.

3.2 Blade-granule bed stress measurement
3.2.1 High shear granulator and pressure colouring films method

The studied high shear granulator was a lab scale, ~10 litre vertical axis, cylindrical
commercial granulator from Zanchetta & C. s.r.l., Italy (model name: Roto Junior) (Figure 3.1).
The mixer bowl had a constant diameter of 0.28 m and a height of 0.18 m. The impeller in the
mixer bowl can be rotated from ~5 to 700 rpm, corresponding to tip speeds of 0.07-10.3 m/s or
Froude numbers (see Equation 6.19 in Chapter 6) of 0.0002-3.88. Also shown in Figure 3.1 is
the binder spraying system for wet granulation and the control panel of the granulator for

control settings and temperature monitoring.
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Control panel

Binder
spraying
system

Mixer bowl

Figure 3.1: ~10 L Roto Junior high shear granulator.

From the literature review, Fu and co-workers measured the granule bed stress by using
pressure colouring films attached onto a probe inserted into a particular location of the granule
bed (Fu et al., 2009). As a first attempt to evaluate the impeller blade-granule bed stresses for
this research, the films were used and affixed onto the impeller blades for the measurements.
The measured stress indicates the normal stress on the plane of the inclined blade. Appendix A
details the working principle of the films (manufactured by FujiFilm), the measurement steps
and results obtained from this method. With the films method, several three-bladed impellers
with single pitch blades at different inclination angles (27°, 32°, 38° and 45°) were tested.
Following these experiments, there are several limitations of using the pressure films,

summarised as follows:

The films were incapable of measuring the instantaneous, real-time blade-bed stresses in the
granulator. The results indicate a built-up stress over the measurement time. Initial experiments
in the Roto Junior show that the stress obtained with the films are at least a magnitude higher
than the expected values. Experiments to evaluate effect of the measurement time for a steady-
state bed shows a near linear increase of the blade-bed stress measured using the film with the
measurement time. This is attributed to more micro-bubbles on the films which contain the
colour-forming materials being burst upon continuous, repeated impacts with the granules with

time.
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The films were quite difficult to handle in the high shear granulator. Special care has to be
taken to ensure that the micro-bubbles are not broken before the measurements, particularly for
the low pressure grade films which are suited for the blade-bed stress range in the Roto Junior.
At the same time, the results can also be affected if there are trapped air bubbles between the
adhesive tape and the pressure film if the layers are not affixed properly. Furthermore, to obtain
measurements especially for different granulation times, the process has to be stopped,
followed by removal of the bed mixture and impeller to remove the used films and to attach

fresh ones for the subsequent measurements.

To overcome the said limitations, a stress sensor method was proposed and custom-built for

the blade-bed stress measurements in the Roto Junior, detailed in the following section.

3.2.2 Telemetric impeller stress sensor system

3.2.2.1 Sensor description

For measurements of the instantaneous, real-time blade-bed stress, a telemetric impeller
stress sensor system was designed in the ~10 L Roto Junior by modifying one of the single
pitch impellers. This measures the normal stress on the blade’s inclined surface. A stainless
steel plate of 27x27 mm on which a foil resistance strain gauge is adhered to, was attached
onto one of the blades of the 32° impeller (Figure 3.2). The blade was drilled to create an
internal chamber so that the plate could be attached on without any protruding surface which
would otherwise affect the inclination angle of the measured area. The plate was secured onto
the blade using screws at each corner and with sealant applied along the edges. This gave a
deformable measurement area of ~22x22 mm as indicated in Figure 3.2. For wet granule beds,
the plate was coated with a Teflon layer to avoid material build-up on the plate. Figure 3.3
shows a schematic of the system setup in the Roto Junior. Other main parts of the system
located in the granulator are an output controller plus transmitter box and a battery box
attached to the central support of the impeller. Both boxes have dimensions of 7x5x3 cm. A
receiver installed to a DAQ (Data Acquisition) software on a computer enables the transmitted
output to be relayed and read telemetrically. From the sensor plate, an internal channel in the
blade towards to the central impeller area connects the wires from the plate to the control box.

Very importantly, this allows all wires to be safely concealed in the impeller. During
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measurements, the entire system including the control and battery boxes rotates together with

the impeller.

12mm 22 mm

Blade width =
35mm

Figure 3.2: Sensor plate on the impeller blade.

Receiver ,

e
box Battery

box

0.18 m

. Sensor plate

/

& >
< 14

0.28 m

Figure 3.3: Schematic of the telemetric impeller stress sensor system in the Roto Junior.

Figure 3.4 shows the flow diagram of the telemetric impeller stress sensor system. The
outputs of different components are also indicated in the figure. A single strain gauge was
attached onto the underside of the sensor plate (see Figure 3.6 for the location of the gauge on
the plate). This was a 9.8x5.2 mm foil resistance strain gauge (Omega UK, model number:
SGD-5/350-LY11, nominal resistance of 350 Q, maximum strain of 3%, operating temperature
range of -75 to 95 °C) which consisted of the strain sensitive resistance element (Constantan),

attached onto a backing material or carrier (Polyimide). When pressure or normal stress is
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applied on the sensor plate, this deforms the plate, the attached strain gauge and the strain
sensitive resistance element on it. The strain of the resistive element results in a change of
resistance, 4R, between the two ends of the element. The change in resistance is related to the
strain by its Gauge factor which is ~2.0+5% for the used gauge type. To obtain a useful
output from the strain gauge, a resistance bridge circuit (or more commonly known as the
Wheatstone bridge) was built. For this setup, the quarter bridge configuration was
employed, which is made up of one active gauge (connected to the sensor plate) and three
dummy resistors which are located in the controller box. These are resistors with variable
resistances and set to the nominal resistance of the strain gauge. Connected to the
resistance bridge circuit was a power or DC (direct current) voltage supply to provide the
excitation voltage for the circuit. For the system, a 9 V battery located in the battery box
provided the voltage supply and a 5 V voltage regulator was added to reduce and maintain
the excitation voltage at 5 V. When the Wheatstone bridge is unbalanced due to the
deformation and change in resistance of the strain gauge, a difference in the voltage output
results. The voltage output from the Wheatstone bridge then goes through a voltage offset
which adjusts the amount of offset required (i.e. 2.5 V in the system), followed by an
amplifier located in the controller box to amplify the voltage output by ~100 times. This is
necessary since the maximum voltage difference from the Wheatstone bridge is ~0.0375 V
without amplification, which would be difficult to detect in the output readings. A micro-
controller in the controller box then converts the voltage output to bits (maximum 1024 bits
which corresponds to 2.5 V) and a transmitter (LPRS Radio Ltd) collects the bit data and
transmits them telemetrically to the receiver in selected time intervals. For this system, the
data was relayed every 0.5 seconds and this gave a sampling rate of 2 Hz without any data
buffer. The receiver board was connected to the computer where the LPRS Radio software
reads and displays the relayed output. In addition to the above parts, resistor-capacitor

network filters were also used to filter noise from the signals.
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Figure 3.4: Flow diagram of the telemetric impeller stress sensor system.
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The previous section describes the integral parts of the telemetric impeller stress system. To

summarise, when a force is applied over the deformable area of the sensor plate, the sensor

plate deforms. This leads to a strain of the strain gauge causing a change in resistance and,

therefore, a change of the voltage output of the Wheatstone bridge which is then amplified and

converted into bits (Figure 3.5). Also included in Figure 3.5 are the factors affecting the

conversions of the outputs in each step. Since the gauge factor, excitation voltage, amplifier

gain and voltage to bit conversions are fixed for this system, the final output change depends

ultimately on the deformation behaviour of the sensor plate which is clamped onto the blade.

The deformation behaviour of the plate is dependent on its clamping condition, thickness and

material.
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Figure 3.5: Output flow in the telemetric impeller stress sensor system.

To relate the bit or output change of the sensor to the averaged applied pressure over the
plate's deformable area, calibrations of sensor plates were carried out using two methods:
continuous compression of the plate using the compression machine (Zwick/Roell Z0.5) and by
placing weights on the plate. Figure 3.6 shows the customised plate sensor holder which was
designed for the calibrations. The sensor plate was attached on the customised holder, screwed
and sealed at the edges, similar to the fixing conditions on the impeller blade. For calibration
using continuous compression, a thin piece of rubber with the same dimensions as the plate
deformable area was first placed on the plate deformable area before the punch of the
compression machine was lowered onto it (Figure 3.7). Similarly for the calibration with
weights, the weights were placed onto the rubber piece. The placement of the rubber piece was
to ensure a continuous contact of the entire deformable area of the plate while being deformed.
In both methods, the sensor output was first read prior to any load. This is the reference reading
of the sensor. For the weights method, the sensor output was recorded after each weight
increment (0.65-6.3 N weights or 0.0013-0.013 MPa). It was also observed that the sensor
readings do not fluctuate when the weights were placed on the sensor plate and rubber. With
the compression machine, a continuous load up to 40 N or 0.08 MPa from the punch was

applied onto the sensor and rubber and the sensor readings were continuously read.

Figure 3.6: Customised sensor plate holder for calibration. Right: position of the strain gauge on the
underside of the plate.
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Figure 3.7: Setup for the sensor plate calibration.

Results of both calibration methods on a 0.25 thick mm stainless steel plate are presented in
Figure 3.8. Both methods are in good agreement despite the difference in force range. For the
continuous compression of the sensor plate, the curve presented is the combined curve of 5
repetitions and the weights results are averaged values of 5 repetitions. The output indicated in
the figure (y-axis) denotes the output change normalised with the maximum available output
change. The output change is the difference between the reference reading (no load) and the
reading with applied load, and the maximum available output change is 1024. A non-linear
variation of the output with the applied pressure is observed and the polynomial expression for
the pressure is reported in Figure 3.8. At lower loads, the |Output| increases linearly with the
applied pressure and starts to converge at high pressure ranges. Since the inherent linearity of
the gauge deformation and resistance is given by the manufacturer, this non-linearity could be
largely attributed to the plate deflection behaviour due to the clamping condition of the plate
which is sealed along all edges. The plate average vertical displacement variation with the
applied pressure from the compression machine (Figure 3.9), which reflects the plate
deflection, also substantiated the observed non-linearity. After a certain loading force, there is
limited vertical displacement or deflection of the plate, and hence lateral deformation of the
strain gauge. Ramirez and co-workers, who calibrated similar plate-type normal pressure cells

for silo storage studies, also noted this occurrence (Ramirez et al., 2010).
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Figure 3.8: Calibration curve for a 0.25 mm stainless steel plate using continuous compression and
deadweights and the fitted polynomial expression. R? is the coefficient of determination showing the
goodness of fit, where 1 indicates perfect fit.
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Figure 3.9: Plate average vertical height displacement, wa,,,, from continuous compression.

Loading and unloading tests were also conducted using the weights to detect any hysteresis,
I.e. memory retaining of the system, a common occurrence in strain gauge sensor systems
(Chalmers, 1982). This was, however, not possible with the compression machine which had
no gradual unloading/force release capabilities. Figure 3.10 shows the results of this analysis.
At the tested pressure range, the difference between the loading and unloading cycles is

negligible. Relaxation of the plate also occurred almost instantly, i.e. within the output
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frequency of 2 Hz. This is also important as the measurements obtained from the Roto Junior
experiments reported in this thesis are all within this pressure range. From the calibration
model, the sensitivity of the 0.25 mm stainless steel sensor plate is also evaluated and is ~70
Pa, since the minimum output change is 1 bit.

0.4
® [ oading

O Unloading

0.3 -

0.2

[Output| [-]

0.1

0.0

0.01 0.015

Pressure [MPa]

0 0.005

Figure 3.10: Loading and unloading results (weights) for 0.25 mm thick stainless steel plate.

3.2.2.3 Measurement and analysis

For the actual blade-bed stress measurements in the Roto Junior, Figure 3.11 displays an
example of the sensor output for a steady-state dry granule bed (production and properties of
the bed and measurement steps are detailed in Chapter 4: Section 4.3), where the points when
the impeller rotation is started and stopped are indicated in the figure. From the raw readings,
the output change is computed using the reference values and converted to normal stress or
pressure values from the calibration data. Figure 3.12 presents these time-averaged blade-bed
stress values for steady-state measurements of a dry granule bed at different impeller speeds up
to 350 rpm. The measurements were conducted at least three times at each impeller speed and
Figure 3.12 shows good repeatability of the measurements. Runs at different impeller speeds
without any granules were also carried out to determine if the mechanical rotation and vibration
of the impeller and Roto Junior affects the readings. The time-averaged results of these empty
runs are also presented in Figure 3.12. For all impeller speeds, the output fluctuates between
the reference reading (output change of 0) and 1 or 2 bits above the reference reading (output
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change of -1 or -2) when there are no granules in the granulator, instead of the expected
decrease in reading when pressure is applied onto the sensor plate. Therefore, minute negative
pressure values for the empty runs are reported in Figure 3.12 and from this, it can be seen that
the mechanical vibrations do not cause significant noise or increase in the blade-bed stress

measurements.
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Figure 3.11: Example sensor output: readings for dry mannitol bed (1.5kg load, 0.5-1.0 mm sieve size)
at impeller speed of 150 rpm.

3900 - _

€ Run 1-with granules

® Run 2-with granules
—_ B Run 3-with granules
F‘,‘_i‘ 2900 - -A - Empty-no granules
A
L
1900 - é
K=}
_$ @
(3}
2 900 - &
m &

g §
-100 - B===f===A==—fr==gr===ff===K '
0 100 200 300 400

Impeller speed [rpm]

Figure 3.12: Time-averaged blade-bed stress for dry mannitol granules bed (1.5 kg load, 0.5-1.0 mm
sieve size) and empty runs at different impeller speeds.
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3.3 Granule bed surface velocity and height
3.3.1 High speed camera recording

The granule or particle bed surface velocities were obtained by Particle Imaging
Velocimetry (P1V), a method to track and measure the motion of a bulk particle bed surface.
Images of the moving bed was first recorded using a high speed camera (Photron Fastcam
1024-PCI with a Nikon 24-85mm f/2.8-4 AF-D macro lens) directed vertically downwards
towards the bed. The camera was located above the bed near to the granulator wall (Figure
3.13) in order to capture the bed surface above the location the sensor plate, which is of
interest. In this thesis, the top view of the bed (Conway et al., 2005; Lekhal et al., 2006; Plank
et al., 2003; Remy et al., 2010) instead of the perpendicular view (Dorvlo, 2009; Litster et al.,
2002; Nilpawar et al., 2006) towards the inclined bed surface was recorded to avoid
inconsistencies in the changing planes of the bed surface at different conditions. Additionally,
the circumferential motion, also the dominant motion of the agitated granule bed, could be
adequately captured from this top view. The images were recorded at frame rates of 1000 or
1500 frames per second (1000 fps for low impeller speeds and 1500 fps for higher speeds).
Recording was carried out for particular time frames depending on the impeller speed, i.e. the
time taken for at least two impeller rotations for each impeller speed. Figure 3.14 shows an
example image of the recorded bed surface in the Roto Junior with the analysed region also

indicated in the figure.

High speed
camera

Sensor plate

/

Figure 3.13: Schematic of the high speed camera setup with the Roto Junior.
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Figure 3.14: Example high speed camera image (top view of granule bed) for bed surface velocity
analysis.

3.3.2 Bed surface velocity and height analysis

The 2-D velocities at the observed area above where the sensor was located (Figure 3.14),
an area of ~45x30 mm above the impeller stress sensor and adjacent to the wall, were
computed using the Minimum Quadratic Difference (MQD) algorithm package available in
Matlab (Mori and Chang, 2009). Each image was divided into sufficiently small calculation
areas, called the interrogation areas. With the algorithm, the displacement and velocity vectors
between successive images in an interrogation area were computed by evaluating the minimum
in the sum of pixel value (or grey value for binary images) difference between the search area
in the second image and the interrogation area in the first. Equation 3.1 shows the MQD

algorithm equation, first introduced by Gui and Merzkirch (Gui and Merzkirch, 1996).

Ny Ny

P(Ax,Ay) = min Z z|f1(xi,yj) - fz(xl- + Ax,y; + Ay)|

i=1 j=1

Equation 3.1

P is the sum of the pixel value differences, 4x and Ay are the x and y displacements between
the search areas in the second image and investigated interrogation area in the first image, f;

and f, are the pixel values (or gray values for the grayscale images in this work) where the
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subscripts ";" and "," denote the first and second image respectively, x; and y; are the x and y
coordinates in the image, and Ny and Ny are the sizes of the interrogation area. P is evaluated
over a range of search areas where 4x and 4y are selected when P has a minimum value. The
displacements and, consequently, velocities were determined from the time interval between
successive images. This was repeated for all the interrogation areas in the image. Despite being
generally more computationally exhaustive, particularly for larger search areas, this algorithm
was chosen over others due to the minimal error and its robustness (Mori and Chang, 2009).

Descriptions of other algorithms are also given in Appendix B.1.

For the calculations, there are several definable parameters; the interrogation area size and
the search area range. The interrogation area size denotes the size of each processing area and
the number of velocity vectors obtained; a smaller interrogation area results in more velocity
vectors but increases the processing time. The interrogation area is typically selected based on
the total resolution of the image and the size of the particles, in order to obtain a good texture
or pattern of the bulk motion. For standard image resolutions, the interrogation areas are set at
multiples of 8 pixels, i.e. 8x8 pixels, 16x16 pixels and so forth. Appendix B.3 shows the
surface velocity results of different interrogation areas at several conditions and, based on those
results, an interrogation area of 64x64 pixels was found to be adequate for accuracy and to
reduce the processing times. The search area, also in terms of pixels, is set depending on how
fast the particles move between images, although an excessively large search area will
significantly increase the processing time. For all the conditions studied in this thesis, a
maximum search area of 20 pixels was sufficient to capture the motion of the particles between

images.

The computed x and y velocities represent the circumferential/tangential, vgrc, and radial
velocities, vgurir, respectively for the moving bed in a cylindrical granulator. In Chapter 7, the

total bed surface velocity, vsuf,i, in each interrogation area was also computed from the

circumferential, and radial components (vsurf,t = \/vsurf,cz + Vsurr 2 ). Note that this total
bed surface velocity does not include the vertical motion of the bed. The bed height was
determined from a second set of recorded images from the high speed camera directed towards

the inner surface of the mixer wall on which a scale was affixed (Figure 3.15).
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Scale

Figure 3.15: Example high speed camera image for bed height evaluation.

To obtain the velocities, the image pixels have to be correlated with the actual distance of
the recorded image. This was usually done by capturing an image with an inserted scale. Since
the top view of the granulator was recorded, the pixel-distance correlation was carried out for
different heights in the granulator. Refer to Appendix B.2 for a pixel-distance correlation plot
at different heights. For the velocity computations, the appropriate pixel-distance value was
used depending on the measured bed height.

3.4 Dry granule/particle and liquid properties
3.4.1 Granule/particle size

Granule or particle sizes can be measured in several ways; the most common techniques are
sieve analysis, laser diffraction and static or dynamic image analysis. The dynamic image
analysis method with a Camsizer S by Retsch was used for the size measurements of granules
produced by the Roto Junior or larger particles used in the experiments due to the suitable
measurable size range, i.e. 30 um to 30 mm. In the Camsizer, the granules or particles were
placed on an in-built vibratory feeder where they were transported and dropped between a light
source and two CCD (charge-coupled device) digital cameras (Figure 3.16). The projected

shadows of the falling particles were recorded by the cameras at frame rates of at least 60 fps.

o1



Chapter 3: Telemetric impeller stress sensor system and other methodology

In this manner, every single particle in the bulk material flow can be recorded and analysed.
The two camera system; a zoom and a basic camera enables maximum resolution across the
size ranges. The zoom camera ensures good resolution of the finer particles while the basic
camera captures the larger ones and also provides a large sampling size for good statistical
certainty. Each particle size was then evaluated directly from the images, i.e. the equivalent
diameter based on the particle’s surface areca was calculated. The size distributions are,
therefore, primarily number-based and can be converted to volume-based distributions. The
granule or particle size data reported in this thesis are the median, 10" percentile and 90"

percentile of the volume-based distributions, i.e. dy 10, dv,50, dv,90.

Vibratory
feeder

"._ +—— Backlight
o o °® .'. \:\\\‘ Zoom
L. NN camera
[ ]
M __________ (macro)
camera

Figure 3.16: Schematic of the dynamic image analysis method for size measurement in the Camsizer.

The laser diffraction method with a Mastersizer S Series — Long Bench by Malvern was
used for size analysis of some of the fine raw materials or powders used in this thesis. The
measureable size range using the selected lens was 0.5-900 um. Using a compressed air supply,
the powder was dispersed and fed to the measurement field where collimated laser beams were
directed to. The particles scatter the beam, which are deflected at different angles thus
producing a scatter pattern measured by a series of detector. The angles of observation
produces unique light intensity characteristics and the angles at which peak energies are
registered are related to the diameter. Large particles have peak energies in small scatter angles,
I.e. scatter at narrower angles, and vice versa. The particle size distribution is obtained from
comparison of the scattering pattern with an appropriate optical model using a mathematical
inversion process (Mie scattering theory) where the optical properties of the sample and

surrounding medium (i.e. air for dry powder measurements) also have to be known. The
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particle size distribution generated with this method is the volume-based distribution, and from

the distribution data, the d, so value is reported for the powders.

3.4.2 Granule/particle apparent density

The two most common methods of determining the particle or granule apparent density, i.e.
density of the granule including the internal pores, are the submersion or liquid displacement
(Fu, 2006; Gabbott, 2007; Iveson et al., 1996) and liquid pycnometer (Blake and Hartge, 1986;
Heiskanen, 1992; Redding et al., 2005) methods. In the liquid displacement method with non-
polar liquids such as kerosene, benzene or non-aromatic hydrocarbons, a certain mass of
granules is added into a precision burette with a known volume of liquid. From the volume of

liquid displaced, the apparent density of the sample of granules can be calculated.

In this thesis, the apparent densities were measured using the pycnometer method using
paraffin oil as the displacing liquid. Properties of the paraffin or mineral oil at ambient
conditions are given in Table 3.1. The viscosity and surface tension were measured using the
methods described in Section 3.4.4 and 3.4.5 of this chapter. It is important that the liquid’s
density is lower than that of the granules so that the granules do not float. Additionally, the
surface tension should also be reasonably low so that the liquid envelops the surfaces of the
granules well and does not penetrate into the granule pores. The granules were first soaked with
the paraffin oil coloured with an oil-soluble dye for several minutes, removed and dissected. It
was confirmed visually that there were no traces of dye and hence, liquid penetration into the

granule pores.

Table 3.1: Properties of paraffin oil

Density 864 kg/m® (~1000)
Viscosity 0.27 Pa.s (0.001)
Surface tension 33.5 mN/m (72)

*values in brackets are for water

For the measurements, a 25 ml liquid pycnometer was first weighed and paraffin oil was
added to the brim. The stopper was inserted after allowing all air bubbles to rise to the top. The
paraffin oil filled pycnometer was then weighed. Next, half of the oil was removed from the

pycnometer and a portion of weighed granules (~2 g) were added. Finally, the pycnometer was
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topped with paraffin oil and weighed again. After each sample, the pycnometer was emptied,
cleaned and dried thoroughly using compressed air. Following the measurements, the volume
of liquid displaced from the pyncometer when the granules were added is given by Equation
3.2.

My — (Mpyg — M)
P

Vl =
Equation 3.2

My is the mass of the pycnometer filled with liquid, myq is the mass of the pyncometer with
the liquid and added granules, mq is the mass of the added granules and p; is the density of the
liquid. From the volume of the liquid displaced, the apparent density of the granules, p,, is
thereby given in Equation 3.3.

_ My
pa I/l

Equation 3.3

3.4.3 Strength and Young's modulus

The strength of dry granules was evaluated using two methods: the conventional quasi-static
single granule diametric compression (Bika et al., 2001; Coury and Aguiar, 1995; Wynnyckyj,
1985) and uni-axial confined compression (Adams et al., 1994; Samimi et al., 2005) for a bed
of granules. In the single granule diametric compression, granules were crushed individually by
a platen while the force-displacement data was recorded to determine the load during fracture.
For the uniaxial confined compression of a bed of granules, a bed of granules in a confined
volume was compressed by a punch. From the force-displacement behaviour of the entire bed,
compression models notably by Heckel, Kawakita and Ludde and Adams and co-worker are
commonly used to approximate the average granule bed strength (Adams et al., 1994; Heckel,
1961; Kawakita and Ludde, 1971). While the single granule crushing test provides direct
information of the individual granule strength, a sufficiently large sample number is often
required due to the inevitable variation of each granule’s internal structure and composition. In
addition, crushing of granules with sizes < ~0.5 mm individually is impracticable. Multiple

granule compression, on the other hand, enables a bulk granule sample to be tested, thus
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reducing individual granule variations and is also suited for finer granules. However, the bulk
behaviour of the bed does not always agree to the single granule behaviour, as discovered by
several authors (Bashaiwoldu et al., 2004; Gabbott, 2007; Samimi et al., 2005). Therefore in
this thesis, data from both tests are reported, where appropriate. Both compression tests were
carried out using a Zwick/Roell Z0.5 compression machine (Figure 3.17) connected to a
computer for data logging and analysis. A 500 N load cell for the force application, with an
accuracy of 0.001 N was used. For the displacement data, a crosshead travel moved the punch

or platen vertically with an accuracy of ~0.2 pm.

Load cell

‘ ‘4 Punch

; ! 10 mm (diameter

’ r— and height) die for

multiple granules
compression

Sample stage

Figure 3.17: Zwick/Roell Z0.5 compression machine and schematic (left) of the punch and die.

3.4.3.1 Single granule diametric compression

A single granule was placed on the stationary sample stage shown in Figure 3.17 while the
punch was slowly driven downwards at a crosshead speed of 5 mm/min to apply an increasing
load on the granule until it fractured. The force-displacement behaviour of the granules,
exhibited in Figure 3.18 conforms to the characteristic of semi-brittle failure of materials,
where there is a sudden drop in load during granule fracture. This was observed by several
authors when studying different types of granules (Cheong et al., 2005; Gabbott, 2007,
Pitchumani et al., 2004). Based on this semi-brittle characteristic of the granules, the tensile
strength of the granule is given by Equation 3.4, derived by (Hiramatsu and Oka, 1966). Fs is
the load during fracture and D; is the distance between loading points. For simplification, D, is
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often estimated as the representative granule size, which is the granule diameter. The tensile

strength is also known as the strength of single granules reported in this thesis.

_ 28F,

D}

Ts

Equation 3.4

Fracture force, F;

Force [N]

Equation 3.5,with
E, =547 MPa

0.00 0.02 0.04 0.06 0.08
Displacement [mm)]

Figure 3.18: Force-displacement curve for single granule crushing tests (dry mannitol granules, 0.5-1.0
mm sieve size produced in Chapter 4).

To obtain the Young's modulus of the single granules, the Hertzian equation to describe the
power law relationship between the load applied on a spherical body and the elastic
deformation can be applied (Equation 3.5) (Johnson, 1985). r, is the granule radius, E* is the
effective Young's modulus and 4 is the displacement. According to the theory, the load is
proportional to the displacement to the power of 3/2. The granule Young's modulus, E,, is
related to the effective Young's modulus, E*, by Equation 3.6. The value of the granule

Poisson's ratio, vy, is typically taken as 0.25. Figure 3.18 includes the force-displacement curve
fitted into Equation 3.5 to obtain E,,.

V2
F =1 BN
Equation 3.5
E, =E*(1-v})
Equation 3.6
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3.4.3.2 Uniaxial confined multiple granules compression

In the confined multiple granules strength test, granules were filled into a 10 mm high, 10
mm diameter cylindrical die, also shown in Figure 3.17. The granule bed was tapped gently
multiple times during filling to ensure proper packing. The punch was lowered onto the die and
applied a force of up to 450 N on the granule bed with the same crosshead speed as that of the
single strength tests. Figure 3.19 shows a typical applied force versus displacement curve for

the multiple granules compression.
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Figure 3.19: Force-displacement curve for uniaxial confined multiple granules compression (dry
mannitol granules, 0.5-1.0 mm sieve size produced in Chapter 4).

In this work, the compression model proposed by Adams and co-workers is applied (Adams
et al., 1994). The authors modelled the bed as a series of parallel columns to bear the applied

load and applied the Mohr-Coulomb macroscopic failure criterion (Equation 3.7).

T=19+aP’

Equation 3.7

7 IS the shear failure stress, 1o is the cohesive strength, « is the friction coefficient and P’ is
the lateral stress. aP’ represents the frictional stress acting at the failure planes. Based on the
failure criterion and the parallel-column model, the authors related the applied nominal
pressure on the bed, P, to the natural strain, ¢’, by Equation 3.8. 7,” and o’ are proportional to

the 7o and o in Equation 3.7 respectively and 7, is used to the represent the strength of the bulk
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granules, the 'bulk agglomerate cohesive strength parameter'. The natural strain, ¢’, is given in

Equation 3.9 where Hy is the initial bed height and 4 is the displacement.

T,
InP =1In <a_0> + a’e’ +In[1 — exp(—a'e’)]

!

e
¢ ="\H,-2

To obtain the bulk agglomerate strength parameter, z,’, the applied force and displacement

Equation 3.8

Equation 3.9

are first converted into pressure, P, (from the bed's cross-sectional area) and natural strain, ¢’,
respectively. The plot of In P versus In ¢’ is then fitted into Equation 3.8 (Figure 3.20). The

bulk granule strength reported in this thesis is the z,” obtained using this method.

20 +
15 o
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7, =19.2 MPa, a = 4.9
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Figure 3.20: Plot of In P (pressure) versus In &' (natural strain) and fitted Adam's equation (Equation
3.8) (dry mannitol granules, 0.5-1.0 mm sieve size produced in Chapter 4).

3.4.4 Liquid viscosity

The viscosity of liquids was measured using a proRheo R180 Rheomat “tube and bob”
rotational viscometer by Rheometric Scientific. The instrument consists of a motor driven bob
rotating in a tube filled with the measured liquid (Figure 3.21). The rotational torque was
measured and converted to shear stress from the known volume of sheared liquid and the liquid
viscosity was computed by the shear stress and shear rate ratio. Several tube and bob
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combinations with different diameters enable viscosities from 0.003-150 Pa.s to be measured.
Shear rates can also be varied from 6.5 to 1291 s™.

Figure 3.21: proRheo R180 Rheomat “tube and bob” rotational viscometer with the 32.54 mm
diameter tube and 30 mm diameter bob attached. Left: Schematic of the tube and bob.

Figure 3.22 shows an example plot of the viscosity of paraffin oil used as the displacing
liquid for the granule/particle apparent density measurements in Section 3.4.2, across the full
range of shear rates in the instrument. It can be seen that the paraffin oil exhibits slight
pseudoplastic properties, i.e. reduced viscosity at high shear rates. The viscosity value reported

in Table 3.1 is taken as the y-intercept of a fitted linear line to the viscosity data across the
shear rates.
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Figure 3.22: Viscosity of paraffin oil at different shear rates.
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3.4.5 Liquid surface tension

The surface tension of liquids was measured using the FTA 32 drop shape analyser by First
Ten Angstrom Inc (Figure 3.23), with the widely used "pendant drop"” test. Using a manual
dispensing syringe and needle, a suspended droplet of the studied liquid in air was produced
and an in-built high speed camera recorded the images at 60 fps for analysis, as shown in
Figure 3.23. The surface tension was calculated by fitting the droplet shape to the Laplace-
Young equation which describes the capillary pressure difference across the interface of two
fluids (i.e. air and the analysed liquid for this thesis). The liquid density, necessary for the

calculations was determined prior to the measurements using a liquid pycnometer.

Manual dispensing syringe “Pendant drop” test: recorded image of the
+ needle suspended droplet

Camera

Figure 3.23: FTA 32 drop shape analyser for liquid surface tension measurements.
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Chapter 4

Dry granule/particle bed characterisation: experimental

4.1 Introduction

In this chapter, the impeller blade-granule bed stress is characterised and measured using the
custom-built impeller stress sensor described in the previous chapter for dry granule beds in the
~10 L Roto Junior high shear granulator. Contents of this chapter are presented in the following

order:

e Explanation of the theory for direct correlation of the impeller blade-granule bed force,
and the impeller blade-bed stress equation for a cohesionless, continuous granule bed in the
studied granulator system;

e Description of the materials for the dry granule beds used for the measurements, production
method and characterisation of the granule/particle properties;

e Measurement results for several important operating conditions and granule bed properties,
i.e. impeller speed, bed load, granule sieve size and granule materials/density; and

e Prediction of the blade-bed stress from the proposed theoretical equation.

4.2 Blade-granule bed stress: theory

4.2.1 Force of a blade moving linearly through a cohesionless granule bed

For direct correlation of the blade—granule bed interaction with the blade and granule bed
properties, characterisation of the force imparted by a linear blade moving through a
cohesionless, continuous granule bed has been carried out by a number of authors (Bagster and
Bridgwater, 1967, 1969; Makishima and Shirai, 1968), where the force is dependent on the
following factors: weight of the bed, velocity of the blade through the bed, blade geometries
(height and angle), frictional properties of the bed and the blade gap and floor effects. Bagster
and Bridgwater carried out dimensional analysis on the total horizontal force, Fy to move a

blade through a bed of cohesionless granular particles (Figure 4.1) (Equation 4.1):
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Fy (LW 00,0
o engiL iy iy Ty O gy OO O

Equation 4.1

pp is the density of the constituent granules of the bed, ¢, is the bed porosity, g is the
gravitational acceleration, h; is the blade inclined height, L, is the blade length, Z is the
immersion of the blade (defined as the vertical distance from the bottom of the blade to the
undisturbed particle bed surface), Ws is the gap height between the bottom of the blade and the
floor, @, is the dynamic angle of friction between the granules and the floor, v, is the blade
linear velocity, 6, is the blade inclination angle, @,, is the angle of internal friction (granule-

granule) and @,, is the angle of wall friction (granule-blade).

Granule bed

Figure 4.1: Blade moving through a granule bed (modified from Bagster and Bridgwater, 1967 and
Bagster and Bridgwater, 1969).

Fy

From the analysis, the dimensionless horizontal force, ————————
pp(1—ep)ghrL

depends on the

following dimensionless groups:

o (hi) and (&) which reflect the effect of the weight of a static granular bed supported by the
1
blade.

i (?) and (@) for the blade gap and floor effects.
1

2
o (ih) for the effect of the movement (inertial contribution) of the bed through the granular
ghy
bed.

o ((Z)p) and (@,,) for the effect of the frictional properties of the bed.
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e () for the effect of the blade’s inclination angle.

The static weight and frictional effects have been modelled by Nedderman using Coulomb’s
method of wedges for the static force of a cohesionless material on a vertical wall (Nedderman,
1992). For passive failure analysis of the wall, i.e. force vector directed outwards from the wall
to the bed, and taking into account the effect of a uniform surcharge, i.e. stress applied by
additional material to the top surface of fill/wall, Equation 4.2 was obtained for a horizontal
force per unit length of the blade:

Fy 1

.- 2 Kppp (1 — ep)g(hf + 2Hghy)
I

Equation 4.2

Hs is the height of the surcharge and K is the coefficient of passive failure. The coefficient
of passive failure, or more specifically the ratio between the horizontal force and the vertical
force on the retaining wall, is a function of the angles of internal and wall frictions and also the

inclination angle of the wall (Jumikis, 1962; Terzaghi, 1966).

The inertial component of the horizontal force per unit blade length from the dimensional

analysis is given in Equation 4.3.

Fy

. = alpp(l - 5b)h17712
1

Equation 4.3

ay 1S the proportionality constant determined experimentally as obtained by Bagster and
Bridgwater (Bagster and Bridgwater, 1969). Experimental measurement of the force vector on
a vertical blade moving through a granular bed by the authors using a customised force
measuring apparatus showed that the force due to the blade movement (above ~0.25 m/s) is
found to be almost independent of the values of @,, and @,,, hence the frictional properties of
the granular bed. On the other hand, at low velocities (up to ~0.25 m/s), they found that the
force is independent of speed and therefore the inertial group. In this velocity range, the static
weight and frictional effects on the force are dominant. Bagster and Bridgwater also used
Equation 4.2 (without the effect of surcharge) to obtain a semi-empirical correlation between
the dimensionless force and the frictional properties.
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4.2.2 Force and stress of a rotating blade through a cohesionless granule bed

The previous section described the force of a blade moving linearly through a granular bed.
In high shear granulators, the impeller blades rotate about the axis of rotation. For a vertical
axis, cylindrical high shear granulator (Figure 4.2), the impeller is mounted and rotates (in the

azimuthal, o direction) about a central, vertical shaft (z-axis).

Figure 4.2: Vertical axis cylindrical granulator

Figure 4.3 and Figure 4.4 display the granule bed and impeller blade profiles in the z-r
and z-a planes respectively. The granule bed is typically pushed towards the granulator’s
periphery due to centrifugal effects from the impeller rotation and, therefore, the granule
bed height varies along the radial position, r. Unlike the blade of length, L;, moving linearly
through the granule bed in Figure 4.1 which gives a constant force across its length, the
impeller-granule force varies along the blade radius, r, due to the variation of linear speed
(v, = 2mrw;) and granule bed mass (from the bed height) along the radius. w, is the impeller
rotational speed. The inertial force, dF;, which accounts for the acceleration imparted by the
blade to the bed is simply given as the rate of change of momentum (Knight et al., 2001).
This is assumed to be the dominant force for the blade-granule bed interactions in the high
shear granulator, since the impeller is usually rotated at high speeds. Therefore, frictional
effects are not considered. For simplicity, the floor effects are also disregarded and since

the impeller blade-floor gap in the Roto Junior is ~1 mm.
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Figure 4.3: Granule bed and impeller blade profile in the z-r plane (front view).
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Figure 4.4: Granule bed and impeller blade profile in z-a plane (side view).

The inertial force of a particular bed block, dF;y, acting in the circumferential direction, is

derived from Equation 4.4, i.e. the rate of change of momentum of a block of granule bed with

dimensions Hg, X da X dr (Figure 4.3 and Figure 4.4) which is pushed by the impeller blade.

Hg,r is the bed height at a particular radial position or for a particular granule bed block, da and

dr are the angular and radial displacements respectively. A particular block of bed is assumed

to have similar physical properties and velocity throughout.

5 = et

Equation 4.4
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mp,r IS the mass of a granule bed block and vy is the relative velocity between the blade and
granule bed. The angular displacement is given in Equation 4.5. Also, the inclination angle of
the blade affects the force imparted to the granules and the deformation of the granule bed.
Knight and co-workers suggested the inclusion of a (1-cos ) term to the force, where 6 is the
blade inclination angle from the horizontal. Substituting the granule bed bulk density, py, the
bed block dimensions (Hy, X da X dr), Equation 4.5 for the angular displacement and the
inclusion of the blade angle term into Equation 4.4 consequently gives Equation 4.6 for the
inertial force. The bed bulk density, py, is equal to the py(1-e,) term used by Bagster and

Bridgwater in the previous section.

da = v, dt

Equation 4.5

dFiy = Png,rvrzez(l — cosf)dr
Equation 4.6

The blade—granule bed normal stress, ai¢), is then derived assuming that the force varies
only along the blade radial length and is constant across the blade height, h, (Equation 4.7),
thus giving Equation 4.8 (Equation 4.8a in terms of linear velocities, vy, and Equation 4.8b in
terms rotational speeds, wrer). Vrel = Vi - Vg and wyel = @) - g Where subscripts " and 3" denote

the impeller and granule bed respectively.

_ 1dFy,
% = h, dr

Equation 4.7

_ prg,rvgel(l - COSHI)
Ti(r) = ™

Equation 4.8a

412 ppHy w1 (1 — cos6;)
iry = h,

Equation 4.8b

From Equation 4.8, the blade—granule bed stress is dependent on the blade geometries
(blade inclined height, hy, blade inclined angle, 6,), granule bed properties (bed height, Hg, bed
bulk density, pp) and blade and bed velocities (v), vg). Also, there are several dependent,
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measureable parameters of the moving bed: the bed velocity, v, and the bed height, Hg r, which
need to be determined for the stress prediction. Logically, the characteristic bed velocity should
be taken as the average bed velocity across its height. In this work however, the bed surface
velocity is assumed as the characteristic velocity. Since the blade-bed stress is measured using
the custom-built impeller stress sensor, the bed surface velocity is measured at the same region
above the stress sensor, and for simplicity the bed height is measured at the wall. In addition,
only the component of the bed surface velocity in the direction of the blade motion is regarded,
i.e. the circumferential component. Also, parameters that could be changed and investigated
experimentally using the custom-built stress sensor are the bed load or mass, sieve size of

granules and the bed bulk density (by changing the type of granules).

4.3 Materials and methodology

4.3.1 Granule preparation and granule/particle properties

Dry granules of different powders and plastic balls (solid, polypropylene) were used for the
dry bed experiments. Table 4.1 and Table 4.2 show the powder grades, their d,,so (median of
the volume-based cumulative size distribution), true densities, p;, and formulation of the
various types of granules. Mannitol, lactose and microcrystalline cellulose (MCC) are typical
excipients or filler materials, while hydroxypropyl cellulose (HPC) is a common binder

ingredient in pharmaceutical drug formulations.

Table 4.1: Powder grades and properties.

Powder Grade dvso (um) pi (glem?)
Mannitol Pearlitol 50C ~50° ~1.52°%
Lactose Lactochem, fine grade ~39° ~1.53%
Microcrystalline cellulose (MCC) Avicel PH101 78+0.8° ~1.56%
Calcium carbonate (CaCOs) Durcal 15 21+0.3" 2.7-2.9%
Hydroxypropyl cellulose (HPC) Klucel EXF Pharma Grade 99+1.3° 1.209+0.001°¢

 manufacturer’s specification.
® mastersizer measurement, described in Chapter 3: Section 3.4.1.
¢ obtained from (Picker-Freyer and Durig, 2007).
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Table 4.2: Formulation for the different granules.

Name/Type Composition (weight percentage) Liquid (water) to solid
weight ratio(L/S)
Mannitol granules 75% mannitol, 21% MCC, 4% HPC 0.21
Lactose granules 96% o—lactose monohydrate, 4% HPC 0.12
MCC granules 96% MCC, 4% HPC 0.70
CaCO; granules 96% calcium carbonate, 4% HPC 0.12

The granules were made using the ~10 L Zanchetta Roto Junior high shear granulator in 2
kg batches. Water, pre-mixed with red dye (Erythrosin B, Acid Red 51) for ease of
identification and subsequent analysis, was spray added into the granulating system with the
impeller rotated at 400 rpm to trigger the hydration of the HPC for binding effect. Following
the spraying of water into the granulator, the granulating mixture was agitated for 5 minutes
and the agglomerates were then collected and air dried for 2 days. For the spraying, a 0.71 mm
orifice, atomising spray nozzle (1/4" LNN SS Atomizing from Spraying Systems Limited) with
a spraying pressure of 0.8 bar was used. This gave a spraying rate of ~65 g/min for water
(Appendix C shows the spray rate calibration for the spraying system in the Roto Junior).
Several batches of each formulation were produced using the same conditions to obtain
sufficient granules for subsequent measurements. For the granule size effect studies, the
mannitol granules were sieved into 4 different size classes: 0.1-0.5 mm, 0.5-1.0 mm, 1.0-2.0
mm and 2.0-4.75 mm. For the study of different types of granules, granules in the size range of

0.1-2.0 mm were taken. Polypropylene balls with a size between 1.0-2.0 mm were used.

Table 4.3 displays the size and density properties of the produced granules and
polypropylene balls. The granule sizes and apparent densities were measured using the
Camsizer and liquid pycnometer method respectively, as described in Section 3.4.1 and 3.4.2 of
Chapter 3. Bulk and apparent densities decreased slightly across the sieve sizes of the mannitol
granules with similar bed porosities, except for the 2.0-4.75 mm granules. For granules of
different materials, the densities of calcium carbonate granules are the highest, largely due to
the denser calcium carbonate powder (Table 4.1), whilst lactose granules and polypropylene
balls are the least dense. Also, spherical polypropylene balls have a lower bed porosity
compared to the granules, indicating denser packing which is primarily related to the particles’

shapes and surface roughness.
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Table 4.3: Size and density properties of different formulation granules and polypropylene balls.

Material / Size data (mm) Density (kg/m°) Bed
Sieve size (mm) dy10 dy,s0 dy.o0 Span® Bulk, p,  Apparent, p, porosity”
Mannitol granules 0.127 0.277 0.438 1.12 7574 1418+5 0.47
(0.1-0.5 mm) +0.009 +0.015 +0.014 +0.05
Mannitol granules 0.496 0.669 0.936 0.66 7407 139445 0.47
(0.5-1.0 mm) +0.014 +0.020 +0.020 +0.01
Mannitol granules 1.077 1.556 2.065 0.64 740+12 136214 0.46
(1.0-2.0 mm) +0.077 +0.098 +0.048 +0.06
Mannitol granules 2.368 3.340 4.502 0.64 673118 1347+10 0.50
(2.0-4.75 mm) +0.043 +0.057 +0.075 +0.01
Lactose granules 0.256 0.558 1.418 2.09 600+12 127545 0.53
(0.1-2.0 mm) +0.018 +0.045 +0.063 +0.11
Mannitol granules 0.335 0.610 1.414 1.78 76548 135914 0.44
(0.1-2.0 mm) +0.070 +0.102 +0.210 +0.09
MCC granules 0.239 0.515 1.038 1.57 762+7 1360+12 0.44
(0.1-2.0 mm) +0.052 +0.072 +0.106 +0.12
CaCOg; granules 0.346 0.562 0.894 0.98 982+4 2085+31 0.53
(0.1-2.0 mm) +0.045 +0.035 +0.055 +0.08
Polypropylene balls 0.992 1.446 1.849 0.59 644+9 996+9 0.35
(1.0-2.0 mm) +0.004 +0.004 +0.012 +0.01

@ Span = (dVIQO_dV!lO)/dVl50
®Bed porosity = 1-(py/p2)

Figure 4.5 shows the microscopic images, taken with a Carl Zeiss Stereo Discovery V12
Stereo Microscope, of the different granule types and polypropylene balls. Very noticeable are
the more irregular shapes of the granules (Figure 4.5a-d) compared to the spherical and smooth
polypropylene balls (Figure 4.5e). For the different types of granules, calcium carbonate
granules are the most spherical (Figure 4.5d) while microcrystalline granules are typically more
elongated (Figure 4.5c). Also when observed visually, the surfaces of both the lactose and
calcium carbonate granules are rougher compared to the others (Figure 4.5a&d), with smaller

particles sticking out at the granule surfaces.
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Figure 4.5: Microscopic images of (a) lactose granules, 0.1-2.0 mm (b) mannitol granules, 0.1-2.0 mm
(c) microcrystalline cellulose granules, 0.1-2.0 mm (d) calcium carbonate granules, 0.1-2.0 mm and (e)
polypropylene balls, 1.0-2.0 mm. Scale bars represent 2000 pm.

The strength of the granules and polypropylene balls were also ascertained using both the
single granule diametric compression and uniaxial confined multiple granules compression
methods described in Chapter 3: Section 3.4.3. The strength data presented in Table 4.4
represents the averages and standard deviations of at least 50 runs for the single granule
compression and at least 10 runs for the multiple granules compression method. Single granule
compressions were only applicable for granules or particles larger than 0.5 mm. On the other
hand, mannitol granules of the largest sieve size (2.0-4.75 mm) could not be properly filled into
the 10 mm diameter die for multiple granule compression. For granules of other materials of
sieve size 0.1-2.0 mm, only the granule bulk strength is measured due to presence of the finer
particles. From Table 4.4, the strength values for the multiple compression method are larger
than those from single granule compressions. This has been discussed in several works
comparing granule strength obtained from different methods (Gabbott, 2007; Samimi et al.,
2005), who inferred that the multiple granule strength test often involves other factors, one
being the die wall friction. Nonetheless, in this study, the multiple and single granule
compression results show similar trends for materials which could be successfully measured

using both methods and were both, therefore, assumed to be useful for drawing comparisons in
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strength for other materials. To summarise, strength decreases with increasing granule sieve
size, whilst for the different materials, polypropylene balls are evidently the strongest, followed
by the microcrystalline cellulose and mannitol granules, with lactose granules being the

weakest ones.

Table 4.4: Single and bulk granule/particle strength.

Material Strength (MPa)
Single granule tensile  Bulk strength parameter,
strength (zgin 7o from Adam’s equation
Equation 3.4) (Equation 3.8)
Mannitol granules (0.1-0.5 mm) NA 22.6x2.7
Mannitol granules (0.5-1.0 mm) 7.7x2.7 16.3+2.3
Mannitol granules (1.0-2.0 mm) 6.4+1.9 10.3x2.4
Mannitol granules (2.0-4.75 mm) 3.9+0.9 NA
Lactose granules (0.1-2.0 mm) NA 5.7+1.1
Mannitol granules (0.1-2.0 mm) NA 18.2+2.3
MCC granules (0.1-2.0 mm) NA 20.445.2
CaCO; granules (0.1-2.0 mm) NA 9.2+2.2
Polypropylene balls (1.0-2.0 mm) 25.7+3.3 112.5+24.9

4.3.2 Blade-bed stress, bed surface velocity and bed height measurements

After the dry granules or particles of certain bed loads were loaded into the granulator, the
following were measured: blade-granule bed normal stress, granule bed surface velocity and
granule bed height. Measurements were performed at impeller speeds from 50 to 350 rpm. For
the stress measurements using the impeller stress sensor, reference readings were first taken for
approximately 10 seconds in each run before the impeller was turned on so that the actual
output change could be computed for that run. The impeller was then rotated for 20 to 40
seconds, and steady-state measurements from the impeller stress sensor were taken. In addition,
build-up of material on the sensor plate should be negligible and the granule bed should not
undergo considerable change in terms of size of bulk densities, primarily due to weakening,
breakage from continuous impacts or attrition in the blade-floor gaps, which might affect the
readings. To prevent this, a fresh batch of granules of the same sieve size or type was loaded
into the granulator after each impeller speed run. The impeller running time was also chosen to
ensure that sufficient readings were obtained and at the same time, to cause less weakening,
breakage and attrition of granules. The used granules were then sieved to determine the broken

fractions. For most materials, these were <5% except for the 2.0-4.75 mm mannitol granules at
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300 and 350 rpm. Therefore, for this granule sieve size, only results from 50 to 250 rpm were
taken. The measurement readings were analysed and converted to normal stress values using
the methods described in Chapter 3: Section 3.2.2.2 and 3.2.2.3. The bed surface velocity and
bed height were measured and analysed as described in Chapter 3: Section 3.3. As explained
previously in Section 4.2.2, only the circumferential component of the bed surface velocities
are used for the vy term in the blade-bed stress equation (Equation 4.8). As such, from the high
speed recorded images and PIV analysis, only vg,c mentioned in Chapter 3:Section 3.3.2 was

computed and discussed in this chapter.

For the blade-bed stress, bed surface velocity and bed height measurements, the time-
averaged values and standard deviations were then calculated from the steady-state temporal
data, and presented in the following sections. The standard deviations reflect the degree of
fluctuation or fluctuation amplitude of the temporal data, i.e. large standard deviations indicate
large fluctuations of the temporal data and vice versa. Chapter 7 of this thesis also studies the

temporal values in more detail.

4.4 Bed-granule bed stress, bed surface velocity and bed height results
4.4.1 Bed load

For each of the materials listed in Table 4.3 and for the bed load investigations, as
previously mentioned, measurements were carried out for impeller speeds of 50 to 350 rpm,
corresponding to tip speeds of 0.7 to 5.1 m/s in the ~10 litre Roto Junior granulator. The bed
transits through different flow regimes from 50 to 350 rpm (see Figure 4.6; images taken with
Photron Fastcam 1024-PCI high speed camera); generally known as the “slow/frictional” and
“toroidal/roping” flows (Litster et al., 2002; Mort, 2009) while increasingly becoming more
“fluidised” as the bed gets lifted up more due to swift movements of the blades beneath. The
bed profiles and characteristics of each flow regime are described and studied in Chapter 7 of
this thesis. To summarise, three flow regimes (i.e. frictional, toroidal and fluidised) are
identified with the transitions between the frictional to toroidal and toroidal to fluidised

occuring mostly at 100-150 rpm and 250-300 rpm respectively.
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Figure 4.6: Granule bed images at different impeller speeds (mannitol granules, 1.0-2.0 mm sieve size,
1.5 kg load).

Figure 4.7 presents the time-averaged blade-granule bed stress, bed surface velocity
(circumferential component) and bed height for different bed loads: 1, 1.5 and 2 kg. These
experiments were carried out for mannitol granules of sieve size 0.5-1.0 mm. The error bars
represent the standard deviations of the steady-state temporal data and for at least 3
measurement repetitions of each condition. Generally, an increment of the stress with the
impeller speed is observed, which is expected due to the larger inertial force imparted by the
blade to the granule bed (Figure 4.7a). The stress also increases quite consistently with the load

size as a higher bed load requires larger force from the blade to push through the bed.

The average bed surface velocity, however, does not increase consistently across the
impeller speeds (Figure 4.7b). For all cases, a noticeable increase is often observed from 50 to
150 or 200 rpm, after which the increase becomes less apparent, or a decrease in the surface
velocity is noted, due to the surface becoming increasingly unaffected by the blade. The same
behaviour was also reported by Litster and co-workers, where the increment of surface velocity
in the "toroidal” flow regime is considerably lower than that in the "bumping" flow regime
(Litster et al., 2002). Behaviour of surface velocities in different flow regimes is further
discussed in Chapter 7: Section 7.5.1 of this thesis. In this study, the onset of the toroidal flow
is approximately 150 rpm. As the impeller speed increases further, the surface of the bed
becomes less sensitive to the motion of the blade beneath. In addition, the surface velocities are
generally higher for a smaller bed load which is accelerated more by the blade. Fluctuations of
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the surface velocities (from the standard deviation bars) are also larger for smaller bed loads.
Also, for the 2 kg bed, the average surface velocities are almost the same for impeller speeds of
150 rpm and above.

For the time-averaged bed height, there is a prominent increase up to 200 rpm, after which
the change is less prominent (Figure 4.7c). When the granule bed is entirely pushed towards the
wall due to the dominant centrifugal effects, a further increase in speed will hardly change the
bed height. This state is also shown in the granule bed image at 350 rpm, presented in Figure
4.6. For the different loads, an increase of bed height with the bed load is observed from 50 to
150 rpm, which is expected as more material is loaded into the mixer. However, between 200
and 250 rpm, the 1.0 and 1.5 kg beds are now lifted up more easily by the blade compared to
the 2 kg bed. Like the surface velocity fluctuations, the bed height fluctuations also increase
with smaller bed loads. The average height of the 2 kg bed does not change much after 150
rpm, again similar to the surface velocity results. As the surface velocity is closely related to

the bed height, similar behaviours between these results could often be observed.
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Figure 4.7: Time-averaged data for different bed loads (mannitol granules, 0.5-1.0 mm) (a) blade-
granule bed stress (b) bed surface velocity (circumferential) and (c) bed height.
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4.4.2 Granule size

There appears to be little difference in the time-averaged blade-granule bed stress across the
difference sieve sizes of the mannitol granules (Figure 4.8a). The only observable differences
are noted at impeller speeds of 300 and 350 rpm where the average blade-bed stress differs by a
maximum of ~400 Pa. The same is observed for the time-averaged bed surface velocity and
bed height results (Figure 4.8b-c). As previously mentioned in Section 4.3.2, measurements at
above 250 rpm for the 2.0-4.75 mm granules could not be carried out due to a reasonable
amount of the relatively large granules being attrited in the blade—floor gaps. Fluctuations of
the surface velocities and the bed heights, however, reduce with larger granule sizes whereas
the finer granules are more easily lifted up and down.

Another interesting area of study involved using an entire range of granule sizes (except for
the 2.0-4.75 mm granules), rather than a specific sieve size cut. In Figure 4.8a-c, results of the
0.1-2.0 mm mannitol granules with the individual 0.1-0.5 mm, 0.5-1.0 mm and 1.0-2.0 mm
sieve sizes are again similar. This indicates that the individual granule size does not affect the
blade—bed stress in a dense flow system such as that in the high shear granulator, providing the
bulk flow properties are similar. Also, the slight changes in the granule properties at different
sieve sizes such as the densities, bed porosity and strength do not significantly affect the bed
flow and measured stress. Consequently, for the study of different granule types in the next
section, 0.1-2.0 mm granules are used for the measurements rather than a specific sieve cut,

except for polypropylene balls which are available in 1.0-2.0 mm size range.
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Figure 4.8: Time-averaged data for different sieve sizes (mannitol granules, 1.5 kg) (a) blade—granule
bed stress (b) bed surface velocity (circumferential) and (c) bed height.
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4.4.3 Granule/particle materials

Figure 4.9 presents the time-averaged blade-granule bed stress, bed surface velocity and bed
height for 1, 1.5 and 2 kg beds of different types of granules. Runs for polypropylene balls
were only carried out in 1.5 kg batches. As in Section 4.4.1, the average stress increases with
bed load. The stresses for the polypropylene balls are generally lower than the granules,
primarily due to the lower density (p, = 644 kg/m®). In addition, there is not much difference
between the different granules types. Nonetheless, stresses for densest calcium carbonate
granules (pp, = 982 kg/m®) are generally the highest although these differences are not
remarkable.

The average bed surface velocities for the various granule types at different bed loads also
show similar trends as discussed in Section 4.4.1 and Figure 4.7b. Smaller bed loads are
accelerated to higher velocities and show a more prominent increase with impeller speed
followed by a dip (at 350 rpm), whereas the 2 kg bed has a flatter profile after the flow transits
to the toroidal type. For the different granules types, lactose, mannitol and microcrystalline
cellulose granules exhibit similar average surface velocities for all bed loads. The calcium
carbonate granules however, have surface velocities higher than the rest, particularly at 250
rpm, and also the largest fluctuation. Due to the higher density, a smaller volume of calcium
carbonate granules compared to the other less dense granules were added into the granulator for
a certain bed load. A more fluctuating or turbulent motion of the bed ensued, also leading to

higher surface velocities as observed.

Results for the bed height show that at 50, 150 and 350 rpm, the height is affected by the
density of the granules; the least dense polypropylene balls having the highest bed due to more
particles being loaded into the granulator and vice versa. At 250 rpm, however, the densest
calcium carbonate and microcrystalline cellulose granules are lifted up the highest. This could
be related to the unsteady surface movement observed near the end of the toroidal and onset of
the fluidised flow regime (~250-300 rpm). In this flow regime region, the surface movement is
the most turbulent or unsteady, characterised by the large velocity and bed height fluctuations

seen in Figure 4.7b, Figure 4.8b and Figure 4.9.
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Figure 4.9: Time-averaged blade—granule bed stress, bed surface velocity (circumferential) and bed
height of different granule types and polypropylene balls at different bed loads.
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4.5 Blade-bed stress prediction from theory

All the measured parameters; the surface velocity (circumferential component), bed height
(from Figure 4.7, Figure 4.8 and Figure 4.9) and bulk density (Table 4.3) are inserted into the
Vg, Hgr and p, parameters in the blade—granule bed stress equation (Equation 4.8) to determine
its validity for an actual moving granule bed in the high shear granulator in which the flow

regime or behaviour will change depending on the impeller speed, type and amount of material.

Figure 4.10a-c present the experimental results for the stress for the 0.5-1.0 mm mannitol
granules at different bed loads and the values predicted by Equation 4.8. An overestimation of
stress begins after toroidal flow is reached (approximately 150 rpm) and this difference
increases with the impeller speed. Several reasons could be proposed for this occurrence.
Firstly, the surface velocity values are chosen as the bed characteristic velocity, v, Based on
Equation 4.8 derived for the continuous bed block, this would mean a bed block of a certain
height is moving entirely at this surface velocity. In this study, the bed heights are 1.5-7 times
the height of the blade, and across this height there should be a variation of velocities. This
could lead to the overestimation of the (v, - vg) or the relative velocity term and hence, the
predicted stress. Secondly, the bed goes through different flow regimes from 50 to 350 rpm,
and as the speed increases, the bed gets increasingly fluidised with the bed surface becoming
increasingly less affected by the blade motion. The effective weight of the bed which is being

carried or pushed by the blade thereby reduces with increasing speeds.
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Figure 4.10: Experimental and calculated (Equation 4.8) blade—bed stress (mannitol granules, 0.5-1.0
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Further insight on the internal bed velocity could be achieve via simulations using the
Discrete Element Method (DEM), as this is not possible with the current bed velocity
measurement setup, i.e. using the high speed camera. Chapter 6 details the DEM model and
methodology employed. From the simulations, the circumferential components of the particle
velocities are calculated and plotted against the bed height (Figure 4.11). These are time-
averaged results for a 1.5 kg bed of 3.5 mm, spherical, mono-sized particles, with the
circumferential velocities extracted specifically at the sensor region (Chapter 6: Section 6.4).
For easier comparison, the bed velocities and heights are normalised with the impeller tip speed
and blade inclined height, i.e. 0.0185 m, respectively. The top most value for each data series
indicates the time-averaged surface velocity and the arrow indicates the height range of the free
bed surface. The results show that for 200 rpm onwards, the bed velocity reduces consistently
with the bed height, excluding the values at the bottom of the bed due to constraints of the
mixer floor. Interestingly, this is also when the overestimation of the calculated stress from
Equation 4.8, as shown in Figure 4.10, begins. At lower impeller speeds (50-150 rpm), the
velocity reduction with height is not as pronounced. Further inspection of the results also
shows a faster motion of the free surface compared to the immersed particles just beneath the
surface, particularly for 50-200 rpm.
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fluctuation range.

Therefore, a correction parameter, By, to take into account the aforementioned factors is
proposed to give a modified stress equation, giy)cor (EQuation 4.9). This correction parameter is
related to the relative velocity, v (Equation 4.10). A high vy, i.e. a large difference between
the blade and surface velocity, occurs at higher impeller speeds and also when the surface
velocity is less sensitive to the blade. In other words, vy is used to indirectly represent the flow
behaviour; an increasing vy indicates a bed being increasingly lifted up from the floor and its

surface becoming less affected by the blade movement.
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2
B1ppHy (v —vy) (1 — cos6))
Ui(r)cor = Blai(r) = hI

Equation 4.9

Equation 4.10

B. is determined from the measured stress and the calculated o;;y (Equation 4.8) and plotted
with 1/vy in Figure 4.12. From the figure, B, is almost proportional to 1/v, for the mannitol
granule beds and also for other materials, with a proportionality constant, K;, of about 1. The
blade—granule bed stress equation with the correction factor B; can also be rewritten as
Equation 4.12.

B K !
! ! Vrel
Equation 4.11
KippHy (v, — v,)(1 — cosb))
Oi(rycor = h
1
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Figure 4.12: Plot of B; and 1/v, for all materials. Dashed lines represent x = y.
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Equation 4.12 now gives a much better prediction of the stress for the various bed loads as
presented in Figure 4.13a-c, indicated by the dotted lines. Figure 4.14 also presents the plot of
the measured stress against the predicted stress from Equation 4.12 for mannitol granules of all
bed loads and sieve sizes (Figure 4.14a), and for different granule types and polypropylene
balls (Figure 4.14b), where the dotted lines represent the x =y line. It could be seen that the
blade-bed stress equation with the correction parameter could now reasonably predict the
stresses for dry granule beds of different densities, strengths and sizes from the bed height and

surface velocity data.
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Figure 4.14: Plotted measured stress with the predicted values with the correction parameter B,
(Equation 4.12) for (a) mannitol granules of all sieve sizes and bed loads and (b) different granule types
and polypropylene balls. Dashed lines represent x =y.
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4.6 Chapter summary and conclusions

The current chapter studied the blade-bed stress, bed surface velocity and bed height for dry
granule beds of different materials and polypropylene balls. The blade-bed stress is
characterised, for the first time for high shear granulator systems, which was also directly

measured by the novel telemetric impeller stress sensor introduced in the previous chapter.

From theory, a blade-granule bed stress equation for the high shear granulator was derived
based on the imparted inertial force for a cohesionless, continuous bed. The bed surface
velocities were used for the characteristic bed velocity term in the equation, and the bed height

at the wall was also measured as the representative bed height.

For the characterisation, the blade-bed stresses, bed surface velocity and bed height at
steady-state were measured with several conditions changing: impeller speed, bed load, granule
sieve size and types of materials. The impeller speed was varied so that it transits through
several flow regimes although limitations of the setup deter any further investigations beyond
350 rpm. Important findings following the analyses of the time-averaged values of the blade-
bed stress, surface velocity and bed height at the different conditions could be summarised as

follows:

e The average blade-bed stress increases consistently with the impeller speed due to the
larger inertial force exerted by the impeller, as observed in all cases. Additionally, visual
observation of the bed flow behaviour clearly shows that the bed transits through several
flow regimes throughout the range of the impeller speeds in study. A more pronounced
average bed surface velocity and bed height increase is observed from 50-150 or 200 rpm,
as compared to the higher impeller speeds;

e While a higher bed load leads to an increase in the average blade-bed stress, a slower and
less turbulent surface motion is observed. Similar tendencies between the average surface
velocity and bed height are obtained,;

e The average blade-bed stress is found to be similar across the studied granule size ranges,
which have different tensile strengths. These results demonstrate that the average bulk
stress is least likely to be affected by the individual granule sizes provided the bulk
behaviour of the granule bed is similar, affirmed by the similar averaged bed surface

velocities and bed heights; and
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e Different types of granules show some varied blade-bed stress, surface velocity and height
behaviours across the impeller speed range, primarily depending on the granule/granule
bed density. Higher density granules which give a lesser bed volume for a certain bed load
experience a faster and more turbulent surface motion. Differences in the average blade-
bed stress between the calcium carbonate granules (bulk density: 980 kg/m® and
polypropylene balls (640 kg/m®) are observed with the denser calcium carbonate granules
resulting in a larger blade-bed stress.

The measured time-averaged blade-bed stresses are compared with the predicted values
from theory. It is shown that the equation over-predicts the stress for impeller speeds above 150
rpm. Additionally, results from DEM simulation demonstrate the reduction of bed velocity
with bed height, also for impeller speeds above 150 rpm. A correction factor, B, is applied to
account for the increasing "fluidisation” of the bed and the use of surface velocity, which is
taken to be related to the inverse of the relative velocities between the blade and bed surface,
i.e. 1/vy. Fitting of the experimental data to the corrected equation yields a constant, K;, of ~1

for all conditions studied, i.e. impeller speed, bed load, particle size and particle densities.
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Chapter 5

Wet granule/particle bed characterisation: experimental

5.1 Introduction

This chapter focuses on both the steady-state and unsteady-state blade-bed stress for wet
granule or particle beds in the Roto Junior, which are again measured using the custom-built

impeller stress sensor. The chapter is presented according to below:

e Description of the materials and methodology for steady-state measurements of wet beds;

e Blade-bed stress, bed surface velocity and bed height results for the steady-state wet
particle beds with different liquid amounts and prediction of the blade-bed stress from
theory introduced in the previous chapter;

e Description of the materials and methodology for unsteady-state measurements of wet
beds, i.e. blade-bed stress measurements during the wet granulation process; and

¢ Results and discussion for the unsteady-state measurements.

5.2 Steady-state stress for wet beds
5.2.1 Materials and methodology

Dry and wet beds of polypropylene balls of 1.0-2.0 mm sieve size, also used in the previous
chapter, were studied in this section. Properties of the polypropylene balls were given in Table
4.3 in the previous chapter. For a wetted bed, water (distilled) was added incrementally, in
terms of liquid to solid weight percentage, from 2 to 25%w/w. To keep the total bed load
constant, as the imparted force and stress depends on the load, the weight of polypropylene
balls plus the weight of water was maintained at 1.5 kg for each liquid to solid ratio.
Furthermore, since water can penetrate into the pores of the dry granules, only polypropylene
balls (with no internal pores) were used in this study to produce surface-wet particles only. In
addition to water, a 8%w/w HPC (hydroxypropylcellulose, Klucel EXF Pharma Grade,
properties given in Table 4.1 in the previous chapter) solution in distilled water was also used.
HPC is a water soluble polymer although it has a tendency to agglomerate and hence, cause

lumping when wetted. This occurs due to hydration of the outer surface of the HPC powders,
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consequently forming a viscous gel layer that impedes wetting of the inner materials and also
causes lumps of material to be formed when more powder is added to the water. For that
reason, to minimise lump formation the solutions were prepared by adding the HPC powder
slowly into well-agitated water (using a top-driven impeller) at room temperature. The solution
was agitated continuously until a gel-free solution was obtained. The viscosity and surface
tension of the 8% HPC solution were measured using the methods described in Chapter 3:
Section 3.4.4 and 3.4.5. The viscosity of the solution is 0.116 Pa.s, approximately 100 times
than that of water (~0.001 Pa.s); while the surface tension is 42.6 mN/m, less than two times
smaller than that of water (~72 mN/m). From these values, it is regarded that the viscosity
change is the primary influence of the differences of both liquids’ rheological properties.
Measurements for wet beds using the 8% HPC solution were carried out for two liquid

contents, i.e. 5 and 15%w/w solution.

Figure 5.1 displays the microscopic images of the polypropylene balls with different
amounts of water added. 0.005%w/w red dye (Erythrosin B, Acid Red 51) was added to the
water for easier identification of the water and formed liquid bridges. Viscosity and surface
tension measurements confirmed that the viscosity and surface tension of the water do not
change significantly with addition of the dye (i.e. viscosity: 0.001 Pa.s, surface tension: 69
mN/m). A transition of the liquid saturation states for the wetted polypropylene balls was
observed microscopically with increasing water content. Figure 5.2 also presents the general
liquid saturation states for liquid-bound particles (Newitt and Conway-Jones, 1958). In Figure
5.1, at low water contents, i.e. 2 and 5%w/w water, the polypropylene balls are held together
predominantly by pendular liquid bridges at their contact points, also known as the pendular
state. At higher liquid content, funicular (10 and 15%w/w water) and capillary states (25%w/w
water) are subsequently obtained. The capillary state occurs when all the interparticle voids are
filled with liquid and the surface liquid is pulled back into the voids from capillary action; and
the transitional state between the pendular and capillary states is the funicular state, where the

voids are not fully occupied by liquid.
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10%w/w water 15% w/w water 25%w/w water

Figure 5.1: Microscopic images of polypropylene balls wetted with different water content. Scale bar
represent 2000 pm.

A 9 &

Pendular Funicular Capillary Droplet Pseudo-Droplet

Figure 5.2: Saturation states of liquid-bound particles (modified from Newitt and Conway-Jones,
1958).

In each measurement run the polypropylene balls and liquid were loaded into the granulator
and mixed under low impeller speed (50 rpm) for a maximum of 1 min to fully disperse the
liquid. The blade-bed stress measurement method was similar to that described in the previous
chapter (Section 4.3.2): Following the mixing of the polypropylene balls and liquid, the
impeller was stopped after the mixing and reference readings were taken for approximately 10
seconds. The impeller was then run at the required speed for another 20 seconds and the
measurement values were read. The output change (i.e. reference minus measurement value)
was converted to the corresponding pressure/normal stress from the calibration model. The bed
surface velocity and bed height were measured and analysed with the methods described in
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Chapter 3: Section 3.3 and like the previous chapter, only the circumferential component of the
bed surface velocity was presented. In addition, due to material build-up at the wall with liquid
addition, the height of the freely moving part of the bed was taken instead of the height of

materials sticking onto the wall.

5.2.2 Blade-bed stress, bed surface velocity and bed height results

The time-averaged blade-bed stress from impeller speeds of 50 to 350 rpm at different water
to polypropylene ball ratios up to 25%w/w are shown in Figure 5.3a. Like the time-averaged
results in the previous chapter, the error bars indicate the standard deviation of the steady-state
temporal data and for at least 3 measurement repetitions for each case. From the figure, large
blade-bed stress fluctuations (reflected by the standard deviation bars) are obtained in the
25%w/w water case. As shown in the microscopic images in the previous section (Figure 5.1),
at relatively low water content (2 and 5%w/w), pendular liquid bridges are predominantly
formed between the polypropylene balls. With increasing water content, funicular and
subsequently capillary (25%w/w water) states are obtained. With more water, there is an
increase in the cohesiveness of the bed as a consequence of liquid bridging, which is
experimentally observed from the formation of clumps of polypropylene balls held loosely
together by water and increasing roughness or irregularity of the moving bed surface in the
high shear granulator (Figure 5.4). Especially at 25%w/w water, the considerable fluctuation of
the bed-blade stress suggests that clumps of material were hitting and lifting up from the blade
surface at the higher impeller speeds. Equivalently, the surface behaviour is also quite
turbulent, indicated by the large fluctuations of the surface velocity results in Figure 5.3b at this
water content. Due to unsteady behaviour and large fluctuations at 25%w/w water, subsequent

results are discussed for only up to 15%w/w water.
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Figure 5.3: Time-averaged blade-bed stress and bed surface velocity for different water content: large
fluctuations at 25%w/w water.

0%w/w water 2%w/w water 5% w/w water

10%w/w water 15% w/w water 25%w/wwater

Figure 5.4: Bed flow images for different water content at 350 rpm.
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Figure 5.5 displays time-averaged results including the bed surface velocity and bed height
for different water contents. In Figure 5.5a, the average stresses increase with impeller speed as
expected. The wet beds' average blade-bed stresses are found to be similar to the dry bed when
the total bed load (weight of the solid plus liquid) was kept constant. It can also be seen from
the results that addition of water retards the motion of the granule/particle bed in the granulator
due to larger kinetic energy dissipation by the liquid, shown by the reduction in the average bed
surface velocity (Figure 5.5b). This was also discovered by previous experimental and
computer simulation results of the bed surface velocity for the vertical axis, cylindrical
granulators (Lekhal et al., 2006; Radl et al., 2010; Washino, 2011). In this study, after the
initial reduction of the surface velocity when water is added (compared to the dry bed), the
subsequent increasing water content does not change the surface velocity significantly.
Addition of water to the particle bed was previously found to increase heap formation and
hence, the bed porosity (Iveson et al., 1996). This was also observed in this study from the bed
bulk density measurements which are reported in Table 5.1, together with the calculated bed
porosity. It can be seen that the bed bulk density reduces (bed porosity increases) as more water
is added and then increases again in the capillary state (25%w/w water). The reported values
are the averages and standard deviations of 5 measurements. The wet beds using 8% HPC
solutions also have similar bed bulk density and bed porosity values to the wet beds with water.
Due to the increased heap formation and bed porosity with water addition, the measured bed
height (free moving part) for the dynamic beds in the granulator increases initially (Figure
5.5¢) and subsequently decreases with increasing water content, which can be attributed to

increasing material build-up at the wall.
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Figure 5.5: Time-averaged data for different water content (a) blade-bed stress (b) bed surface velocity

(circumferential) and (c) bed height.
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Table 5.1: Bed bulk density and bed porosity of the dry and wet beds.

Liquid/polypropylene Bed bulk density (kg/m®)[Bed porosity (-) %]
balls weight ratio Water 8% HPC solution
(Yow/w) (Viscosity = 0.001 Pa.s (Viscosity = 0.116 Pa.s
Surface tension =72 N/m Surface tension = 42.6 N/m
Density = 998 kg/m®) Density = 1058 kg/m?®)

0 (Dry) 64449 [0.35]
2 501+13 [0.50] -
5 465+20 [0.53] 47048 [0.53]
10 448+1 [0.55] -
15 453+7 [0.55] 458+10 [0.54]
25 498+4 [0.50] -

% Bed porosity = 1-(py/pa), po = bed bulk density, p, = ﬁ for wet beds, where p,and ps are the

liquid/solution density and solid density respectively, and ¢, and ¢s are the liquid and solid fractions
respectively.

Figure 5.6 presents the results for the addition of 8% HPC solution into the bed of
polypropylene balls. Similar to the addition of water cases in Figure 5.5a, at a constant bed
load, the differences in the blade-bed stress are again not pronounced with the addition of the
more viscous liquid, with only a slight increase in the wet bed stress observed at 150 and 250
rpm (Figure 5.6a). The bed surface velocity also reduces with increasing HPC solution content
(Figure 5.6b), implying a larger kinetic energy dissipation from the added solution. An increase
in the measured bed height at the wall for the dynamic HPC solution-wetted beds is observed
(Figure 5.6¢), which can also be attributed to the increase in heap formation or bed porosity

when liquid is added as shown in Table 5.1.
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Figure 5.6: Time-averaged data for different 8% HPC solution content (a) blade-bed stress (b) bed
surface velocity (circumferential) and (c) bed height.
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5.2.3 Blade-bed stress prediction from theory

Results of the wet, cohesive beds from the previous section are fitted into the blade-bed
stress equation introduced in the previous chapter, which was originally derived for the
imparted inertial force and hence stress from the moving blade to a cohesionless bed. As
explained in the previous chapter, to consider the effect of the increasing "fluidisation” of the
bed and the use of the surface velocity, the blade-bed stress equation with the correction factor
(Equation 4.9) is used, with the correction factor proportional to the inverse of the relative
velocity between the blade and the bed (Equation 4.11).

The plots of By versus 1/v, for both the wet beds using water and the 8% HPC solution are
given in Figure 5.7. The dashed lines represent x =y. It is interesting to note that from the plots,
Ky = 1 for the wet beds, the same as that obtained in the previous chapter for dry beds. Using K;
=1 in Equation 4.11, the plot of the measured and predicted blade-bed stress values with the
correction factor B; (Equation 4.9) for all conditions (Figure 5.8) shows reasonable correlation.
The same correction factor obtained for the range of water contents and with a more viscous
liquid (100x) studied here suggests that the effect of bed cohesion from these liquids on the
blade-bed stress for the dynamic beds can be adequately taken into account by the bed surface
velocity and bed height behaviours. Whether the same correction factor applies to very viscous
liquids or for liquids of very low/high surface tensions remains to be studied. Additionally,
Equation 4.9 reasonably predicts the average blade-bed stress provided the liquid saturation
level is below the capillary state which might lead to the bed behaving unsteadily as exhibited

by the 25%w/w water case.
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Figure 5.8: Plotted measured stress with the predicted values with the correction parameter B,
(Equation 4.9) for dry and wet polypropylene beds. Dashed lines represent x = .

5.3 Unsteady-state stress for wet beds
5.3.1 Materials and methodology

The unsteady-state blade-bed stresses for wet beds, i.e. stresses during the actual granulation
process, were measured for the formulation and conditions listed in Table 5.2. The powder
mixture is composed of mannitol, microcrystalline cellulose (MCC) and HPC; their grades and
properties are given in Chapter 4: Table 4.1. HPC was included in the powder mixture instead
of being added in solution form and water was spray added into the powders to hydrate the
HPC and activates its binding capabilities. This process is also known as "dry adding" and is
also the method employed to produces the different granules in Chapter 4. For the spraying, the
same atomising spray nozzle described in Chapter 4: Section 4.3.1 was used (0.71 mm orifice,
1/4" LNN SS Atomizing from Spraying Systems Limited), and with a spraying pressure of 0.9
bar that gives a water spraying of ~70 g/min (Appendix C shows the spray rate calibration for
the spraying system in the Roto Junior). 0.005% red dye (Erythrosin B, Acid Red 51) was also
added into the water. Three different water to powder weight (or liquid to solid) ratios, L/S,
were studied; i.e. 0.21, 0.28 and continuous water adding, with the impeller speeds kept at 300
rpm for all cases from the start of water adding until the end of the granulation process. The

chopper was not operated in these processes. The temperature of the granulating mixture was
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also monitored throughout the granulation process via a temperature probe inserted into the bed
to make sure that the mixture was not overheated (i.e. temperature ensured to be <25°C in all
cases).

Table 5.2: Granulation formulation and operating conditions for unsteady-state measurements.

Powders and 75% mannitol, 21% microcrystalline
composition cellulose (MCC), 4% hydroxypropyl
(weight percentage) cellulose (HPC)
Spraying liquid Water
Liquid to solid 0.21, 0.28 and continuous (w/w)
weight ratio(L/S)
Bed load 1 kg
Impeller speed 300 rpm

For each liquid to solid ratio, the powder (1 kg) was loaded into the granulator and mixed
for ~1 min at 100 rpm. The mixing was then stopped and reference readings from the impeller
stress sensor were taken for 10 seconds. Both the impeller rotation (300 rpm) and water
spraying were then started. For the L/S: 0.21 and 0.28 cases, "wet massing™ of the granules
after the water spraying finished was carried out for a certain time depending on the granules
formed. For continuous water adding, the process was stopped when the system was overwet,
i.e. large paste-like lumps formed. To monitor the change in granule properties, samples were
taken intermittently during the granulation process and air-dried for about 2 days, to be
analysed for their size and strength. The dry granule size and bulk strength (across the entire
granule size range) were determined with the Camsizer and multiple granule compression using
the Zwick/Roell Z0.5 compression machine respectively; these methods were previously
described in Chapter 3: Section 3.4.1 and Section 3.4.3.2. Additionally, in this study,
granules/lumps >10 mm in size are reported as "oversize" in the results, and their size and

strength could not be measured using the aforementioned techniques.
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5.3.2 Results and discussion

Figure 5.9a presents the measured blade-granule bed stress during granulation of the
mannitol, MCC and HPC powders with water spray added continuously. The blade-granule bed
stress increases from initially small values, where the granulating mixture only consists of the
fine powders. This implies that the stress transmission of the powder bed is low (Mort, 2009;
Tardos et al., 2004) and, consequently, the effective weight of the powders carried by the blade
is small while the powder bed above the blade is quite unaffected by the blade motion. With
liquid addition into the powder bed, the bed cohesion results in the entire bed being rotated by
the blade, and visual observations of the moving bed (at 300 rpm) also showed a "fluidised
regime" bed flow pattern similar to that observed in the dry granule beds in the previous
chapter (Figure 4.6) and for the dry and wet beds of polypropylene balls earlier in this chapter
(Figure 5.4). With increasing liquid addition and hence the total mass of the system, the blade-
bed stress increased consistently, as observed in Figure 5.9a. The bed also undergoes
continuous granule coalesence with water addition, reflected by the increasing dy 10, dys0 and
dyv.g0 Sizes (Figure 5.9b) and a water addition time of around 4 minutes (L/S: 0.28) marks the
onset of significant granule growth. This can be seen visually from Figure 5.10 and from the
pronounced increase particularly for the d, 10 and d 5o Sizes from 4 to 4.5 minutes in Figure
5.9b. Accordingly, the dry granules bulk strength also increases significantly at these water
addition times (Figure 5.9c). It can also be seen that for the studied formulation and impeller
speed, the range of critical water content for granule growth is small, since at around 4.75
minutes (L/S: 0.33), the granulating mixture is now made up mostly of large, pasty lumps > 10
mm, shown in Figure 5.10 and reported as “oversize” in Figure 5.9. In terms of the blade-bed
stress measurements, large fluctuations of the readings are obtained when overgranulation
occurs (> 4.75 min), which can probably be explained by the impacts of the oversized granules

on the blade, i.e. a large reading is registered when a lump hits the sensor.
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Figure 5.9: Results for continuous water adding (a) blade-bed stress during granulation (b) size of
dried granules and (c) bulk strength of dried granules.
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Figure 5.10: Granule images with granulation time for continuous water adding.

103



Chapter 5: Wet granule/particle bed characterisation: experimental

The blade-bed stress profile for L/S = 0.21 is shown in Figure 5.11a. Water addition took ~3
minutes followed by 5 minutes of wet massing. Following the initial growth/coalesence during
water addition, no significant granule growth is noted during the wet massing stage from the
dry granule size measurements (Figure 5.11b) and the granule images in Figure 5.12. The dry
granule bulk strength on the other hand increases during wet massing (Figure 5.11c), indicating
continuous densification or consolidation of the granules which reduces the intragranular
porosity, hence producing stronger granules. Granule consolidation during wet granulation was
also previously observed by Fu and co-workers (Fu et al., 2005), evidenced by the reduction of
intragranular porosity and increasing granule strength. The blade-bed stress measurements
show the initial increase during the water addition stage, followed by a plateau region during
the wet massing stage (Figure 5.11a). The slight, gradual increase of the blade-bed stress in the
wet massing stage can, therefore, be attributed to the densification of the granules (which
increases the bed bulk density), as reflected by the granule strength results. Fluctuations in the
readings are also noted, which amplitude is smaller than that observed in the previous case
when predominantly oversized granules are formed (Figure 5.9a). These fluctuations may
result from the small percentages of lumps formed in the granulating mixture throughout the
wet massing stage (8-15%wi/w) since the chopper was not employed in these measurements.

For granulation with L/S = 0.28, water addition took ~4 minutes followed by the wet
massing stage. The granulation was stopped however after 2 minutes of wet massing because
of the formation of oversized granules (Figure 5.14) from uncontrolled granule growth,
possibly due to saturation of binder at the granule surfaces which promotes rapid coalescence.
The dry granule size results show an increment of the d, 10 and d, s in the first minute of wet
massing time (Figure 5.13b), and in the second minute of the wet massing stage the granules
grow uncontrollably. Densification of the granules is again observed during the wet massing,
indicated by the apparent increase of dry granule bulk strength in Figure 5.13c. The blade-bed
stress readings, again increase in the liquid addition stage, followed by a plateau during the first
minute of wet massing (Figure 5.9a). Subsequently, large fluctuations are noted in the second
minute of wet massing when oversize granules are formed, the same behaviour shown at the

end of the continuous water adding case.
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Figure 5.11: Results for L/S: 0.21 (a) blade-bed stress during granulation (b) size of dried granules and
(c) bulk strength of dried granules.

1 min 4 min

5 min 6 min 7 min Smin

Figure 5.12: Granule images with granulation time for L/S: 0.21

105



Chapter 5: Wet granule/particle bed characterisation: experimental

8000 —
Liquid Wet massing  (a)
— addition !
[ 1
[a 1
— 6000 - >
§ il Oversize
>
D 4000 -
o]
@ .
=}
<
M 2000 -
0 i T T T
0 2 4 6 8 10
Granulation time [min]
6000 20—
Liquid Wet massing  (b) | < Liquid Wet massing  (C)
5000 - addition . S 16 - addition .
£ ! 3 !
5. 4000 - L, - O
@ 1 Oversize 2L 1 Oversize
N 3000 - : = :
w 1 c = 1
£ 2000 - l £ 87 l
2 Pl —o—d, 5 - |
S 1000 | o] ., 4w § 47 |
o ’_’_’_—/ +‘dV,90 A
0 T T T T 0 T T T
0 2 4 6 8 10 0 2 4 6 8 10
Granulation time [min] Granulation time [min]

Figure 5.13: Results for L/S: 0.28 (a) blade-bed stress during granulation (b) size of dried granules and
(b) bulk strength of dried granules.
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Figure 5.14: Granule images with granulation time for L/S: 0.28
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These results also suggest the potential use of the blade-bed stress measurements as a means
of granulation monitoring. As reviewed in Chapter 2: Section 2.4.2, direct impeller torque and
the granulator motor power consumption measurements are commonly used for this purpose.
The additional advantage of the blade-bed stress over the torque and power is the direct
knowledge of the stresses exerted on the granule bed which can be further applied for granule

growth Kinetic or growth behaviour studies reviewed in Chapter 2: Section 2.3.

From literature, the general power or torque curves show an initial steep rise during addition
of the binder solution, followed by a less steep region (or plateau) during steady granule growth
and finally large fluctuations when overgranulation occurs (Chitu et al., 2011; Leuenberger,
1982; Leuenberger et al., 1990; Levin, 2007). Figure 5.15 shows both power and torque curves
for a 10 liter Fielder PMA high shear granulator. Ohike and co-workers also showed that the
vibration intensities, measured using a probe inserted into the granule bed from above,
exhibited the following pattern: a steep increase during binder addition followed by a small
increment or plateau region during steady growth of granules (Ohike et al., 1999). Based on
these profiles, granules with optimal properties were typically obtained in the plateau or steady
growth region (Leuenberger, 1982). The blade-bed stress measurements discussed earlier seem
to show the same trends to the above results: where a steeper rise during binder addition is
observed, followed by plateau region during wet massing for both the L/S: 0.21 and 0.28 cases.
In the L/S: 0.21 case, blade-bed stress increases slightly primarily due to the increasing
densification of the granules. When oversized or overwet materials are formed, large blade-bed
stress fluctuations are obtained. Talu and co-workers, who measured both normal and shear
wall-granule bed stresses in a Fluidised Couette Device, discovered that the fluctuation
amplitudes of the normal stress increase with the presence of large granules in the mixture
(Talu et al.,, 2001). Besides the average and fluctuation intensities of the monitoring
measurements, some authors also studied the frequency distribution of the power consumption
measurements (Terashita et al., 1990b; Watano et al., 1995). The authors found that the
frequency distribution of the signals reaches steady-state when the granule growth rate
becomes constant. Due to the limited sampling interval of the current impeller stress sensor
system, i.e. 2 Hz compared to the blade frequency of 15 Hz at 300 rpm, frequency analysis of

the readings could not be carried out in this study.
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Figure 5.15: Impeller torque and power consumption in a Fielder PMA 10 (10 liter) high shear
granulator (modified from Levin, 2007).

5.4 Chapter summary and conclusions

This chapter focused on both steady-state and unsteady-state blade-bed stress measurements

for wet beds. The main findings of each part are summarised below.

e Steady-state measurements and prediction:

o For steady-state wet beds using polypropylene balls wetted with water or HPC
solution, liquid amounts corresponding to different liquid saturation states are
studied. When the bed is the capillary liquid saturation state, i.e. 25%w/w water, it is
found that the bed behaves unsteadily due to large clumps of wetted polypropylene
balls moving in the granulator, as evidenced by the large fluctuations of the blade-
bed stress and bed surface velocity. With a constant bed load, addition of the liquid
does not change the blade-bed stress significantly. A decrease in the surface velocity
of the wetted beds was also observed, as expected, due to the larger energy
dissipation. The increased bed cohesiveness also increases heap formation or bed

porosity.
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o Applying the blade-bed stress equation with the correction factor B, to account for
the increasing bed “fluidisation” and use of surface velocity gives a fitted K; value
of ~1 for the wet beds, the same as that obtained for the dry granule/particle beds in
the previous chapter. The corrected blade-bed stress equation reasonably predicts the

average stress for liquid contents below the liquid capillary saturation state.

e Unsteady-state measurements during granulation process:

o For the studied granulation using different water to powder weight ratios, the blade-
bed stress measurements indicate an initial steep increase during the binder addition
stage, followed by a plateau region with a small increase when the granules are
growing steadily or undergoing densification/consolidation. Spikes in the readings
in the plateau region can be attributed to the presence of small percentages of lumps
in the granulating mixture since a chopper wasn’t used. Large fluctuation are
obtained when overgranulation occurs, i.e. predominantly oversized granules or
pasty lumps being formed. The behaviour of the blade-bed stress shown in these
results conform to the general impeller torque or power consumption curves
exhibited for wet granulation, suggesting that future granulation monitoring studies

can be carried out using impeller stress sensors.
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Chapter 6

Dry particle bed characterisation: simulation

6.1 Introduction

This chapter presents further insight on the impeller blade-particle bed interactions using
Discrete Element Method (DEM) simulations, particularly for other impeller speeds,
parameters and geometries that could be not carried out experimentally in Chapter 4. DEM is a
widely used approach in simulating particulate systems by modelling packed assemblies of
discrete elements, thus enabling evaluation of the micromechanics of the assemblies. First
introduced by Cundall and Strack for granular materials (Cundall and Strack, 1979), and used
in their work to study rock masses, more sophisticated solver schemes have since been put
forward, with most recent advances involving the incorporation of fluid interactions into solid
models. For this chapter, only the solid models are employed and the chapter contents are

presented in the following order:

e Description of the DEM principle and the contact models used in this work;

Description and explanation of the simulation input parameters for different parameter

studies listed below:

(@) particle/particle bed properties: bed load, particle size, particle density, interparticle
friction coefficient, restitution coefficient and Young's modulus;

(b) blade geometries: blade width/height, blade angle and number of blades;

(c) granulator scales;

e Description of the analysis methods of the blade-bed stress, bed surface velocity and bed
height, and validation of the DEM results by experimental comparison;

¢ Initial insight of the blade-bed stress, bed surface velocity and bed height along the radial
position;

e Discussion of the simulation results for the studied parameters; and

e Theoretical predictions of the blade-bed stress.
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6.2 Principle of Discrete Element Method (DEM)

6.2.1 Description and equations of motion

For an assembly of discrete particles, motion of individual particles could be classified into
two types; translational and rotational, which arise from particle-wall, particle-particle and
particle-fluid interactions under the influence of the gravitational force. These motions are
described by the elementary Newton’s law of motion. For only interparticle and particle-wall

interactions, the equations of motion of a particle i are given by Equation 6.1 and Equation 6.2.

dvi
m;——=mg+Fg
Equation 6.1
dwi
li—== Mg
Equation 6.2

mi, Vi, l; and w; are the mass, translational velocity, moment of inertia and rotational velocity
of particle i respectively, and g is the gravitational acceleration. Fg; is the total interparticle and
particle-wall contact force on particle i. Mg; is total torque on particle i which is generated due
to the tangential forces acting at the contact surfaces causing the particles to rotate. The
velocity (and subsequently position) and angular velocity of particle i are calculated by
discretising Equation 6.1 and Equation 6.2 with small time steps, 4z, to give Equation 6.3,

Equation 6.4 and Equation 6.5.

F..
vi=v?+(ﬁ+g>At

L

Equation 6.3
x; = x0 + vAt
Equation 6.4
M -
w;, = o) + ICl At
i
Equation 6.5

“O”

Xi 1S the particle position and superscript “”” signifies the value of the previous time step.

To solve Equation 6.3, Equation 6.4 and Equation 6.5, the interparticle and particle-wall
interactions, namely the contact forces, Fc;, and torque, Mg;, need to be computed. In general,
contact interactions between the colliding bodies involve a range of complex phenomena, from

stress and strain distributions within the colliding bodies, plastic deformation to thermal,
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acoustical and frictional energy dissipation. The hard and soft sphere models are two most
common instances of contact force models applied in DEM simulations. The hard-sphere
model (Hoomans et al., 1996) regards collisions as instantaneous by assuming the particles are
rigid in nature. In the soft-sphere model (Cundall and Strack, 1979), deformable particles are
considered and contact forces are generated due to the deformation when the particles contact
(Figure 6.1). The soft-sphere model also enables multiple contacts to take place at the same
time. On the contrary, the hard sphere model only allows for binary collisions. The soft-sphere
model is, therefore, more often used for densely packed particle/granular flow systems and will

also be used in this thesis (for a dense, granule bed in the high shear granulator).

Figure 6.1: Contact between two spherical particles of radius r,. A is the area of deformation and ¢ is
depth of the contact deformation (taken from Campbell, 2006).

6.2.2 Soft-sphere DEM model

Cundall and Strack proposed the soft-sphere model by modelling interparticle and particle-
wall contacts using a combination of spring, dashpot and frictional slider (Figure 6.2). Forces
are divided into normal and tangential forces (Cundall and Strack, 1979). Normal forces are
modelled using a spring and a dashpot in parallel (Figure 6.2a), analogous to the Kelvin-Voigt
model for visco-elastic materials, to represent the elastic repulsion force and viscous damping
(energy dissipation) respectively. Tangential forces are modelled using the spring-dashpot
combination or the frictional slider (Figure 6.2b), which represent the static and dynamic

frictions respectively.
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Figure 6.2: Soft-sphere DEM model for (a) normal force (b) tangential force (modified from Tsuji et
al., 1992).

Figure 6.3 shows a 2-D illustration of the normal and tangential contact forces (Fc,;; and
Fctij) and torque (Mc ) of two particles (particle i and particle j) in contact. In the soft-sphere
model by Cundall and Strack, the normal component of the contact force, Fcnjj, when particle i
comes into contact with particle j or the wall, is given by the sum of the elastic repulsion and

viscous damping forces (Equation 6.6).

Fenij = (—kn5{j_/; — My T )N
Equation 6.6
onjij 1S the depth of the particle deformation or displacement due to the normal force (also ¢
shown in Figure 6.1), v, is the relative velocity between particle i and j while nj; is the unit
vector of the centre of particle i to the centre of particle j. k, and #, are the normal stiffness and
damping coefficient respectively. A non-linear spring model is used for the elastic repulsion
force (first term of the right hand side), i.e. the force is proportional to the displacement to the
power of n. Employing the well-known Hertzian contact theory, n is 3/2. The tangential

component of the contact force, Fcj, is given in Equation 6.7.

_ {—kt5t,ijtij —NeVreij i |[—keSeijtij — MeVreii| < —ts|Fenijl
ctij =

—ur|Fenijlti) if |=keSeijtij — 1eVreij| > —ts|Fenij
Equation 6.7

113



Chapter 6: Dry particle bed characterisation: simulation
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Figure 6.3: Forces and torque of two spherical particles (i and j) in contact.

Here, dy; is the tangential displacement, t;; is the unit vector in the tangential direction given
in Equation 6.8, vyj is the relative tangential velocity (slip velocity) at the contact surface
calculated from the sum of translational and rotational velocities (Equation 6.9) and  is the
sliding friction coefficient. k; and #; are the tangential stiffness and damping coefficient
respectively. The first and second cases in Equation 6.7 calculate the tangential forces from the
spring and dashpot combination and the frictional slider respectively. When the spring-dashpot
tangential forces overcome the friction of the slider, particle i will start to slide along the

contact plane and the force is modelled by the frictional slider as dictated by Coulomb's Law of

Friction.
£ = Urtij
ij =
|vrt,ij|
Equation 6.8
Vrtij = [Vrij — (vr,ijnij)nij] + [ (w; + ;) X nj]
Equation 6.9

I, is the particle radius for same size particles.

Finally, the total collision force and torque exerted on particle i due to multiple interparticle
and/or particle-wall collisions are given in Equation 6.10 and Equation 6.11 respectively. The
second term of the right hand side of Equation 6.11 computes the torque generated due to the
rolling friction (Beer and Johnson, 1976; Zhou et al., 1999) and y, is the rolling friction

coefficient.
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k
F¢ = Z(FCn,ij + Feeij)
=

Equation 6.10

k
w;
Mg = E (Tpnij X Ferij — | Fenijlt _|w'|)
- L
Jj=1

Equation 6.11

6.2.2.1 Stiffness and damping coefficients

As previously mentioned, the non-linear spring model is used in this work. According to the
Hertzian contact theory, when two particles collide, the elastic repulsion force is proportional
to the particle displacement to the power of 3/2 for perfectly smooth, isotropic particles. Table
6.1 summarises the contact forces and torque models and presents the stiffness and damping
coefficients models used in this thesis. The normal stiffness, k,, in Equation 6.6 is expressed
by Equation 6.12 or Equation 6.13 in Table 6.1 for particle-particle or particle-wall contacts
respectively, based on the Hertzian contact theory. The tangential stiffness, ki, in Equation 6.7
was modelled by Mindlin (Mindlin, 1949) for non-slip contact surfaces cases (Equation 6.14
and Equation 6.16). G, the shear modulus, is calculated from the Young's modulus, E,, and

Poisson's ratio, v, (Equation 6.15).

The normal damping coefficient, #, in Equation 6.6, for the non-linear spring model was
proposed by Tsuji and co-workers (Tsuji et al., 1992) using a spring-dashpot system for normal
contact, as previously shown in Figure 6.2. They obtained a solution for #, in the form of
Equation 6.17 by solving the equation of motion of the particle in the spring-dashpot system in
one dimension heuristically and assuming that the particle restitution coefficient, e, is
independent of the impact velocity. In the solution (Equation 6.17), f is a parameter which can
be related to the restitution coefficient and Figure 6.4 plots this correlation. The tangential
damping coefficient, #,, is difficult to model, and thus for simplicity #; is assumed to be the

same as 7, by Tsuji and co-workers (Equation 6.7).
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Table 6.1: Stiffness and damping coefficients models used for the DEM soft sphere model in this thesis.

Normal contact force

3/2
FCn,ij = (_kn6 12— nnvr,ijnij)nij

Equation 6.6 i
Tang?Ential tgonta6ct7force — {—ktat_i,-tij = 0Vreij if |=keBeijti; — 1eVreij| < —ps|Fenyjl
uation 6. ctij = .
a — s |Fenij|ti; if |=keBeijtiy — nevreij| > —ts|Fenjl
Torque w;

Equation 6.11

Mc;j = 1yny; X Fepij — el Fonijln ——

|w; |

Stiffness/damping coefficients Equation Notation Reference
Normal Particle- 2r,E, r,: particle radius; Hertzian contact
stiffness, particle n= m Ep: Young’s modulus of  theory for elastic
K, (same size ps the particles; particles
particles) Equation 6.12 vp: Poisson’s ratio of the
particles.
Particle-wall 4 \/r_p E.: Young’s modulus of  Hertzian contact
-3 the wall; theory for elastic
hn =7 v 1-u2 vw: Poisson’s ratio of the  particles
Ep + Ew wall.
Equation 6.13
Tangential Particle- 2 \/2_1’,,0,, 1/2 Gp: shear modulus of the  Midlin’s theory
stiffness, k; particle t= ﬁfsn,ij particles; for non-slip cases
(same size p . onij- particle normal (Mindlin, 1949)
particles) Equation 6.14 displacement.
Ep
Gy = 2(1+v,)
Equation 6.15
Particle-wall 8./1.G Midlin’s theory
ke = %5}1{5 for non-slip cases
1Y

Equation 6.16

(Mindlin, 1949)

Normal damping coefficient, N = B(myk )1/251/,4, p: parameter function of  (Tsuji etal.,
n ptn n,ij . .
n Equation 6.17 the restitution 1992)
' coefficient;
m,: mass of particle.
Tangential damping Same value as the normal damping coefficient (Tsuji et al.,
coefficient, #; 1992)
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Figure 6.4: Relationship between parameter g and restitution coefficient, e (taken from Tsuji et al.,
1992).

Implementation of these contact forces have been widely used in simulation studies of
particles in mixers, mainly focusing on the bed flow, mixing characteristics and the force
network (Chandratilleke et al., 2009; Remy et al., 2009; Stewart et al., 2001; Washino, 2011;
Zhou et al., 2004).

6.3 Simulation geometries and parameters

6.3.1 Main description

In this thesis, the simulations were run using an in-house Fortran code written by Washino
(Washino, 2011) which incorporated the equations of motion and soft sphere DEM model
described in the previous section. A granulator with dimensions and impeller identical to the
Roto Junior used in Chapter 4 was simulated (diameter: 0.28 m, height: 0.18 m). Figure 6.5
presents the experimental and simulated geometry with the 32°, three-bladed impeller. To apply
an external geometry into the DEM Fortran code for the simulations, mesh data of the
geometry has to be first supplied directly. A simulation pre-processing geometry builder
package, Gambit 2.0 by Fluent Inc., was first used to construct the geometries. From the
drawings, equilateral triangular surface meshes were generated (mesh edges can be seen in

Figure 6.5) and exported.
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Experimental Simulated

Figure 6.5: Experimental and simulated geometry (~10 L mixer, three-bladed impeller with 32°
inclined blades).

6.3.2 Particle bed/particle properties

It is important to mimic the experiments conditions used in the Chapter 4 for comparison
and validation of the simulated results before further studies of other parameters. For
validation, the simulation results were compared with the mannitol granules used in Chapter 4.
However, due to physical limitations of the current DEM code and limitations in computer
expenses, certain conditions have to be defined or assumed based on reasonability. Monosized
particles were simulated instead of multisized particle beds used in the experiments in Chapter
4. In addition, as the current code is incapable of incorporating particles of irregular
geometries, spherical particles were simulated. The irregular granule shapes generally affect
the bed packing and, therefore, bed bulk density. This is taken into consideration in the

simulations, as explained later for the particle density parameter selection.

For the effect of varying particle sizes, particle diameters of 2, 3.5, 5 and 10 mm were
selected for the simulations. The current DEM code is capable of handling up to ~400000
particles and for a standard bed load of 1.5 kg and particle density (explained below), this gave
a smallest simulated particle diameter of ~2 mm. The sieve sizes of the mannitol granules used
for the measurements in Chapter 4 were 0.1-0.5, 0.5-1.0, 1.0-2.0 and 2.0-4.75 mm (Table 4.3).
For validation of the simulations, the simulated 2 mm and 3.5 mm particles were compared
with the 1.0-2.0 mm (dyso = 1.6 mm) and 2-4.75 mm (dys0 = 3.4 mm) mannitol granules
respectively. Also, for study of other parameters, the 3.5 mm simulated particles rather than the

2 mm ones were used to reduce computer expenses.
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The simulated bed of spherical and monosized particles should maintain a similar bulk flow
to a bed of irregular and multisized granules in the granulator. To achieve this, the simulated
bed bulk density was kept the same as the experimental. Consequently, the simulated particle
true density, p;, can be determined from Equation 6.18. py is the bed bulk density taken from
the experiment, &, is the bed porosity and 1-g, is the packing density. The experimental bed
bulk density is 740 kg/m? i.e. the measured bed bulk densities for the 0.5-1.0 mm and 1.0-2.0
mm mannitol granules sieve sizes in Chapter 4 (Table 4.3). For spherical, monosized particles
packed by gravity, the packing density (1- &,) is ~0.6 from literature (McGeary, 1961; Tory et
al., 1973). Hence from Equation 6.18, the simulated particle true density is 1230 kg/m?>.

py= bt

b1 -ep)
Equation 6.18
The Young's modulus was determined experimentally from the single granule diametric
compression described in Chapter 3: Section 3.4.3.1 and Table 6.2 presents the values for
different sieve sizes of the mannitol granules. The Young's modulus for the 2.0-4.75 mm sieve
size, i.e. 160 MPa was chosen for the simulations. Other simulation parameters for the varying
particle sizes are shown in Table 6.3. Values of the sliding friction coefficients and restitution
coefficient were chosen to be 0.3. The rolling friction coefficient was taken to be 100 times
smaller than the sliding friction coefficients. For dense particle flow systems, Kuo et al
reported that quantitative differences between their DEM simulations and experiments were
generally observed only when extreme values of frictional coefficient (0) or restitution
coefficient (1.0) were used (Kuo et al., 2002). Table 6.3 also displays the simulation parameters
for other varied conditions, i.e. bed load, particle density, restitution coefficient, sliding friction

coefficients and Young's modulus.

Table 6.2: Measured Young's modulus of dry mannitol granules.

Mannitol granules sieve sizes Young's Modulus (MPa)
(mm)
0.5-1.0 569+124
1.0-2.0 34589
2.0-4.75 160+50
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Table 6.3: Simulation parameters for different particle bed/particle properties

Parameters Varying Varying Varying Varying Varying Varying
particle size  bed load particle sliding friction  restitution Young's
density coefficient coefficient modulus
Particle diameter 2.0, 35, 5.0, 3.5 3.5 3.5 3.5 35
[mm] 10.0
Total bed load [kg] 15 1.0,15, 15 1.5 15 1.5
2.0,3.0
Number of particles 291137, 36215, 111362, 54323 54323 54323
[-] 54323, 54323, 54323,
18633, 72431, 26727
2329 108646
Particle density 1230 1230 600, 1230, 1230 1230 1230
[kg/m®] 2500
Restitution 0.3 0.3 0.3 0.3 0.1,0.3, 0.3
coefficient [-] ? 0.5,0.7,0.9
Young’s modulus 160 160 160 160 160 0.1, 1, 100,
[MPa] @ 160, 1000
Poisson’s ratio [-] ® 0.25 0.25 0.25 0.25 0.25 0.25
Sliding friction 0.3 0.3 0.3 0.02,0.1,0.3, 0.3 0.3
coefficient [-] 2 0.5,09°"
Rolling friction 0.003 0.003 0.003 0.003 0.003 0.003
coefficient [-] ?
Impeller rotational 50-700 50-700 50-700 50-700 150, 350 150, 350
speed [rpm]
Mixer diameter [mm] 280
Mixer height [mm] 180
Blade angle [°] 32
Blade width/blade 35/18.5
inclined height [mm]

Number of blades [-]

3

#same value for particle-particle and particle-blade/particle-wall interactions.
® only varied for particle-particle interaction, value for particle-wall is fixed at 0.3.
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6.3.3 Impeller geometries

In addition to the particle bed/particle properties, impellers of different geometries, i.e.

blade width, blade angle and number of blades, were also simulated (Table 6.4, Figure 6.6).
The definition of the blade angle, width and inclined height are also indicated in Figure 6.6.

Table 6.4: Simulation parameters for different impeller geometries.

Parameters Varying blade  Varying blade  Varying number
width angle of blades
Particle diameter [mm] 35
Total bed load [kg] 1.5
Number of particles [-] 54323
Particle density [kg/m°] 1230
Restitution coefficient [-] * 0.3
Young’s modulus [MPa] 160
Poisson’s ratio [-] * 0.25
Sliding friction coefficient [-] 0.3
Rolling friction coefficient [-] * 0.003
Impeller rotational speed [rpm] 50-700
Mixer diameter [mm] 280
Mixer height [mm] 180
Blade angle [°] 32 20, 32, 45, 65, 32
90
Blade width/blade inclined height 20/10.6 35/12.0, 35/18.5
[mm] 35/18.5, 35/18.5,
50/26.5, 35/24.7,
65/34.4 35/31.7,
35/35.0
Number of blades [-] 3 3 2,3,4

# same value for particle-particle and particle-blade/particle-wall interactions.
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Varying bladeheights Varying blade angles Varying number of blades

Figure 6.6: Simulated blade geometries.
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6.3.4 Granulator scale

Simulations were also carried out for 4 geometrically-similar granulator scales, covering a
range of 0.173 L to 88.7 L granulators. The particle size was maintained across all scales, i.e.
3.5 mm particles which gave different mixer diameter to particle diameter ratios (D/dy). For
additional comparison, the same D/d, cases for different scales were also simulated, i.e. D/d, =
80, by varying the particle size. Impeller speeds corresponding to the same Froude numbers
(Equation 6.19), i.e. ratio of the centrifugal to gravitational forces, were selected to maintain
similar flow behaviours across the scales. The simulation parameters for different granulator

scales are given in Table 6.5.

w?D
Fr =
9
Equation 6.19

Table 6.5: Simulation parameters for different granulator scales.
Parameters Constant particle diameter, Constant mixer diameter to
dp particle diameter ratio, D/d,

Particle diameter [mm] 35 0.875,1.75,3.5,7
Mixer diameter to particle 20, 40, 80, 160 80

diameter ratio [-]
Total bed load [kg]

0.0234, 0.1875, 1.5, 12

Number of particles [-] 849, 6790, 54323, 434584 54323
Particle density [kg/m®] 1230
Restitution coefficient [-] 0.3
Young’s modulus [MPa] ? 160
Poisson’s ratio [-] ® 0.25
Sliding friction coefficient [-] ? 0.3
Rolling friction coefficient [-] ? 0.003

Impeller rotational speed [rpm] 100-1400 (0.173 L granulator),
71-990 (1.39 L granulator),
50-350 (11.1 L granulator),

35-247 (88.7 L granulator).

Mixer diameter [mm]

70, 140, 280, 560

Mixer height [mm]

45, 90, 180, 360

Mixer volume [L]

0.173,1.39,11.1, 88.7

Blade angle [°] 32
Blade width/blade inclined 8.75/4.625,
height [mm] 17.5/9.25,
35/18.5,
70/37.
Number of blades [-] 3

 same value for particle-particle and particle-blade/particle-wall interactions.
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6.4 Simulation and analysis method of the blade-bed stress, bed velocities
and bed height

For each simulation case, particles were generated in an ordered lattice above the impeller
and left to settle under gravity. The impeller was then rotated until steady-state bed flow was
achieved, depending on the impeller speed. The time step for most cases was 1x10° s for
stable calculations. An approximation of the time step can be based from the Hertzian particle
contact time (Equation 6.20) for the non-linear spring contact model, which depends on the
particle mass, my, particle radius, rp, Young's modulus, E,, Poisson's ratio, v,, and the relative
particle velocity, v, . The impeller tip speed was assumed for the relative particle velocity. To
ensure that the particle contacts are resolved appropriately, a fraction of the calculated contact

time, i.e. ~15% was then taken as the time step.

m*z 1/5
— 14
tcontact,H - 2-87 %2 Ik
i eEXv
p “pYprel

-1 -1 2 2\ 1
m* — (L + i) ,r* — <i + i) E* — <1 - vpl + 1 - vp2>
Poo\my my, p Tyr Tp2) F E, E,,

The simulation outputs, i.e. position, velocities and contact forces of individual particles

Equation 6.20

were saved at intervals of 0.005 s. For comparison with blade-bed normal stress measured
using the impeller stress sensor in Chapter 4 and subsequent analyses, the normal component of
the blade-particle contact force (Fc, ) for particles in contact with the blade at the location of
the sensor plate (Figure 6.7) for all three blades were summed, averaged with the number of

blades, n;, and divided by the contact area of the sensor, A, (Figure 6.7) (Equation 6.21).

(Z FCI,n|Ap)/n1
A

o =
p
Equation 6.21

Velocity results were compared with the experiment by extracting the bed surface velocity
at the same region recorded and analysed in the experiments (Figure 6.8), i.e. a fixed bed
region. Circumferential (or tangential), vsuric, and radial velocity, vg,,, COMponents were

calculated from the particles' x and y velocities, i.e. vy and vy, from Equation 6.22 and Equation
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6.23 respectively. § is the angular displacement of the particle from the +x-axis, also indicated
in Figure 6.8, and calculated from the inverse tangent of the ratio of the particle's y and x
positions from the centre of the granulator. From the equations, +v, denotes a counter-
clockwise motion, which is the direction of the impeller’s rotation; whilst +V,q points to the

radial direction away from the centre of the mixer.

Vsurf,e = —(Vy X sind) + (v), X cos?)
Equation 6.22

Vsurpr = (U X c0s9) + (v, X sind)
Equation 6.23

12mm  22mm

Blade width
=35mm

Figure 6.7: Experimental impeller stress sensor plate and analysed contact region for the simulations.
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~_

Direction of impeller rotation

Figure 6.8: Top view of the granulator and the bed surface velocities analysis region. Inset: High speed
camera recorded image. The colour bar indicates the particle total velocity in m/s.

6.5 DEM validation: experimental comparison

To validate the DEM method employed, the simulation results were compared with the
experimentally measured blade-bed stress, bed surface velocity and bed height. Prior to that,
images of the moving bed at 50, 150 and 350 rpm in Figure 6.9 demonstrate the similar
characteristic bed flow profiles between the experiment and simulation at each impeller speed.
The comparisons are made between the 1.0-2.0 mm sieve size (dyso = 1.6 mm) mannitol
granules and the simulated, 2.0 mm monosized particles. The latter size is the minimum size
achievable in the simulations, explained earlier in Section 6.3.2. Additionally, similar flow
patterns are also exhibited by the 2.0 and 3.5 mm simulated particle beds.

126



Chapter 6: Dry particle bed characterisation: simulation

50rpm 150rpm 350rpm

Figure 6.9: Images of the granule/particle bed at three different impeller speeds for 1.5 kg bed load.
Top row: 1.0-2.0 mm mannitol granules; Middle row: simulated 2.0 mm particles; Bottom row:
simulated 3.5 mm particles. The colour bar indicates the particle total velocity in m/s.

The temporal blade-bed stresses at steady-state, measured experimentally and simulated are
displayed in Figure 6.10 and Figure 6.11, which compares the 1.0-2.0 mm sieve size (dys0 = 1.6
mm) mannitol granules and 2.0 mm simulated particles, and the 2.0-4.75 mm (d, 50 = 3.34 mm)
mannitol granules and 3.5 mm simulated particles, respectively. There are no experimental
results for the 2.0-4.75 mm mannitol granule bed at 350 rpm (Figure 6.11a) due to excessive
granule breakage, as discussed in Chapter 4: Section 4.3.2. Reiterating, the output intervals
from the telemetric impeller stress sensor and from the simulations are 0.5 and 0.005 seconds

respectively.
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Figure 6.10: Temporal blade-bed stress for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol granules and
(b) simulated 2.0 mm particles.

Figure 6.10 shows the qualitative similarity of the stress fluctuation behaviours exhibited by
both the simulations and experimental measurements, i.e. small fluctuations from 50-250 rpm
and the large fluctuations at 350 rpm. The simulated 350 rpm output (Figure 6.10b) also
suggests a periodic fluctuation of the blade-bed stress at this impeller speed. Further insight on
this behaviour is presented in Chapter 7 of this thesis. Similarly, Figure 6.11a shows the blade-
bed stress fluctuation at 350 rpm for the 3.5 mm simulated particles, albeit being smaller in

amplitude compared with the smaller 2.0 mm simulated particles.
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Figure 6.11: Temporal blade-bed stress for the 1.5 kg bed load of (a) 2.0-4.75 mm mannitol granules
and (b) simulated 3.5 mm particles. * No measurement data for the 2.0-4.75 mm mannitol granules at
350 rpm.

The experimental and simulated time-averaged values of the blade-bed stresses are plotted
in Figure 6.12, again for both granule/particle sizes compared in Figure 6.10 and Figure 6.11.
The simulations reasonably predict the average stresses and also the fluctuation amplitude,
indicated by the standard deviation bars, using the selected simulation parameters and
assumptions discussed previously. These results also demonstrate that the time-averaged blade-
bed stresses are similar between the two different simulated size particles, corroborating the

experimental findings in Chapter 4 where the granule sieve size does not affect the bulk, time-
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averaged blade-bed stresses. Section 6.7.1 of this chapter presents additional results for other

simulated particle sizes.
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Figure 6.12: Time-averaged blade-bed stress for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and simulated 2.0 mm particles and (b) 2.0-4.75 mm mannitol granules and simulated 3.5 mm
particles.

Figure 6.13 and Figure 6.14 compares the temporal bed surface velocities at the analysed
region for the two different granule sieve sizes and simulated particle sizes. The plots include
both circumferential and radial velocity components, where the circumferential velocity is
higher in magnitude due to it being the dominant motion in the granulator. On the whole,
similar fluctuation periodicities are observed, with slight differences in the amplitudes for the
radial surface velocities, particularly for the 1.0-2.0 mm granules and 2.0 mm simulated
particles comparison (Figure 6.13). This could be attributed to the slightly smaller granule sizes
compared to the achievable simulated size, which seemingly results in greater radial
fluctuations. Figure 6.14 indicates that smaller surface radial velocity fluctuations are obtained
for the larger 3.5-4.75 granule sieve size and 3.5 mm simulated particle size. In addition,
experimental results of the smaller mannitol granules sieve sizes (0.1-0.5 mm and 0.5-1.0 mm)
also demonstrate larger radial surface velocity fluctuations (Refer to Figure 7.5a(i) and a(ii) in

Chapter 7, where the fluctuation amplitude is reflected by the standard deviation bars).
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Figure 6.13: Temporal bed surface velocity for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol granules
and (b) simulated 2.0 mm particles. Top and bottom rows show the circumferential and radial
components respectively.

Distinguishing features of the surface velocity fluctuations include periodic fluctuations
from 50-250 rpm due to the bed deflection from the blade motion, although the periodicity
ceases in 350 rpm. For the periodic circumferential velocities, the bed is accelerated in the
circumferential direction when a blade approaches and decelerates after the blade passes. The
maxima are obtained when a blade passes through the recorded area. On the other hand, the
radial velocity fluctuates about the x-axis, indicating a change of direction. It can also be
observed that at 50 rpm the radial velocities peak slightly before the circumferential velocities.
For 150 and 250 rpm, the peaks of the radial velocities appear after the circumferential
velocities, immediately after the blade passes through the observed area. At 350 rpm, the loss
of periodicity and reduction in the fluctuation amplitude, especially for the circumferential

velocity could be explained by the increasingly fluidised bed, where the surface motion
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becomes increasingly less affected by the blade. The surface velocity fluctuations are further
discussed in Chapter 7. Reasonable quantitative agreement between the experimental and
simulated bed surface velocity results is affirmed in Figure 6.15, which shows the time-

averaged values and standard deviations.
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Figure 6.14: Temporal bed surface velocity for the 1.5 kg bed load of (a) 2.0-4.75 mm mannitol
granules and (b) simulated 3.5 mm particles. Top and bottom rows show the circumferential and radial
components respectively.
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Figure 6.15: Time-averaged bed surface velocities for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and simulated 2.0 mm particles and (b) 2.0-4.75 mannitol granules and simulated 3.5 mm
particles.

The simulated bed height at the wall also exhibits similar fluctuation behaviour to the

experiments, as shown in Figure 6.16 and Figure 6.17. Similar to the surface velocity results in

Figure 6.13 and Figure 6.14, periodic fluctuations of the bed height are obtained from 50-250

rpm, followed by a loss of fluctuation periodicity and a decrease in fluctuation amplitude at 350

rpm. The time-averaged bed height values are given Figure 6.18, which also shows reasonable

quantitative agreement.
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Figure 6.16: Temporal bed height at the wall for 1.5 kg bed load of (a) 1.0-2.0 mm mannitol granules
and (b) simulated 2.0 mm patrticles.
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Figure 6.17: Temporal bed height at the wall for 1.5 kg bed load of (a) 2.0-4.75 mm mannitol granules
and (b) simulated 3.5 mm particles.
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Figure 6.18: Time-averaged bed height at the wall for the 1.5 kg bed load of (a) 1.0-2.0 mm mannitol
granules and simulated 2.0 mm particles and (b) 2.0-4.75 mannitol granules and simulated 3.5 mm
particles.
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6.6 Simulation results: impeller speed and radial position

An advantage of the DEM simulations is the capability to analyse any region in the
simulated system, which could often be difficult to achieve in experiments. In this case, the
variation of the blade-bed stress (Figure 6.19), bed height (Figure 6.20) and bed surface
velocity (Figure 6.21) along the radial position can be obtained from the simulations. The data
points at each radial position represent the time-averaged values with the error bars indicating
the standard deviation of the temporal values. This is particularly useful to gain more insight to
the system since the impeller stress sensor only measures the stress in a particular radial
position. The figures show the time-averaged results for the 1.5 kg bed of 3.5 mm particles
from 50 to 1400 rpm (0.7-20.5 m/s tip speed). Experimental measurements are previously
carried out from 50 to 350 rpm. The radial positions where the sensor is located are also

indicated in the figures.

For all impeller speeds, the blade-bed stress increases with the radial position (Figure 6.19)
due to larger blade tip speeds and amount of particles. With increasing impeller speed, the
particles become increasingly pushed towards the wall due to centrifugal effects, shown from
the bed height variation along the radial position in Figure 6.20. More particles accumulate
towards the wall and an increasing empty region near the centre of the granulator is observed.
At very high impeller speeds, i.e. 700 and 1400 rpm, this results in a region of high blade-bed
stress being developed at the near wall area which then reduces significantly in the sensor
region (the 700 and 1400 rpm results are plotted additionally on an adjusted y-axis with the 350
rpm data in Figure 6.19). From Figure 6.20, a steep decrease of the bed height in the sensor

region is also observed at 700 and 1400 rpm.
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Figure 6.19: Simulated time-averaged blade-bed stress along the radial position (normalised with the
blade radius) for the 1.5 kg, 3.5 mm particle beds.
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Figure 6.20: Simulated time-averaged bed height along the radial position (normalised with the blade

radius) for the 1.5 kg, 3.5 mm particle beds.

The bed surface velocities (circumferential component) along the radial position at

different impeller speeds are shown in Figure 6.21. At 50 rpm, a gradual increase of the

surface velocity with the radial position followed by a dip towards the wall is observed (see the

top graph in Figure 6.21

for the data plotted on an adjusted y-axis). On the contrary, for

impeller speeds of 150 rpm onwards, the circumferential surface velocities decrease with the

radial position. These behaviours could be linked to the flow regime of the bed. At 50 rpm, the

bed is in the slow or frictional flow regime, as pointed out in Chapter 4: Section 4.4.1. In terms

of the bed profile/shape, in this regime, the particles occupy the entire area between the shaft
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and the wall (Figure 6.9) with little increase of the bed height along the radial position, as
shown in Figure 6.20. The surface velocities are consequently dependent on the blade linear
velocity and increase with the radial position, although wall constrictions lead to the retardation
of the surface motion towards the wall. For additional comparison, Figure 6.22 plots the bed
surface velocities with the (a) bed height-averaged velocity (average velocity across the entire
bed height at a particular radial position), (b) the bed velocity for only particles in contact with
the blade and (c) the blade linear velocity. From the 50 rpm figure, the bed height-averaged bed
velocity also exhibits a similar trend as the surface velocity while the average velocity of

particles in direct contact with the blade increases consistently with the radial position.

The flow then transits to toroidal at ~150 rpm and subsequently fluidised which sees the bed
height increasing with radial position. Since particle velocities reduce with the bed height (also
shown in Figure 4.11 in Chapter 4), the surface velocities decrease with the radial position.
Additionally, larger surface velocity and bed height fluctuation are observed at the inner bed
surfaces for impeller speeds above 150 rpm (Figure 6.20 and Figure 6.21). In Figure 6.22, the
bed height-averaged velocities exhibit the same tendencies as the surface velocity while the
average velocity of particles in contact with the blade increases with the radial position. To
summarise, the surface velocity variation along the radial position in a granulator could be

related to the flow regime.

Previously reported works also conformed to the differing observations explained above. In
Washino's work, the bed surface velocity was found to increase with the radial position and
subsequently reduces towards the wall for a 0.084 m diameter mixer and impeller speed of 86.7
rpm (Fr: 0.02) both in experiment and simulation, and visual observations also confirmed that
the particle bed is in the “frictional” flow state (Washino, 2011). This is similar to the 50 rpm
case in this work. On the other hand, in Murugama’s simulations of a 0.36 m tumbling
granulator rotated at 300 rpm (Fr: 0.92), the surface velocity decreases with the radial position
as particles are pushed towards the wall, thus exhibiting a curved bed profile shown in the

impeller speeds > 150 rpm cases in this work (Murugama et al., 2000).
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Figure 6.21: Simulated time-averaged bed surface velocity (circumferential) along the radial position
(normalised with the blade radius) for the 1.5 kg, 3.5 mm patrticle beds. *The top graph for the 50 rpm
case is plotted additionally on an adjusted y-axis.
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Figure 6.22: Simulated time-averaged particle bed velocities (circumferential) and blade linear velocity
along the radial position at different impeller speeds for the 1.5 kg, 3.5 mm particle beds.
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Following the above results at varying radial position, the sensor region-averaged results
(values averaged over the radial positions where the experimental stress sensor is located as
previously shown in Figure 6.7 and also indicated in Figure 6.19, Figure 6.20 and Figure 6.21),
particularly at higher impeller speeds, i.e. > 350 rpm, which are not obtained experimentally,
are studied. Figure 6.23 plots the sensor region-averaged blade-bed stresses for impeller speeds
up to 1400 rpm. Additionally, the tip region averaged blade-bed stresses for an annulus of 7
mm from the granulator wall are also compared on the same plot. Clearly, while the averaged
blade-bed stress increases with impeller speed up to 1400 rpm at the tip region, it becomes
constant after ~350 rpm if the sensor region averaged values are taken. This is explicable since
at the higher impeller speeds, there is a steeper decrease of the blade-bed stress from the tip to
the sensor region, as can be observed for the 700 and 1400 rpm cases in Figure 6.19 and Figure
6.20.
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Figure 6.23: Simulated time-averaged blade-bed normal stress at the sensor and blade tip regions for
the 1.5 kg, 3.5 mm particle beds.

For additional comparison, Figure 6.24 shows both the normal and shear components of the
blade-bed stress at the sensor region, as previous discussions have focused on only the normal
component. The shear stress at the sensor region is calculated in a similar way to the normal
blade-bed stress in Equation 6.21, except that the tangential component of the blade-particle
contact force (i.e. direction along the blade surface) is now taken instead of the normal

component. From Figure 6.24, it can be clearly seen that both components exhibit the same
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trends across the impeller speed range and that the normal stress is the dominant component
(~200-300% larger than the shear).
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Figure 6.24: Simulated time-averaged blade-bed normal and shear stress at the sensor regions for the
1.5 kg, 3.5 mm particle beds.

Figure 6.25 plots the sensor region-averaged bed surface velocity (circumferential
component), again for an extended impeller speed up to 1400 rpm. Once the bed achieves
“fluidised flow”, i.e. > 300 rpm, the bed surface velocity does not change significantly. Also
included in Figure 6.25 are the bed height-averaged velocities at the sensor region. From 50-
150 rpm, the bed surface and bed height-averaged velocities are similar, after which the bed
height-averaged values exceed the surface velocities due to the increasing reduction of particle
velocity with bed height, also previously shown in Figure 4.11. This is of interest since the bed
surface velocity was assumed as the bed characteristic velocity for the blade-bed stress
equation, since it’s easier to measure, rather than the bed height-averaged velocities. Section
6.8 presents further discussions on the blade-bed stress predictions using the bed height-

averaged velocities.

Finally, the bed height at the wall, which is also the bed height measured experimentally and
used in the blade-bed stress equation (Equation 4.9) in Chapter 4 and Chapter 5, is presented in
Figure 6.26. In the same plot, the actual sensor region-averaged bed heights are also included.
For the 1.5 kg bed, the bed height at the wall increases steadily until 250 rpm, followed by a
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slight dip and then a slow increment with higher impeller speeds. The sensor region-averaged
bed height however reduces steadily above ~350 rpm due to more particles being accumulated
in the tip region and resulting in a relatively smaller bed height in the sensor region, also as
previously shown in Figure 6.20. This behaviour of course, depends largely on the material fill
level in the granulator, and the sensor region-averaged bed heights of other bed loads are

shown in the following section (Section 6.7.1).
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Figure 6.25: Simulated time-averaged bed surface and bed height-averaged velocities (circumferential
component) for the 1.5 kg, 3.5 mm particle beds.
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Figure 6.26: Simulated time-averaged bed height at the sensor region and at the wall for the 1.5 kg, 3.5
mm particle beds.
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In this section, results for impeller speeds from 50-1400 rpm were presented which gave
Froude numbers from 0.02-15.5. Table 6.6 shows the maximum Froude numbers attainable in
various commercial high shear granulators with different volume capacities (5-3000 L). The
maximum Froude number also generally reduces with increasing granulator volumes, due to
the reduced maximum impeller speeds achievable for larger granulators. Therefore, for
subsequent studies of the different particle/particle bed properties, impeller geometries and
granulator scale results for up to only 700 rpm, which gives a Froude number of 3.88, are
reported. This is also the maximum impeller speed achievable in the Roto Junior granulator
used for the experiments in this thesis. Additionally, this impeller speed range should give
reasonable representations of the flow behaviour and hence, results that could occur in most

granulators.

Table 6.6: Froude numbers in commercial high shear granulators.

Equipment Maximum Froude Number
Roto mixers by IMA Pharma® ~5P
Gral mixers by Collette ~2.8¢
PMA mixers by Fielder ~3.5°
Diosna mixers ~1.8¢
Powrex mixers by Glatt ~8°¢

& previously by Zanchetta & C. s.r.l.
® (IMAPharma, 2012a, b)
¢ (Levin, 2007)
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6.7 Simulated blade-bed stress, bed surface velocity and bed height
results

The results presented in this section are the sensor-region averaged results from the
simulations, for comparison and discussion of some of the results with the measured values in
Chapter 4. The only difference is that the sensor region-averaged bed heights are reported here,
rather than the bed height at the wall measured in the experiments. Appendix D displays all

images of the simulated beds reported in this section.

6.7.1 Particle/particle bed properties

Figure 6.27a-c presents the simulated time-averaged blade-bed stress, bed surface velocity
(circumferential component) and bed height results for different bed loads. The bed loads of
1.0-3.0 kg in the 11.1 L granulator correspond to the undisturbed bed height to blade inclined
height ratios Hgo/h,, of 1.5-3.7, where the undisturbed bed height is the height without impeller
rotation. The blade-bed stress increases steadily with bed load (Figure 6.27a), similar to that
measured for 1.0-2.0 kg beds of 0.5-1.0 mm mannitol granules in Chapter 4 (Figure 4.7a). Also
as previously mentioned, the simulation results for the 700 rpm impeller speed case, which
could not be studied experimentally, are reported. As discussed in the previous section for a
bed load of 1.5 kg, the blade-bed stress at the sensor region does not change much > 350 rpm.
In Figure 6.27a, results for larger bed loads, i.e. 2.0 and 3.0 kg show that the blade-bed stress
increases up to 700 rpm. To corroborate the results, the blade-bed stress and bed height along
the radial position for the 1.0, 2.0 and 3.0 kg beds are also provided in Figure 6.28, with the
sensor region indicated. Clearly, with increasing bed load in the granulator, a less steep bed
height and, therefore, blade-bed stress reduction from the granulator wall towards the centre is
obtained at 700 rpm. Similar to the experimental results for different bed loads (Figure 4.7b), a
lighter and also smaller volume bed experiences a faster bed surface motion as shown in Figure
6.27b. For the 1.0 kg and 1.5 kg beds, a peak in the bed surface velocity is observed at ~250
rpm and with large velocity fluctuations (from the standard deviation bars), before the bed
transits to the fluidised flow regime with subsequently less change to the surface velocity (from
350 to 700 rpm). In comparison, the 2.0 and 3.0 kg bed surfaces are observably steadier at 250

rpm with a gradual, slight surface velocity increase from 150 rpm onwards.
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Figure 6.27: Simulated time-averaged data for different bed loads (a) blade—bed stress (b) bed surface

velocity (circumferential) and (c) bed height.
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Chapter 6: Dry particle bed characterisation: simulation

Results for different simulated particle sizes show that the average blade-bed stresses, bed
surface velocity and bed height at the sensor region are similar for impeller speeds up to 700
rpm (Figure 6.29a-c). This similarity is likewise obtained experimentally for granules of
different sieve sizes from 0.1 mm to 4.75 mm as described in Chapter 4, Figure 4.8. In these
simulations, particles from 2.0 mm to 10.0 mm are studied which gives approximately 80 to 3
particles in contact with the sensor region on the blade respectively. In terms of blade-bed
stress fluctuation amplitudes, larger fluctuations are observed for the 2.0 mm particles
compared to the 3.5 mm particles at 350 rpm and 700 rpm in the fluidised flow regime.
However, a further increase in particle size, i.e. 5.0 mm and 10.0 mm particles, also sees an
increase in stress fluctuation amplitude across the impeller speeds. Additionally, the peak of the

bed surface velocity at 250 rpm also reduces with increasing particle size.

Figure 6.30a-c displays the time-averaged results for simulated particles of different
densities. With a constant bed load of 1.5 kg, the different densities give the undisturbed bed
height to blade inclined height, Hg/h,, ratios of 1.3-4.3. The blade-bed stress reduces at lower
particle or bed bulk densities (Figure 6.30a), except at 700 rpm where the 360 kg/m® bed has
the highest blade-bed stress. Again, this is simply due to the larger bed height at the sensor
region compared to the 740 kg/m® and 1500 kg/m?® density beds. The bed surface velocities
increase with particle/particle bed density due to the smaller bed volume or Hg/h, (Figure
6.30b). The bed height and surface velocity fluctuation amplitudes also increase with
particle/particle bed density.
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Figure 6.29: Simulated time-averaged data for different particle sizes (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height.
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Figure 6.30: Simulated time-averaged data for different particle densities (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height. *Numbers in brackets are the bed bulk density.
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When varying the interparticle sliding friction coefficient, p, observable differences of the
blade-bed stress and bed surface velocity are obtained from 0.02 to 0.3, and > 0.3 the results
are similar across the impeller speeds (Figure 6.31). The same is also observed for the shear
component of the blade-bed stress (Figure 6.32). The particle-wall friction was kept constant at
a value of 0.3. Logically, a low friction coefficient reduces the frictional dissipation of the
system's kinetic energy and, therefore, the bulk bed is accelerated to a larger velocity (Kuo et
al., 2002; Remy et al., 2010; Remy et al., 2009; Stewart et al., 2001). This is reflected in this
study by the higher bed surface velocities observed at ps of 0.02 and 0.1 (Figure 6.31b). The
surface velocities however are similar for s > 0.3. To compare with some previous simulation
works, Stewart and co-workers reported that the flow structure and velocity results in a vertical
axis, cylindrical granulator (i.e. mean velocities, velocity fields, particle dispersion and velocity
frequency distributions) does not change much from p;of 0.3-0.5 compared to that from 0.2-0.3
at a very low Froude number (0.001). The sensor region-averaged bed heights are similar for
the different ps (Figure 6.31c). Additional analysis of the bed profile however shows that at very
low W, i.e. 0.02, the bed height at the wall is larger followed by a steeper decrease of the bed
height towards the centre for impeller speeds >150 rpm. This also corresponds to a steeper
reduction of the blade-bed stress from the wall towards the centre. The bed height and blade-
bed stress profiles at other i are similar (Images of the simulated beds for different s are
presented in Appendix D, Section D.1.4: Figure D.7, Figure D.8 and Figure D.9, and the time-
averaged results along the radial position for ps = 0.02 and s = 0.3 are plotted in Figure D.10).
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Figure 6.31: Simulated time-averaged data for different interparticle sliding friction coefficients (a)
blade-bed stress (b) bed surface velocity (circumferential) and (c) bed height.
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Figure 6.32: Simulated time-averaged blade-bed stress (shear component) for different interparticle
sliding friction coefficients.

Different restitution coefficient results (from 0.1-0.9, same value for particle-particle,
particle-impeller and particle-wall contacts for each case) show that the time-averaged values
of blade-bed stress, bed surface circumferential velocity and bed height are similar. The only
differences are that the standard deviations which show the fluctuations amplitudes increase
slightly with higher restitution coefficients. The average surface velocities and bed heights are
unaffected by the restitution coefficients, although flow images of the simulated beds show an
increasing amount of 'flying' particles at the bed free surfaces at high restitution coefficients,
i.e. 0.7 and 0.9 (Appendix D, Section D.1.5: Figure D.11). These findings also conform to Kuo
and co-workers work, previously mentioned in Section 6.3.2, that for dense flow systems, the
restitution coefficient does not affect the average bulk flow for reasonable restitution

coefficient values.
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Figure 6.33: Simulated time-averaged data for different restitution coefficients (a) blade—bed stress (b)
bed surface velocity (circumferential) and (c) bed height.
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Figure 6.34: Simulated time-averaged data for different Young's modulus (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height.

155



Chapter 6: Dry particle bed characterisation: simulation

Results for varying Young's modulus (from 0.1 MPa to 1 GPa and the same value for
particle-particle, particle-impeller and particle-wall contacts for each case) showed a decrease
of the blade-bed stress, surface velocity and bed height from 0.1 to 1 MPa and these
subsequently converge (Figure 6.34). For the 'softest' particles with Young's modulus of 0.1
MPa, a more fluctuating surface motion is also observed (larger surface velocity and height
fluctuations). The results obtained at 0.1 MPa is due to the potentially unrealistic large overlap
between these ‘softest’ particles (J in Figure 6.1) which also allows a larger number of contacts
in the dense system, ultimately resulting in larger contact forces (Refer to Figure D.13 in
Appendix D: Section D.1.6 which shows the number of particles in contact with the blade at
the sensor region for different Young’s modulus). It is also worthwhile to note that from
literature, reported Young's modulus and restitution coefficient values of some wet and dry
granules of different materials are ~20-900 MPa and less than 0.3 respectively (Cheong et al.,
2005; Fu, 2006; lveson and Litster, 1998c; Mangwandi et al., 2011; Mangwandi et al., 2007).

6.7.2 Impeller geometries

Different blade widths (h,, in Figure 6.6) for the 32° inclined blade were simulated (20-65
mm) which gave inclined heights (h, in Figure 6.6) of 10.6-34.4 mm and undisturbed bed
height to blade inclined heights ratios, Hgo/h, of 1.4-3.6. For the different blade widths, the
analysis region for the blade-bed contacts are adjusted accordingly relative to the region
indicated in Figure 6.7 (i.e. a larger blade width will have a bigger analysed region and vice
versa). Increasing the blade width results in larger total blade-bed normal force (sum of the
normal contact forces of the blade and particles) (Figure 6.35) due to increased contacts or
interactions between the blade and particle bed at the analysis region. Due to the larger impact
area however, the blade-bed stress values exhibits the opposite trend and reduces with blade
width (Figure 6.36a). Fluctuation amplitudes of the total blade-bed force and hence blade-bed
stress is also larger for smaller blade widths. This fluctuation behaviour is studied further and
explained in Chapter 7. A larger blade width (smaller Hgo/h;) also accelerates and deflects the
particle bed more, as shown by the bed surface velocities and bed heights results in Figure
6.36b-c.
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Varying the blade inclination angle from 20-90° also changes the Hgo/h, ratio from 1.4-3.2.
The blade-bed stress increases with the inclination angle (Figure 6.37a). Normal force network
diagrams presented by Chandratilleke and co-workers also showed higher forces generated in
front of the blade for the 90° inclined blade compared to the 45° inclined blade. Additionally,
an acute angled blade (i.e. 135° from the horizontal) showed even higher forces at the blade-
front region (Chandratilleke et al., 2009). A larger blade angle (smaller Hg/h,) also accelerates
and deflects the bed more, thereby yielding higher surface velocities and bed height (Figure
6.37b-c). Also worth noting is that with a smaller fill level or as indicated by the Hgo/h, ratio,
the bed surface velocity is larger (i.e. bed accelerates faster) as seen in the bed load (Figure
6.27b), particle/bed density (Figure 6.30b), blade width (Figure 6.36b) and blade angle (Figure
6.37b) cases.
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Figure 6.35: Simulated time-averaged total blade-bed force for different blade widths *Legends
indicate the blade width, h,,, and blade inclined height, h, in brackets.
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Figure 6.36: Simulated time-averaged data for different blade widths (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height. *Legends indicate the blade width, h,,, and blade
inclined height, h, in brackets.
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Figure 6.37: Simulated time-averaged data for different blade angles (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height.
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With an increasing number of blades, the total blade-particle bed interactions and hence,
total blade-particle bed force, also generally increases as shown in Figure 6.38. The resulting
blade-bed stress, on the contrary, is similar for different number of blades with a more
pronounced difference observed at 700 rpm (Figure 6.39a). This can again be explained by the
larger bed height at the sensor region for the 2-bladed impeller case at this speed compared
with the 3 and 4-bladed impeller cases in which steeper bed height reductions from the wall are
obtained (the particle bed becomes increasingly pushed towards the wall) (Refer to Figure D.22
in Appendix D: Section D.2.3 which displays the the blade-bed stress and bed height along the
radial position for different number of blades). The time-averaged bed height results in Figure
6.39c also show the reduction of the sensor region-averaged height with increasing number of
blades at 700 rpm.

Other than the bed height at 700 rpm, the bed surface velocity and bed height generally are
similar for the different number of blades (Figure 6.39b-c). The 2-bladed impeller, however
resulted in larger surface velocity and bed height fluctuations, especially at 150 to 350 rpm, and
also increased average surface velocity and height at 350 rpm, due to significant deflections of
the bed and less steady bed motion compared to the 3 and 4-blade impellers at these impeller
speeds (also confirmed by the bed flow images shown in Appendix D, Section D.2.3: Figure
D.20 and Figure D.21).
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Figure 6.38: Simulated time-averaged total blade-bed force (at the sensor region for all blades) for
different number of blades.
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Figure 6.39: Simulated time-averaged data for different number of blades (a) blade-bed stress (b) bed
surface velocity (circumferential) and (c) bed height.
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6.7.3 Granulator scale

Simulations for different granulator scales were carried out for granulator volumes from
0.173-88.7 L, with diameters from 0.07-0.56 m. A constant particle size is used, therefore
giving different mixer diameter to particle diameter ratios, i.e. D/d, = 20-160. The Froude
number also is kept constant across the scales to maintain similar flow behaviour (0.02-3.88).
The fill ratios are also maintained, therefore the bed load increases 8 times for each increase in
scale. Figure 6.40 shows the particle bed images at a Froude number of 0.18 (onset of toroidal
flow) for the different scales. The bed profiles are similar, except at the smallest granulator
scale, i.e. D/d, = 20, where the bed flow becomes increasingly irregular with comparatively
lesser particles in the system. At other Froude numbers, the bed profiles are also similar for the
studied granulator scales for D/d, > 40 (Appendix D, Section D.3: Figure D.23 and Figure
D.24).

D/d,=40

0.14m,1.39L, 212 1pm

0.28m,11.1L, 150rpm 0.56m,88.7L, 106 1pm

Figure 6.40: Bed flow images from simulation for different granulator scales at a Froude number of
0.18 for the same particle size (3.5 mm) and different D/d, The colour bar indicates the particle total
velocity in m/s.
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The time-averaged results are plotted against the Froude number in Figure 6.41 for the
different granulator scales. For additional comparison, the same D/d, cases are also plotted in
the same figure (left column). Flow images for the same D/d, cases are also given in Appendix
D, Section D.3: Figure D.25 and Figure D.26, where since D/d, is 80 (i.e. > 40), similar bed
flow profiles are obtained for different scales at a same Froude number. The blade-bed stress
increases with scale due to the larger bed load (Figure 6.41a), and similarly for the bed height
(Figure 6.41c). Surface velocities also increase with scale since for certain particular Froude
numbers, the impeller linear velocities are higher for larger diameter blades (Figure 6.41b).
Also, the average values of the results are generally the same for the same scale granulator,
even when the particle sizes are different, except for when D/d, = 20 in the 0.173 L granulator.
In this condition, the particles are relatively larger compared to the blade dimensions and only
1-2 particles impact the sensor region, and give higher average blade-stress values compared to
when D/d, = 80 (smaller particle size) in the same granulator. Previous studies of different
particle sizes from both the experiments (Chapter 4, Section 4.4.2: Figure 4.8, for D/d, ~ 83-
1000) and simulations (Figure 6.29, for D/d, = 28-140) also showed that average similar blade-
bed stress are obtained from D/d, = 28-1000.

It is also shown that the blade-bed stresses can be scaled with the bed load and hence, the
bulk bed pressure, p,gHgyr, at the same Froude numbers, except for D/d, = 20 as explained
above (Figure 6.42a). The bed surface velocity and bed height also scale with the impeller
linear velocity and blade inclined height respectively (Figure 6.42b-c). Remy and Glasser who
simulated 10-300 L mixers which gave D/d, = 31.5-94.5, found that the average particle
normal and shear stresses, and the bed velocities can be scaled with the bulk bed pressure and
impeller tip speeds respectively for D/d, = 63 and 94.5 and not when D/d, = 31.5 (Remy and
Glasser, 2010).
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Figure 6.41: Simulated time-averaged data for different granulator scales (a) blade—bed stress (b) bed
surface velocity (circumferential) and (c) bed height. Left column: constant D/dp, right column:
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Figure 6.42: Scaled parameters for different simulated granulator scales (a) normalised blade-bed
stress (b) bed surface velocity (circumferential) to impeller linear velocity ratio (c) bed height to blade
inclined height ratio. Left column: constant D/dj,, right column: constant dp,.
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6.8 Blade-bed stress prediction from theory

In Chapter 4 (Section 4.5) and Chapter 5 (Section 5.2.3), it was shown that the blade-bed
stress equation with a correction factor to account for the increasing “fluidisation” of the bed
and use of the surface velocity could reasonably predict the blade-bed stress for different bed
loads, granule/particle sieve size, particle density and liquid content for impeller speeds up to
350 rpm (Fr: 0.97). In this section, the simulation results are applied to study and validate the
blade-bed stress equation predictions particularly at higher impeller speeds (i.e. up to 700 rpm
or Fr: 3.88) which is not attainable in the experiments and for the other particle/particle bed
properties, impeller geometries and granulator scales simulated and discussed in the previous

sections.

6.8.1 Predictions using different bed heights

The blade-bed stress predictions from theory are first studied for the different types of bed
heights used, i.e. bed height at the wall or the sensor region-averaged bed height, particularly
since in the experiments, the bed height at the wall is used because the sensor region-averaged
bed height is difficult to determine experimentally. Figure 6.43 presents the simulated time-
averaged blade-bed stress values for the 1.5 kg bed of 3.5 mm particles and the predicted
values from Equation 4.8, i.e. without any correction factor using the either the simulated bed
height at the wall (black dashed lines) or the simulated sensor region averaged-bed height
values (red dotted lines) as the Hy, values. Also included in the same plot for comparison are
the experimental results for the 1-2 mm mannitol granules from Chapter 4, which are similar to
the simulated values as validated earlier in Section 6.5. In Figure 6.43, the blade-bed stress
equation over-predicts the simulated average blade-bed stress values after about 150 rpm,
equivalent to that obtained from the experimental results in Figure 4.10 of Chapter 4. In
addition, due to the higher bed height at the wall compared to the sensor region-averaged bed
height, larger predicted values are shown when using the bed height at the wall (black dashed

lines).

The correction factor B; is then applied to the blade-bed stress equation (Equation 4.9) for
the flow regime and surface velocity correction as explained in Chapter 4 and Chapter 5, which
is taken to be proportional to the inverse of the relative velocities (Equation 4.11). Figure 6.44
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plots the fitted B, versus 1/v, for different bed loads using either the bed height at the wall
(Figure 6.44a) or the sensor region-averaged bed height (Figure 6.44b). The proportionality
constant, Ky, using the bed height at the wall (Figure 6.44a) is 1.1, reasonably similar to K; ~ 1
obtained in the previous chapters from the experiments; while K; increases to ~1.4 when the

sensor averaged-bed height is used (Figure 6.44b).
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Figure 6.43: Comparison of the calculated blade—bed stress with no correction factor (Equation 4.8)
using either the simulated bed height at the wall or sensor region-averaged bed height, with the
simulated blade-bed stress for the 3.5 mm particles, 1.5 kg bed. The measured blade-bed stresses for
the 1-2 mm sieve size mannitol granule are also included in the plot.

4 - A
® 1.5kg R2 = 0.9551 ® 1.5kg R2 = 0.9828
3 1 m2.0kg

B, [-]

(b)

AN [SIM] AN [S/M]

Figure 6.44: Plot of By versus 1/v, for different simulated bed loads using the (a) bed height at the wall
and the (b) sensor region-averaged bed height.
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Figure 6.45 now compares the simulated values with predicted values using the blade-bed
stress equation with the correction factor (Equation 4.9), again using either the bed height at the
wall (K; = 1.1) or the sensor region averaged bed height (K; = 1.4), for the different bed loads.
Both the bed heights can be used to predict the blade-bed stresses at all bed loads up to 350
rpm, but beyond this impeller speed, using the bed height at the wall still over-predicts the
stress for the 1.0, 1.5 and 2.0 kg bed loads. This is simply because of the steep bed height
reductions from the wall towards the centre for impeller speeds above 350 rpm at these bed
loads (Figure 6.28) and, therefore, the sensor region averaged-bed height does not correlate
with the bed height at the wall. From this, it should be noted that using the bed height at the
wall in the experiments beyond 350 rpm could have overestimated the blade-bed stress at the
sensor region unless the bed load is large enough, i.e. for the 3.0 kg bed load case from the
simulations. Also, for subsequent blade-bed stress predictions of the simulation results in the

following sections, the sensor region-averaged bed height will be used.
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Figure 6.45: Comparison of the calculated blade—bed stress with correction factor B; (Equation 4.9)
with the simulated blade-bed stress at different bed loads.
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6.8.2 Fittings for different parameters

Figure 6.46 and Figure 6.47 present fitted B; versus 1/v, plots for other particle/particle bed
properties, impeller geometries and granulator scales, using the sensor region-averaged bed
heights. Similar K; values (~1.4) are obtained for different bed loads (Figure 6.46a), particle
size (Figure 6.46b), particle density (Figure 6.46c¢), interparticle sliding friction coefficient
(Figure 6.46d) and number of blades (Figure 6.47a). Different K, values however, are obtained
for the blade angle, blade width and granulator scale cases (Figure 6.47b-d).
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Figure 6.46: Plot of B, versus 1/v, for different simulated particle bed/particle properties (a) bed load

(b) particle size (c) particle density (bed bulk density in brackets) and (d) interparticle sliding friction
coefficient.
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Figure 6.47: Plot of By versus 1/v,, for different simulated impeller geometries and granulator scales (a)
number of blades (b) blade width (blade inclined height in brackets) (c) blade angle and (d) granulator
scales.
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For the different granulator scales, the fitted B, values are similar when the Froude number
is the same for different scales. However, the relative velocities vary across scales with the
same Froude numbers (Figure 6.48a). Knight and co-workers previously introduced a relative
Froude number term (Fr’°) (Equation 6.24) to account for the relative motion between the
impeller and the granule bed for impeller torque predictions in a high shear granulator (Knight
et al., 2001). Figure 6.48b plots the Fr>® across the Froude numbers (impeller) from the
simulation results which are now similar across the scales, thus showing that instead of the
relative velocities, the correction parameter should be related to this relative Froude number.
Meanwhile, for different blade widths, the K; value differences can be accounted by the larger
blade-bed force with increasing blade width (Figure 6.35) due to increased particle-bed
contacts. The blade-bed force and hence stress derived previously in Chapter 4: Section 4.2.2

(Equation 4.6) does not consider the change in force due to the blade width.
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Figure 6.48: Results of (a) relative velocity, vy, and (b) relative Froude number, Fr’°, for different
granulator scales.

Considering the aforementioned factors, a modified correction parameter is applied to the
blade-bed stress equation (Equation 6.25 and Equation 6.26). This correction parameter is
proportional to (a) the inverse of square root of the relative Froude number, Fr.¢>°, between the
impeller blade and the granule bed surface (to account for different granulator scales) and (b)
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the ratio of the blade width, hy, to the impeller radius, R (or D/2), to the power of n (to account
for different blade widths). Note that the blade width, h,,, rather the blade inclined height, h,, is
used since different angled blades would also give different h, values (Figure 6.6). For the
blade width correction term, fitting of the simulated blade width results give a value of the

exponent, n ~0.3 (refer to Figure D.16 in Appendix D: Section D.2.1 for the fitting plot).

szng,rvgel(l — cos6))
Oi(r)cor — A
1

Equation 6.25

1 h, \"

B, =K —<_W>
2 2 Frrelo's D/Z

Equation 6.26

Figure 6.49 and Figure 6.50 now present plots for the modified correction parameter, B,
with (2h,/D)*3/Fr.° for the different particle/particle bed properties, impeller geometries and
granulator scales. Results for both the granulator scales and blade widths (Figure 6.50b&d)
now collapse into single lines and the proportionality constant values, K, are 0.42-0.46 for most
cases. Different K, values are still obtained for different angled blades (Figure 6.50c). This
suggests further characterisation for different blade angles but in the scope of this work, a
power law relationship between K, and the blade angle is given in Figure 6.51.
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Figure 6.49: Plot of B, versus (2h,/D)**/Fr.** for different simulated particle bed/particle properties
(a) bed load (b) particle size (c) particle density (bed bulk density in brackets) and (d) interparticle
sliding friction coefficient.
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Figure 6.50: Plot of B, versus (2h,/D)**/Fr.,’* for different simulated impeller geometries and
granulator scales (a) number of blades (b) blade width (blade inclined height in brackets) (c) blade
angle and (d) granulator scales.
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Figure 6.51: Variation of K, values with blade angle.
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6.8.3 Predictions using different bed velocities

In Chapter 4: Section 4.5, it was deduced that one of the factors that contributes to the over-
prediction of the blade-bed stress after toroidal flow is achieved, is the use of the bed surface
velocity instead of the average velocity of a granule block, i.e. bed height-averaged velocity,
and the other being the increasing “fluidisation” of the bed. Here, Figure 6.52 shows
comparisons of the blade-bed stress predictions without any correction factors (Equation 4.8)
when using either the simulated bed surface velocity (red dotted lines) or bed height-averaged
velocities (black dashed lines), with the simulated blade-bed stress for the 1.5 kg bed of 3.5
mm particles. Also, the sensor region-averaged bed height is used in the equation. The
predicted stress values using the bed height-averaged velocities are still over-predicted after
200 rpm.
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Figure 6.52: Comparison of the calculated blade—bed stress with no correction factor (Equation 4.8)
using either the simulated bed surface velocity or bed height-averaged velocity, with the simulated
blade-bed stress for the 3.5 mm particles, 1.5 kg bed.

In all of the simulation cases discussed in the previous sections, the largest difference
between the bed height-averaged velocity and the surface velocity are mostly observed at the
highest studied impeller speed (700 rpm) or Froude number (3.88), i.e. ~2 times higher (can
also be seen in Figure 6.25). This gives the largest v, and v differences of ~10% and ~20%
respectively. Consequently, the largest difference of the predicted blade-bed stresses without

the correction factor is ~20% at Fr: 3.88. Additionally, when the correction factor B, (Equation
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6.25 and Equation 6.26) is applied, the averaged fitted K, values across the impeller speed or

Froude number ranges are similar regardless of which velocity values are used. Figure 6.53 and

Figure 6.54 show the fittings using the bed height-averaged velocity in Equation 6.25 and

Equation 6.26. It is reasonable to conclude from these results that the dominant factor in the

over-prediction of blade-bed stress with increasing impeller speeds or Froude numbers is due to

the increasing “fluidisation” of the bed, rather than the use of the surface velocity.
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Figure 6.53: Plot of B, versus (2h,/D)**/Fr.** using the simulated bed height-averaged velocities for
different simulated particle bed/particle properties (a) bed load (b) particle size (c) particle density
(bed bulk density in brackets) and (d) interparticle sliding friction coefficient.
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Figure 6.54: Plot of B, versus (2h,/D)**/Fr."* using the simulated bed height-averaged velocities for
different simulated impeller geometries and granulator scales (a) number of blades (b) blade width
(blade inclined height in brackets) (c) blade angle and (d) granulator scales.
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6.9 Chapter summary and conclusions

This chapter has focused on DEM simulations of the high shear granulator, thus enabling

further parameter study for the blade-bed stress characterisation, especially those that could not

be studied experimentally and for a larger impeller speed range. The main achievements of this

chapter are given as follows:

Comparison between the simulations and experiments show that the DEM contact models
employed can reasonably predict the temporal characteristics and time-averaged values of
the blade-bed stress, bed surface velocity and bed height, even with assumed reasonable
values of the interparticle friction coefficients (0.3), restitution coefficient (0.3) and
Poisson's ratio (0.25). Additionally, the simulations are validated with the experiments for
impeller speeds up to 350 rpm (maximum in the experiments) and are subsequently applied
further to study higher impeller speeds (i.e. up to 700 rpm or Fr: 3.88) to give a better
range of the bed flow and hence, results obtainable in most real life, commercial
granulators;

With the simulations, the blade-bed stress, bed surface velocity and bed height along the
radial position can be extracted. It is shown that the blade-bed stress variation along the
radial position is very much affected by the bed height profile of the particle bed. Besides
that, the variation of the surface velocity along the radial position is also found to differ
according to the flow regime of the particle bed;

While it was previously found from the experiments in Chapter 4 and Chapter 5 that the
average blade-bed stress at the sensor region increases steadily with impeller speed up to
350 rpm, the simulation results show that the blade-bed stress could be constant/reduce
with a further increase in impeller speed up to 700 rpm, such as for low bed fill level cases
(i.e. small bed load or larger particle density). This depends on the sensor region-averaged
bed height which is also found to decrease at 700 rpm for the aforementioned cases. The
average bed surface velocity, on the other hand, does not change much after 350 rpm for
most cases;

Results from the simulations for all the studied cases/parameters are applied for the blade-
bed stress predictions using the blade-bed stress equation with the correction factor B;
(Equation 4.9 and Equation 4.11) introduced in Chapter 4. A K; value of 1.1 from fitting of

the simulation results, close to the K; value of about 1 from the experimental fittings in
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Chapter 4 and Chapter 5, is obtained. However, the use of the corrected bed height, i.e.
sensor-averaged bed height, instead of the bed height at the wall which was also used
previously in experiments, is crucial for reasonable blade-bed stress predictions > 350 rpm
impeller speeds (Fr: 0.97), especially at low bed fill levels;

A modified correction parameter, B, (Equation 6.25 and Equation 6.26) which is related to
the inverse of the relative Froude number and the blade width to impeller radius ratio, is
applied to consider the effect of different granulator scales and blade width. Improved
fitting constants, K,, for the modified correction parameter were obtained except for
different blade angle cases, and a power law relationship between K, and the blade inclined
angle is obtained. Table 6.7 presents a summary of the fitted K values for both correction
parameters, B, and B,, for the different studied parameters using the corrected (sensor
region-averaged) bed heights; and

It was hypothesised previously in Chapter 4 that the blade-bed stress over-prediction with
increasing impeller speeds is due to the use of bed surface velocity as the characteristic
velocity and the increasing bed “fluidisation”, which reduces the effective bed weight
carried by the blade. Comparisons of the bed surface velocity and bed height-averaged
velocities results conclude that the usage of the bed surface velocity plays a small role in
the blade-bed stress over-prediction and that the dominant factor is the increasing bed

“fluidisation”.

Table 6.7: Summary of the fitted constants for the correction factors.

o 0.3
Conditions/parameters B, = K, 1 B, = K, 1 _ (h_w)
] rel Frrel : D/Z
(Equation 4.11) (Equation 6.26)
Ki Kz
Particle/ Bed load 1.42 0.43
particle bed Particle size 1.43 0.43
properties Particle density 1.42 042
Interparticle 1.40 0.42
sliding friction
coefficient
Impeller Blade width 1.19-1.70 0.43
geometries Blade angle 1.00-2.10 0.30-0.63
Number of 1.44 0.43
blades
Granulator scale 0.75-2.49 0.46
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Other findings from the parameter study of the effect of particle/particle bed properties,

impeller geometries and granulator scale can be summarised as follows:

e Particle/particle bed properties:

o The effect of bed load, particle size and particle density on the average blade-bed
stress, bed surface velocity and bed height are equivalent to that obtained from the
experiments in Chapter 4.

o The average blade-bed stress, surface velocity and bed height are similar for the
studied restitution coefficients, for Young's modulus > 1 MPa and interparticle
sliding friction coefficient > 0.3. At low friction coefficients, smaller average blade-
bed stresses and faster bed surface motion are obtained due to less frictional
dissipation of the Kinetic energy.

e Impeller geometries:

o A larger blade width or inclined height gives increased blade-bed interactions, and
thus total blade-bed forces. The average blade-bed stress however, reduces due to a
larger blade-bed impact area. The average bed surface velocity and height increases
with the blade width (smaller Hqo/h;) from the larger bed acceleration and deflection.

o A larger blade inclined angle increases the average blade-bed stress. Like the blade
width cases, larger average bed surface velocities and heights are obtained for the
more inclined blades (smaller Hg/h,) because of the larger bed acceleration and
deflection.

o The average blade-bed stress is similar for 2 to 4 bladed impellers, except at 700
rpm. The average bed surface velocity and bed height are also generally similar for
the different number of blades, although the 2-bladed impeller showed significantly
higher surface velocity and bed height fluctuations from 150-350 rpm (i.e. a more
turbulent surface motion at these impeller speeds).

e Granulator scales:

o Similar flow behaviours are obtained at the studied granulator scales when keeping
the Froude number constant, for cases where the mixer diameter to particle diameter
ratio (D/dp) is > 40. Also for D/d, > 40, the average blade-bed stress, bed surface
velocity and bed height can be scaled with the bed bulk pressure, impeller linear
velocity and blade inclined height respectively.

180



Chapter 7: Further insight: variability studies across flow regimes

Chapter 7

Further insight: variability studies across flow regimes

7.1 Introduction

This chapter constitutes studies of the behaviour of dry and wet steady-state beds in each
identified flow regime (i.e. frictional, toroidal and fluidised) in the Roto Junior. In Chapter 4,
Chapter 5 and Chapter 6, the blade-granule bed stress, bed surface velocity and bed height were
mostly discussed in terms of the time-averaged values for the different conditions or parameter
change. Also in Chapter 4 (Figure 4.6), it was highlighted that the granule bed transits through
several flow regimes with increasing impeller speeds. Therefore, in this chapter, the changes in
the blade-bed stress and bed surface behaviour in each flow regime are studied, concentrating
on the variability/fluctuation of the temporal values. Contents of this chapter are presented in

the following order:

Brief review of previous granule bed flow studies in vertical axis, cylindrical high shear
granulators;

e Materials and methodology used;

e Description of the granule/particle bed flow regimes;

e Results and discussions on the bed surface behaviour (from the bed surface velocities and
bed height) across flow regimes; and

e Results and discussions on the blade-bed stress across flow regimes.

7.2 Flow studies

Despite the simple geometry of cylindrical mixers, the flow of the granule bed in these
mixers is in fact, quite complicated. The dominant movement of the granule bed is along the
circumferential direction due to the blade motion. The flow pattern of the bed depends largely
on the centrifugal force from the impeller rotational motion, the gravitational force from the
bed load and also granule properties (frictional and cohesion properties) (Mort, 2009). Flow
studies in bladed cylindrical mixers have been carried out by a considerable number of

researchers, generally using high speed imaging to study the motion of the top or side surfaces
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of the bed (Conway et al., 2005; Darelius et al., 2007; Dorvlo, 2009; Lekhal et al., 2006; Litster
et al., 2002; Murugama et al., 2000; Nilpawar et al., 2006; Remy et al., 2010) or the PEPT
(Particle Emission Positron Tracking) method to study the internal bed flow (Saito et al., 2011;
Stewart et al., 2001; Wellm, 1997). Advances in computer simulations have also enabled the
particle bed flow in cylindrical mixers to be studied via Discrete Element Method (DEM)
(Conway et al., 2005; Remy et al., 2010; Remy and Glasser, 2010; Remy et al., 2009; Stewart
etal., 2001; Zhou et al., 2004) or Computational Fluid Dynamics (CFD) (Darelius et al., 2008).

Litster and co-workers first separated the bed flow pattern in a cylindrical mixer into distinct
regimes, i.e. bumping and toroidal (Litster et al., 2002). Transition between regimes takes place
at a particular impeller speed or Froude number. In addition, equipment (mixer and blade)
geometries and granule properties will also affect the transition (Litster et al., 2002; Remy et
al., 2010). So far, the behaviour of the granule bed in each flow regime has only been
discussed in terms of the powder or granule bed surface motion (Litster et al., 2002; Remy et
al., 2010). In this chapter, both the bed surface behaviour (bed surface velocity and bed height)
and the blade-granule bed interactions (blade-granule bed stress) in each flow regime are
studied for dry and wet beds. DEM results for the blade-granule bed stresses were also used to
gain further insight on the stress variability/fluctuation, especially since the impeller stress

sensor system has a limited sampling frequency.

7.3 Materials and methodology

The granule bed behaviour across different flow regimes in the ~10 L Roto Junior high
shear granulator was studied by analysing the temporal results of the blade-bed stress, bed

surface velocity and bed height of the following:

e Dry, mannitol granule beds prepared and used in Chapter 4 with different sieve sizes and
bed loads;

e Dry and wet beds of polypropylene balls used in Chapter 4 and Chapter 5; and

e Simulated dry particle beds presented in Chapter 6 for different particle/particle bed

properties, blade geometries and granulator scales.
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The "variability or fluctuation™ of the temporal data are discussed in terms of the following:

e "Fluctuation amplitude™ to look at the degree of fluctuation, quantitatively represented by
the relative standard deviations (RSD), i.e. ratio of the standard deviation to the mean;
and/or

e "Fluctuation periodicity” to look at the periodic (or lack of) behaviour of the temporal
values, quantitatively represented by the frequency. The frequency is obtained from the
peak frequencies in the power spectrum graph generated by Fast Fourier Transform (FFT)

of the data sets.

7.4 Granule/particle bed flow regimes

7.4.1 Dry beds

For each granule sieve size and bed load, measurements were performed at impeller speeds
of 50 to 350 rpm at 50 rpm intervals, with the exception of the 2.0-4.75 mm granules at high
impeller speeds, due to attrition of granules at the blade-floor gaps as previously explained in
Chapter 4. Across these impeller speeds, the bed profile changes (Figure 7.1). At 50 and 100
rpm, the granules occupy the entire area between the wall and the centre of the impeller as the
blade moves slowly underneath the bed (Figure 7.1a). The surface of the bed is almost
horizontal along the radial length of the mixer. From 150 to 250 rpm, granules are increasingly
pushed to the mixer wall due to centrifugal effect resulting in a clear, empty space at the centre
and an angled bed surface along the radial length (Figure 7.1b). Deflection of the bed surface
due to the blade movement could still be clearly observed, also as indicated in Figure 7.1b.
Finally, at 300 and 350 rpm a less distinct upwards deflection of the granule bed surface from
the blade movement results in the granule bed shape resembling a torus (Figure 7.1c). At these
impeller speeds, the bed becomes increasingly fluidised and lifts up from the swift movements
of the blades underneath. Granules are continuously lifted up and then fall back onto the
blades.
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surface due to the blade
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250rpm (Fr: 0.50)

300rpm (Fr: 0.71)

Bed surface’s shape
independent of the blade
moving underneath

©

Figure 7.1: Granule bed flow regimes for 1.0-2.0 mm, 1.5 kg dry mannitol bed at different
speeds/Froude number: (a) slow/frictional (b) toroidal and (c) fluidised.

Observation of different flow regimes in vertical axis high shear granulators have also been
reported by several researchers. In Litster's work, the authors summarised and separated the
granule bed flow into two distinct regimes (Litster et al., 2002). At low impeller speeds or
Froude number, they described a similar flow pattern to that observed at 50 and 100 rpm in this
work, where the bed surface remained horizontal as it moved up and down when the blade
passed underneath. At higher speeds, the roping or toroidal behaviour was observed, where the
bed moved upwards along the mixer wall and tumbled downwards at the free surface of the bed
towards the centre, producing a rotating movement in a plane perpendicular to the blade's
circumferential motion. This toroidal motion has been previously noted by several authors
(Holm et al., 1996; Ramaker et al., 1998; Schaefer et al., 1993) and verified by PEPT

measurements in Wellm's work (Wellm, 1997). Following Litster's work, other authors have
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also studied and discussed the two regimes (Mort, 2009; Remy et al., 2010). In this work, the
roping or toroidal pattern could be applied for the granule bed flow at impeller speeds of 150
rpm and above. As there was no specific mention or distinction of the fluidised behaviour in
previous works, the flow at 300-350 rpm will be identified as the fluidised regime (Figure 7.1).
Note that "fluidised™ here indicates that the bed is increasingly lifted up while the bed surface
becomes less sensitive to the blade motion, and is not analagous to the behaviour in fluidisation
processes whereby fluid or gas is passed through a solid bed to change it to a dynamic fluid-
like state. The flow behaviours at 50-100 rpm and 150-250 rpm are known as the
slow/frictional and toroidal regimes respectively. In terms of Froude number (Equation 6.19),
the flow regime transitions occur at Fr: 0.08-0.18 and Fr: 0.50-0.71.

7.4.2 Wet beds

For the wet beds, Figure 7.2 and Figure 7.3 display images of the dry and wet beds of
polypropylene balls with increasing water content (total bed load: 1.5 kg). For the dry
polypropylene balls, similar bed profiles to the dry mannitol beds (Figure 7.1) across the
impeller speeds are observed, although at 250 rpm there is a less clear deflected or deformed
bed surface from the blade motion. As described previously, with increasing amount of water
added, the bed surfaces become more irregular and rough due to formation of clumps of material
held loosely by the liquid. At low water contents, i.e. 2%w/w and 5%w/w water (Figure 7.2), the
bed profiles and flow behaviours are overall similar to the dry bed, despite the increasing
roughness of the bed surface. For higher water contents, i.e. 10-25%w/w water, unsteady bed
motions (large bed deflection and surface motions) are observed at 250 rpm before they transit to
the fluidised state at 350 rpm. In addition, there is also noticeable sticking of material at the
granulator walls or wall make-up > 10%w/w water at 250 and 350 rpm. Also previously mentioned
in Chapter 5, for these conditions, the bed height of the freely moving part of the particle bed is

taken instead of the height of material sticking on the wall.
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Dry 2%w/wwater 5%w/wwater

£

I

Figure 7.2: Bed flow images for 1.5 kg bed of dry and wet (2%w/w and 5%w/w water) polypropylene
balls.
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10%w/wwater 15%w/wwater 25%w/w water

Figure 7.3: Bed flow images for 1.5 kg bed of wet (5%w/w, 15%w/w, and 25%w/w water)
polypropylene balls.
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7.5 Behaviour of the bed surface

7.5.1 Experimental bed surface velocity and bed height

7.5.1.1 Dry beds

The variability studies for bed surface velocity were carried out on the total bed surface
velocity, vy, from the recorded high speed images (Chapter 3, Section 3.3.2: Figure 3.14)
which includes both the circumferential, v, and radial components, vs,,. Note that the time-
averaged surface velocities presented previously in Chapter 4, Chapter 5 and Chapter 6 were
only the circumferential components. Figure 7.4a-i,ii are typical plots of the temporal values of
the total bed surface velocity, vert, Which was spatially averaged over the observed region. The
presented plots are for one of the dry mannitol granule beds with an intermediate bed load and
granule sieve size, i.e. the 1.5 kg of 0.5-1.0 mm granule bed with an undisturbed bed height to
blade inclined height ratio, Hg/h,, of 2. Figure 7.4b-i and Figure 7.4c-i show plots of the time-
averaged values with the Froude number for the different granule sieve sizes and bed loads,
with the error bars representing the standard deviation of the temporal values. The
circumferential, veyfe, and radial components, vs,fr, Of the bed surface velocity are also
presented in Figure 7.5. In all cases, the circumferential velocities are higher than the radial,
reaffirming that the circumferential motion is dominant. The circumferential surface velocities
of different sieve sizes are similar while an increase in the surface radial motion is observed for
finer granules. With decreasing bed load, both the circumferential and radial surface velocities

increase.

The increment of the time-averaged values and variability of the total bed surface velocity
differs according to the flow regimes. First noted in Chapter 4: Section 4.4, the total bed
surface velocity does not increase consistently with the Froude number or impeller speed, with
the more apparent increase being observed in the frictional regime compared to the toroidal
regime. This was also reported in Litster's work (Litster et al., 2002). The transition between
the toroidal and fluidised flow is generally accompanied with a decrease in the surface
velocities as the bed becomes increasingly lifted up and its surface becomes less sensitive to
the motion of blade beneath. This is also corroborated by normalising the surface velocity with
the impeller tip speed, viip, where it could seen that vsu+/Vip generally increases in the frictional
regime and then decreases in the toroidal and fluidised regime (Figure 7.4b-ii and Figure 7.4c-

if). Analysis of the fluctuation amplitude across the flow regimes, indicated by the relative
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standard deviation (Figure 7.4a-iii), shows that the amplitude at 50 rpm (Fr: 0.02) is the largest
as the bed only lifts up and moves when the blade passes through underneath. The fluctuation
amplitude decreases until toroidal flow is reached at 150 rpm (Fr: 0.18), followed by an
increase again up to 250 rpm (Fr: 0.5). At this point, the surface movement becomes most
turbulent or unsteady. The amplitude then decreases in the fluidised regime. The transitions
between flow regimes are largely similar across the sieve sizes and bed loads except for the
smallest sieve size and bed load cases (0.1-0.5 mm and 1.0 kg beds) in this study. For finer
granules or a lighter bed, transition from toroidal to fluidised flow occurs at a higher impeller

speed (350 rpm, Fr: 0.97), reflecting an increased sensitivity to the blade motion.
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Figure 7.5: Circumferential (vsurrc) and radial (veuf,) Velocity results: (a) time-averaged values for
different sieve sizes (b) time-averaged values for different bed loads
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Plotting the total bed surface velocity with the impeller rotation (Figure 7.6) demonstrates
the relationship between the motion of the bed surface and the blade. At impeller speeds up to
250 rpm (Fr: 0.50), a clear periodicity of the velocity fluctuations is observed. From 50 to 150
rpm (Fr: 0.02-0.18), three periodic fluctuations are obtained for each impeller rotation,
conforming to the motion of the three blades passing through, thus accelerating the observed
bed area. The frequency of the fluctuations corresponds to the single blade frequency, i.e.
frequency of each blade pass, corroborated by FFT analyses carried out for the signals. An
example of the power spectrum from the analysis is shown in Figure 7.6. For the 100 rpm case,
the power spectrum yields a clear peak at the blade's frequency (5 Hz). The frequency of the
bed surface velocity corresponding to the blade frequency has been observed in several
reported works (Dorvlo, 2009; Nilpawar et al., 2006; Washino, 2011).

Interestingly, at 200 and 250 rpm (Fr: 0.32 and 0.50) the number of periodic fluctuations is
halved for each impeller rotation, and Fourier analyses show that the frequency of the
fluctuations corresponds to every two blade passes (see the FFT analysis of 200 rpm in Figure
7.6). After the sweep of the first blade, the bed is lifted and hence, not affected by the next
blade sweep, only to be disturbed again by the following blade and so on. A further increase in
the impeller speed and when the bed in the fluidised regime (Fr: 0.71 and 0.97) leads to no
periodicity of the velocity fluctuation. The loss of periodicity at high impeller speeds was also

previously observed by Remy and co-workers (Remy et al., 2010) for dry beds of glass beads.
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Figure 7.7 and Figure 7.8 present the results for the bed height at the wall which also

reflects the vertical motion of the bed surface. Similar trends of the fluctuation periodicities,

fluctuation amplitudes and average values across the different flow regimes are observed as in

the case of the bed surface velocity analysis.
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7.5.1.2 Wet beds

The time-averaged total surface velocity and RSD results for the dry and wet beds of
polypropylene balls are presented in Figure 7.9. Equivalent to the dry mannitol granule beds,
the more apparent increase of the average surface velocity is generally noticed in the frictional
flow regime (from 50-150 rpm, Fr: 0.02-0.18) compared to the toroidal and fluidised flow
regimes (from 150-350 rpm, Fr: 0.18-0.97), except for the 25%w/w water case (Figure 7.9a).
When normalised with the impeller tip speed (Figure 7.9b), the normalised surface velocities
increase in the frictional flow regime and reduce in the toroidal and fluidised states, the same
behaviour exhibited by the dry mannitol beds (Figure 7.4b-ii and c-ii). The increment of the
normalised velocity in the frictional flow regime however, decreases with increasing water
content. The fluctuation amplitude, again similar to the dry mannitol beds, decreases in
frictional flow regime, followed by an increase in the toroidal state, and finally reduces again in

the fluidised state (Figure 7.9c).

10 - — 05 -
£ = (b)
= 08 = 04 -
06 3
=}
o D
c 04 2
() —
= =/ s
< 02 o
[«5]
= £
= 00 ; ; . | £ 00 ; ; . |
0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
Fr[-] Fr [-
1.0 [ ]
113 L ER) (C)
Frictional —&— Dry,1.5kg
0.8 / —— 2%w/w water,1.5kg
—_ « ST Oyt 1 1 —&— 5%w/w water,1.5kg
o 06 Toroidal Fluidised - - - 10%wiw water,15kg
a —%— 15%w/w water,1.5kg
o 04 —+— 25wW/W% water,1.5kg
0.2 \,.
0.0 T T T T 1
0 0.3 0.6 0.9 1.2
Fr[-]

Figure 7.9: Time-averaged total bed surface velocity (vsuf) results for dry and wet beds of
polypropylene balls (a) actual values (b) normalised values and (c) RSD (relative standard deviation).
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Figure 7.10, Figure 7.11 and Figure 7.12 present plots of the surface velocities plotted
against the impeller rotation for the dry and wet beds of polypropylene balls. At high water
content (15 and 25%w/w water), smaller, secondary fluctuations or "noise" are obtained in
main fluctuations (Figure 7.12), compared to the smoother profiles at lower water contents and
dry beds (Figure 7.10 and Figure 7.11). This is due to an increasingly rough or irregular bed
surface structure (i.e. clumps of materials moving rather than a smooth bed surface). Another
thing to note is that at 50 rpm (Fr: 0.02) for most dry and wet cases, secondary fluctuations are
obtained at the trough (minima) region. These findings correspond to the slight rearrangement
of the bed after the blade passes through the analysed area (i.e particles move forward to fill up

the space previously occupied by the blade) when the blade is moving slowly.

For all cases, the periodicity of the fluctuations at 50 and 150 rpm (Fr: 0.02 and 0.18) are
the same as that observed for the dry mannitol granule beds, i.e. three periodic fluctuations for
each impeller rotation, corresponding to each blade passing through the observed bed area. At
250 rpm (Fr: 0.50) however, while the dry polypropylene balls bed show the similar periodicity
observed for the dry mannitol beds, i.e. one periodic fluctuation every two blade pass, the
fluctuations start to show both irregular, and at certain times, periodic fluctuations when water
is added. Finally in the fluidised state at 350 rpm (Fr: 0.97), the surface velocity becomes
noticeably flatter without any periodic fluctuations for the dry polypropylene balls bed, again
similar to the dry mannitol beds. On the contrary, this behaviour changes when water is added;
although the fluctuation amplitudes decrease, periodic fluctuations are now observed. These
fluctuations correspond to every blade pass. This suggests that due to the bed cohesiveness
from water addition, the wet bed surfaces are affected by the blade motion, and could therefore
be deflected every time the blade passed through the bed even when the bed is in the fluidised
flow regime. Whether or not these periodic fluctuations occur at higher impeller speeds or

Froude numbers for the wet beds remains to be investigated.
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Figure 7.10: Total bed surface velocity (vsut) With impeller rotation for dry and wet (2%w/w water)
bed of polypropylene balls.
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Figure 7.11: Total bed surface velocity (vsu+t) With impeller rotation for wet (5%w/w and 10%w/w
water) bed of polypropylene balls.
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Figure 7.12: Total bed surface velocity (vsu1) with impeller rotation for wet (15%w/w and 25%w/w
water) bed of polypropylene balls.
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Table 7.1 summarises the bed surface velocity and bed height variability results for the rest
of the dry mannitol beds studied. "1 blade frequency" and "2 blades frequency" represent the
velocity fluctuation frequency corresponding to every one or two blade passes respectively,
while "irregular" indicates no periodicity of the fluctuation. The flow regimes are represented
by the shading of the cells. For the dry beds, the fluctuation periodicity correlates quite well
with the flow regimes except at 150 rpm (Fr: 0.18), as the bed surface motion is still very much
affected by the blade even though a toroidal flow pattern is achieved. The bed surface still
deflects each time the blade sweeps through underneath, as in the case for the lower impeller
speeds in the frictional flow regime. As the impeller speed increases in the toroidal flow
regime, the bed surface velocity and height becomes less sensitive to the blade motion and
deflects every two blade passes. The fluidised flow regime is marked by the irregular and

flatter surface profiles, now independent from the blade motion.

Table 7.1: Summary of the fluctuation periodicity of the bed surface velocity and bed height for dry
mannitol granule beds.

Granule size  Hgo/h, Impeller speed [rpm]/ Froude number [-]
(1.5 kg) 50/0.02  100/0.08 150/0.18 200/0.32  250/0.50  300/0.71  350/0.97
0.1-0.5 mm 2 1 blade 1 blade 1blade 2blades 2 blades 2 blades  Irregular
fre. fre. fre. fre. fre. fre.
0.5-1.0 mm 2 1 blade 1 blade 1blade 2blades 2 blades Irregular  Irregular
fre. fre. fre. fre. fre.
1.0-2.0 mm 2.2 1 blade 1 blade 1blade 2blades 2 blades Irreqular  Irregular
fre. fre. fre. fre. fre.
2.0-4.75 mm 2.2 1 blade 1 blade 1blade 2blades 2 blades NA NA
fre. fre. fre. fre. fre.
Bed load
(0.5-0.75 mm)
1.0kg 15 1 blade 1 blade 1blade 2blades 2 blades 2 blades  Irregular
fre. fre. fre. fre. fre. fre.
1.5kg 2 1 blade 1 blade 1blade 2blades 2 blades Irregular  Irregular
fre. fre. fre. fre. fre.
2.0 kg 25 1 blade 1 blade 1blade 2blades 2 blades Irregular  Irregular
fre. fre. fre. fre. fre.

Unshaded cells: frictional flow, shaded cells: toroidal flow, diagonal striped cells: fluidised flow.

A summary of the surface velocity periodicity for the dry and wet beds of polypropylene

balls, and further results of the wet beds using the 8% HPC solution are given in Table 7.2. For
the dry bed, the periodicity at different flow regimes is the same as that for the dry mannitol
granule beds in Table 7.1. When liquid is added, the periodicity changes to the "2 blades
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frequency" and "“irregular" behaviour at 250 rpm (Fr: 0.50). This is also when the bed surface
motion is the most turbulent before it transits to the fluidised state. In the fluidised state, the
periodicity reverts to the "1 blade frequency™ behaviour for the cohesive beds.

Table 7.2: Summary of the fluctuation periodicity of the bed surface velocity and bed height for dry
and wet beds of polypropylene balls.

Water content  Hgo/h, Impeller speed [rpm]/ Froude number [-]
(Yowiw) 50/0.02 150/0.18 250/0.50 350/0.97
0 (Dry) 2.6 1 blade fre. 1 blade fre. 2 blades fre. Irregular
2 3.1 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
5 2.9 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
10 25 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
15 2.3 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
25 1.8 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
8% HPC
solution
content (Y%ow/w)
5 3 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade
15 25 1 blade fre. 1 blade fre. 2 blades fre./irregular 1 blade

Unshaded cells: frictional flow, shaded cells: toroidal flow, diagonal striped cells: fluidised flow.

7.6 Behaviour of blade-bed region

7.6.1 Experimental blade-bed stress

The blade-granule bed stress results for different dry mannitol beds measured using the
impeller stress sensor system is given in Figure 7.13. As described in Chapter 4.4: Section
4.4.1, the time-averaged blade-bed stress increases with the impeller speed or Froude number
due to the larger imparted inertial force by the blade (also shown here in Figure 7.13b-c).
Fluctuation amplitudes (Figure 7.13a), meanwhile, seem to vary according to the flow regimes.
In the frictional and toroidal regime (impeller speeds 50-250 rpm or Fr: 0.02-0.50), the blade
maintains a continuous contact with the bed, resulting in relatively smaller fluctuation
amplitudes or relative standard deviations (Figure 7.13a-iii). Subsequently in the fluidised
regime (> 300 rpm, Fr: 0.71) the stresses fluctuate considerably, as evidenced by the increased
relative standard deviations in Figure 7.13a-iii, which indicates the fluctuating motion of the
bed at the blade region in this regime. Previously, runs at different speeds without any granules
have shown that that the stress signals do not fluctuate significantly (Chapter 3: Section

3.2.2.3), therefore also ruling out vibratory noise effects or circuitry problems. The low
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sampling frequency, i.e. measurement every 0.5 seconds or 2 Hz, of the stress however, deters

further analysis of the measurements to determine any recurring fluctuations and corresponding

frequencies. These will instead be studied from the DEM simulations with an output interval of

0.005 seconds, as described in Chapter 6: Section 6.4.
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7.6.2 Simulated bed-blade stress

The simulated temporal blade-bed stresses for the 1.5 kg bed of 3.5 mm diameter particles
are presented in Figure 7.14a. These are also previously compared and validated with the
experimental results in Chapter 6: Section 6.5. The results in Figure 7.14 also include smaller
intervals of impeller speeds up to 1400 rpm (Fr: 15.54), as compared to those presented in
Chapter 6. Like the experimental results, it can be seen that in the frictional and toroidal flow
regime (50-250 rpm, Fr: 0.02-0.50), the amplitude of the stress fluctuations is low (Figure
7.14a) due to continuous contact of the particle bed with the blade. The amplitude then
increases in the fluidised regime. Interestingly, there is a range of impeller speeds where
periodic stress fluctuations are observed (~300-450 rpm, Fr: 0.71-1.61), indicating that the
particle bed is lifted up and down steadily. This periodicity however, ceases beyond these
impeller speeds. FFT analyses conducted on these fluctuations return frequencies slightly
higher than the frequency of three blade passes or one impeller rotation (Figure 7.14b) in all
cases, i.e. the bottom of the particle bed lifts up and down almost every three blade passes or
one impeller rotation. At higher impeller speeds, due to the high blade frequencies, it could be
reasoned that there is insufficient time for the particle bed to lift up and down steadily from the

blade to give any periodic blade-bed stress fluctuations.

The fluctuation amplitude and periodicity of the blade-granule bed stress was also studied
for other particle/particle bed properties, impeller geometries and granulator scale simulated in
Chapter 6. Figure 7.15 presents results for the different particle sizes and bed loads at 350 rpm
impeller speed (Fr: 0.97), which is the only simulated impeller speed for the rest of
cases/parameters which falls into the periodic blade-bed stress fluctuation range of ~300-450
rpm (Fr: 0.71-1.61) obtained previously in Figure 7.14. At the other simulated impeller speeds
for the different bed particle size and bed load cases (i.e. 50, 150, 250 and 700 rpm), it was
confirmed that there are no periodic fluctuations. The amplitude of the fluctuations are larger
with the 2.0 mm particle bed which fluctuates at the same frequency as the 3.5 mm particles
(Figure 7.15a). The fluctuation periodicities then cease in the 5.0 mm and 10.0 mm particle
beds. Increasing the bed load increases both the fluctuation amplitude and frequency (Figure
7.15b).
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Figure 7.15: Simulated temporal blade—bed stress at 350 rpm (Fr: 0.97) for (a) different particle sizes
and (b) different bed loads.

The blade-bed stress periodicity results for the particle size, bed load and other parameters
are summarised in Table 7.3 and Table 7.4. Both the blade-bed stress fluctuation frequency and
fluctuation amplitude (given by the relative standard deviation, RSD values) are reported. The
results are again reported for only the 350 rpm impeller speed case (or Fr: 0.97 for different
granulator scales). Again, it was observed that there are no periodic fluctuations of the blade-
bed stress at the other simulated impeller speeds and Froude number (i.e. 50, 150, 250 and 700
rpm or Fr: 0.02, 0.18, 0.50 and 3.88) for all the studied parameters.

The cells shaded in gray indicate conditions where no periodic fluctuations are observed.
The bed load, particle density (Table 7.3) and blade width (Table 7.4) results show that
periodic fluctuations of the blade-bed stress are only obtained above a certain fill level
compared to the blade height, represented by the undisturbed bed height to blade inclined
height ratio, Hg/h,, which is > 1.7 for the range studied in this work. The fluctuation

amplitudes also increase with increasing Hgo/h, for the studied range.

206



Chapter 7: Further insight: variability studies across flow regimes

Table 7.3: Summary of the blade-bed stress fluctuation properties for different particle/particle bed
properties at Fr: 0.97 (350 rpm in the 11.1 L granulator) from simulation.

Particle/ particle bed Hgo/hy Blade-bed stress Impeller Blade
properties RSD [] Frequency [Hz] frequency frequency
[Hz] [Hz]
Bed load 1.0 kg 15 0.081 NA
1.5 kg 2.1 0.087 6.7
2.0 kg 2.6 0.096 7
3.0 kg 3.7 0.227 7.3
Particle size 2.0 mm 0.318 6.7
3.5mm 2.1 0.087 6.7
5.0 mm 0.072 NA
10.0 mm 0.182 NA
Particle 600 kg/m’ 43 0.205 6.7
density 1230 kg/m’ 2.1 0.087 6.7
2500 kg/m® 1.3 0.068 NA
Interparticle 0.02 0.055 6.7
sliding friction 0.1 0.089 6.7 5.83 175
coefficient 0.3 2.1 0.087 6.7
0.5 0.090 6.7
0.9 0.077 6.7
Restitution 0.1 0.069 NA
coefficient 0.3 0.087 6.7
0.5 2.1 0.126 6.7
0.7 0.136 6.7
0.9 0.134 6.7
Young's 0.1 MPa 0.105 3.5
modulus 1 MPa 0.071 6.7
100 MPa 21 0.077 6.7
160 MPa 0.087 6.7
1000 MPa 0.125 NA

For different interparticle sliding friction coefficients (Table 7.3), periodic blade-bed stress
fluctuations are detected for all studied coefficients at the same frequency. There is also no
detected periodic fluctuations at a low restitution coefficient (i.e. 0.1) and the fluctuation
amplitudes increase with the restitution coefficient. For the Young's modulus (Table 7.3), the
"soft" particles with 0.1 MPa Young's modulus exhibit a smaller blade-bed stress fluctuation
frequency at 3.5 Hz, almost half of that for the higher Young's modulus. No periodic

fluctuations are detected, however, when the Young's modulus is 1000 MPa.
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Table 7.4: Summary of the blade-bed stress fluctuation properties for different impeller geometries
and granulator scale at Fr: 0.97 from simulation.

Impeller geometries & Hgo/hy Blade-bed stress Impeller Blade
granulator scale RSD [] Frequency [Hz] frequency frequency
[HZ] [HZ]
Blade width 20(10.6) mm 3.6 0.270 6.7
(blade inclined 35(18.5) mm 2.1 0.087 6.7
height) 50(26.5)mm 1.7 0.044 NA
65(34.4) mm 14 0.045 NA
Blade angle 20° 3.2 0.453 6.7 5.83 17.5
32° 2.1 0.087 6.7
45° 1.8 0.028 NA
65° 1.5 0.064 3.5
90° 1.4 0.063 3.5
Number of 2 0.452 4.5 11.67
blades 3 2.1 0.087 6.7 5.83 17.5
4 0.038 NA 23.33
Granulator 0.173 L 0.041 NA 11.67 35
scale 1.39L 0.064 9.5 8.25 24.75
11.1L 21 0.087 6.7 5.83 17.5
88.7L 0.220 5 4,12 12.35

Results for small blade inclined angles at 20° and 32° show periodic blade-stress
fluctuations at the same frequency, with the 20° having a much higher fluctuation amplitude
due to the larger Hyo/hy (Table 7.4). At 45°, the periodicity ceases conforming to other results of
similar Hgo/hy. The fluctuation amplitude is also the minimum at this angle. The periodic

fluctuations recur at 65 and 90°, with a smaller frequency of 3.5 Hz.

A smaller blade-bed stress frequency from the 2-bladed impeller, i.e. 4.5 Hz, is obtained as
compared to the 3-bladed impeller, which can be explained by the smaller blade frequency of
the 2-bladed impeller (Table 7.4). Additionally, a loss of blade-bed periodicity is observed
when a 4-bladed impeller is used. This implies that the high blade frequency achieved by the 4-
bladed impeller (also shown in Table 7.4) deters the steady lifting and falling of the particle
bed on the blade, such as that observed at high blade frequencies for the 3-bladed impeller
shown in Figure 7.14. A similar behaviour is obtained for the different granulator scales, where
the smallest scale studied, i.e. 0.173 L, does not show periodic blade-bed stress fluctuations due
to the high blade frequency. For the other granulator scales, the blade-bed stress frequencies are

also found to be slightly higher than the respective impeller frequencies.
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7.7 Chapter summary and conclusions

This chapter focuses on the variability/fluctuations of the temporal values for the steady-

state measurements (i.e. bed surface velocity, bed height and blade-bed stress) reported in the

previous chapters, from both the experimental and DEM simulation results. More importantly,

the results are studied and linked to the different identified flow regimes of the granule/particle

beds in the studied granulator configuration, i.e. frictional, toroidal and fluidised. Also, from

the above flow regimes, the fluidised flow is distinguished for the first time in this thesis.

Transitions between the flow regimes for most cases are found to occur at Froude numbers of

0.08-0.18 and 0.50-0.71 respectively. The main findings of the variability studies in the each

flow regime are summarised as follows:

In the frictional flow regime, the time-averaged bed surface velocity and height increased
steadily with the Froude number. Large amplitudes of velocity and height fluctuation are
observed initially due to the deflection of the bed every time a blade passed through.
Frequencies of the fluctuations correspond to the frequencies of each blade pass. The above
behaviours hold true for both the dry and wet beds, although with increasing water content
for the wet beds, increasingly “noisy” fluctuations are noted (also at other flow regimes).
The time-averaged blade-bed stress increases with the Froude number and the amplitude of
stress fluctuations are low due to continuous contact with the blade. No periodic blade-bed
stress fluctuations are detected;

In the toroidal flow regime, the time-averaged bed surface velocity and bed height increase
less significantly with the Froude number compared to the frictional regime. The bed
surface becomes more unsteady and at the same time, less sensitive to the blade motion.
This behaviour is observed for the dry beds and the majority of the wet beds. At 200-250
rpm (Fr: 0.32-0.50), the frequencies of the surface velocity and height fluctuations
correspond to every two blade passes for the dry beds. This periodicity behaviour is
observed for the first time in this thesis. For wet beds, a combination of both the ‘2 blade
passes” and irregular fluctuations are obtained. The time-averaged blade-bed stress
increases steadily with the Froude number while small fluctuation amplitudes of the blade-
be stress are still obtained.

In the fluidised regime, the time-averaged bed surface velocity and height becomes

constant or reduces with increasing Froude number, and the periodicity of the fluctuations
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diminishes for the dry beds. For the wet beds, although the fluctuation amplitude reduces
significantly in this regime, periodic surface velocity fluctuations corresponding to the
single blade frequency are still exhibited due to the bed cohesion. Larger amplitude of
blade-bed stress fluctuations implies a more fluctuating motion of the particle bed at the
blade region. Periodic stress fluctuations mostly at frequencies slightly higher than one
impeller rotation or three blade passes are observed at a certain Froude number range (Fr:
0.71-1.61). Existence of these periodic fluctuations is also dependent on other studied
parameters: (i) above a certain bed height to blade inclined height ratio (Hgo/h;) of 1.7 for
the studied Hgo/h; range (except for the 65° and 90° inclined blades) (ii) below a certain
particle size relative to the granulator diameter (D/d < 80) (iii) particle restitution
coefficient > 0.3 (iv) particle Young’s modulus < 160 MPa and (v) if the blade frequency is

not too high as observed in the 4-bladed impeller and 0.173 L granulator cases.
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Chapter 8

Overall conclusions and future work

8.1 Thesis conclusions

This thesis has focused on understanding and characterising the external stress exerted on
the granule bed in a vertical axis, cylindrical high shear granulator (i.e. impeller blade-bed
stress), a fundamental parameter which affects the granule growth behavior. Firstly, a novel,
custom-built telemetric impeller stress sensor is developed for direct and online measurement
of the blade-bed stress.

The work encompasses the characterisation of the blade-bed stress from the measurements
and by using Discrete Element Method (DEM) simulations, a study of the blade-bed stress
change during the wet granulation process and finally further insight into the variability of the
blade-bed stress and bed surface behaviour in different identified flow regimes. Additionally,

for the blade-bed stress characteristion, the bed surface velocity and bed height are also studied.

8.1.1 Dry granule/particle bed characterisation (Chapter 4)

The main achievements/findings in this section are listed below:

e A blade-granule bed stress equation for the high shear granulator is derived based on the
imparted inertial force on a continuous bed (Equation 4.8). From the equation, the blade-
bed stress at a particular radial position is dependent on the granule bed properties (i.e. bed
height, bed bulk density and bed velocity) and the blade properties (blade width, blade
angle and blade velocity). The bed surface velocity and bed height at the wall are chosen as
the equation parameters;

e Steady-state measurements of the blade-bed stress are carried out using the novel telemetric
impeller stress sensor. The steady-state bed surface velocity and bed height are also
measured using high speed recording. The impeller speed is varied from 50 to 350 rpm
(Froude number, Fr: 0.02-0.97) where the granule/particle bed transits through several flow

regimes. From parameter studies (i.e. bed load, granule/particle sieve size, granule/particle

211



Chapter 8: Overall conclusions and future work

bed density) using prepared, dry granule/particle beds, the time-averaged blade-bed stress
increases consistently with the impeller speed up to 350 rpm due to the larger imparted
inertial force by the blade (e.g. Figure 4.8a). The average bed surface velocities and bed
height increase significantly at the low impeller speeds and then become constant or reduce
due to flow regime transition (e.g. Figure 4.8b&c); and

The proposed blade-bed stress from theory gives over-predictions for impeller speeds
around 150 rpm (Froude number: 0.18). Interestingly, results from DEM simulation also
demonstrate the reduction of bed velocity with bed height for impeller speeds above 150
rpm (Figure 4.11). A correction factor B; which is applied to the blade-bed stress equation
to account for the increasing “fluidisation” of the bed and the use of surface velocity, is
taken to be proportional to the inverse of the relative velocities, B; = Ki/vy. The corrected
blade-bed stress equation gives a much improved prediction of the blade-bed stress at the
high impeller speeds. Fitting of the experimental data gives a fitted constant, K;, of ~1 for
all conditions studied in this section, i.e. impeller speed, bed load, granule/particle sieve

size and granule/particle bed density (Figure 4.12).

8.1.2 Wet granule/particle bed characterisation (Chapter 5)

The following are the main achievements/findings in this section:

For study of steady-state wet beds at different liquid saturation states, addition of increasing
amounts of liquid does not change the blade-bed stress significantly with a constant bed
load, except when the bed is in the capillary liquid saturation state. At this state, it is found
that the bed behaves unsteadily due to large clumps of wetted polypropylene balls moving
in the granulator, as evidenced by the large fluctuations of the blade-bed stress and bed
surface velocity (Figure 5.3). Reduced surface velocities and increased heap formation or
bed porosity of the wet beds are obtained;

Fitting of the experimental data to the blade-bed stress equation with correction factor B,
gives K; value of ~1 for the studied liquid types and liquid content (Figure 5.7), the same as
that obtained for the dry granule/particle beds. The corrected blade-bed stress equation
reasonably predicts the average stress, provided the bed is not in the capillary liquid

saturation state; and
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Blade-bed stress measurements during the granulation process with varying water to
powder ratios show the following general behaviours (Figure 5.9, Figure 5.11 and Figure
5.13): an initial steep increase during the binder addition stage and a subsequent plateau
region with a small increase when the granules are growing steadily or undergoing
densification/consolidation. Large fluctuations are obtained when predominantly oversized
granules or pasty lumps are being formed. The exhibited blade-bed stress behaviour seems

to follow the general impeller torque or power consumption curves during wet granulation.

8.1.3 Further dry bed characterisation using DEM simulations (Chapter 6)

The main achievements/findings in this section are described as follows:

With the employed DEM contact models, the simulations are successful validated with the
experimental results in Chapter 4 in terms of the temporal characteristics and time-averaged
values of the blade-bed stress, bed surface velocity and bed height. Additionally, these are
validated for impeller speeds up to 350 rpm (maximum achievable in the experiments). The
simulations are, therefore, subsequently applied to study higher impeller speeds (i.e. up to
700 rpm or Fr: 3.88) and other parameters (i.e. particle/particle bed properties, impeller
geometries and granulator scales) for steady-state beds;

From the simulations, the blade-bed stress, bed surface velocity and bed height along the
radial position are studied. It is shown that the blade-bed stress variation along the radial
position is very much affected by the bed height profile of the particle bed (Figure 6.19 and
Figure 6.20). The variation of the surface velocity along the radial position is also found to
be strongly dependent on the flow regime (Figure 6.21);

It is previously shown from the experiments (Chapter 4 and Chapter 5) that the average
blade-bed stress at the sensor region increases steadily with impeller speed up to 350 rpm
(Fr: 3.88). The simulation results show that the blade-bed stress at the sensor region could
be constant/reduce with a further increase in impeller speed up to 700 rpm (Fr: 3.88), such
as for low bed fill level cases (i.e. smaller bed load, Figure 6.27a or larger particle density,
Figure 6.30a), due to the steep decrease of bed height from the wall to the sensor region.

Consequently, the sensor region-averaged bed height reduces at 700 rpm for the
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aforementioned cases (Figure 6.27c and Figure 6.30c). The average bed surface velocity,
meanwhile, does not change much after 350 rpm for most cases;

Similar flow behaviours can be obtained at different granulator scales by keeping the
Froude number constant when the mixer diameter to particle diameter ratio (D/d,) is > 40.
The average blade-bed stress, bed surface velocity and bed height can also be scaled with
the bed bulk pressure, impeller linear velocity and blade inclined height respectively for
D/d, > 40;

Fitting of the simulation results to the blade-bed stress equation with the correction factor
B, proposed in Chapter 4 gives a K; value of 1.1 (Figure 6.44a), close to the K; =~ 1 from the
experimental data fittings. Despite that, the use of the corrected bed height, i.e. sensor-
averaged bed height, instead of the bed height at the wall used previously in the

experiments, is crucial for blade-bed stress predictions > 350 rpm (Fr: 0.97) (Figure 6.45);

0.3
A modified correction parameter, B, = Kzﬁ(h?w) , 1.e. related to the inverse of the
rel

relative Froude number and the blade width to impeller radius ratio to account for different
granulator scales and blade widths, gave improved fitting constants, K, for all studied
cases except for the blade angle (Table 6.7 summarises the fitting constants for different
cases). A power law relationship between K, and the blade angle is obtained (Figure 6.51);
and

Comparison of blade-bed stress predictions using the bed surface velocity or bed height-
averaged velocities conclude that the usage of the bed surface velocity is not the dominant
factor for the stress over-prediction with increasing impeller speeds (Figure 6.52), i.e. the

increasing bed “fluidisation” is the dominant factor.

8.1.4 Variability studies across flow regimes (Chapter 7)

The following describe the main achievements/findings in this section:

For the different flow regimes that the granule/particle bed transits with increment of the
impeller speed or Froude number (Figure 7.1), the “fluidised” flow regime is distinguished
for the first time in this thesis. This is when the bed becomes increasingly lifted up from the
bottom of the granulator and also when the surface shape is independent of the blade

motion underneath. Transitions between the regimes (i.e. “frictional to toroidal” and
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“toroidal to fluidised”) for most cases occur at Froude numbers of 0.08-0.18 and 0.50-0.71
respectively;

Study of the variability/fluctuation of the temporal values and time-averaged values of the
blade-bed stress, bed surface velocity and bed height from both experiments and
simulations show that the results can be linked to the flow regimes, as summarised in
Chapter 7: Section 7.7;

While previous works have noted frequencies of the bed surface velocity fluctuations
corresponding to the blade frequencies, a different fluctuation periodicity behaviour, i.e.
bed surface velocity frequency corresponding to two blade passes, is observed for the first
time in this work (Table 7.1). This occurs at 200-250 rpm (Fr: 0.32-0.50) in the toroidal
flow regime before the bed transits into the fluidised regime where a loss of surface
velocity periodicity is then observed; and

From DEM simulations which enable a smaller output interval of the blade-bed stress,
interestingly, periodic blade-bed stress fluctuations are obtained when the bed transits into
the fluidised regime (300 rpm, Fr: 0.71) with frequencies slightly higher than one impeller
rotation or three blade passes (Figure 7.14). This suggests the steady lifting and falling of
the particle bed on the impeller blade. The periodicity then ceases at high impeller speeds
or Froude number when the blade frequency becomes too high. The existence of these
periodic fluctuations and the fluctuation amplitude are also dependent on other studied

parameters as listed in Table 7.3 and Table 7.4.

8.2 Future work

The potential work avenues following this research work are discussed as follows:

In this work, the impeller blade-bed stress equation from the imparted inertial force is

successfully applied to the dynamic granule or particle beds in a vertical axis, cylindrical high

shear granulator, by implementing certain correction factors. A similar characterisation method

can also be extended to study other vertical axis granulator configurations, particularly for high

volume, production scale granulators. Additionally, since this thesis does not aim to improve

the granulation process, the characterised blade-bed stress will be very useful for granule

growth Kinetics, growth behaviour and granulation regime mapping studies as reviewed in

Chapter 2. Implementation of the blade-bed stress equation to the Stokes deformation number
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will now provide a better representation of the external stress in a high shear granulator. The
characterised blade-bed stress can also be applied in scaling-up of high shear granulators, i.e.
keeping the same blade-bed stress in different scales.

This work also introduced a novel, telemetric impeller stress sensor to measure the
instantaneous blade-bed stress. Study of the blade-bed stress changes during the granulation
process highlights the potential use of the system for granulation monitoring. Morever, the
blade-bed stress profile seems to show similar trends during granulation as that generally
observed from impeller torque or power consumption curves, which are commonly used
monitoring measurements. Employing the blade-bed stress measurements instead of torque or
power can be advantageous as it gives direct knowledge on the stress experienced by the
granule bed which can be used for granule growth kinetics or growth behaviour studies. The
sensor can also be further developed to enhance the sampling rate capability for
variability/fluctuation studies. Due to the incapability of the high shear granulator used in this
thesis's work in measuring the impeller torque, another interesting area of study will be the

correlation between the blade-bed stress and impeller torque.

In this thesis, characterisation of the wet beds is carried out for different liquid contents
using water and a more viscous HPC solution. It will be of interest to investigate the effect of
very viscous liquids on the bed flow and on the blade-bed stress characterisation. In addition,
the wet beds can also be characterised in terms of bed cohesion and frictional properties from
shear cell measurements, especially for wet granule/powder beds with liquid filled pores. DEM
simulations for cohesive beds can also be applied for further insight on the bed flow and blade-
bed stress characterisation for different liquid properties, where such existing models have
incorporated liquid bridges into the particle bed (pendular state only) (Murugama et al., 2000;
Radl et al., 2010; Washino, 2011).
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Appendix A

Blade-bed stress measurements using pressure colouring films

A.1 Film description

The pressure colouring films (model name: Prescale) are manufactured by FujiFilm, Japan
and (FujifilmCorporation, 2012a). The polyester-based films typically consist of two types of
sheets: the A-film and C-film, each 100 pm in thickness. The A-film is coated with micro-
capsules which contain colour-forming material, while the C-film is coated with colour-
developing material. For measurement, the two coated sides of both sheets are brought into
contact with each other and upon pressure, the micro-capsules on the A-film burst and release
the colour-forming material which reacts with the colour-developing material on the C-film,
thus producing coloured (red) patches. Certain grades of the film only have a single sheet
which has both the colour-forming and colour-developing substances. The density of these
patches varies according to the intensity of pressure applied. Figure A.1 shows a schematic
diagram of the film. The manufacturer supplies different grades of the films, each with
different pressure ranges from 0.05 MPa up to 300 MPa (Table A.1).

A-Film

Micro- ules with
cro-capsules wit <—|

colour-forming material

Polvester base

Colour-developing TS l
material
C-Film
PRESSURE

(X LT LT : (YT
RN, B

Micro-capsules burst Colour patch formed

Figure A.1: Schematic diagram of the pressure colouring film.
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Table A.1: Grades of the pressure films (FujiFilm Corporation, 2009a)

Grade Pressure range (MPa) Type
4LW (extreme low pressure) 0.05-0.2 Two sheet
3LW (ultra super low pressure) 0.2-0.6 Two sheet
2LW (super low pressure) 0.5-2.5 Two sheet
LW (low pressure) 2.5-10 Two sheet
MW (medium pressure) 10-50 Two sheet
MS (medium pressure) 10-50 Single sheet
HS (high pressure) 50-130 Single sheet
HHS (super high pressure) 130-300 Single sheet

Prior to actual stress measurements in the high shear granulator, some trial runs using the
different grades of films were carried out to determine the suitable grade or grades of films.
The trial runs showed that the 4LW and 3LW films gave reasonable colour patches while
higher grades films (2LW, LW and MW) did not give rise to noticeable colour formation.

A.2 Film calibration

Pressure charts for the films are provided by the manufacturer. Figure A.2 shows a standard
chart for the low pressure (LW) film (2.5 to 10 MPa). The different curves, A to D, represent
different temperature and humidity conditions. To determine the corresponding pressure, the
colour formed on the films is compared with those on the charts to estimate the colour density.
Determination of the exact colour density visually is difficult using the provided charts.
Instead, calibration of the film was carried out under the lab's ambient conditions for the colour
density-pressure conversion. Using a Zwick/Roell Z0.5 compression machine (Figure 3.17 in
Chapter 3), known values of pressures were applied on the film by the compression punch
(diameter: 6 mm). Figure A.3 shows an example of coloured patches on a 4LW film

compressed at a pressure of 0.15 MPa.
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Figure A.2: Pressure chart for LW (low pressure) film (FujifilmCorporation, 2012b).

229



Appendix A: Blade-bed stress measurements using pressure colouring films

Figure A.3: Calibration image for a 4L W film: coloured patches from six compressions.

Using an image analysis software (AxioVision Rel 4.5), the coloured areas were segmented
using a suitable pixel value thresholding and calculated. The colour density, p., is given in
Equation A.1.

__ Coloured area

Pe Total area

Equation A.1

Figure A.4 presents the calibration data for the 3LW and 4LW films and the resulting
polynomial expressions. The ranges of pressures tested for each film were according to the

ranges given by manufacturer as presented in Table A.1.
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Figure A.4: Pressure calibration plots for 3LW and 4LW films.
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A.3 Application for blade-granule bed stress measurements

For the blade-granule bed normal stress (pressure) measurements, the films were cut into
strips of 3.0 x 0.5 cm and affixed onto the tip of each impeller blade using thin cellophane tape
(Figure A.5a). Special care was taken when sticking to minimise the pressing of the films when
the colour forming and colour developing surface are in contact. The impeller was placed in the
granulator, followed by a typical granulation run: The powder formulation was loaded and pre-
mixed (~1 min at 100 rpm) before water was sprayed. For the spraying, the 0.71 mm orifice,
atomising spray nozzle (1/4" LNN SS Atomizing from Spraying Systems Limited) with a
spraying pressure of 0.8 bar was used. This gave a spraying rate of ~65 g/min for water. The
films were removed after a wet massing time of 5 minutes (i.e. 5 minutes after water addition
finishes) for analysis. A typical coloured film after granulation is shown in Figure A.5b.
Images of the films (under a suitable magnification) were then taken using a Carl Zeiss Stereo
microscope and the coloured areas were segmented (Figure A.6) and computed with
AxioVision and the colour density was calculated from Equation A.1. The colour density
values were converted to normal stress (pressure values) using the polynomial expressions in
Figure A.4.

®)

Figure A.5: Measurement using pressure films in the high shear granulator (a) film strip on the blade
(b) film strip (C-film) after measurement.
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Original image After segmentation

Figure A.6: Segmented areas (indicated by the bright red patches) of the film for area determination
(x37.5 magnification - 2.3 mm x 1.6 mm).

Measurements using the films were carried out for wet granule beds using lactose
monohydrate (Pharmatose 450 M) and hydroxypropyl methylcellulose, HPMC (Pharmacoat
603), both which are a common pharmaceutical excipient and binder respectively. Water was
spray added into the powder to hydrate the HPMC for binding effect. Table A.2 presents the
formulation, powder size data (measured using a Malvern mastersizer described in Chapter 3:
Section 3.4.1) and granulation conditions. In addition to the impeller speed and bed load, the

films were also used on impellers with different blade inclined angles.

Table A.2: Formulation and granulation conditions for pressure film measurements.

Ingredients % Particle size distribution
(WW) X0 (UM)  Xso (UM)  Xgo (M) Span _ SSA* (m’/g)
a—lactose monohydrate 95 3.74 21.1 53.4 2.36 0.73
(Pharmatose 450M)
HPMC 5 37.0 83.1 322.2 3.43 0.07
(Pharmacoat 603)
*SSA — Specific surface area
Parameters Varying impeller Varying impeller Varying bed load
speed angle
Bed load, kg 2.0 2.0 15,2,25,3.0
Liquid to solid ratio (w/w) 0.12 0.12 0.12
Impeller speed, rpm 200, 300, 400, 500 400 400
Impeller angle, © 32 27,32, 38, 45 32

Figure A.7 presents the blade-granule bed stress results using the pressure film method for
all the granulation conditions listed in Table A.2. The bed surface velocity and height results
are also included. Stress measurements were taken (film removed for analysis) after 5 minutes
of wet massing time where granules were formed and growing steadily. From the results, the
blade-bed stress ranges from ~50,000 to 400,000 Pa, at least a magnitude higher than those
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measured using the impeller stress sensor system and the simulated stresses in Chapter 4,
Chapter 6 and Chapter 5 for both dry and wet granule beds. Expected trends are still observed,
i.e. the blade-bed stress increases with impeller speed, angle and bed load as obtained in
Chapter 4 and Chapter 6's results.

Blade-bed stress [Pa] Bed surface velocity [m/s] Bed height [m]
500000 - 1.0 4 0.20 -
400000 - Y 08 015 |
300000 06 LR m ¥ L m
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Figure A.7: Results for varying impeller speed, angle and bed load cases (pressure film method).
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The blade-bed stresses were also calculated using the blade-bed stress equation introduced
in Chapter 4 (Equation 4.8) without any correction factor. Values for the blade inclined height,
h;, are 0.015 m, 0.018 m, 0.021 m and 0.024 m for the 27°, 32° 38° and 45° angled blades
respectively. The bed bulk densities of granule beds were also measured at the time of the

films' removal and are 0.6 to 0.7 kg/m®.

2
_ poHy (v —v,) 721 - cosb))
Jiry = h,

From: Equation 4.8

Figure A.8 displays the blade-bed stress measured with films plotted against the calculated
values from Equation 4.8. A linear correlation was obtained and the proportionality constant is
~8 (i.e. the measured stress is 8 times larger that the calculated values even without correction
factor). When the correction factor of B; = Ki/v is applied to the blade-bed stress equation to
account for the increasing bed “fluidisation” with impeller speed (which gives Equation 4.12)

with the K; value taken to be 1, the proportionality constant increases to ~50.

ijng,r(v, - vg)(l — cosf;)
Oi(rycor = h
I

From: Equation 4.12
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Figure A.8: Plotted measured blade-bed stress using the pressure films with (a) blade-bed stress
equation (no correction factor, Equation 4.8) and (b) blade-bed stress model with correction factor B; =
Ki/Vre (Equation 4.12).

These results highlight that whilst the pressure films gave reasonable comparative blade-bed
stresses for the different granulation conditions studied, the stress values with this method are
evidently higher than the actual values. The films were removed after water spraying and 5
minutes of wet massing time and gave a build-up stress value over this time period, which was
found to 1-2 magnitudes higher than the measured (impeller stress sensor), simulated and
model-predicted values. Additional investigation on the effect of the measurement time on the

film measurements is detailed in the following section.
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A.4 Comparison with impeller stress sensor and time effect

For direct comparison of the film and sensor methods, the measurements using the pressure
film with dimensions (22x22 mm) and at location identical to the impeller stress sensor (Figure
A.9a) were carried out for the dry mannitol granule bed (1.5 kg, 0.5-1.0 mm sieve size). The
films (4LW grade) were carefully attached on each blade, followed by the loading of the
granules into the granulator and rotation of the impeller. The films were removed after a certain
impeller rotation or measurement time. The above steps were repeated for several measurement
times up to 60 seconds. Figure A.9a displays an example of the pressure film after a
measurement. Observably, the colour distribution on the film shows a higher colour density
and hence, stress towards the blade tip and bottom of the blade.

(@) ()

Figure A.9: Comparison with the impeller stress sensor (a) pressure film affixed onto the blade (b)
pressure film (C-film) after measurement.

Figure A.10 presents the blade-bed stress data from both the film and sensor methods for
150 and 350 rpm impeller speeds. The dashed lines indicate the time-averaged stresses
measured using the impeller sensor. Clearly, the results show a consistent increase of the blade-
bed stress measured using the film with the measurement time. The film stresses are also higher
than the sensor's after 10 seconds measurement time. This is the smallest measurement time
achievable since very little colour is formed on the films for reliable analysis otherwise. After
60 seconds, the film stresses are found to be more than a magnitude higher than the sensor
measurements. From the structure of the film and its working principle, this means that an

increasing number of colour-containing micro-capsules on the A-film are being broken upon
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contact with the granules with time, leading to more colour formation on the C-film. Figure
A.11 shows images of the micro-capsules on a 4LW grade A-film taken with a Carl Zeiss
Stereo microscope at different magnification rates where the size of the micro-capsules are
smaller than ~170 pum. In the granulator, the blade and pressure film is continuously impacted
by the granule bed when the impeller rotates. Consequently, different areas and micro-capsules
on the film will be in contact with the granules continuously, resulting in a build-up of colour

over time.
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Figure A.10: Measured blade-bed stress using the impeller stress sensor and pressure film for 0.5-1.0
sieve size dry mannitol granules, 1.5kg bed load. Dashed lines represent the time-averaged values from
the sensor measurements.
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x7.5 magnification

x30 magnification

Figure A.11: Micro-capsules containing colour-forming material on the A-film (4LW grade).
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Appendix B
Particle Imaging Velocimetry (PI1V): further details

B.1 Overview of PIV algorithms
B.1.1 Auto-correlation algorithm

Applied for only multiple exposure images, e.g. double pulsed illumination using a pulsed
laser method, the auto-correlation method (Adrian, 1991; Heckmann et al., 1994; Keane and
Adrian, 1990; Marzouk and Hart, 1998) correlates interrogation areas within the same image
(Figure B.1). The auto-correlation function (Marzouk and Hart, 1998) is given in Equation B.1,
where Co is the correlation number in a particular interrogation area. The function is also
normalised with the mean and standard deviation of the pixel values for that interrogation
area. Therefore, Co values of 1 or O denote perfect or no correlation respectively. When Co
is max (maximum correlation), then Ax and Ay are taken as the displacements. Directions of the
velocity vectors, however, are ambiguous using this method as 2 displacement peaks are

obtained (positive and negative).

—— |
e o | @

Figure B.1: Schematic of a multiple exposure image (arrow indicates the displacement vector).

X1 Z?’ﬂ[ﬁ(xi»y]') — fillfa(x: + Ax, y; + Ay) — )]
\/2?21 M ACBHESAR \/Zliv=1 S G+ Ay + ay) = AT

Equation B.1

Co(Ax,Ay) =
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B.1.2 Cross-correlation (COR) algorithm

For single exposure images with a fixed time interval, 4z, the PIV COR algorithm (Mori and
Chang, 2009; Willert and Gharib, 1991) correlates interrogation areas of successive images.
The COR equation, taken from Mori and Chang, is given in Equation B.2. Like the auto-
correlation function, Co is the correlation number of a certain interrogation area and the
function is also normalised with the mean and standard deviation of the pixel values in that
interrogation area. Ax and Ay are taken as the displacements when Co is max. To reduce the
influence of noise and eliminate invalid vectors, some additional specifications are set, i.e. the
ratio between the maximum and second highest peak and the ratio between the maximum and

rms (root mean square) error from noise signal is larger than critical values.

a Zy=1[f1(xiJYj) — fillfe(x; + Ax, y; + Ay) — f)]
\/2?':1 Z?’=1[f1(xi'.Vj) - ]El]2 \/Zé\]:l 2?’:1[f2(xi + Ax,yj + Ay) — fz)]z

Equation B.2

Co(Ax,Ay) =

B.1.3 Minimum quadratic difference (MQD) algorithm

As described in Chapter 3: Section 3.2.2.3, the MQD algorithm (Gui and Merzkirch, 1996;
Mori and Chang, 2009), which is used in this thesis, determines the displacements, 4x and Ay,
from the minimum of the quadratic difference in pixel values of search areas between
successive images (P in Equation B.3). This is analoguous to the statistical least square
method. The criteria to retain the velocity vector is the same as the COR algorithm.

Ny

Ny,
P(Ax, Ay) = min Z|f1 xl,y —f, (x + Ax, y]+Ay)|
i=1 j=1
Equation B.3
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B.2 Pixel-distance calibration

The top view of the granule bed in the high shear granulator was recorded using a high
speed camera for the surface velocity analysis as previously described in Chapter 3: Section
3.3.1, and the pixel-distance calibration was carried out at different heights in the mixer. Figure
B.2 shows the plot of the pixel-distance value with increasing height. The camera (Photron
Fastcam 1024-PCI) with a Nikon 24-85mm f/2.8-4 AF-D macro lens was directed vertically
downwards on the granule bed at the near wall region (Figure 3.13 in Chapter 3) and with a

distance between the end of the lens to the top of the granulator of ~50 mm.

30000 ~
y = 350537x% + 7121x + 9539

2 =
25000 R2=0.9971

20000

15000

10000
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0 0.05 0.1 0.15 0.2
Mixer height [m]

Figure B.2: Pixel-distance values at different mixer heights.
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Appendix B: Particle Imaging Velocimetry (PIV): further details

B.3 Size of interrogation area

The size of the interrogation area for the PIV analyses of the bed surface velocity using the
MQD algorithm is varied for dry mannitol granules of different sieve sizes; 0.1-0.5 mm, 0.5-
1.0 mm, 1.0-2.0 mm and 2.0-4.75 mm used in Chapter 4. Figure B.3, Figure B.4, Figure B.5
and Figure B.6 show the temporal data of the total bed surface velocity (averaged spatially
across the analysed region in Chapter 3: Figure 3.14) for these different sieve sizes. The total
resolution of the analysed region in the recorded image (Figure 3.14) is about 512x256 pixels.
Therefore, changing the interrogation area size from 8x8 pixels to 128%128 pixels gives about
2048 to 8 interrogation areas and, therefore, velocity vectors respectively. In addition, the
average pixels per particle diameter are about 2, 7, 18 and 40 for the 0.1-0.5 mm, 0.5-1.0 mm,
1.0-2.0 mm and 2.0-4.75 mm granule sieve sizes respectively. From the figures, it can be seen
that surface velocity fluctuations averaged over the analysed region differ slightly at either 8x8
or 128x128 pixels interrogation area sizes for all granule sieve sizes. However, there isn't any
significant noise of the velocity fluctuations and a clear periodicity can still be observed. Since
the surface velocity is averaged over the analysed region for this thesis, the size of this region,
i.e. 512x256 pixels, is sufficient to obtain a clear texture of the bed surface for all the studied

sieve sizes and the individual interrogation area size does not affects the result significantly.

Figure B.7 presents the time-averaged surface velocity from the temporal data for the
different granule sieve sizes. The time-averaged values stabilise around the 32x32 and 64x64
pixels interrogation area sizes. Therefore, in order to also minimise the processing times, a
64x64 pixels interrogation area size is used for the different mannitol granule sieve sizes. This
size is also used for the other granule beds reported in Chapter 4, i.e. popypropylene balls with
a sieve size of 1.0-2.0 mm and for the different granule types (lactose, MCC and calcium

carbonate) with a sieve size of 0.1-2.0 mm.
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0.1-0.5 mm granules
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Figure B.3: Temporal bed surface velocity (circumferential+radial components), Vs, for 0.1-0.5 mm
mannitol granules at 150 rpm impeller speed for different interrogation area sizes.

0.5-1.0 mm granules
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Figure B.4: Temporal bed surface velocity (circumferential+radial components), Vg, for 0.5-1.0 mm
mannitol granules at 150 rpm impeller speed for different interrogation area sizes.
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1.0-2.0 mm granules

....... 8X8
o 16x16
% 32x32
g - === 64x64

= —— 128x128

05 -

0.4 : : :

0 0.5 1

15 2
Impeller rotation [-]

Figure B.5: Temporal bed surface velocity (circumferential+radial components), Vs, for 1.0-2.0 mm
mannitol granules at 150 rpm impeller speed for different interrogation area sizes.

2.0-4.75 mm granules
1.0

....... 8X8
o 16x16
5 32x32
g ==== 64x64

= — 128x128

05 -

0.4 . . .

0 05 1

15 2
Impeller rotation [-]

Figure B.6: Temporal bed surface velocity (circumferential+radial components), Vs, for 2.0-4.75 mm
mannitol granules at 150 rpm impeller speed for different interrogation area sizes.
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Figure B.7: Time-averaged bed surface velocity (circumferential+radial components), vs:, at different
interrogation area sizes for different mannitol granule sieve sizes.
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Appendix C

Granulation: binder spray system calibration

Figure C.1 shows the spray rate data at different air pressures for the binder spray system
attached to the ~10 L Roto Junior high shear granulator. Atomising spray nozzles (Model: 1/4"
LNN SS Atomizing) from Spraying Systems Limited with three different nozzle sizes (0.41

mm, 0.71 mm and 1.1 mm diameters) were calibrated.

©(0.60ss (0.41mm diameter) nozzle € 2ss (0.71mm diameter) nozzle
A6ss (1.1mm diameter) nozzle

350
300 - y=121.1x + 133.6
R2=10.9923

= 250
£
> 200 -
2
S 150 - y =45.2x +28.6
> R2 = 0.9964
S 100 -
2 ng +13.9

50 - R2=10.9877

L, e B
0 T T T T T 1

0 02 04 06 08 1 12 14 16
Air pressure (bar)

Figure C.1: Spray rate calibration with different nozzle sizes for water.
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Appendix D

DEM simulations: particle bed flow images and further details

D.1 Particle bed/particle properties
D.1.1 Bed load

S0rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 150rpm (Fr: 0.18)

250rpm (Fr: 0.50)

350rpm (Fr: 0.97) B - 350rpm (Fr: 0.97)

700pm (Fr: 3.8%) ' 700rpm (Fr: 3.88)

Figure D.1: Particle bed image for 1.0 kg (left column) and 1.5 kg (right column) bed loads. The colour
bar indicates the particle total velocity in m/s (and also for subsequent figures in Appendix D).

247



Appendix D: DEM simulations: particle bed flow images and further details

S0rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150pm (Fr: 0.18)

150rpm (Fr: 0.18)

250pm (Fr: 0.50) ' 250mpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

700rpm (Fr: 3.88) . 700rpm (Fr: 3.88)
Figure D.2: Particle bed images for 2.0 kg (left column) and 3.0 kg (right column) bed loads.
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D.1.2 Particle size

S0rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 150rpm (Fr: 0.18)

¥ A s
250rpm (Fr: 0.50) 250rpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

2l

700rpm (Fr: 3.88) 700cpm (Fr: 3.88
Figure D.3: Particle bed images for 2.0 mm (left column) and 3.5 mm (right column) particles.
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50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 150rpm (Fr: 0.18)

250rpm(Fr: 0.50) . 250rpm (Fr: 0.50)

2 vid v ‘\' ';i
& b N 7 &
&7
"
350rpm (Fr: 0.97) 350rpm (Fr: 0.97)
700rpm (Fr: 3.88) 700rpm (Fr: 3.88)

Figure D.4: Particle bed images for 5.0 mm (left column) and 10.0 mm (right column) particles.
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D.1.3 Particle density

600 kg/m® 1230 kg/m?®

L

S50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 150rpm (Fr: .8)

250rpm (Fr: 0.50)

250rpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: .97)

700rpm (Fr: 3.88) 700rpm (Fr: 3.98)
Figure D.5: Particle bed images for 600 kg/m? (left column) and 1230 kg/m? (right column) particles.
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S0rpm (Fr: 0.02)

150rpm (Fr: 0.18)

350rpm (Fr: 0.97)

700rpm (Fr: 3.8)
Figure D.6: Particle bed images for 2500 kg/m? particles.
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D.1.4 Interparticle sliding friction coefficient

50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) - 150rpm (Fr: 0.18)

250rpm (Fr: 0.50) 250rpm (Fr: 0.50)

700rpm (Fr: 588) 700rpm (Fr: 3.88)

Figure D.7: Particle bed images for ;= 0.02 (left column) and ps= 0.1 (right column).
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Appendix D: DEM simulations: particle bed flow images and further details

50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) . 150rpm (Fr: 0.18)

250rpm (Fr: 0. 50 - 250rpm (Fr: 0.50)

700rpm (Fr: 5.8§) : \ 700rpm (Fr: 3.88)
Figure D.8: Particle bed images for ps= 0.3 (left column) and ;= 0.5 (right column).
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Appendix D: DEM simulations: particle bed flow images and further details

S50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 7 150rpm (Fr: 0.18)

250rpm (Fr: 0.50)

250rpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

700rpm (Fr: 3.88) 700rpm (Fr: 3.88)
Figure D.9: Particle bed images for ps= 0.9 (left column) and ;= 1.5 (right column).
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Figure D.10: Simulated time
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Appendix D: DEM simulations: particle bed flow images and further details

D.1.5 Restitution coefficient

B!

Cyes = 0.7, 150rpm (Fr: 0.02) Cres = 0.7, 350rpm (Fr: 0.97)

7

N
Bl

Cros = 0.9, 150rpm (Fr: 0.02) Cres = 0.9, 350])111 (Fr: 0.97)
Figure D.11: Particle bed images for different restitution coefficients. Left: 150 rpm, Right: 350 rpm.
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D.1.6 Young's modulus

YAL= 0.1 MPa, 150rpm (Fr: 0.02) YAL= 0.1 MPa, 350rpm (Fr: 0.97)

YA=1 MPa, 150rpm (Fr: 0.02) - YA=1 MPa, 350rpm (Fr: 0.97)

YAM=1000MPa, 150rpm (Fr: 0.0i) YA=1000MPa, 350rpm (Fr: 0.97)
Figure D.12: Particle bed images for different Young's modulus. Left: 150 rpm, Right: 350 rpm.
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Figure D.13: Simulated time-averaged number of particles in contact with the blade at the sensor
region, Np, for different Young's modulus.
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Appendix D: DEM simulations: particle bed flow images and further details

D.2 Impeller geometries
D.2.1 Blade width

35mm

50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 1501])111(F< 0.18)

s % )
250rpm (Fr: 0.50) 250rpm (Fr: 0.50)

700rpm (Fr: 3.88) 700rpm (Fr: 3.38
Figure D.14: Particle bed images for h,,= 20 mm (left column) and h,, = 35 mm (right column).
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Appendix D: DEM simulations: particle bed flow images and further details

S0rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr 0.18) i 150rpm (Fr: 0.1 3)

250rpm (Fr: 0.50) 250rpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

700rpm (Fr: 3.88) 700rpm (Fr: 3.88)

Figure D.15: Particle bed images for h,,= 50 mm (left column) and h,, = 65 mm (right column).
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Appendix D: DEM simulations: particle bed flow images and further details

From Chapter 6: Section 6.8.2, the blade-bed stress equation with correction parameter B, is

given as follows:

szng,rvzel(l - COSHI)
Ui(r)cor = hI

From: Equation 6.25
1 2h,\"

B, =K _(_W)
2 2 Frrelo.s D

From: Equation 6.26

To find n in Equation 6.26, the equation is rearranged and taking the log on both sides gives
Equation D.1. Plotting log(B,Fr.«"°) against log(2h,/D) for the different blade width cases as
shown in Figure D.16 gives a straight line where the slope of the line is n.

0.5 2h,,
log(B,F1ye; ) = logK, + nlog (T)

Equation D.1

-1 0.8 0.6 0.4 0.2 0
) T T T T O
1 -02
— y =0.3235x - 0.371
m: R2=0.9118
o_ 1 -04
i e
[9V]
) 1 -06
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1 -08
1

log(2h, /D) [-]

Figure D.16: Plot of log(B,Fr."°) against log(2h,/D) for different blade width cases from simulation.
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Appendix D: DEM simulations: particle bed flow images and further details

D.2.2 Blade angle

S0rpm (Fr: 0.02) 50rpm (Fr: 0.02)

250rpm (Fr: 0.50) 2501])111(F1;: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

GrpstiliUdy

700rpm (Fr: 3.88) = 700rpm (Fr: 3.98

Figure D.17: Particle bed images for 20° (left column) and 32° (right column) inclined blades.
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Appendix D: DEM simulations: particle bed flow images and further details

S50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

700tpm (Fr: 3.88) ' 700tpm (Fr: 3.88)

Figure D.18: Particle bed images for 45° (left column) and 65° (right column) inclined blades.
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S0rpm (Fr: 0.02)

350rpm (Fr: 0.97)

700rpm (Fr: 3.88)
Figure D.19: Particle bed images for 90° inclined blades.
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D.2.3 Number of blades

2 blades 3 blades

S50rpm (Fr: 0.02) 50rpm (Fr: 0.02)

150rpm (Fr: 0.18) 150rpm (Fr: 0.18)

250rpm (Fr: 0.50) 250rpm (Fr: 0.50)

350rpm (Fr: 0.97) 350rpm (Fr: 0.97)

700rpm (Fr: 3.88) 700rpm (Fr: 3.38)
Figure D.20: Particle bed images for the 2-bladed (left column) and 3-bladed (right column) impellers.
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4 blades

S50rpm (Fr: 0.02)

150rpm (Fr: 0.18)

250rpm (Fr: 0.50)

350rpm (Fr: 0.97)

700rpm (Fr: 3.88)
Figure D.21: Particle bed images for the 4-bladed impellers.
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Appendix D: DEM simulations: particle bed flow images and further details
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Figure D.22: Simulated time-averaged blade-bed stress (left column) and bed height (right column)
along the radial position for different number of blades.
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D.3 Granulator scale
D.3.1 Same particle diameter (D/d, = 20-160)

0.07m (0.173 L) 0.14m (1.39L)

-

500rpm (Fr: 0.50) 354rpm (Fr: 0.50)

1400rpm (Fr: 3.88) 995rpm (Fr: 3.88)

Figure D.23: Particle bed images for the 0.173 L, D/d, = 20 (left column) and 1.39 L, D/d, = 40 (right
column) granulators.
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0.28m (11.1L) 0.56m (88.7L)

50rpm (Fr: 0.02) 35rpm (Fr: 0.02)

150rpm (Fr: 0.18) 106rpm (Fr: 0.18)

177rpm (Fr: 0.50)

350rpm(Fr: 0.97) 247rpm(Fr: 0.97)

700rpm (Fr: 3.85’;) A 495rpm (Fr: 3.88)

Figure D.24: Particle bed images for the 11.1 L, D/d, = 80 (left column) and 88.7 L, D/d, = 160 (right
column) granulators.
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D.3.2 Same particle diameter to granulator diameter ratio (D/d, = 80)

0.07m (0.173 L) 0.14m (1.39L)

100rpm (Fr: 0.02) 71rpm (Fr: 0.02)

300rpm (Fr: 0.18) 212rpm (Fr: 0.18)

500rpm (Fr: 0.50) 354rpm (Fr: 0.50)

700rpm (Fr: 0.97) 495rpm (Fr: 0.97)

1400rpm (Fr: 3.88) 995rpm (Fr: 3.88)

Figure D.25: Particle bed images for the 0.173 L (left column) and 1.39 L (right column) granulators
(D/d, = 80).
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0.28m (11.1L) 0.56m (88.7L)

50rpm (Fr: 0.02) 35rpm (Fr: 0.02)

150rpm (Fr: 0.18) ‘ 106rpm (Fr: 0.18)

250rpm (Fr: 050) ks 177rpm (Fr: 0.50)

7
G

700rpm (Fr: 3.38;) ‘ = : 495rpm (Fr: 3.88)

Figure D.26: Particle bed images for the 11.1 L (left column) and 88.7 L (right column) granulators
(D/d, = 80).
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