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Abstract

ABSTRACT

Historically, mineral processing industries use conventional tumbling mills to carry out milling
operations However, the ore bodies that are currently being explored and mined are low-grade
complex ores. These ore bodies often require fine grinding to liberate their valuable fine-
grained minerals. Conventional mills have proven to be energy inefficient when they are used
for fine grinding. Energy efficient technologies, such as stirred mills, are therefore being
introduced to the minerals market for use in fine-grinding applications. The HIGmill is an

example of a stirred mill that is used for fine grinding mineral ores.

This thesis reports the results obtained from the investigating of the influence of operating
parameters on the HIGmill product size and specific energy when grinding UG2 platinum ore.
The milling experiments were conducted using the HIG 5, which is a laboratory scale HIGmill.
The operating variables tested were mill tip speed, solids concentration and grinding media
size. Tip speeds tested in this study were between 300 rpm and 1050 rpm. The solids
concentration tested was between 40% and 60%. Grinding media sizes used were 2 mm,

3.5mm and 5 mm.

Using these parameters, a three-factorial design was used for the experiments. From the
milling results, particle size distributions, stress intensity, specific energy and size specific
energy were analysed for each variable tested. Signature plots were also produced for the
milling results. Flotation tests were then carried out on the HIG 5 products to assess the

downstream response of the HIGmill.

The milling results showed that the optimal tip speed was 600 rpm. The optimal solids
concentration for the UG2 ore was 60%. For the feed top size of —1000 um, using 5 mm
grinding media was found to be energy intensive and it is recommended that 2 mm and 3.5 mm

grinding media are considered when for the grinding the UG2 ore.

The flotation results highlighted that grinding finer increases the recovery potential of the ore
from 73.2% to an average of 81%. It was also noted that grinding finer increases the chromite
recoveries. Flotation kinetic models showed that there is no significant difference in the flotation

kinetics of the HIGmill products.



TABLE OF CONTENTS

INEFOTUCTION. ... e 1
2 = 7= Tod (o | o 11 o 1
1.3 Problem Statement.........cooo oo 3
1.4 ODJECHIVES ... 3
1.5 Sustainable Development GOalS. ... 4
1.6 Limitations Of RESEAICH .......coooiiiieeeeeeee 4
1.7 TRESIS SIUCIUIE ... 4
1.7.1  Chapter 1: INtrOQUCTION. .......uuuuiiiiiiiiiiiiiiiii e 5

1.7.2 Chapter 2: Literatureé REVIEW...........uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiieeneeeeeeeeee 5

1.7.3 Chapter 3: Experimental MethOdS .............uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieees 5

1.7.4 Chapter 4: Results and DISCUSSION ............uuuuuuummmmmmmiiiiiiiiiiiiiiiiiininnneeenennene 5

1.7.5 Chapter 5: Conclusion and Recommendations ............cccceeeeeeriiiiiiiiineneeennn, 5
LITEratUre REVIBW. ...ttt e ettt e e e e et e e e e e e e 6
2.1 Principles of COMMINUIION .......coooiiiiiiice e 6
2.1 COMIMUNUEION ...ttt e e e e e e e e e e e eeeee s 6
2.1.2 Particle Breakage ......uee i e e et 7
2.1.3 ENergy CONSUMPLION ......ccoiiiiiiiiiiiie et e e e e e 9

A 1 U= €1 ¢ o [TV PSPPSR 11
2.2.1 Basics of fine grinding .........coouuiiiiiii i 11

2.3 SHITEA MIllS ..o 12
2.3.1 Horizontal stirred MillS.........oooeeiii i 14
2311 1SAMIllL.ee e 14

2.3.2 Vertical stirred MillS..........ooooriiiiii 15
2.3.2.1  Tower mill/Vertimill ... 15

2.3.2.2  Stirred Media Detritor .........coooeeeeiiiiiiee 16

2.3.2.3  Knelson Deswik mill/VXP Mill ......coooiriieiiiee e 17



2.3.24  HIGMII ... 18

2.4 Operating Parameters of Stirred MillS...............uuiiiiiiiiiiiiiiiiiiee 19
2.4. 1 Mill QEOMEIIY ... 20

2.4.2 Mill SPEEU......cc e 21

2.4.3  SOldS CONCENIIALION ......ceiiiiiiiiiiii et 23
2.4.4 GrindiNg MEAIA........uuiiii i 26
2441 Grinding Mmedia type .....couvvviiiii i 26

2.4.4.2 Grinding media density............cceeiiiiiiiiiiii e, 27

2.4.4.3 Grinding media SIZE .........ceeeiiiiiiic e 28

2.4.4.4 Grinding media filling.......cccccooviiiiiiiiii e, 29

2.5 SHESS MOUEI ...t 30
2.5.1  SHESS INTENSILY...ceiiiiiiei e e e e e e e e e e e 31

2.5.2  SHrESS NUMDET ... 33

2.5.3 SPECITIC BNEIGY ...cooieeeeeeeee e 34

2.6 FIOTALION ...ttt 36
2.6.1 Flotation PrinCiPleS .......ccooee i 36

2.6.2  FlOtation rEAGENTS .....cceeeeeeeeeeeeee e 37
2.6.2.1  COllECIOIS ... 37

2.6.2.2  DEPIrESSANTS......uuiii et 38

2.6.2.3  FrOtNerS. oo e 38

2.6.3 Flotation Of UG2 Or€......ccooeeiieeeeeeeeeeeeeeeeeee e 39

2.6.4 Flotation effiCIENCIES........ccooii i 39
2.6.4.1 Water and sSolidS reCOVEIY ........ccoiiiiiiiiiii e 39

2.6.4.2 ReCcoVery ModelS ......ooooiiiiuiiiiieeee e 39

2.7 CONCIUSION ...ttt nenennnes 41
P2 < T o 1Y/ o 0 1 1= U 41
2.9 KEY QUESHIONS ... ettt e e et e e e e e e et ettt e e e e e e e enann e e aaas 41
Experimental Apparatus and Methodology ... 43



3.1  DeSCription Of APPAIALUS ........uuuuereeereeeieeienneeeeeeeeeeseeneaneeeseessseseeseseseeeeerennsnnesnnnnnnnes 43

3.2

3.3

0 700 00t R o | [ o TSRS 43
3111 HIGMIISELUPD oo 44
3.1.1.2  Mill control CabinNet .........cccuviiiiiiiiiiiei e 45
3.1.1.3  Mill auxiliary equUipmMent...........ccoviiiiiiiiiiee e 45

3.1.2  FIOtation Cell....ccciiiiiiieeeee e 45

TR O B O 1= 0 1Y/ o1 46

T T R /=T [ F= 0 1Y/ o 1SRRI 47

RIS 01/ =]1 4 oo [o] (0o |V 2SRRI 47

3.2.1 Design of eXPerimENtS ........uuuiiiii i 47

3.2.2  Sample Preparation...........cuuuiiiiieeee e ee e e e e e e e aanne 48

3.2.3 Media Preparation ............cuuiiiiiii e e e e e aanae 49

EXPErimental SETUD ........uuuiiiiiiiiii e 49

3.3 1 TeStMELNOUS ..o 49
3311 BalChteSt oo 49
3.3.1.2 Semi-CoNtiNUOUS tEST.......cceeeeiieeeeee e 50
3.3. 1.3 CONtiNUOUS TS ....coeeeiiieee e 50
3.3.1.4 Experimental test method.................cooeiii 51

3.3.2 Milling ProCEAUIE. ......cooiiiiiiiiiiii e 51
3.3.21  Mill calibration .........coooeeiiieiiie 51
3.3.2.2  Mill POWET ... 52
3.3.2.3  Mill SPEEA.....oeeeiee e 52
3.3.24  Medidload .......cooooiiiiii 53
3.3.25  EXperimental run ..o 53

3.3.3  Flotation PrOCEAUIE ......ccieieiiieie et e e e et a e e e e e eeeenees 53

3.3.4  SAMPIE PrOCESSING. ... eeeeieieiiiiiee e et e e e e e et a e e e e e e eeeaae e e e e eaaeeeanne 55
3.3.4.1  Milling SAMPIE ..eeneee e 55
3.3.4.2  Flotation sample........cooooriiii 55



4. Assessment of Milling Performance...........ooooo oo 56

4.1 Methods Applied to Analyse the Comminution Data .................eeeveeemiiiiiiiiiiiiininnn. 56
4.1.1 Particle size distribution per variable ...........ccccccviiiiiiiii 56
.12 POWET ...cciiiiiiiiiiiiiee et 56
G T o T 0 T= L (U | (= o] [0 £ USPPRIN 56
4.1.4 Size SPECIFIC BNEIQY . ceeiiieeeee e a e 57
4.1.5  StrESS INEENSITY ...uuuiii it e e e e e e e e e e et e e e e aaeeanne 57
4.1.6  SHITEr tiP SPEEU....uuii ittt e e e e e e aaaae 58

4.1.6.1 Effect of tip speed on PSD and P80 ...........cooovviieeiiieeeiceiniiinnnn. 58
4.1.6.2 Effect of tip speed on power draw ...........cccoovvvviiieiieeeeeeeiiniinnnnn. 60
4.1.6.3  SIgNAture PlotS ...coceeiiieeice e 61
4.1.6.4 Effect of tip speed on size specific energy consumption............ 63
4.1.7 SOlidS CONCENIIAION......cciiiiiiiiiiiiiiiiieee e 64
4.1.7.1 Effect of solids concentration on PSD and P80 ................cc....... 64
4.1.7.2  Effect of solids concentration on power draw ............cccccceeeeeeeee. 66
4.1.7.3  SIgNAtUre PIOtS .....ccovviiiiiiiiiiiiiiiiiee e 67

4.1.7.4 Effect of solids concentration on the size specific energy

(o010 ES{W] 1 0] o] 1 o] o P PP P PP P PP PPPPPPPPPP 69

4.1.8 Grinding MEIA.........cceviiiiiiiiiiiii 71
4.1.8.1 Grinding media volume fill ... 71

4.1.8.2 Grinding Media SIZE .......coovviiiiiiiiiiiiiiiiiiie 76

4.1.8.3 Effect of mixing grinding media Sizes ...........cvviiiiiiieiiieeiiinnn. 85

4.1.9 Effect of Stress Intensity 0N P80 ... 89
4.1.10 CONCIUSION ..ccoeiiiiiiiiiieeeeeeee e 92

5. Assessment of Flotation Performance ..............ccccccoiiiiiiiiiiiiiiiieee 94
5.1 Flotation of HIGMIll ProUCTS ...........uuiiiiiiiiiiiiiiiiiiiieeieeeeeee e 94
5.2  Solids and Water RECOVEIY .......uiiiiiiii et e et e et e e e et e e e et e eeees 95
5.3 RECOVEINY KINELICS. .. .uuui it e e e e e et e e et e e et s e e e et e e e e aea e e e earanaeeeees 96



5.3.1 Effect of grind on recovery and grade ... 96

5.3.2 KiNELIC MOUEIS... .o 98
53.21 Klimpelmodel ... 98

5.3.2.2  Kelsall MOodel.........oooiiiiiiiiiiiiiiiicc e 99

5.4 Effect of Parameters 0N RECOVEIIES .........ccooiiiiiiiiiiiiiiiiiiiieece e 100
5.4.1 Effect Of tip SPEEA ...uuui i 100
5.4.1.2 Effect of tip speed on PGM reCOVErY ......cccceevvvviiiiiiiiiiieeeeeeiinns 100

5.4.2 Effectof grinding media ...........ccoeiiiiiiiiiiiiiii e 101
5.4.2.2 Effect of grinding media size on PGM recovery....................... 102

5.4.3 Effect of solidS CONCENIrAtION .........ccooiiiiiiiiiiiiieei e 103
5.4.3.2 Effect of solids concentration on PGM recovery ...................... 104

5.5 Base Metal and Gangue RECOVEIY .......uciiiieiiiiiiiiiiiee e et e et 104
5.5.1 Nickel and COPPEI TECOVEIY ....cceeieeie e 104

5.5.2 Nickel and copper recovery grade CUIVES .........cooeeeeeeeiieiiiiieeeeeeeeeeeeeeen 105

5.5.3 Chrome and SiliCa r€COVEIY ......ccooviiieieeee e 106

5.5.4 Chrome and silica recovery grade CUIVES ..........ccoooeeeeiiiiiiiiieieeeeeeeeeeee 108

5.5.5 Base metal and chrome size recovery plotS...........cccoeeeiiiiiiiiieee, 109

5.6 CONCIUSION ...ttt 111
Conclusion and RecOmMmMENAtiONS ..........ccoviviiiiiiiiiiiiiiiiieee e 112
6.1  CONCIUSIONS. ...ttt 112
6.1.1 Key qUeStioNS and ANSWETS .........coeeeieieeeieeeeeeeee e 112

6.2  RECOMMENUALIONS ......eiiiiiiiiiiiieeiieeeiieeeee et rnsensnnnnnnnnnnes 114
REIBIEINCES ... 115
Y 0] 011 T o7 USSP 124

vi



Figure 1-1:
Figure 2-1:

Figure 2-2:

Figure 2-3:

Figure 2-4:

Figure 2-5:

Figure 2-6:

Figure 2-7:
Figure 2-8:

Figure 2-9:

Figure 2-10:
Figure 2-11:
Figure 2-12:

Figure 2-13:

Figure 2-14:

Figure 2-15:

Figure 2-16:

Figure 2-17:

LIST OF FIGURES

Sustainable development goalS...........ouuviiiiii e 4
Comminution represented as a process function (Peukert, 2004).................... 7

Particle breakage mechanisms, where circles represent grinding media (Little
EL AL, 2007 i e 8

Resulting size distributions of the different breakage mechanisms (Gao &
FOrssherg, 1995) ... e 9

Percentage of total electricity consumption used by mining and minerals

industries for selected countries and the EU (Napier-Munn, 2012) ................ 10

Classifications of the different grinding classification according to Jankovic
200 12

Relative performance of tumbling mills and stirred media mills (Lichter &

DAVEY, 2006) ......ceeeiiiieieiieieeee e 12
Stresses causing attrition grinding in stirred mills (Outotec, 2016) ................. 14
Schematic diagram of an IsaMill (Howling Pixel)................uuevimiiiiiiiiiiiiiiiiinnnns 15

The Kubota Tower Mill and the Metso Vertimill (Rocha et al., 2018; Ntsele &

1= o TR 0 2 16
Metso Stirred Media Detritor (SMD) Mill (Ntsele & Allen, 2012) ..................... 17
The FLSmidth VXPmill (FLSmidth, 2018) .....cceeeeeeeeeeeeeeeeeeeeeeee, 18
Outotec HIGMIll (AStholm, 2015) .......coeeiieieieeee e 19

Grinding product size at 750 kJ/kg energy input for horizontal and vertical
stirred mill (Cayirli & GOKCEN, 2017).....eeeeieiiie e 20

Three impeller designs common to stirred mills on the market (Wills & Finch,

Effect of impeller speed on (a) median diameter, (b) size distribution standard

deviation, and (c) specific energy (Bel Fadhel & Frances, 2001) ................... 23

Relationship between apparent viscosity and slurry density (solids

concentration) for a typical base metal ore (Napier-Munn et al., 2005) .......... 24

Comparison of the solids concentrations obtained by (a) Jankovic (2003) and
(b) Mankosa et al. (1989).......ccoeuuiiiiiiiie e 25



Figure 2-18:

Figure 2-19:

Figure 2-20:

Figure 2-21:
Figure 2-22:
Figure 2-23:

Figure 2-28:

Figure 2-29:

Figure 2-30:

Figure 2-24:
Figure 2-25:
Figure 2-26:

Figure 2-27:

Figure 3-1:
Figure 3-2:
Figure 3-3:

Figure 3-4:

Figure 3-5:
Figure 3-6:
Figure 3-7:
Figure 3-8:

Figure 4-1:

Effect of solid concentration. Conditions: D =6.5cm; T=11.8 cm; t = 15 mini
N = 1000 rpm; R = 3; d = 2.05 mm; V=150 cm “~.(Zheng et al., 1996).......... 26

Comparison of glass beads and steel beads (Mankosa et al. 1986) .............. 27

Comparison of the energy consumption of ceramic and sand grinding media

(Lichter & DaVey, 2000) ..........uuuuuuuuuennnnnnnnnnenennnnnnenennenneeeenenseennernnreseenenenneennne 27
Effect of media sizes on F80 (Jankovic, 2003).........ccccvviiiiiiiiiiiiiiiiiiiiiiiieeeee 28
Effect of bead size on specific breakage rates (Yeu & Klein, 2006) ............... 29
Effect of the ratio of media to particle volume (Zheng et al., 1996)................. 30

Product fineness as a function of stress intensity and specific energy (Becker
€1 @, 200L) ooiiiiiieeiiiii e e e e et a e e e e e s raaaeas 32

Product fineness as a function of stress intensity (Jankovic, 2003)................ 33

Relationship between the grinding media diameter, stress number and product

size (Kwade & Schwedes, 2002) ..........ceeiiieeiiiieiiee e 34
Flotation Cell (HU, 2014).......co o e 36
Recovery of different particle sizes (Pease et al., 2006) ...........cccoevvvvvreeeeennnn. 37
Collector adsorption on mineral surface (Napier-Munn & Wills, 2006) ........... 38
Frother adsorption onto the air-water interface ............cccccceeeeiiiiiiiiiiiieeeeeee, 38
UCT HIGMIIl .. 44
TESEWOIK SEUUD ... 45
UCT 3 L Barker flotation Cell...........coooviiiiiiiiiiiiii 46

Factorial design with 3 factors and 3 levels showing the levels of each

Variable. . ..o 48
Particle size distributions of blended UG2 ore samples .........ccccccvvvvivviinnnnnn. 49
HIG mill calibration certificate (30% media fill) ..........vvviiiiiiiiiiii 52
Mill speed calibration ... 53
Batch flotation proCedure.............ooovviiiiiiii 54

Effect of mill speed on product PSD at 3 min grinding time, 50% solids

concentration, and a grinding media size of 5 MM ...........ooooiiiiiiiiiiiens 59

viii



Figure 4-2:

Figure 4-3:

Figure 4-4:

Figure 4-5:

Figure 4-6:

Figure 4-7:

Figure 4-8:

Figure 4-9:

Figure 4-10:

Figure 4-11:

Figure 4-12:

Figure 4-13:

Figure 4-14:

Figure 4-15:

Figure 4-16:

Figure 4-17:

Figure 4-18:

Effect of tip speed on P80 (a) HIGmIll using 5mm grinding media (b)
NETZSCH mill (Santosh et al., 2020) ........ccoovviiiiiiiiiiiiiiieeeeeeee 60

Effect of stirrer tip speed on grinding result (Ouattara & Frances, 2014)........ 60

Effect of tip speed on power for 5 mm grinding media at a 50% concentration
OF SONS .. 61

Signature plot showing the effect of tip speed on the specific energy using
5 mm grinding media at solids concentration of 50% .............ccccccceiiiiieenneennnes 62

Signature plot showing the effect of tip speed on the specific energy using
2 mm grinding media at solids concentration of 50% .............cccccceeeiiiieeeriennns 63

Effect of stirrer tip speed on specific energy and product fineness (Chaponda,

Size specific energy of different tip speed at 5 mm grinding media and solids

(ool glot=T o= L T0] I o) BT 0N 64
Effect of solids concentration on PSD for 5 mm grinding media at 700 rpm. ..65
Effect of solids concentration on PSD for 2 mm grinding media at 700 rpm. ..66

Signature plot to show the effect of solids concentration on specific energy

and P80 for 5 mm grinding media............cccceiiiiiiiiiiiicc e 68

Signature plot to show the effect of solids concentration on specific energy

and P80 for 3.5 mm grinding Media ............uuuuuuummiiiiiiiiiiiiiiiiiiiiiiiieeeieeeeeenees 68

Signature plot to show the effect of solids concentration on specific energy
and P80 for 2 mm grinding MEdial............uuuuuuuiimiiiiiiiiiiiiiiiiiiiieeeeeeeees 69

Effect of increase in solids fraction on median particle size (Stenger et al.,

Size specific energy for 40%, 50% and 60% solids concentration using 5 mm

OFINAING MEAIAL. ...ttt eennees 70

Size specific energy for 40%, 50% and 60% solids concentration using 2 mm

OFINAING MEOIAL. ...ttt ennnes 71
Effect of grinding media fill on PSD for 5 mm grinding media at 700 rpm....... 73

Effect of grinding media fill on the P80 using 5 mm grinding media at tip
speeds in the range of 350—1050 IPIM ....ouuuiiiiii i e 73



Figure 4-19:

Figure 4-20:

Figure 4-21:

Figure 4-22:

Figure 4-23:

Figure 4-24:

Figure 4-25:

Figure 4-26:

Figure 4-27:

Figure 4-28:

Figure 4-29::

Figure 4-30:

Figure 4-31:

Figure 4-32:

Figure 4-33:

Figure 4-34:

Effect of grinding media filling on the power draw for 5 mm grinding media...74

Signature plot for grinding media fill using 5 mm grinding media at 50% solids
CONCENMTTALION ... 75

Effect of grinding media filling on the size specific energy using 5 mm grinding

Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding
media at a solids concentration of 50% and a tip speed of 700 rpm............... 77

Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 40% solids
concentration using tip speeds in the range 350—1050 rpm ........ccccevveeevvvennnes 79

Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 50% solids

concentration using tip speeds in the range 350-1050 rpm .......ccccceeeeeeeeeennns 79

Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 60% solids

concentration using tip speeds in the range 350-1050 rpm.......ccccceeveeeeriennns 80

Effect of grinding media size on the power draw at a solids concentration of

Signature plot for 2 mm, 3.5 mm and 5 mm grinding media with a solids

CONCENTTALION OF 500 ... e 82

Signature plot for 2 mm, 3.5 mm and 5 mm grinding media with a solids

CONCENTIALION OF 400 ...ttt 82
IsaMill signature plots for ceramics grinding media Farber et al., (2011)........ 83

Effect of grinding media size on the size specific energy for a solids
CONCENLIAtioN Of 400 .....cuue i e e e e e aaaan 84

Effect of grinding media size on the size specific energy for a solids

CONCENTTATION OF D00 . ettt e e 84

Effect of grinding media size on the size specific energy for a solids

CONCENTTATION OF GO0 ...t e e eanas 85

PSD of monosized media and mixing grinding media sizes (combination 1 &

combination 2) at a tip speed of 700 rpm and a solids concentration of 50% .86

Effect of media size combinations on the product size (P80) compared to the
product size obtained with 2 mm, 3.5 mm and 5 mm grinding media at a solids

(oo glot=T al iz L (0] g 10 ) HEo1 0L 7 TP 87



Figure 4-35:

Figure 4-36:

Figure 4-37:

Figure 4-38:

Figure 4-39:

Figure 4-40:

Figure 4-41.:

Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:

Figure 5-9:

Figure 5-10:
Figure 5-11:
Figure 5-12:
Figure 5-13:
Figure 5-14:
Figure 5-15:

Figure 5-16:

Effect of media size combinations on power compared to the power draw of
2 mm, 3.5 mm and 5 mm grinding media at a solids concentration of 50%....87

Signature plot for media size combinations, 2 mm, 3.5 mm and 5 mm grinding

media at a solids concentration Of 500 ......c..veieieeee e aeans 88

Size specific energy for media size combinations compared to the size specific
energy for 2 mm, 3.5 mm and 5 mm grinding media at a solids concentration
OF DO ...ttt e e e e e e e s 89

Effect of media stress intensity on the P80 at a solids concentration of 50%
and grinding media Size Of 5 MM .........uuiiiiiiiiiiiii e 90

Effect of media stress intensity on the P80 at 40% solids concentration and
102 seconds milling time (LiSS0,2012) .........couuiiiiiii e 90

Stress intensity of 2mm grinding media at solids concentration of 50% ......... 91

Stress intensity plot for mill of zinc concentrate in a pin mill (Jankovic, 2003) 91

PSD for the flotation samples sent for full analysis. ..o, 95
Solids and water recovery graph ...........ooiiiiiiiiii e 96
AE rECOVEIY VS TIME ...t e e e e e aaaa s 97
AE grade rECOVEIY CUMNVE.....uuuui e e eee ettt e e e e e e e e ettt e e e e e e e e e e aa bt e e e e e e e e eeaeaaaanaes 97
First order Klimpel model for PGM recovery from UG2 ore..........cccccceeeeenenen. 98
First-order Kelsall model for PGM recovery from UG2 ore..........ccccccevvvvveenne. 99
Effect of tip speed on water and SolidS reCOVEry ..........ccccvvvvviiiiiiiiiiiiiiinnen, 100
Effect of tip speed 0n PGM r€COVEIY .........ccovviiiiiiiiiiiiiiiiiiiiiiieeeeeee 101
Effect of grinding media size on water and solids recovery............cccccc.o..... 102
Effect of grinding media size on PGM r€COVENY ..........cccuvviiiiiiiiiiiiiiiiiiiiiinnn, 103
Effect of solids concentration on water and solids recovery ............cccccvvee.... 103
Effect of solids concentration on PGM reCOVErY...........couvvviiiiiiiiiiiiiiiiiininnn, 104
Ni recovery (%) vs flotation tiMe ... 105
Cu recovery (%) Vs flotation tIMe .............uuuuuiuiimiiiiiiiiiiiiiiiieiieeeeeeeeees 105
Ni Qrade rECOVEIY CUINVES ... i eeieeeeeieeee e e e e ettt e e e e e e e e et e e e e e e e e e eeeeennnns 106
CU grade rECOVEIY CUINVES....cccuuu i eeeetteeeeettseeseetnseseetnaeeeettnaesestnaeeesnnnaaeeens 106

xi



Figure 5-17:
Figure 5-18:
Figure 5-19:
Figure 5-20:
Figure 5-21:
Figure 5-22:

Figure 5-23:

Figure 8-1:

Figure 8-2:

Figure 8-3

Figure 8-4:

Figure 8-5:

Figure 8-6:

Figure 8-7:

Figure 8-8:

Figure 8-9:

Figure 8-10:

Figure 8-11:

Cr203 rECOVEIY VS tIME ...ttt eenennneee 107
SIO2 FECOVEIY VS TIMIE ...ttt 108
Grade recovery CUrve for CraO3 ..... ... uuuruuiiiiiiiiiiiiiiiiiiiiieiiiieeeeee e 109
Grade recovery CUrve fOr SIO2.......uuuuuuuiiiiiiiiiiiiiiiiiii e 109
Copper SIZE€ reCOVEIY PIOL .......uuiiiiiiiiiiiiiiiiiiii e 110
Nickel size recovery pPlot ... 110
Chrome Size reCoVEry PlOt...........uuuuuiiiiiiiiiiiiiiiii e 111

Effect of mill speed on product PSD at 3 min grinding time, 50% solids
concentration, and a grinding media size of 2 MM ...........coovviiiiiiiiiieennieenns 134

Effect of mill speed on product PSD at 3 min grinding time, 50% solids

concentration, and a grinding media size of 3.5 MM ............ccccciiieii 134

Effect of tip speed on the PSD using 5 mm grinding media at a solids

CONCENTTATION OF 4000 ... ettt e et e et e e e e enaeens 135

Effect of tip speed on the PSD using 5 mm grinding media at a solids

CONCENTTATION OF GO0 ... e ittt ettt et e et et e e et e e e eenaeens 135

Repeat run of effect of solids concentration on PSDs for 5 mm grinding media
= LA 0 1 o 1 0 136

Repeat run of effect of solids concentration on PSDs for 3.5 mm grinding
MEAIA AL 700 IIM. ettt sesennnenes 136

Effect of grinding media volume fill on the PSD for 5 mm grinding media at a
tip SPeed Of 350 IPIM ... 137

Effect of grinding media volume fill on the PSD for 5 mm grinding media at a
tip SpPeed Of 525 IPIM ... 137

Effect of grinding media volume fill on the PSD for 5 mm grinding media at a
tip SPeed Of 700 IPIM ... 138

Effect of grinding media volume fill on the PSD for 5 mm grinding media at a
tip SPEed Of 875 IPIM .. 138

Effect of grinding media volume fill on the PSD for 5 mm grinding media at a
(]IS o1=T=To I o Bt K0 LT O I o] o o PSR 139

Xii



Figure 8-12:

Figure 8-13:

Figure 8-14:

Figure 8-15:

Figure 8-16:

Figure 8-17:

Figure 8-18:

Figure 8-19:

Figure 8-20:

Figure 8-21:

Figure 8-22:

Figure 8-23:

Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding
media at a solids concentration of 50% and a tip speed of 350 rpm............. 140

Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding
media at a solids concentration of 50% and a tip speed of 1050 rpm........... 140

Effect of tip speed on power for 5 mm grinding media at a solids concentration
OF ZOU0 . 141

Effect of tip speed on power for 5 mm grinding media at a solids concentration
OF BOU0 .. 141

Signature plot showing the effect of tip speed on the specific energy using

5 mm grinding media at solids concentration of 40% .............ccccceeeiieeeeinnnnn, 143

Signature plot showing the effect of tip speed on the specific energy using

5 mm grinding media at solids concentration of 60% .............ccccceeeeiieeeiiennns 143

Signature plot showing the effect of tip speed on the specific energy using

3.5 mm grinding media at solids concentration of 50%.............cccceeeeeeeiiennn. 144

Signature plot for 2 mm, 3.5 mm and 5 mm grinding media for a solids

CONCENTTATION OF GO0 ... eeeeieeee ettt ettt et e et e et e e e e e e e e aenaeens 146

Size specific energy of different tip speeds at 5 mm grinding media and solids

CONCENTIATION OF 40D ...ttt eenn 147

Size specific energy of different tip speeds at 5 mm grinding media and solids
CoONCENtration Of BOYD ..........eveeieiii e e ee e e e et e e e e e eeeraa e e e e e e e eeanne 147

Size specific energy for 40%, 50% and 60% solids concentration using
3.5 MM grinding MEIA ........uuuuiiiiiiiiiiiiiiii e 148

Stress intensity graph for 2 mm grinding media at a solids concentration of

Xiii



Table 2-1;

Table 2-2;

Table 2-3;

Table 2-4:

Table 3-1;

Table 3-2;

Table 3-3:

Table 4-1

Table 4-2:

Table 8-1:

Table 8-2;

Table 8-3:

Table 8-4:

Table 8-5:

Table 8-6:

Table 8-7:

Table 8-8:

Table 8-9:

Table 8-10:

Table 8-11:

Table 8-12:

LIST OF TABLES

Stirred mills available for the minerals processing industry ..................cccceee. 13
Stirred mill parameters (Kwade & Schwedes, 2007) .........ccovvviviiiiiiiiiieeeeeeinns 20
Studies conducted on mill tip speed and mill speed ranges.................cceeveeee 22

Optimum grinding media to top size ratios for different mills and materials

(oS T T2 0 ) TP 29
Characteristics of UG2 ore (Ramlall, 2013).........coovviiiiiiiiiieeeiiieiiiiee e, 46
Grinding media Specifications. ............oooiiiiiii e 47
Average no-load power for the different stirrer speeds.............cccvvvevvvveenneenn. 52
Recorded mil power at the different solids concentration ..............ccccccceeeeenn. 66
Proportions of the media size used for each combination...............cccccc........ 85
FLSMidth VXPMIll RANGES.......ccooiiiiiiiiiiiiiiiie 124

The different mills available and their motor capacity (Young & Kawatra, 2019)

.................................................................................................................... 125
Milling parameters teSted. ... 126
40% solids concentration rECIPE .......ccoeeeeeeeee e 127
50% s0lidS CONCENTrAtiON FECIPE ......uuuuiiiiiiiiiiiiiiiiiiiiiiiiibibeeeeeeeaeeeeeee 127
60% solids concentration rECIPE ........ovveiiiieii e e e e eeanes 127
Core experimental teSt MALriX ........coeiiiiiiiiiiiii e 128
The effect of solids concentration on power for 3.5 mm grinding media....... 142
The effect of solids concentration on power for 3.5 mm grinding media....... 142

Specific energy and P80 data for 40%, 50%, 60% solids concentration using

2 mm grinding MEIA .......oooeeiii e 145

Specific energy and P80 data for 40%, 50%, 60% solids concentration using

2 mm grinding MEdIA .......oooeeiiii e 145

Specific energy and P80 data for 40%, 50%, 60% solids concentration using

5 MM grinding MEIA .......uuuuuuiiiiiiiiiiiiiiiiii bbb 146

Xiv



Table 8-13:

Table 8-14:

Table 8-15:

Effect of tip speed on water and SolidS reCOVEry ..........ccccvvvvvviiiiiiiiiiiiiieiee,
Effect of grinding media size on water and solids recovery............cccccceee....

Effect of solids concentration on water and solids recovery .............ccccco......

XV



PGM:

HIG:

uUG2:

Hm

rpm:

PSD:

F80:

P80:

LIST OF ABBREVIATIONS

Platinum group metal

High intensity grinding

Upper ground 2

Micrometres

Revolutions per minute

Particle size distribution

Size at which 80% of the feed material passes

Size at which 80% of the product material passes

XVi



Introduction

1. INTRODUCTION

The intention of this thesis is to evaluate the response of platinum ore from South Africa’s
Upper Ground 2 (UG2 ore) reef to fine grinding using a high intensity grinding mill (HIGmill).
The HIGmill is a vertical stirred fine-grinding technology adopted for the mining industry. UG2
platinum ore requires two or more milling stages to recover its valuable minerals using flotation
downstream. For this thesis, the milled material was processed using froth flotation to assess
the degree of grinding in the recovery. Froth flotation was chosen because it is the recovery

method applied for the UG2 platinum ore at almost all plants processing this ore type.

This first chapter provides the background and the motivation for the work performed in the
thesis. The problem statement, research objectives and the research limitations are presented
as part of the introduction.

1.2 Background

The process of comminution is a primary step in mineral processing, where the ore is ground
into finer particles. Comminution can be divided into three stages: blasting, crushing and
grinding (Jankovic et al., 2006 ; Jeswiet & Szekeres, 2016). The main aims of these stages
are to process the ore for handling in subsequent units and to liberate the valuable minerals
for downstream processes, such as flotation and leaching, where the valuable minerals are

separated out.

Comminution is energy intensive, and approximately 30% of concentrator energy is used in
comminution processes (Ntsele & Allen, 2012). The characteristics of the ore, such as its
mineral structure, mineral composition and ore hardness, are important in determining the
energy consumed during comminution. Depletion of high grade and easy-to-process ores has
led mining companies to start processing complex low-grade ores. Complex ores are generally
difficult to process, and some contain fine-grained minerals that require finer grinding to reach
the required degree of liberation (Jankovic et al., 2001). Efficient processing of complex and
fine-grained minerals has become a major focus point for the mineral processing industry. The
ores containing fine-grained minerals are usually classified among competent ores in terms of
resistance to grinding, although some fine-grained ore types do not exhibit competent ore

breakage characteristics.

The UG2 ore considered in this research is a fine-grained ore type but not competent in terms
of breakage characterisation and therefore requires more energy when using conventional

1
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grinding equipment (Cramer, 2001). Cramer (2001) stated that UG2 ore is fine-grained and
requires fine grinding for “full liberation” to take place. UG2 ore has the unique breakage
characteristic that the coarse rock breaks easily, but it is difficult to grind the sub 600 pm
particles down to sub 150 pm.

Conventionally, tumbling mills such as semi-autogenous (SAG) mills and ball mills have been
used for both coarse and fine grinding (80% passing the 75 um sieve). However, the
requirement to grind ore into finer particles so that more than the conventional 80% passes the
75 pm sieve has exposed the limitations of conventional circuits in producing a finer grind at
reasonable energy utilisation levels. The application of tumbling mills to achieve such fine
grinds has proven to be both energy intensive and energy inefficient. The mineral processing
industry is therefore installing more energy-efficient technologies for fine grinding, and stirred
mills are among the fine-grinding technologies that are being incorporated in comminution

circuits (Hasan et al., 2016).

A stirred mill is a mill with a stationary grinding chamber fitted with an agitator (Lichter & Davey,
2006). Grinding media such as steel beads and ceramic beads are used in the mill to provide
the forces and contact to break the ore particles. Stirred mills are widely used in the
pharmaceutical and paint industries, and were introduced to the mineral processing industry
in the late 1980s (Rule, 2010; Radziszewski & Moore, 2017). Currently, there are many stirred
mills in the marketplace but the HIGmill is one of the new milling technologies being introduced
(Lehto & Paz, 2013).

The HIGmill is a high-speed, vertical stirred mill that uses vane grinding discs and static shell
stator rings to cause the media grinding motion (Erb et al., 2015). The vertical design of the
mill allows gravity to ensure that there is constant contact between the grinding media and the
ore particles (Roitto et al., 2013). The internal design of the HIGmill allows it to have up to 30
grinding chambers (Astholm, 2015). The key operating variables of the HIGmill are throughput,
grinding time, solids concentration, mill tip speed, media size, media material and media filling.
It is important to understand the combination of parameters that is optimal for downstream
efficiencies. The study evaluated the key operating parameters that affected stirred mill
performance to determine the best combination to yield a fine grind that does not negatively

impact downstream efficiencies.

With proven increased milling efficiencies, it is also valuable to investigate the response of the
finely milled product to downstream processes. Recovery of platinum group elements in the

UG2 ore is achieved by flotation, which is followed by the concentrates’ being treated with
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pyrometallurgy processes (Ekmekgi et al., 2003). The standard reagent suite used to float the
UG2 ore includes a depressant, a collector and a frother. Flotation of the UG2 ore can be
problematic because of the chromite that reports to the flotation concentrate, as chromite
affects the efficiency of the smelting process (Wesseldijk et al., 1999). In the study, the milled
product was further processed using flotation, and the results were analysed to determine the
milling conditions that give the best flotation results.

1.3 Problem Statement

The complex and fine-grained nature of current ore bodies means that the ore requires fine
grinding to achieve sufficient mineral liberation. Obtaining a fine product with conventional
milling technologies such as tumbling mills has proven to be energy intensive. The minerals
processing industry needs new energy efficient technologies that are capable of fine-grinding

complex ores.

1.4 Objectives

This thesis aimed to investigate the influence of milling operating parameters such as mill tip
speed, solids concentration and grinding media size on the performance of the HIGmill (energy
efficiency and grind PSD).

The objectives of the thesis were:

1. To investigate the influence of milling tip speed on product size and energy consumption
2. To investigate the influence of solids concentration on product size and energy
consumption
To investigate the influence of grinding media size on product size and energy consumption
To determine the optimal fine grinding conditions for the UG2 ore

To determine the influence of fine grinding on flotation efficiencies.
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1.5 Sustainable Development Goals

8 DECENT WORK AND
ECONOMIC GROWTH

14 S 16 e | 47 s
E A :-;5

Figure 1-1: Sustainable development goals

This project aimed to directly address the following sustainable development goals:
e Sustainable development goal #9: Industry innovation and infrastructure

The HIGmiIll is a novel vertical stirred mill with rotating grinding discs, and it has the

potential to produce better efficiencies for the mining industry.

e Sustainable development goal #12. Ensuring sustainable consumption and production

patterns

The study demonstrates that using the HIGmill for fine-grinding purposes is more

energy efficient than the current methods.

1.6 Limitations of Research

The research was limited to the use of a UG2 ore. The research was also limited to evaluating
the performance of the HIGmill in terms of the grinding and flotation response of a UG2 ore.
The HIGmiIll tests were performed under batch conditions and no continuous or classification
effects were considered. The flotation tests were conducted using standard UG2 ore reagent

doses and no reagent suite optimization was considered.

1.7 Thesis Structure

This thesis comprises five chapters, which are followed by a list of references and the
appendices. This section provides an overview of each chapter in the thesis.
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1.7.1 Chapter 1: Introduction

Chapter 1 provides the background for the work carried out in the research. The chapter then
discusses the problem statement, research objectives and limitations of the work carried out.

1.7.2 Chapter 2: Literature Review

Chapter 2 reviews the relevant literature for the research work. The literature review highlights
the stirred mills that are on the market and details similar studies conducted on various ores.
The literature also takes a look at the flotation principles and reviews the flotation of UG2 ores.
A hypothesis and relevant questions are then formulated based on the synthesised literature.

1.7.3 Chapter 3: Experimental Methods

Chapter 3 discusses the materials and methods that were used to test the hypothesis. The
chapter details the equipment used and the procedures followed during the milling and the

flotation experiments.

1.7.4 Chapter 4: Results and Discussion

Chapter 4 provides the results from the study and discusses the results. The results are
interpreted and compared with previously published work.

1.7.5 Chapter 5: Conclusion and Recommendations

Chapter 5 concludes the work done in the study and describes the outcomes of the tested
hypotheses. The key questions presented in earlier chapters are answered in this section.
Chapter 5 also contains recommendations resulting from the research and it highlights areas

that can be investigated in future studies.
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2. LITERATURE REVIEW

This chapter critically reviews the literature that is relevant to the study, including previous
studies conducted on similar equipment. The principles of comminution and the fundamentals
of particle breakage are examined. The concept of fine grinding is introduced, with the stirred
milling equipment that is relevant to fine grinding. The HIGmill is discussed, with the history of
the equipment, and the operating parameters are reviewed. The flotation process is appraised
in reference to the standard platinum group metals (PGMs) flotation process. The findings from
the literature review are synthesised into a hypothesis for the study, and key questions are

formulated.

2.1 Principles of Comminution

Many of the existing minerals are locked in gangue material and need to be unlocked through
comminution processes (Wills, 1997).

2.1.1 Comminution

In the mineral processing industry, comminution is a process that aims to liberate valuable
minerals so that the minerals can be separated from the gangue in downstream processes
(Jankovic, Valery & La Rosa, 2001). Comminution starts at the mine with the blasting of ore
(Jankovic et al., 2006). After the blasting process, the ore is further fragmented through
crushing and grinding processes, where crushing uses compressive forces to break the rocks,
and grinding further reduces the particle size so the mineral surfaces can be exposed for
downstream processes (Jeswiet & Szekeres, 2016). The comminution in the scope of this

thesis focuses on grinding and excludes blasting and crushing.

The main function of the comminution process is particle size reduction that results in the
liberation of the valuable minerals from the gangue (Wills, 1997). For size reduction to take
place, the structure of the minerals must be understood. Comminution theory assumes that
material is brittle; however, some crystals exhibit elastic behaviour (Napier-Munn & Wills,
2006). There are three main types of elastic behaviour: linear-elastic, elastic-plastic and visco-
elastic, and the correct amount of stress should be applied to the material to reach its elastic
limit, resulting in breakage (Peukert, 2004). Other material properties that need to be
considered for optimal breakage mechanisms to be applied include density, yield strength,

hardness and fracture roughness (Peukert, 2004).
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Apart from the material type, the grinding equipment must be considered. There are many
types of equipment that are designed for size reduction. These include crushers, tumbling
mills, vibratory mills and stirred mills (Lichter & Davey, 2006). Aspects of the equipment that
need to be considered include equipment type, equipment size and equipment speed, as these
parameters directly determine the stress intensity in the mill (Peukert, 2004). Comminution can
thus be thought of as a process function that depends on equipment (the mill) and material, as
illustrated in Figure 2-1.

process function

1,

Slross Ve breakige mill material

« machine type and size » density

product = grinding tools * Young's modulus
« revolution speed « yield strength
e air flow rate = fracture roughness

« solids concentration * hardness
: = application properties

stresstype breakage probability
intensity functio
umber

product properties

Figure 2-1: Comminution represented as a process function (Peukert, 2004)

2.1.2 Particle breakage

Particle breakage occurs as a result of stress applied to a particle, and it occurs through
different mechanisms (Hogg & Cho, 2000). Particle breakage mechanisms can be
differentiated in terms of the effect of the particle or of the forces that result in particle breakage
(Pitchumani et al.,, 2004). Pitchumani et al. (2004) categorised the particle breakage
mechanisms into three groups: body mechanisms, surface mechanisms and other
mechanisms. However, Hasan et al. (2017) recently stated that the three main particle

breakage mechanisms are fracture, cleavage and abrasion.

Cleavage occurs because of the slow application of intense stress (compression), producing

fragments smaller than the parent particle (Hasan et al., 2017).
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Fracture breakage is also known as impact breakage or shatter, and it involves the
propagation of cracks in the parent particle that result in smaller particle fragments (Gao &
Forssberg, 1995; Pitchumani et al., 2004; Hasan et al., 2017). Fracture results in a wide range
of particle sizes, and fracture breakage can be the result of cleavage (King, 2001; Hasan et
al., 2017).

Abrasion is a surface breakage mechanism that occurs when two particles move parallel to
their plane of contact (Napier-Munn et al., 2005).

The breakage mechanisms are associated with each other, and they are influenced by the mill
type, operating conditions and the material being ground (Hasan et al., 2017). However, the
dominant particle breakage mechanisms for comminution differ with equipment type. For
AG/SAG mills, the three dominant breakage mechanisms are abrasion, attrition and impact
(Napier-Munn et al., 2005). In ball mills, the main breakage mechanism is impact breakage
which occurs at the toe of the mill (Little et al., 2017). Many researchers have determined that
the breakage mechanisms in stirred mills, regardless of orientation, are abrasion and attrition
(Gao & Forssberg, 1995; Sinnott, Cleary & Morrison, 2006; Ye et al., 2010; Little et al., 2017).
Comminution devices that have abrasion as the dominant breakage mechanism have a narrow
product size distribution, as shown in Figure 2-3 (Gao & Forssberg, 1995).
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Figure 2-2: Particle breakage mechanisms, where circles represent grinding media (Little et al., 2017)

Many models have been developed to predict the size distribution of a milled product, and it
was established that fine-grinding breakage kinetics follow a non-first-order model (Gao &
Forssberg, 1995; Hasan et al., 2017).
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Figure 2-3: Resulting size distributions of the different breakage mechanisms (Gao & Forssberg, 1995)

The existing non-first-order models have two components: the breakage function and the
distribution function (Hogg & Cho, 2000; Hasan et al., 2017). For fine grinding, the breakage
and distribution functions are difficult to determine because of the sub sieve ranges (Hogg &
Cho, 2000).

2.1.3 Energy consumption

Energy consumption in the mineral processing industry is becoming of increasing concern.
Mining activities consume a great deal of energy, as shown in Figure 2-4, and 50% of the
energy used in mining is used in comminution activities (Napier-Munn, 2012). In the United
States of America (USA), comminution processes account for 3.8% of the total electricity
consumption and 40% of USA mining energy use (De Bakker, 2014). Ballantyne et al. (2012)
estimated that 9% of Australia’s energy consumption is by comminution processes. If the
existing comminution equipment in mineral processing plants is not upgraded to more energy
efficient equipment, there will be an increase in mining energy consumption because of the
complexity of the remaining ore bodies. For example, it is estimated that there will be a 16%
increase in energy consumption by the Canadian copper mining industry between 2016 and
2025 (Jeswiet & Szekeres, 2016).
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Figure 2-4: Percentage of total electricity consumption used by mining and minerals industries for selected

countries and the EU (Napier-Munn, 2012)

Most of the energy that goes into grinding and grinding processes is converted to heat energy
or is absorbed by the equipment, with only a small proportion of the energy going to particle
breakage (Napier-Munn & Wills, 2006). For example, only 15% of the energy input into a ball
mill goes to size reduction (Napier-Munn & Wills, 2006).

Many relationships have been established to determine milling energy consumption. Von
Rittinger’s theory states that the energy consumed by the size reduction is proportional to the
new surface area produced, and it is given by Equation 1 (Napier-Munn & Wills, 2006).

Equation 1

E—Kl 1
- Dy Dy

where E is the energy input, K is a constant, D, is the initial particle size and D, is the
final particle size.

Kick recognised a similar relationship where the work required is proportional to the particle
volume reduction (Napier-Munn & Wills, 2006).

10
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Equation 2
10W; _ 10W;
W= "

where W; is the work index (kW/t required to reduce the material from theoretical
infinite size to 80% passing 100 pum), P is the diameter through which 80% of the
product passes, and F is the diameter through which 80% of the feed passes (Napier-
Munn & Wills, 2006).

These equations relate the energy consumed to the particle properties, which means that the

relationships are applicable over a wide range of milling equipment, including stirred mills.

Over the last 20 years, it has been established that stirred mills are superior to ball mills in
energy efficiency, so their use in the mining industry is increasing (Danielle et al., 2017). Stirred
mills are approximately 50% more efficient than ball mills (Jeswiet & Szekeres, 2016). Rule
(2009) conducted a study comparing the IsaMill and the ball mill at an Anglo-American plant,
and his results showed that the IsaMill was more energy efficient than the ball mill.

2.2 Fine Grinding

2.2.1 Basics of fine grinding

Grinding can be classified into three; coarse grinding, intermediate grinding and fine grinding
(De Bakker, 2014). The current mineral ore bodies are increasing in complexity; they have
finer grain sizes and some have low grades, and they require fine grinding to achieve the
necessary degrees of liberation (Jankovic et al., 2001). The definition of fine grinding differs
between industries and between scholars (Jankovic, 2003). Gao & Holmes (2008) defined fine
grinding and ultra-fine grinding as 80% passing through a 20 um screen and 80% passing
through 7 um, respectively. However, Jankovic (2003) defined fine grinding as 80% passing
through 30 pm and ultra-fine grinding as 80% passing through 10 pm, as shown in Figure 2-5.

11
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Figure 2-5: Classifications of the different grinding classification according to Jankovic (2003)

The mills that can be used for fine grinding fall into four categories: ball mills, stirred media
mills, centrifugal mills and jet mills (Lichter & Davey, 2006). Ball mills and stirred mills make up
the bulk of the fine-grinding equipment (Lichter & Davey, 2006). Lichter & Davey (2006)
showed that stirred mills are replacing ball mills for fine-grinding applications because they are
more energy efficient than tumbling mills (Figure 2-6). Jankovic (2003) made a similar

observation.

100
g \.\ —&- Tumbling Mills
; \\ —&— Stirred Media Mills
% 9 = e
2
3 \\\
o \\.\
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1
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Specific Energy, kW-hrt
Figure 2-6: Relative performance of tumbling mills and stirred media mills (Lichter & Davey, 2006)

2.3 Stirred Mills

Stirred mills are mills that effect grinding by stirring together ore particles and grinding media.
The first application of stirred milling technology in the minerals industry was in the late 1980s
when the IsaMill was used in the lead and zinc industry by MIM (Xstrata Technology) (Rule,

2010). Since then, there has been an increase in the use of stirred mills in the minerals industry,

12
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and there are currently many stirred mills on the market. Table 2-1 highlights some of the
different stirred mills available for the minerals processing industry.

A stirred mill consists of a chamber with a media agitator that can have spiral screws, pins or
discs, and the media can be either fluidised or agitated (Lichter & Davey, 2006). When the
media is fluidised, it forms a cavity near the shaft and is displaced near the wall. The role of
the agitator is to stir the media, which causes particle breakage. There are many ways to
classify stirred mills but agitator speed, mill orientation and mill geometry are the commonly
used classifications. Jankovic et al. (2001) classified stirred mills in terms of orientation and
speed. The two orientations of stirred mills are vertical, such as the Tower mill, and horizontal,
such as the IsaMill. When classifying stirred mills in terms of their speed, the rotation rate of
the stirrer tip is considered (Jankovic, Valery & La Rosa, 2001). High-speed mills operate at
five times the speed of low-speed mills (15 mm/s) and they achieve a grind as fine as 5 ym
(Jankovic et al., 2001). One of the advantages of stirred mills is that their performance is

independent of their energy intensity (Lichter & Davey, 2006).

Particle breakage within stirred mills is determined by the shear and compression forces from
the grinding media, the frequency with which stress events happen in the mill, and the intensity
of the stress (Outotec, 2016). The dominant breakage mechanism in most stirred mills is
attrition or shear type grinding (De Bakker, 2014). Attrition of particles in stirred media mills is

caused by shear and compression stress, as illustrated in Figure 2-7.

Table 2-1: Stirred mills available for the minerals processing industry

Mill name Manufacturer | Mill orientation | Agitator type Feed size Product size
(F80) (P80) range
range (um) (Hm)
Vertimill Metso Vertical Helical Screw 100-300 15-100
Stirred Media Metso Vertical Impellers 15-100 6-7
Detritor (SMD)
Tower Mill Kubota Vertical Helical Screw 100-300 15
ANI Metprotech | ANI Metprotech Vertical Helical Screw - -
Mill
Knelson Deswik Vertical Impeller discs 300-400 -
Deswick Mill/
VXP Mill ‘
HIGmill Outotec Vertical Rotating >212 20
grinding discs
IsaMill Mt Isa Mines & Horizontal Rotating >300 7
Netzsch GmbH grinding discs
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Figure 2-7: Stresses causing attrition grinding in stirred mills (Outotec, 2016)

2.3.1 Horizontal stirred mills

2.3.1.1 IsaMill

The IsaMill was developed by Mount Isa Mines Limited and NETZCH-Feinmahltechnik GmbH
in 1990 (Jankovic, Valery & La Rosa, 2001), and the first IsaMill was put into operation at
Mount Isa Mines (MIM) in 1994 (Jankovic, 2003).

The IsaMill is a high-speed horizontal mill with a static cylindrical body that is fitted with rotating
grinding discs (Jankovic, Valery & La Rosa, 2001). The mill uses silica sand, slag and ceramic
grinding media and operates at high power intensities in the order of 300 kW/m? (Ye et al.,
2010). The IsaMill (Figure 2-8) is fitted with an internal classifier, and the feed passes through
eight stages of grinding before classification (Glencore Technology, 2015).
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MILL (SLURRY and
DISCHARGE MEDIA)

Gearbox Rotor
SHELL SLIDES AWAY
FOR MAINTENANCE

}#

Motor Shaft Grinding
Bearings Discs
Figure 2-8: Schematic diagram of an IsaMill (Howling Pixel)

The IsaMill size ranges from 300 kW to 8000 kW. The discs rotate at up to 21 m/s (Glencore
Technology, 2015). Typically, the media load of the mill is 60% and it can produce a P80 of
7 um. The rotation of the shaft results in the grinding discs’ agitating the media in a centrifugal
motion towards the shell liner and, as the media reaches the liner, it is redirected to the mill

shaft area (Anderson & Bandarian, 2019).
2.3.2 Vertical stirred mills

2.3.2.1 Tower mill/Vertimill

Nippon-Eirich currently owns the Tower mill, but it was invented by Iwasaki Iskoichi and
introduced to industry by the Nichitsu Mining Industry Co. Ltd in 1953. Now, it is produced and
marketed by Metso Minerals Ltd (Jankovic, 2008).

The Tower mill was the first low-speed vertical mill to be used in the minerals industry
(Jankovic, 2003). The Vertimill has a static cylindrical shell that is fitted with a helical screw
agitator. The helical screw agitator provides a lifting and rotating action that results in the
grinding action in the mill. The mills also have a settling classifier and a pebble port, which is
used to remove the grinding media. Figure 2-9 shows the schematics of the Tower mill and the
Vertimill. There are over 250 Tower mills and 220 Vertimills installed in the industry (Rocha et
al., 2018).
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Figure 2-9: The Kubota Tower Mill and the Metso Vertimill (Rocha et al., 2018; Ntsele & Allen, 2012)

The Vertimill has been applied in many industries, including the gold and zinc industries (Rocha
et al., 2018). The Vertimills come with an installed power between 11 kW and 3352 kW and
have a typical tip speed of 3 m/s (Metso, 2018). Ceramic or steel media of sizes ranging from
6 mm to 40 mm can be used. The Vertimill is suitable for primary grinding, secondary grinding,
regrinding, fine grinding and lime slacking. The size of media is chosen to suit the application.
Depending on the application, the mill usually works in closed circuit with hydrocyclones and

can achieve a product with 80% passing the size of 15 um (Bergerman & Delboni, 2014).

2.3.2.2 Stirred Media Detritor

The Stirred Media Detritor (SMD) is currently produced and sold by Metso Minerals Ltd. The
original design for the SMD was developed in the 1960s by ECC International under the name
SM mill for their kaolin and calcium carbonate plants (Lofthouse & Johns, 2002). Around 1995,
ECC International and Svedala Industries researched the use of the SM mill with metalliferous
feeds. The SM mill for grinding metalliferous ores became known as the Svedala detritor, now
the Metso SMD (Lofthouse & Johns, 2002).

The SMD is a fluidised media mill (Figure 2-10). The mill design was adapted from the sand
mills used in the pigment industry (Gao & Holmes, 2008). The SMD has an octagonal static
body that is fitted with a multi-armed impellor, and there are also polyurethane screens at the
top to retain the grinding media within the mill (Ntsele & Allen, 2012). The stirrers can rotate at
a tip speed of 11 mm/s (Gao & Holmes, 2008).

Feed of 30—60% solids enters from the top of the mill and is directed to the bottom of the mill.
The ceramic or silica grinding media of 1-3 mm in diameter is added from the media feed
chute (Metso, 2019; Lichter & Davey, 2006). The feed size of the slurry is typically 15-100 pm
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and the product can be is as fine as 80% passing 6 um (Lichter & Davey, 2006). The SMD can
therefore be used for fine and ultra-fine grinding. It is usually operated in open circuit.

Bher \I
Gear Reducer \

Media Retention
Screens

Manual Media Inlet

-

Discharge Screens i ’

Access Panel \HT‘
Product Launder ——

Launder Cleanout

Side Liners

Poly. Covered
Shaft

Replaceable
Arms

Base Liner

Figure 2-10:  Metso Stirred Media Detritor (SMD) Mill (Ntsele & Allen, 2012)

2.3.2.3 Knelson Deswik mill/(VXP mill

The Knelson Deswik mill is a vertical stirred mill that was designed for fine grinding in the 1990s
for the pigment industry and was later modified to be used in the minerals industry (Rahal,
Erasmus & Major, 2011). The Knelson Deswik mill is now called the VXPmill and is produced
by FLSmidth (Reddick et al., 2014).

The VXPmill (Figure 2-11) has modular disc impellers and was designed for slurries with an
F80 of 300-400 um. The mill is used for fine and ultra-fine grinding applications. It operates at
tip speeds in the range of 10-12 m/s and is an intermediate between low-speed and high-
speed mills (Rahal, Erasmus & Major, 2011). The mill works well in an open circuit. The
grinding media type depends on the application but is usually beads with a diameter of 1.5—
12 mm, and the mill can have a media load of 65-80% by volume (Rahal et al., 2011). The
VXPmill comes in different sizes of installed power between 3.7 kW and 3000 kW, and the
volumes are 3-1000 litres (Table 8-1). Slurry enters the bottom of the mill and exits through

the top via the media retention screen (FLSmidth, 2018).
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Figure 2-11:  The FLSmidth VXPmill (FLSmidth, 2018)

2.3.2.4 HIGmill

The HIGmiIll was originally manufactured and sold by Swiss Tower Mills (STM), but it is
currently marketed by Outotec (Erb et al., 2015). A schematic of the HIGmill is shown in Figure
2-12. The technology was previously used in the calcium carbonate industry (Lehto & Paz,
2013).

The HIGmill is a vertical mill with a static mill body, which consists of an agitator system that
has rotating discs placed between stationary counter discs (Astholm, 2015). There are 12
different HIGmill types, each with installed power that ranges between 132 kW and 5000 kW,
with corresponding volumes between 400 L and 27,500 L (Lehto & Paz, 2013). The HIGmill
has a variable speed drive with tip speeds of 4-8 m/s for the small mills and 8-12 m/s for the
larger mills (Lehto & Paz, 2013).

The HIGmiIll is designed for regrinding and ultra-fine grinding. It has been applied to the
regrinding of concentrates and fine grinding of precious metals (Junnola, 2013), and iron ore
tertiary grinding. The mill works in open circuit. Grinding media can be in the form of steel balls
or ceramic media, with a size range of 0.5-6 mm depending on the feed size (F80) and the
required product size (P80). Ceramic media is used in the processing of sulphide ores in order
to minimise galvanic interactions (Lehto et al., 2015). Of the installed HIGmills, the coarsest
feed size is 212 um and the mill produces a P80 of 20 um (Astholm, 2015).
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The feed to the mill enters from the bottom and the product exits from the top of the mill. The
slurry is transported upwards through the rotating discs and the space between the static
counter discs and the wall (Lehto et al., 2015) (see Figure 2-12). Up to 30 discs can be installed
in the mill, creating up to 30 grinding stages. The pump speed helps create a sharp size
distribution curve in the mill by ensuring the fine particles are transported out of the mill faster.
Gravitational forces help the coarse particles and the grinding media to be retained within the
mill (Astholm, 2015).

- Lower intensity grinding zone
+ Closerto the shaft

- More in the upper part of the mill

% High intensity grinding zone
« Atthe disk shell clearance
+ More in the lower part of the mil

Figure 2-12:  Outotec HIGmill (Astholm, 2015)

2.4 Operating Parameters of Stirred Mills

Many parameters affect grinding in stirred mills. Kwade & Schwedes (2007) divided the
parameters into four groups: operating parameters, operation mode, composition of
suspension and mill geometry, as shown in Table 2-2. Jankovic (2003) defined the important
parameters to be considered as mill design, grinding media, mill speed and slurry density. Most
of the parameters identified by Jankovic (2003) fall under Kwade & Schwedes' (2007) definition
of operating parameters. Many scholars have studied the different stirred mill parameters that
affect fine grinding and they noted that the most important parameters are the stirrer tip speed,
the solids concentration and the grinding media properties, such as size and material (Zheng
et al., 1996; Jankovic, 2003; Gao & Holmes, 2008).
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Table 2-2: Stirred mill parameters (Kwade & Schwedes, 2007)

Group Parameters

Operating Grinding or dispersing time, throughput, stirrer tip speed, grinding media size,

Parameters grinding media material (density, elasticity and hardness), grinding media filling
ratio

Operation Mode | One or multiple passage mode; pendulum or circuit operation

Composition of Solids concentration; type of solvent, additives or dispersing agents
the Suspension

Mill Geometry Type of mill; size and dimensions of mill

2.4.1 Mill geometry

When considering mill geometry, factors such as the mill orientation, impeller design and the
size of the mill are relevant. Aspects of the mill geometry have to suit the grinding application.

There are different sizes of mills available for different duties.

Stirred mills come in two orientations: vertical and horizontal. The IsaMill is the only horizontal
stirred mill mentioned above. A major factor to consider when choosing between a horizontal
stirred mill and a vertical stirred mill is the footprint (Wills & Finch, 2016). Horizontal stirred
mills have a larger footprint than vertical stirred mills; however, vertical stirred mills require
more headroom than horizontal mills (Wills & Finch, 2016). Vertical stirred mills also have
gravitational forces acting on their load and this affects their grinding (Cayirli & Serkan, 2017).
The gravitational forces in the mill contribute to a settled load which negatively affects the
grinding resulting in the vertical mill producing a coarser product than the horizontal mill for the

same stress intensity as shown in Figure 2-13 (Cayirli & Serkan, 2017).

8.00
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+ Horizontal
7.00
= 6.00
5.00
750 kJ /kg
4.00 T T T

0.01 0.1 1 10 100
SIcy (10 Nm)

Figure 2-13:  Grinding product size at 750 kJ/kg energy input for horizontal and vertical stirred mill (Cayirli &
Gokcen, 2017)

There are several agitator designs available for stirred mills; however, the three commonly
used agitators are helical screw, pin and disc impellers, as shown in Figure 2-14. Pin impellers

and disc impellers are found in fluidised stirred mills, where they enable the suspension and
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the grinding media to mix thoroughly (Hasan et al., 2016). Helical screw agitators are found in
gravity-induced mills (low-speed mills) where the impeller allows the cascading and settling
action of the media to promote particle breakage (Hasan et al., 2016).

Pin Disc Screw (Auger)

Impeller shape

Figure 2-14:  Three impeller designs common to stirred mills on the market (Wills & Finch, 2015)

2.4.2 Mill speed

When discussing the speed of a stirred media mill, the speed refers to the impeller tip speed,
which is the tangential speed of the stirrer tip (Jankovic et al., 2001). The stirrer speed is an
important parameter in stirred media mills because it affects the interaction between the media
and the particles (Mankosa et al., 1989). The speed of the impeller affects the frequency and
intensity of collisions between media and particles (Bel Fadhel & Frances, 2001).

Many studies have been conducted to study the comminution effect of stirred mill speeds.
Various ranges of tip speeds have been tested throughout the studies conducted on stirred

mills, some of which are highlighted in Table 2-3.

Stirred mills can operate at high speeds. Running them at high speeds increases the fineness
of the product and the energy input but also leads to a decrease in the milling efficiency (Zheng
et al., 1996; Weller et al., 2000; Bel Fadhel & Frances, 2001; Jankovic, 2003). Bel Fadhel &
Frances (2001) ran several experiments with alumina hydrate using a stirred media mill and
one of the parameters they tested was the stirrer speed (Figure 2-15). The experiments
showed that increasing the impeller speed resulted in the particles reaching their limit of
fineness faster. The authors also observed that the impeller speed has no effect on the
comminution process when the specific energy is low and that, for higher specific energies, an
increase in impeller speed decreases the mill efficiency. The findings of Bel Fadhel & Frances
(2001) were similar to results obtained by Zheng et al, (1996), who concluded that increasing
the impeller speed results in an increase in the product surface area and energy input;

however, increasing impeller speed results in a decrease in energy efficiency.

Becker et al. (2001) conducted experiments on limestone and fused corundum and observed

that, at high tip speeds, the time taken to achieve a certain level of product fineness is reduced.
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Becker et al. (2001) concluded that increasing the mill tip speed increases the milling efficiency,
contradicting the previously highlighted studies conducted by Bel Fadhel & Frances (2001) and
Zheng et al. (1996).

He and Forssberg (2007) suggested that there is an optimum mill tip speed. If a mill operates
below this optimum speed, the grinding media motion and resultant stress intensity are too low
to cause adequate breakage events in the mill (He & Forssberg, 2007). However, if the mill is
operated above the optimum, the energy imparted to the grinding media is wasted (for
example, heat energy). The observations of He and Forssberg (2007) follow the results of
experiments run by Yang et al. (2006) for their Discrete Element Method (DEM) models. These
models showed that there is an optimum velocity for stirred mill operation and this optimum
value varies with the operational conditions. This means that, when stirred mills are installed
in their comminution circuits, adequate optimisation tests must be run to establish the optimum

milling parameters for the installed stirred mill.

Table 2-3: Studies conducted on mill tip speed and mill speed ranges

Study Tip Speed | Reference

Range

(rpm)
Effect of operating parameters in stirred ball mill 200-300 (Mankosa et al., 1986)
grinding of coal ‘
Effect of media size in stirred ball mill grinding 200-765 (Mankosa, Adel & Yoon, 1989)
Prediction of product size distributions for a stirred 805-2253 @ (Gao & Forssberg, 1995)
ball mill

A study on grinding and energy input in stirred 260-1000 | (Zheng et al., 1996)
media mills

Wet batch grinding of alumina hydrate in a stirred 2130-4370 @ (Bel Fadhel & Frances, 2001)
bead mill

Variables affecting the fine grinding of minerals 50-150 (Jankovic, 2003)
using stirred mills

Influence of slurry rheology on stirred media 1204-2255 (He & Forssberg, 2007)
milling of quartzite

Effects of disc rotation speed and media loading 400-1000 | (Jayasundara et al., 2010)
on particle flow and grinding performance in a
horizontal stirred mill

Effect of operating variables on IsaMillTM 1500-1800 @ (Chaponda, 2011)
performance using platinum bearing ores (MSc.
Thesis)

Grinding of calcite suspensions in a stirred media 1500-2500 | (Ouattara & Frances, 2014)
mill: Effect of operational parameters on the
product quality and the specific energy
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Figure 2-15:
specific energy (Bel Fadhel & Frances, 2001)

Effect of impeller speed on (a) median diameter, (b) size distribution standard deviation, and (c)

2.4.3 Solids concentration

Solids concentration is an important parameter when looking at wet grinding systems.
(Ouattara & Frances, 2014). Solids concentration is the mass fraction of the slurry. At low
solids concentrations, the probability of particles being trapped between grinding media is low,
whereas, at high solids concentrations, the inter-particle distance is reduced, thereby
increasing the probability of solid particles being trapped between grinding media (Kwade,
1999a). However, although high solids concentrations (slurry densities) result in higher
probabilities of media-to-particle interactions, operating at high slurry concentrations affects
the in-mill slurry rheology (Kwade, 1999b; Napier-Munn et al., 2005). At high solids

concentrations, the viscosity of the slurry has to be considered and, in some cases, aids have

23



Chapter 2: Literature Review

to be used to help the fluidity of the slurry (Mankosa et al., 1989; Bel Fadhel & Frances, 2001;
Celep et al., 2011; Ouattara & Frances, 2014). Increasing the tip speed can counteract the
viscosity effects of some of the slurries (Ouattara & Frances, 2014).

Napier-Munn et al. (2005) demonstrated that the relationship between solids concentration and
viscosity is exponential. Studies conducted by He & Forssberg (2007) on slurry rheology using
quartzite resonated with the findings of Napier-Munn et al. (2005), in that an increase in the
solids concentration resulted in an exponential increase in the slurry viscosity. An increase in
slurry viscosity negatively affects the breakage mechanisms in the mill because the viscous
slurry dampens the action of the grinding media on the particles, which reduces the stress
intensity of the grinding media (He, Wang & Forssberg, 2006). Figure 2-16 shows that

relationship between the viscosity and the solids concentration.
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Figure 2-16:  Relationship between apparent viscosity and slurry density (solids concentration) for a typical

base metal ore (Napier-Munn et al., 2005)

In the pilot Tower mill and SAM mill, increasing the solids concentration resulted in an increase
in grinding efficiency because, at high solids percentages, there was an increase in the particle
breakage probability and a decrease in the power draw (Jankovic, 2003). These results

contradict those obtained by Mankosa et al. (1989) for coal grinding using a pin stirred mill
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because the earlier study showed that, at a high percentage of solids (60%), there was a
coarser product distribution and a decrease in energy efficiency. The difference in the results
may be attributed to the fact that, at 60% solids, the coal slurry viscosity increases but there
was no negative viscosity effect with the ores tested by Jankovic (2003). Mankosa et al (1989)
also noted that, within a certain range of solids concentrations (20%—-50%), there was no
significant impact on the PSD. Results obtained by Bel Fadhel & Frances (2001) from their
experiments with black carbon agree with the findings of Mankosa et al (1989), in that the
energy efficiency decreased with increasing solids concentration. Figure 2-17 shows a
comparison of the results obtained by Jankovic (2003) and Mankosa et al. (1989).
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Figure 2-17:  Comparison of the solids concentrations obtained by (a) Jankovic (2003) and (b) Mankosa et al.
(1989)

The mentioned studies conducted with the solids concentration indicated that there is an
optimum solids concentration for different milling parameter combinations. Zheng et al. (1996)
showed that there is an optimum solids concentration for the milling of limestone, and the
results obtained in their experiments are depicted in Figure 2-18. These results, along with the
studies around mill tip speed, consolidate the fact that, before an operation instals a stirred mill

in its process, it needs to adequately assess the optimal settings for the milling parameters.
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2.4.4 Grinding media

The grinding media is one of the most key factors that affects the quality of fine grinding.
Amongst the aspects of the grinding media that affect grinding are the grinding media type,
size and filling (Lichter & Davey, 2006).

2.4.4.1 Grinding mediatype

Many materials are used to make grinding media and they can be grouped into two categories:
ferrous and nonferrous materials (Lichter & Davey, 2006). Steel balls are an example of ferrous
media, and ceramic beads and glass beads are examples of nonferrous media. The materials

used as the grinding media have a great influence on the density of the grinding media.

Mankosa et al. (1986) experimented with two different grinding media materials (glass and
steel) on coal and noted that steel beads were more efficient than glass beads (Figure 2-19)
because the steel media achieved high energies faster than the glass media for the same
energy inputs. However, Zheng et al. (1996) experimented with steel and glass media in

grinding limestone and concluded that the glass beads were more energy efficient because
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the denser steel media lost more heat through heat energy. Some operations use sand as their
grinding media. Although sand may be cheaper than other types of grinding media, it is
irregularly shaped and this may impact its efficiency: Lichter & Davey (2006) worked with
ceramic and sand for grinding using the SMD and showed that the ceramic media was more
efficient than the sand media (Figure 2-20).
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Figure 2-19:  Comparison of glass beads and steel beads (Mankosa et al. 1986)
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Figure 2-20:  Comparison of the energy consumption of ceramic and sand grinding media (Lichter & Davey,
2006)

2.4.4.2 Grinding media density

Grinding media density is an important factor when considering the grinding media to be used
in a stirred mill because the grinding media affects the comminution product. Using grinding
media with high densities results in finer products (Zheng et al., 1996; He & Forssberg, 2007).

Weber and Langlois (2010) demonstrated that the media density should be considered when
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optimising stirred mills because the media size can be changed without affecting the grinding
efficiency, as long as the media density is kept at an optimum. Zheng et al. (1996)
demonstrated that, if the grinding media density is too high, it can result in energy losses and,
therefore, decreased grinding media efficiency.

2.4.4.3 Grinding media size

Another factor that affects the grinding media’s energy consumption is its size (De Bakker,
2014). Mankosa et al. (1986) established that the media size should be selected according to
the mill's feed top size (F80). Jankovic (2003) explained this by noting that coarser feed top
sizes require larger media sizes when conducting studies on grinding zinc concentrate, as

shown in Figure 2-21.
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Figure 2-21:  Effect of media sizes on F80 (Jankovic, 2003)

Yeu & Klein (2006) studied the effect of grinding media size on quartz particles of two different
top sizes: 83 um and 30 um. Figure 2-22 shows that they found the grinding media size
affected the coarser feed more than the finer feed. Figure 2-22 also shows that a smaller
grinding media size resulted in lower specific breakage rates, which implies that the grinding
media size affects the stress intensity (SI) and stress number (SN), which will be discussed
later. Increasing the grinding media size resulted in an increased breakage rate, finer product
size, a narrow product size distribution (PSD) and increased power usage. Yeu & Klein (2006)
went on to establish that optimal ratios for top size and grinding media is between 20:1 and
200:1. Other scholars noted similar ratios of top size to ore using different ores, as shown in
Table 2-4 (Mankosa, Adel & Yoon, 1986; Zheng, Harris & Somasundaran, 1996; He &
Forssberg, 2007; Celep et al., 2011).

Mills operate with monosized grinding media in two instances: When the mill is first used and

when all the grinding media is flushed out, a monosized media is added to the mill. Therefore,

28



Chapter 2: Literature Review

it is essential to investigate grinding media with a varying size distribution. In the same
experiments, Yeu & Klein (2006) also investigated the effect of a bimodal distribution of 0.5 mm
and 2 mm grinding media (coarse media and fine media). In the experiments, Yeu & Klein
(2006) noted that the presence of the fine media negatively impacted the milling efficiency
because it resulted in the mill’'s not having enough stress intensity to cause particle breakage.
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Figure 2-22:  Effect of bead size on specific breakage rates (Yeu & Klein, 2006)

Table 2-4: Optimum grinding media to top size ratios for different mills and materials (Hasan, 2016)

Mill type Effective ratio Material Reference

(mediato top feed size)
Pin Impeller \ 12:1 ~ Limestone (Zheng et al., 1996)
Pin Impeller 16:1 Gold/Silver Ore (Celep et al., 2011)
Pin Impeller \ 20:1 ~ Coal (Mankosa et al., 1986)
Draiswerke Disk Impeller 150:1 to 200:1 Quartzite (He & Forssberg, 2007)

2.4.4.4 Grinding mediafilling

Grinding media filling, also known as grinding media load, is a fourth key factor in stirred mills.
Typically, the grinding media occupies 80% of the mill volume (Yeu & Klein, 2006; Rahal et al.,
2011). In horizontal stirred mills, operating at high media loads results in a finer product
because of the increase in the compressive forces on the ore particles (Yang et al., 2006). In
vertical mills, the increase in the media load increases the effective mill grinding volume but
does not affect the energy efficiency (Weller et al., 2000). Increasing the grinding media filling
increases the milling up to a certain point, after which the energy efficiency of the mill

decreases, which suggests that there is an optimum grinding media filling at which to operate
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the stirred mill (Chaponda, 2011). Zheng et al. (1996) investigated the optimal media to slurry
particle ratio by keeping the slurry concentration constant in a series of experiments where the
media volume was changed. They found that the optimal ratio of media-to-particle volume is

2.8 (Figure 2-23). Zheng et al. (1996) then went on to establish the equation to determine the
optimal ratio, as shown in Equation 3.

Equation 3
1-€m
R= €m(1-€p)

where ¢, is the media packing porosity and ¢, is the particle packing porosity.
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Figure 2-23:  Effect of the ratio of media to particle volume (Zheng et al., 1996)

2.5 Stress Model

The stress model uses two approaches to help describe the physical processes occurring in
mills: from the view of the product particle and from the view of the milling equipment (Kwade,

2003, 2006). The stress model states that the product quality and fineness are determined by
three factors (Kwade, 2006):

1. the type of stress event including particle configuration (for example, compression and

shear, impact).
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2. how often each feed particle and its resulting fragments are stressed and thus, by the
number of stress events of a feed patrticle, the stress number (SNg); and

3. how high the specific energy or specific force at each stress event is and thus by the
stress intensity at each stress event, the stress intensity (SI) (Kwade, 2006, p. 100).

The stress model looks at how the operating parameters affect the stress nhumber and the
stress intensity.

2.5.1 Stress intensity

Stress intensity is a measure of the specific energy required for breakage to occur at a specific
stress event (Kwade, 1999b). Kwade developed the stress intensity approach (Kwade,
1999a,b, 2003; Kwade & Schwedes, 2002). The comminution process depends on the
frequency of stress events and how high the stress intensity of each event is (Kwade, 1999b).
The stress intensity is influenced by the circumferential stirrer speed, media density and media
size (Kwade et al., 1996).

Many models have been developed to calculate the stress for different types of stirred mills.
Kwade (1999a) developed the model for horizontal mills and it can be expressed using

Equation 4.

Equation 4
SE & SEgy = d* gy pom V¢

where SE;,, is the grinding media stress energy (Nm), dg,, is the grinding media
diameter (M), ps is the grinding media density (kg/m?3), p is the slurry density (kg/m3),
and v, is the stirrer tip speed (m/s).

Jankovic (2001) developed the stress intensity model for vertical stirred mills after noting that
the gravitational force in the mill depends on the media height and mill design. The stress
intensities for Tower mills and Pin mills are expressed by Equation 5 and Equation 6,

respectively.

Equation 5

_ wn2 P-DY(Peu—p)
Slgm = KD, ——=,Fet=22

where S, is the gravitational stress intensity of the grinding media (Nm), D, is the

screw diameter (m), D is the mill diameter, u is the coefficient of friction, psy is the
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grinding media density (kg/m?), p is the slurry density (kg/m?), and K is the ratio
between vertical and horizontal media pressure.

Equation 6
Slym = Din(pem — P)gh

where g is the gravitational constant (m/s?), and h is the media height (m).

Becker et al. (2001) showed that, in limestone comminution, using a horizontal disc mill, each
specific energy input results in a different stress intensity and product fineness, as shown in
Figure 2-24. Figure 2-24 also shows that there is an optimum stress intensity, which decreases

with decreases in the particle size because less energy is required to break the particle (Becker
et al., 2001).
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Figure 2-24:  Product fineness as a function of stress intensity and specific energy (Becker et al., 2001)

Jankovic (2003) experimented with the effect of the energy inputs on zinc concentrate using a
pin mill, and the results showed that the optimal stress intensity was not influenced by the
energy input (Figure 2-25), which is contrary to the findings of Becker et al. (2001) for the
horizontal mill. The difference in the results obtained with the two mill orientations can be

attributed to the gravitational forces in vertical mills.
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Figure 2-25:  Product fineness as a function of stress intensity (Jankovic, 2003)

2.5.2 Stress number

The stress number can be described as the average number of stress events affecting the
particles in the mill (Kwade, 1999b). The mill parameters that affect the stress number include
the stirrer speed, the solids density and the media filling. In batch grinding, the stress number
is determined by Equation 7 (Kwade & Schwedes, 2002):

Equation 7
SN = Xebs
Np

where N, is the number of media contacts, Ps is the probability that a particle is

stressed during media contact, and Np is the number of feed particles in the mill.

Equation 8
N¢c < ntNgy

where the number of media contacts is proportional to the number of stirrer revolutions

(n), time (t) and the number of grinding media (Ngy,), (Kwade & Schwedes, 2002).

Kwade & Schwedes (2002) investigated the effect of the stress number and stress intensity on
limestone grinding. Their experiment showed that small media have a higher stress number,
but the media size might not provide enough stress intensity for adequate breakage to take

place, as shown in Figure 2-26.
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Figure 2-26:  Relationship between the grinding media diameter, stress number and product size (Kwade &
Schwedes, 2002)

2.5.3 Specific energy

Specific energy is a product of the stress intensity and the stress number (Kwade & Schwedes,
2002; Weber & Langlois, 2010). Specific energy describes the effect of parameters (i.e., mill
size, circumferential stirrer speed, solids concentration, and grinding beads density) on the

comminution result (Kwade et al., 1996). Specific energy can be calculated using Equation 9.

Equation 9

E,(T) = E(T) f N(T)dr fOT(Md(T)—Md,o)wddT
B Mp B Mp

where E,, is the mechanical energy input, m, is the mass of the ground product, N is
the power input, T is the comminution time, M is the torque during comminution, M o

is the no-load torque, and wy is the stirrer angular velocity.

The resultant specific energy of the comminution equipment is a good measure of the product
of the stress number and the stress intensity (Kwade & Schwedes, 2002). Not all the energy
that is applied to the mill results in particle breakage, so a factor has to be applied to the specific

energy to give the effective specific energy. It is given by Equation 10.

Equation 10

Emp =Vg Enm
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where, E,, p is the specific energy transferred to the particles, E, y is the total specific

energy consumption of the mill, and vy is the energy transfer factor (Kwade, 2006).
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2.6 Flotation

2.6.1 Flotation principles

Flotation is used in the mineral processing industry to separate valuable minerals from
unwanted gangue (Napier-Munn & Wills, 2006). The process has three phases: solid, water
and froth. There are two types of flotation: direct flotation, where the valuable minerals are
recovered in the froth phase; and reverse flotation, where the valuable minerals are recovered
in the pulp phase (Napier-Munn & Wills, 2006; Jaiswal, Tripathy & Banerjee, 2015). Direct

flotation will be used for this research.

During flotation, mineral recovery happens via three mechanisms: true flotation, entrainment
and entrapment (Napier-Munn & Wills, 2006). In true flotation, chemicals are used to induce
hydrophobicity onto the mineral surface. The hydrophobic minerals then attach to the air
bubbles. The air bubbles enter the froth zone, where the mineral is collected. Entrainment
involves the recovery of the minerals in the water that is passed through the froth. Entrapped
particles are trapped between the particles that attached to the bubbles. Figure 2-27 shows a

conventional flotation cell.

Froth -

Concentrale >
|

Pulp -—--f----

[ Impeller ]

Figure 2-27:  Flotation cell (Hu, 2014)

Many studies have investigated the effect of different particle sizes on flotation (Trahar &
Warren, 1976; Feng & Aldrich, 1999; Pease et al., 2006). Figure 2-28 shows the recovery of

different particle sizes.
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Figure 2-28:  Recovery of different particle sizes (Pease et al., 2006)

Many scholars have concluded that very fine particles (<10 um) can only be recovered by
entrainment because they do not have enough energy to attach to the bubble (Subrahmanyam
& Forssberg, 1990; Pease et al., 2006; Yianatos & Contreras, 2010).

2.6.2 Flotation reagents

The process of flotation depends on reagents to alter the mineral and gangue surface
chemistry. Chemicals are used to render the gangue hydrophilic and the valuable minerals
hydrophobic (Napier-Munn & Wills, 2006). Typically, three reagents are used during the

flotation process: collectors, depressants and frothers.

2.6.2.1 Collectors

Collectors are organic surfactants that are used to render the valuable minerals hydrophobic
(Napier-Munn & Wills, 2006). Collectors can be ionising or non-ionising compounds. The
collector polar head adsorbs onto the mineral surface, leaving the non-polar tail exposed, as
shown in Figure 2-29. Xanthate collectors are commonly used to float sulphide minerals
(Napier-Munn & Wills, 2006). Once a collector has been added to the pulp, conditioning time

should be allowed for adsorption to take place.
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Figure 2-29:  Collector adsorption on mineral surface (Napier-Munn & Wills, 2006)

2.6.2.2 Depressants

Depressants are used to make the gangue minerals hydrophilic (Napier-Munn & Wills, 2006).
Many types of depressant are available for the flotation of sulphide minerals (Bradshaw, Harris
& O’Connor, 1998). Sometimes slimes can act as a depressant by coating the mineral surface,
and fine particles are particularly prone to slime coating (Parsonage, 1988).

2.6.2.3 Frothers

Frothers are non-ionic heteropolar organic reagents that stabilise the flotation bubbles by
adsorbing on the air-water interface, as shown in Figure 2-30 (Napier-Munn & Wills, 2006).
Frothers can reduce bubble coalescence, which in turn controls the bubble size (Laskowski,
2004). Frother dosage must be optimised to ensure the correct degree of bubble stability.
Unstable bubbles burst easily and this results in the loss of the recovered mineral by drainage
into the pulp phase (Napier-Munn & Wills, 2006). If the bubbles are too stable, water recovery

increases and gangue materials are recovered in the froth phase (Napier-Munn & Wills, 2006).

! : polar head
I", non-polar tail

Figure 2-30:  Frother adsorption onto the air-water interface
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2.6.3 Flotation of UG2 ore

The UG2 ore reserve is a PGM ore body with a chromite layer. UG2 ore contains between 4-
7 g/t of platinum group elements and has a chromite concentration of between 60% - 90%
(Schouwstra et al., 2000). Typically, the PGMs and base metal sulphides are recovered from
the UG2 ore by means of froth flotation. The chromite in the UG2 ore is believed to be
recovered by entrainment. Entrainment is a process in flotation whereby liquid and suspended
solids enters the froth layer resulting in unselective recovery of the gangue minerals. Chromite
makes the processing of the UG2 ore difficult as it affects the smelting process by decreasing
the smelter efficiency because chromite is stable at high temperatures (Becker et al., 2008).
Ideally, UG2 concentrates that are sent to the smelter are expected to have a chromite content
of less than 3% (Wesseldijk et al., 1999)

Flotation circuits that are designed the UG2 ore are usually designed to target the flotation of
base metal sulphides (Harris, 2001). To reduce the amount of chromite recovered in the
flotation circuit, the UG2 flotation circuits usually have a complex layout. The layout to treat the
UG2 ore consists of a rougher and cleaner circuit with long residence times to reduce the
degree of entrainment (Harris, 2001). The reagents used for the flotation of UG2 ore consists
of a collector, a depressant and frother. In some flotation circuits an activator is also used to
increase the adsorption of the collectors on to the sulphide mineral surface (Wesseldijk et al.,
1999).

2.6.4 Flotation efficiencies

2.6.4.1 Water and solids recovery

Solids recovery is defined as the solids that are collected in the concentrate during batch
flotation. Water recovery is defined as the water collected in the concentrate during the flotation
process. Water recovery considers only the water that makes up the slurry and does not

include the water that is added during the flotation process.

2.6.4.2 Recovery models

2.6.4.2.1 Klimpel model

The Klimpel model assumes that the maximum recovery is less than 100%. The model is

represented in Equation 11 (Ramlall & Loveday, 2015).

Equation 11
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R = Ry (1 — l(1 - ekr)>
ke

where R is the model recovery at a time 7 (min), R,,,, iS the theoretical maximum

recovery (%) and k, is the first-order kinetic rate constant (min?).

2.6.4.2.2 Kelsall model
The Kelsall model is a first-order kinetic model that assumes the maximum recovery is 100%
and it considers both fast-floating and slow-floating particles (Bu et al., 2017). The Kelsall
model is given by Equation 12:

Equation 12

R = Rpgsr(1— e rast™) + Ry, (1 — e Hstow ™)

Rfast + Rsiow = 100%

where R, is the recovery of the fast-floating particles, Ry, is the recovery of the slow-
floating particles (%), ksqs: is the rate constant for the fast-floating particles (min),

k10w iS the rate constant for the slow-floating particles (min*) and 7 is the time (min).

40



Chapter 2: Literature Review

2.7 Conclusion

The fine-grained nature and complexity of the ores that are currently being processed in
industries has led to a drive to add fine-grinding technologies to existing grinding circuits and
incorporate fine-grinding technologies into new circuits. The increased demand for stirred mills
is also a result of their efficiency compared to tumbling mills when it comes to fine-grinding
applications.

The common stirred milling equipment consists of the IsaMill, the SMD, the Knelson Deswick
mill, the Vertimill and the HIGmill. Stirred mills have numerous parameters that can be
optimised to achieve the required comminution result. Of the many parameters that are
available for optimisation, the critical stirred mill parameters are mill tip speed, grinding media
size and solids concentration. Numerous studies have been conducted on these parameters
and it has been shown that there are ideal parameter settings that are required to achieve the
optimal grinding result. Achieving the optimal comminution targets allows for the optimisation

of the downstream processes, such as flotation.

It is important to understand the effect of different milling parameters on the ore and it is also
important to investigate the resultant downstream response in order to identify the optimal set

of parameters that leads to increased downstream efficiencies.

2.8 Hypothesis

Based on the background presented in the literature review, the following hypotheses were

proposed for this work:

1. To get afiner product, there should be an increase in energy intensity because smaller

particles need a higher stress intensity for particle breakage to occur.

2. Fine grinding will result in improved recoveries for the complex and hard ores because

the fine grinding will result in increased mineral liberation.
2.9 Key Questions
In order to assess out the hypotheses, the following key questions were developed:

1. What is the effect of media size, solids concentration and tip speed on specific energy?

2. What is the effect of media size, solids concentration and tip speed on particle size

distribution?
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3. What is the effect of fine grinding on flotation recoveries?
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3. EXPERIMENTAL APPARATUS AND METHODOLOGY

This chapter provides descriptions of the key equipment used in the experimental work: The
main equipment in this study was a HIGmill and the flotation tests were performed usinga 5 L
Leeds cell. The chapter describes the materials and the methods used for the experimental

work that was conducted to test the hypotheses formulated for this thesis.

The study was aimed at evaluating the performance of the HIGmill under different design and
operating conditions when grinding UG2 platinum ore. The variables considered in the study
included grinding media size, slurry solids concentration and stirrer speed. Since the work was
carried out to assess whether the HIGmill could produce a product suitable for flotation in the
UG2 platinum ore process flowsheet, the flotation response was evaluated by performing batch
flotation tests.

3.1 Description of Apparatus

3.1.1 HIGmill

The HIGmiIll is a vertical stirred mill with a top-mounted motor to drive the agitator. The mill
agitator is fitted with grinding discs that provide the momentum to the grinding media for particle
grinding to occur. Slurry enters the stationary mill chamber from the bottom of the mill and exits
from the top of the mill. Due to the size of the grinding media and the size of the patrticles, the
main mode of grinding in the mill is attrition grinding. As the slurry flows upwards, particle
classification occurs simultaneously with the grinding process because the coarse product

remains on the periphery and the finer product flows upwards to exit the mill.
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Figure 3-1: UCT HIGmill

3.1.1.1 HIGmIll set up

The HIGmill model used in the experimental work was a HIG 5 mill, which is a 6.5 L model with
a 5 kW motor. The grinding chamber has a diameter of 143 mm and is fitted with nine grinding
discs with a diameter of 110 mm, a minimum speed of 350 rpm and a maximum speed of
1200 rpm. The discs impart the motion to the grinding media and ore particles for grinding to
take place. The mill has a grinding media inlet where grinding media is added to the mill. A

schematic of the mill setup is shown in Figure 3-2.
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Figure 3-2: Test work setup

3.1.1.2 Mill control cabinet

The settings for the mill are entered and adjusted from a control cabinet. The control panel
displays the mill speed, mill power and mill torque. There is a USB slot where a computer can
be connected to log the experimental data for data analysis.

3.1.1.3 Mill auxiliary equipment

The mill auxiliary equipment includes the mill feed tank and the mill feed pump. The feed tank
is an agitated feed tank with baffles, and the agitator is mounted on top. The agitation setup is
to ensure that the feed suspension is well mixed. The feed pump inlet is connected to the feed
tank and the outlet is connected to the mill. The feed tank conveys the slurry into the mill via

the feed pipe.

3.1.2 Flotation cell

The flotation tests were carried out to establish the flotation response from the different grind
levels produced by the HIGmill. The UCT 3 L Barker flotation cell was used for the batch
flotation tests. This cell is made of clear Perspex, which enables monitoring of the froth height.
The cell has an air regulator that allows the air flow rate in the cell to be varied. There is also

an impeller attached at the top of the cell to allow the cell contents to be agitated.
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Figure 3-3: UCT 3 L Barker flotation cell

3.1.3 Oretype

The ore used in the scope of work was Upper Group 2 (UG2) chromitite ore. South Africa is
the largest producer of platinum group elements in the world. The main ore bodies for Southern
Africa are UG2 (~60%), Merensky (~24%), Platreef (11%) and the Great Dyke (~5%) (Mudd,
2010). The UG2 reef accounts for the majority of the PGM ore reefs, and the strategies to
maximise the recoveries in this ore body require explanation. The ore has a pegmatoidal
feldspathic pyroxenite and chromitite mineral composition (Becker et al., 2008). The 4E-PGE
grade of UG2 ore is between 3 g/t and 6 g/t, with a high chromite content between 49% and
80% (Little, 2016). The high chromite content of the ore affects downstream smelting
processes because the chromite decreases the smelter efficiency due to its high stability at
high temperatures (Becker et al., 2008). When using conventional grinding equipment,
comminuting UG2 platinum ore is more energy intensive than comminuting other ores because
it is considered a hard ore (Cramer, 2001). The UG2 ore is also fine-grained, with a PGM
particle size of <10 um, and therefore requires finer grinding for adequate liberation to occur.
Table 3-1 lists the properties of the UG2 platinum ore.

Table 3-1: Characteristics of UG2 ore (Ramlall, 2013)

Upper Group 2 (UG2) chromitite ore
Rock type chromite
PGE content 4-10 ppm

Ni content 700 ppm
Cu content 180 ppm
BMS content <1%

BMS grain size 30 pm
PGM grain size up to 10 pm
Density 4 g/m3
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3.1.4 Mediatype

The grinding media used was Keramax Z grinding media supplied by Magotteaux. Keramax Z
is ceramic and designed for use in the IsaMill, HIGmill and the VXP. Table 3-2 lists its
specifications. Three grinding media diameter sizes were used for the scope of the thesis:

2 mm, 3.5 mm, and 5 mm.

Table 3-2: Grinding media specifications.

Keramax Z Grinding media
Available mm 0.5-6
Chemical components Al203, ZrOz, Others
Specific density (g/cm?) >3.9
Bulk density (t/m?3) 2.3
Hardness (Vickers, Hv10) 1500
Sphericity (%) 99
Colour white
Typical application IsaMill, HIGmill, VXP

3.2 Test Methodology

The test work carried out compromised of comminution only tests to understand the
relationship between energy and product size for the different media sizes. The second set of
tests involved comminuting the particles under carefully selected grinding conditions and
subjected the ground product to batch flotation tests to assess the flotation response of the

comminuted product.

3.2.1 Design of experiments

The milling experiments for the flotation test work had a three-factorial design to ensure that
all the interactions between the various factors were studied. Each factor was studied at three
levels. Thus, the total number of experiments carried out was 27, as shown in Figure 3-4. All
the experiments were repeated to assess their reproducibility. Table 8-3 in the Appendix shows
the test work matrix that is depicted in Figure 3-4. Additional milling experiments were
conducted to assess the effect of the media volume fill and the effect of varying the grinding

media size distribution (monosized media and variable sized media).

The three factors that were investigated in the test work were grinding media size, solids
concentration and mill speed. The grinding media sizes investigated were 2 mm, 3.5 mm and
5 mm because these are the most commonly used sizes for fine grinding. The solids
concentrations tested were between 40% and 60% because these are the solids concentration
ranges used in studies conducted with stirred media mills (Mankosa, Adel & Yoon, 1989;

Jankovic, 2003). The HIG5mill has a minimum speed of 350 rpm and a maximum speed of
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1200 rpm. The test work was done at the low speed of 350 rpm, a midpoint at 700 rpm and the
high point at 1050 rpm.

) solids concentration | €ip speed | prinding medis sine
E [ sodids] [rpm] [mim]
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Figure 3-4: Factorial design with 3 factors and 3 levels showing the levels of each variable.

3.2.2 Sample preparation

A sample of UG2 platinum ore was obtained from one of the mines in South Africa. Four drums
of sample from the primary mill product were shipped (in slurry form) to the University of Cape
Town (UCT). Before carrying out any test work, the ore was homogenised to ensure that each
test was carried out on a sub-sample with similar composition and other characteristics, such
as particle size distribution. The procedure for homogenisation involved drying the sample from
each drum separately and splitting the dried ore. Before splitting the ore, it was screened using

a 1000 um sieve to ensure a uniform top size.

The dried ore was split using a 10-way rotary splitter to obtain 10 bags. The 10 bags of ore
were further split to obtain 100 bags. In the final splitting iteration, the homogenised samples
were split using a rotary splitter and packed into 3-kg bags in preparation for the tests. To
check that the blending procedure had resulted in homogenous samples, the particle size
distributions (PSDs) of three random samples were analysed. Figure 3-5 shows the feed PSD
obtained for the UG2 ore. The PSDs were also used to establish the ore top size. The PSDs
obtained from the random samples shows that the blending and homogenisation process

yielded samples with similar PSDs.
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Figure 3-5: Particle size distributions of blended UG2 ore samples

3.2.3 Media preparation

The grinding media was conditioned before carrying out the tests to simulate the grinding
media that would be used in large-scale operations. Media conditioning was done by charging
the mill with the required volume of media and water. The mill was run at test work midpoint
parameters (700 rpm tip speed) for an hour. After it was dried and weighed to ensure its mass
had not changed, the conditioned media was used for the test work.

3.3 Experimental Setup

3.3.1 Test methods

The various tests that can be run using the HIG5 are batch tests, semi-continuous tests and

continuous tests.

3.3.1.1 Batch test

The batch test is a small sample test where the mode has a fixed speed for a set time. In this

test, the sample mass is 3-9 kg.
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For the small sample test, grinding media, ore and water are added to the mill. The water and
ore quantities required are guided by the solids concentration required by the test matrix
(Figure 3-4). The mill is then started up and the stirrer speed set. After grinding for the set time,
the mill contents are emptied into a bucket. The slurry and media are separated using a sieve,
and the clean media is dried and weighed. The slurry is agitated in a tank with baffles, and the
tank product is pumped into a product tank. A sample cut is taken using a sample cutter and
the samples are taken for PSD analysis.

3.3.1.2 Semi-continuous test

This test requires a sample mass of 30-50 kg at a flow rate of 120—240 L/hr. The test requires
two mixing tanks. Grinding media is added to the mill, the mill is started up and the speed is
set. The feed tank pump is then started, and feed enters the mill for grinding. The mill product
exits via the mill product outlet and is fed into a product tank. In the semi-continuous test, the
product of the first test is used as the feed of the second test. It should be noted that, at the
beginning of the second stage, the mill will contain some product from the first stage so the
mill should be emptied of the product before the start of the next milling stage. The specific
grinding energy (SGE) is the sum of the SGE over the passes. Limitations of the semi-
continuous test are that there is a possibility of mixing the feed of the current stage with the

product from the previous stage.

For the first pass in the semi-continuous test, the grinding media is added to the mill. The mill
is started, and the stirrer tip speed is adjusted according to the test matrix. Water is then poured
into the mill to impart motion to the beads. The feed slurry is prepared using 50 kg of ore. To
prepare the slurry, the required volume of water is added to an agitated feed tank, then the
required ore is added to make up a slurry of the specified solids concentration. Once the feed
has been prepared, the feed pump is started, and the slurry is fed into the mill. Since the mill
is filled with water before the slurry is pumped into the mill, this water needs to be displaced
before any samples and recordings of mill parameters can be taken. To ensure that the water
has been displaced, the density should be measured until it reaches a steady state. When a
sample is taken, the power, torque and mill speed should be noted from the control panel. One
reading is taken at the start of the pass, and a second reading is taken in the middle of the

pass. The readings are averaged to give a representative figure for the parameters.

3.3.1.3 Continuous test

The continuous test requires 100-150 kg of dry solids at a flow rate of 240 L/hr. The pump is

set to give 1-2 minutes of residence time. The test requires the feed tank and reception tank
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the material to be passed through the mill once and mill settings are changed during the test

run. Samples are collected within the run.

3.3.1.4 Experimental test method

For the purposes of these experiments, the batch test was used. The feed and the products
from these tests were analysed using a Malvern Mastersizer 2000. This equipment uses both
the Fraunhofer model and the Mie theory to predict how the light is scattered by spherical
particles (Malvern Instruments, 2007). Using the Fraunhofer model and Mie theory, it
calculates the size of the particles that create a light pattern because each particle has a
distinctive scatter pattern (Malvern Instruments, 2007).

3.3.2 Milling procedure

3.3.2.1 Mill calibration

The HIG5mill was calibrated before commencing the test work to ensure that its parameters
were within specifications and that the measurements taken during the test work would match
what was expected by the equipment manufacturers. Calibration tests were carried out using
water and 4 mm MTX Magotteaux grinding media. The calibration tests were run using three
different media fillings: 30%, 45% and 60%. For each media filling, three different water flow
rates were used: 60 I/h, 120 I/h, and 240 I/h. During each grinding media filling and water flow
rate test, the mill motor speed was varied (from the control box) using 10% increments and the
corresponding frequency (Hz), VSD motor power (W), measured torque (Nm) and motor power
(W) were recorded. The motor power was calculated using the torque arm model from Bonds

Model according to Equation 13.

Equation 13

2nTN
P =
60

Where P is the motor power, T is the recorded torque in Nm and N is the motor speed

in rpm.

The calibration showed that the mill motor power and the shaft speed are not affected by a
change in the water flow rate. Figure 3-6 shows the calibration curve obtained for a test
conducted at a media fill of 30%. The curves for the tests conducted at 45% and 60% media

fill are shown in the Appendix.
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Figure 3-6: HIG mill calibration certificate (30% media fill)

3.3.2.2 Mill power

The mill power draw is an important parameter to measure throughout the experiments. The
recorded power draw is used to calculate the specific energy consumption of the mill. For the
specific energy consumption calculations, the net power draw is used. The net power is the
difference between the gross power draw and the no-load power draw. The no-load power of
the mill, which is the power when the mill is running without media or slurry, needs to be
determined. The no-load power draw is obtained by calculating the power draw when the mill
is empty for different stirrer speeds. The no-load power for the stirrer speeds tested is given in
Table 3-3.

Table 3-3: Average no-load power for the different stirrer speeds

Tip speed Frequency Power Average power
[rpm] [Hz] [kW] [kW]
5 min 10 min 15 min
305 10 0.16 0.16 0.16 0.16
453 15 0.16 0.16 0.16 0.16
601 20 0.17 0.17 0.17 0.17
748 25 0.19 0.19 0.19 0.19
898 30 0.22 0.22 0.22 0.22
1049 35 0.26 0.26 0.26 0.26

3.3.2.3 Mill speed

The stirrer speed was adjusted by changing the mill frequency from the control panel of the
mill. The output mill speed is given in revolutions per minute (rpm). Calibration tests were
performed to discover the mill frequency inputs required to determine the desired stirrer speeds

in rpm. Figure 3-7 shows the results obtained from the mill speed calibration tests carried out.
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3.3.2.4 Mediaload

The recommended media load for the HIGmill is 60% so the media load was kept at 60% for
the main experiments. The mass of the media required was calculated by using the net media
volume and a void space of 0.4, which is the widely used void space for the ceramic media.
Additional experiments were also conducted to see the effect of media load on the grind, as
shown in the test matrix in Table 8-3. The additional media fillings tested were 40%, 50% and
70%.

3.3.2.5 Experimental run

The mill was then filled with grinding media (grinding media filling was dictated by the test
matrix). Dry ore and water were then added to the mill. The required frequency (determined by
the frequency curve) for the desired mill speed was then input on the mill control box. The mill
was then started and run for 3 minutes. The milling grinding time was determined by grind
curve experiments conducted prior to the test work. The power draw, stirrer speed and mill
torque were monitored and recorded throughout the experiment to give information on the

stability conditions of each test run.

3.3.3 Flotation procedure

For the tests involving flotation, 3 kg of ore was milled under the desired grind conditions. The
HIGmill product was transferred into the 3-L Barker flotation cell and synthetic plant water
(SPW) was added to the 2 cm froth height mark. To minimise the particle loss during the

transfer from the mill to the flotation cell, the mill product was transferred in slurry form and the
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SPW used to make it up to the 2 cm froth height was used to rinse the container. The impeller
was run at 1200 rpm. After running the impeller for more than a minute (to ensure the cell
contents were in suspension), a 50 ml feed sample was collected using a syringe. A
depressant, Sendep 30F, was added at 20 g/t and then a collector, SIBX, was added 2 minutes
after the depressant addition at 100 g/t. The conditioning time after the addition of the reagents
was 2 minutes, after which a frother, Dow 200, was added at 20 g/t and conditioned for 1
minute. Air was then introduced at 7.5 L/min.

Froth was collected in pre-weighed concentrate trays every 15 seconds, ensuring that the froth
height stayed at 2 cm by adding SPW water when needed. After 2, 4, 6 and 8 minutes of froth
collection, concentrates C1, C2, C3 and C4 were collected, respectively. Once the C4 sample
was collected, the air was switched off, and two 50-ml tailings, T1 and T2, were collected. The
air and impeller were switched off. The bulk tails sample was collected. Each flotation test was
repeated to increase confidence in the results obtained. A schematic of the procedure for the

batch flotation process is depicted in Figure 3-8.

Sendep 30F SIBX Dow 200 Airon
(20af) (100 aft) (20 gh) (7.5 limin)

miledsiury —>| Zobonert | Tl omin ¥ 2min [ 1min 2min  |» 4min |+ 6min [¢ Smn —» '::\Tails‘:l
(ec1) (c2) (c3) (ca)
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Figure 3-8: Batch flotation procedure

The feed, concentrate and tailings samples collected were then filtered using pre-weighed filter
paper for mass pull calculations. The samples were oven dried at 80 °C to prevent oxidation
of the sulphides. Dried samples were weighed, and the masses recorded. The samples were
rolled out into powder form and bagged in labelled bags to be sent for analysis at the analytical

laboratory.
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3.3.4 Sample processing

3.3.4.1 Milling sample

From the milling test work, a representative sample was taken for Malvern analysis of the PSD
of the sample.

3.3.4.2 Flotation sample

The samples collected from the flotation test work were sent to the Lonmin analytical
laboratory, where they were analysed for 4E and base metals.
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4. ASSESSMENT OF MILLING PERFORMANCE

This chapter reports the results obtained from the experimental work conducted using the
HIGmiIll to assess the influence of some operating variables on grinding and flotation
performance. The variables that were tested on the HIGmill were the stirrer tip speed, the

solids concentration, the grinding media size, and the media filling.

4.1 Methods Applied to Analyse the Comminution Data

There are many ways to assess the milling performance of grinding equipment. The milling
results in this study were evaluated in terms of PSD per variable, power, signature plots, and
size specific energy performance. The stress intensity as also analysed for the experiments

run in the scope of work.

The various methods used to analyse and interpret the results obtained from milling the UG2
ore are described the following sections.

4.1.1 Particle size distribution per variable

The PSD was analysed to see the fineness of grind that was achieved in each experimental
run. The PSD analyses were carried out using the Malvern Mastersizer. PSD data from the
Malvern Mastersizer was used to generate the PSD curves that are presented in the results
section. The P80 was also studied to determine the fineness of grind achieved under the
different milling conditions. The P80 is the particle size at which 80% of the material will pass

when screened (Van Schoor & Sandenbergh, 2012).

41.2 Power

Mill parameters have an effect on the power draw of the mill. The power consumption of the
mill is an important parameter to monitor as it is used to determine the efficiency of the

equipment. In the analysis, the net power was considered.

4.1.3 Signature plots

Signature plots are used to depict the relationship between the product size and the energy
input. Signature plots are shown in the results section to depict the relationships observed

between the milling energy and the product size (P80).
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4.1.4 Size specific energy

The specific energy consumption was calculated using the mill net power draw, the grinding
time and the quantity of the ore used in the milling test. In this study, the specific energy and
the P80 were used in signature plots to measure the milling energy efficiency. However, using
the P80 is limiting when comparing energy efficiency across different mills as some mills, such
as the SAG mill, do not have parallel product size distributions in a log-log space (Amelunxen
& Meadows, 2011, Ballantyne & Giblett, 2019). Ballantyne & Giblett (2019) proposed the size
specific energy (SSE) method as an alternative as it does not have the limitations associated
with using the P80.

The SSE method involves evaluating the milling energy efficiency by measuring the energy
consumed in the generation of fines (Ballantyne & Giblett, 2019). Since the requirement in this
study involved evaluating how much sub 20 um material was produced, the size specific
energy was assessed using the -20 um production rate. According to Rittinger's law of
comminution, energy input is proportional to the generation of new surfaces (Ballantyne et al.,
2015). To apply this law, the generation of —20 um material was used as a proxy for the surface
area. The effect of the operating variables on the size specific energy was also analysed to

determine the efficiency of the HIGmill.

4.1.5 Stress intensity

Kwade (1999a) described stress intensity as a measure of the specific energy required for
breakage to occur in a specific stress event. The concept of stress intensity was described in
Section 2.5 and will be applied in this chapter. The effect of gravitational forces on the stress
intensity was not considered in this study because the high stirrer speeds used in the
experiments resulted in high centrifugal forces that were more dominant than the gravitational
forces (Jankovic, 2003).

The stress intensity model was applied to the UG2 ore, and the results are presented in this
section. The equation applied to the experimental data was Equation 4.
Equation 14
SE o SEgy = d®um pom V¢

where SE;,, is the grinding media stress energy (Nm), d;,, is the grinding media
diameter (m), p¢u is the grinding media density (kg/m?3), p is the slurry density (kg/m3),

and v, is the stirrer tip speed (m/s).
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Applying the stress intensity model helps to select the optimal operating conditions.

4.1.6 Stirrer tip speed

The tip speed is an important variable in stirred mills because the energy transfer from the
media to the particles being broken is facilitated by the rotation of the stirrer. Therefore, a wide
range of stirrer speeds was considered in the tests performed. The stirrer tip speeds
investigated in this study varied between 350 rpm and 1050 rpm. The tip speed range that was
used to carry out the experimental work in this thesis was informed by the ranges of the tip
speeds that were used in past studies, as highlighted by Table 2-3 in the literature review. The
selection of the mill speed range was also determined by the laboratory equipment because
the HIG5mill operated at between 350 rpm and 1200 rpm with a recommended nominal speed
of 520 rpm (STM Minerals, 2019).

4.1.6.1 Effect of tip speed on PSD and P80

Stirrer tip speed affects the fineness of the mill product. This was studied using 5 mm grinding
media at 50% solids concentration. The 5 mm grinding media was chosen over 3.5 mm
grinding media because it performed similarly to 3.5 mm grinding media, and more data points
for the mill tip speed were generated for this grinding media size. The 50% solids concentration
was chosen because it was the central point for the solids concentration data. Figure 4-1 shows
that increasing the tip speed of the stirrer results in a finer product. The same trend was
observed when using 3.5 mm and 2 mm grinding media as shown in the Appendix. This is due
to the increase in the shear rate, which causes the grinding action. Wang & Forssberg (2000)
noted that increasing stirrer speed in the wet grinding and dry grinding of dolomite not only
resulted in a finer product but also gave a narrow particle size distribution. The resultant finer
product is because high tip speeds increased interaction frequency and intensity between the
media and the dolomite particles Wang & Forssberg (2000). Ouattara & Frances (2014)
conducted similar studies on a calcite suspension and noted that the increase in stirrer tip
speed resulted in a finer product for the same grinding time. Figure 4-3 shows the results
obtained from Ouattara & Frances (2014). The results observed with a particular grinding
media size were consistent across the different solids concentrations tested, and the relevant

PSD plots can be found in the Appendix.
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Figure 4-1: Effect of mill speed on product PSD at 3 min grinding time, 50% solids concentration, and a

grinding media size of 5 mm

The effect of the tip speed on the P80 was analysed using 5 mm grinding media at a solids
concentration of 50%. The increase in tip speed from 350 rpm to 1050 rpm resulted in a
decrease in the P80 from 79.6 um to 21.3 um, as shown in Figure 4-2(a). The trend is similar
to what Santosh et al. (2020) obtained when they conducted experiments with a PGE ore and
the NETZSCH laboratory vertical stirred mill, as shown in Figure 4-2(b). In both studies, a
sharp decrease in P80 was obtained from stirrer speed in the region of 350 to 600 rpm, after
which a gradient change in P80 with stirrer tip speed was exhibited. This is because there is
an optimum tip speed for certain milling conditions and, as the optimum tip speed is
approached, there is an increase in the kinetic energy of the grinding media, which results in
high stress intensities and higher particle breakage rates (Hasan, 2016; Santosh et al., 2020).
After the optimum tip speed has been reached, there is minimal change in the product P80
and, if a change in P80 needs to be realised, other milling parameters, such as grinding media
size, should be changed.
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Figure 4-3: Effect of stirrer tip speed on grinding result (Ouattara & Frances, 2014)

4.1.6.2 Effect of tip speed on power draw

Figure 4-4 shows the effect of the tip speed on the power draw for the experiments performed

using the HIGmiIll on the UG2 platinum ore. The effect of the tip speed on power was

investigated using 5 mm grinding media at a 50% concentration of solids. Power draw

increased from 0.5 kW to 4.3 kW with an increase of tip speed from 350 rpm to 1050 rpm.

Zheng et al. (1996) made similar observations when they increased stirrer speed from 400 rpm

to 1500 rpm; they also noted that an increase in stirrer speed resulted in an increase in volume-
based power draw from 0.02 Wh/cm? to 0.19 Wh/cm?3.
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Figure 4-4: Effect of tip speed on power for 5 mm grinding media at a 50% concentration of solids

4.1.6.3 Signature plots

Specific energy is a function of the mill power draw, the grinding time, and the product quantity.
The specific energy increased with the increase in stirrer tip speed for the range of tip speeds
tested. The trends observed in this work are in agreement with the findings of Jayasundara et
al. (2010), who reported an increase in energy consumption with an increase in impeller speed.
The relationship between stirrer tip speed and energy consumption is similar to that of power
and, since the specific energy is a function of power and the quantity of ore, and the grind time
was kept constant for the experiments. Figure 4-5 shows the signature plots for the effect of
tip speed on the specific energy and the resultant P80 for 5 mm grinding media. Increasing the
tip speed results in a finer product and a higher energy consumption. The line of best fit was
used to determine the most efficient tip speed, and it was observed that a tip speed of 700 rpm

gave a finer product at lower energy consumption.

Similar signature plots were generated for 2 mm grinding media as shown in Figure 4-6 and
3.5 mm grinding media as shown in the Appendix, and they also showed that increase in the
tip speed resulted in an increase in the specific energy. It was also observed that the specific
energy at a speed of 1050 rpm for 5 mm grinding media (11.23 kWh/t) was over double that
observed for 2 mm grinding media at 1050 rpm (5.12 kWh/t). Lisso, (2012) conducted tested
to evaluate the effect the tip speed on the energy consumption and also noted that the increase

in tip speed increased the energy consumption. When experimenting using the IsaMill to grind
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a UG2 ore, Chaponda, (2011) noted that there was an optimum stirrer speed to operate the
IsaMill which was in accordance with the findings of (Yang et al., 2006).

Effect of stirrer speed on specific energy & product fineness
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Figure 4-7 shows the results obtained by Chaponda, (2011) which show the optimum stirrer
speed was the high speed.
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Figure 4-5: Signature plot showing the effect of tip speed on the specific energy using 5 mm grinding media

at solids concentration of 50%
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Figure 4-7: Effect of stirrer tip speed on specific energy and product fineness (Chaponda, 2011)

4.1.6.4 Effect of tip speed on size specific energy consumption

The energy required to produce new —20 um was calculated for experiments performed at
different tip speeds. A line of best fit was plotted for the data to show the expected percentage

passing 20 um for a given energy input. Figure 4-8 shows that the tip speed of 700 rpm was
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the most efficient tip speed because it produced a higher fraction of sub 20 pum material.
Speeds of 300 rpm and1050 rpm produced less sub 20 um product than predicted by the line
of best fit. Similar trends were observed using the 5 mm grinding media at 50% and 60% solids

concentrations.
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Figure 4-8: Size specific energy of different tip speed at 5 mm grinding media and solids concentration of
50%

4.1.7 Solids concentration

The solids concentration is an important parameter in fine grinding as it has an impact on both
energy consumption and product fineness (Zheng et al., 1996). Operating a stirred mill at its
optimum solids concentration allows the mill to be energy efficient and it also can result in an
increase in mill throughput (Hasan, 2016). The solids concentration was investigated by
varying the solids concentration between 40% and 60% at the different grinding media sizes.
The range of solids concentrations used in the study was informed by stirred mill studies
conducted by other scholars (Zheng et al.,, 1996; Jankovic, 2003; Gao & Holmes, 2008;
Chaponda, 2011, Lisso, 2012)

4.1.7.1 Effect of solids concentration on PSD and P80

Solids concentration is known to influence the product size in wet grinding comminution
equipment because in-mill rheology is affected by the solids concentration (He et al., 2006). If
the solids concentration is too high, the mill rheology is altered and the resultant high slurry

viscosity results in a decrease in media velocity (He et al., 2006). Ouattara & Frances (2014)
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experimented with calcite and established that the lower calcite solids concentration also
resulted in a finer grind.

The PSD results from the experiments show that there is an interaction between the grinding
media size and solids concentration. The effect of the solids concentration was tested using
2 mm, 3.5 mm and 5 mm grinding media at a tip speed of 700 rpm. The tip speed of 700 rpm
was selected because it is the centre point for the tip speeds tested in the experiments. Figure
4-9 shows the particle size produced from the feed size after batch grinding at three different
solids concentrations with 5 mm grinding media. The high solids concentration of 60% gave a
coarser product but there was no significant difference between the product fineness obtained
at solids concentrations of 40% and 50%. This aligns with the observations of Ouattara &
Frances (2014). Although the solids concentration of 60% did obtain a coarser product, it was
not significantly different from the PSDs resulting from the solids concentrations of 40% and
50%. This is reflected in the P80 values (28. 3 um, 29.3 um, 30.9 um, respectively) that were
obtained at these solids concentrations. These observations are consistent with those obtained
with 3.5 mm grinding media (centre point grinding media) at 700 rpm. For the 2 mm grinding
media, a similar trend was noted, except that, at the P80 mark, the graphs showed significantly
different P80 values. This indicates that grinding media size has an influence on the distribution
of the product. Repeats of the experiments run with the solids concentration can be found in
the Appendix.
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Figure 4-9: Effect of solids concentration on PSD for 5 mm grinding media at 700 rpm.
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Figure 4-10:  Effect of solids concentration on PSD for 2 mm grinding media at 700 rpm.

4.1.7.2 Effect of solids concentration on power draw

The solids concentration has an effect on the slurry viscosity (Kwade, 1999b; Napier-Munn et
al., 2005). As the solids concentration increases, the viscosity increases exponentially (Napier-
Munn et al., 2005). In continuous comminution circuits, the viscosity influences the mill power
draw. However, in the batch experiments conducted, the solids concentration had little effect
on the power draw. This indicates that it was the slurry transportation coupled with the solids
concentration that impacted the power draw of the mill for the continuous tests. Table 4-1
shows the recorded mill power at 40%, 50% and 60% solids concentration at the different
speeds run with the 5 mm grinding media. The table shows that there is no difference between
the power draw for different solids concentrations at the same tip speed. The effect of the
solids concentration was noted for the 2 mm and the 3 mm grinding media, and these results
can be found in the Appendix.

Table 4-1 Recorded mil power at the different solids concentration

Tip Speed | Solids Concentration Power
350 ‘ 40 ‘ 0.48
50 0.43

| 60 ‘ 0.45

525 40 1.02
50 ‘ 1.03
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60 0.88
700 40 | 1.84
50 1.78

| 60 | 1.83

875 40 2.97
50 | 2.73

60 2.85

1050 40 | 4.20
50 4.23

60 | 4.18

4.1.7.3 Signature plots

Solids concentration is an important factor in stirred milling as it affects energy consumption.
Figure 4-11 shows how the solids concentration affects the P80 and that there is no significant
difference in the fineness of grind obtained for the same specific energy input with different
solids concentrations when using 5 mm grinding media. This observation was in contradiction
to the findings of Stenger et al. (2005), who observed that an increase in solids concentration
resulted in a finer product at the same energy input. Stenger et al. (2005) attributed it to the
fact that an increase in the solids fraction results in more ore particles being captured in the
grinding zone and therefore leads to increased milling efficiency. Results obtained by Stenger
et al. (2005) are shown in Figure 4-14. Jankovic (2003) tested 40%, 55% and 64% solids with
a SAM mill and also noted that the higher solids concentration of 64% resulted in a finer product
because the increased solids concentration minimised the media-to-media interactions. The
results observed with the 5 mm grinding media could be because the particles have reached
their limit of fineness with that grinding media size and thus changing the solids concentration
has no effect. When using 3.5 mm grinding media, the solids concentrations behave similarly

to observations made by Stenger et al. (2005) and Jankovic (2003).

The signature plot generated to observe the effect of solids concentration using a grinding
media size of 3.5 mm showed that there is no significant difference between the efficiency of
the mill at 40% and 50% solids concentration. However, using a solids concentration of 60%
was more efficient for energy inputs above 2 kWh/t. The 60% solids concentration gave a finer

product, as shown in Figure 4-12.

Using 2 mm grinding media showed that the 40% solids concentration was more energy
efficient at producing fine material, whereas the 50% grinding media was the least efficient for
energy inputs above 1.5 kWh/t, as shown in Figure 4-13. This may be due to the fact that the

combination of the 2 mm grinding media and the high solids concentration does not result in
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enough fluidization of the mill contents, so the breakage mechanisms are not in full effect.

Whereas at 40% solids the media is fluidized adequately and break the particles.
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Figure 4-11:  Signature plot to show the effect of solids concentration on specific energy and P80 for 5 mm

grinding media
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Figure 4-12:  Signature plot to show the effect of solids concentration on specific energy and P80 for 3.5 mm

grinding media
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Figure 4-13:  Signature plot to show the effect of solids concentration on specific energy and P80 for 2 mm
grinding media
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Figure 4-14:  Effect of increase in solids fraction on median particle size (Stenger et al., 2005)

4.1.7.4 Effect of solids concentration on the size specific energy consumption

The effect of the solids concentration on the size specific energy was analysed for solids
concentrations between 40% and 60% for the 5 mm grinding media. Data points for the size
specific energy were plotted, along with their respective trendlines. The graph shows that, at
specific energies greater than 10 kWh/t, a solids concentration of 60% gave a product with
more sub 20 um particles. As the specific energy increased, the 40% solids concentration gave
less product with 20 um particles than the 50% solids concentration and the 60% solids
concentration. Figure 4-15 shows how the 40%, 50% and 60% solids concentrations
performed at producing sub 20 pum material when using 5 mm grinding media. The results

obtained with 3.5 mm grinding media are shown in the Appendix. The size specific energy
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behaviour of the solids concentration using 3.5 mm grinding media behaved similarly to the
solids concentration behaviour noted when using 5 mm grinding media. When using 2 mm
grinding media, it was noted that the solids concentration 60% gave the least sub 20 pm
product. This observation may be attributable to the fact that, at high solids concentrations, the
grinding media motion is dampened by the increase in solids concentration, which reduces the
stress intensities. At high solids concentrations, there are not enough media-to-particle spaces
which also reduces the number of stress events in the mill, whereas the opposite is true for
solids concentrations of 40%. The difference in the solids concentration behaviour shows that
there is an optimum solids concentration and grinding media combination for efficiently

grinding UG2 ore. The results observed for 2 mm grinding media are shown in Figure 4-16.
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Figure 4-15:  Size specific energy for 40%, 50% and 60% solids concentration using 5 mm grinding media
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Figure 4-16:  Size specific energy for 40%, 50% and 60% solids concentration using 2 mm grinding media

4.1.8 Grinding media

Grinding media is an important parameter in stirred milling because it affects the quality of the
grind and it also affects the grinding energy consumption (Jankovic, 2003; Ouattara & Frances,
2014). The impact of grinding media was investigated using Keramax grinding media. The
grinding media is one of the factors that affect the fluidisation of the mill. For efficient grinding
to take place in the HIGmill, the grinding media has to be sufficiently fluidised (Scott & Gutsche,
1999). Three aspects of the grinding media were tested: grinding media size, grinding media

size distribution and the grinding media volume.

The effect of the grinding media size was investigated using three media sizes at stirrer speeds
of 350 rpm to 1050 rpm, and solids concentrations of 40% to 50% and the media filling was
kept constant at a volume of 60%. The experiments were carried out to investigate the
influence of media grinding, media filling and grinding media, and PSD tests were carried out
at a solids concentration of 50%. The impact of grinding media size distribution was also tested
by using different ratios of the 2 mm, 3.5 mm and 5 mm grinding media. These experiments
were conducted to determine the optimal grinding media size, grinding media filling and

grinding media PSD to be used in the comminution of UG2 ore.

4.1.8.1 Grinding media volume fill

Grinding media volume fill is an important factor in stirred milling because it affects the energy
efficiency of the mill (He, Wang & Forssberg, 2006; Rahal, Erasmus & Major, 2011). The effect
of the grinding media volume fill was tested using 5 mm grinding media at a solids

concentration of 50%. The volume fillings degrees used in the study were 40%, 50%, 60%,

71



Chapter 4: Assessment of Milling Performance

70%. The selection of the grinding media volumes was influenced by the volumes that were
studied in literature and the recommended media filling range for the HIG5mill, which is 30%-—
75%.

4.1.8.1.1 Effect of grinding media volume fill on PSD and P80

The grinding media filling affects the fluidisation of the because increasing the grinding media
fill decreases the porosity of the system and reduces the cavity size that is formed near the
shaft when grinding media is fluidised. If the media filling is too high for the milling conditions,
the grinding media may not be adequately fluidised, and it gives a coarse milled product. It
was expected that increasing the media filling will result in a finer product because of increased
grinding surfaces and the increase in compressive force that comes with increasing the media
load (Yang et al., 2006). Figure 4-17 shows how the grinding media filling affected the PSD.
The finest PSD was obtained with a grinding media fill of 60%. The coarsest PSD was obtained
with a grinding media fill of 40%. This demonstrates that there is an optimal grinding media fill
that the HIGmill should be operated at, which is in line with the observations made by Gao &
Holmes (2008). The data indicates that the optimal media filling for the 5 mm grinding media
at 700 rpm was 60%, which was the media fill that gave the finest product. The P80s for the
different speeds in the range 350-1050 rpm were plotted, and they show that a 40% media fill
gave a coarse P80 for all the speeds in the range. At 700 rpm and 525 rpm, a media filling of
60% gave the finest product, followed by 70% and then 50% media fill. There was no significant
difference in the P80 product sizes that were observed for 50%, 60% and 70% media fillings
when the mill was operated at speeds of 350 rpm, 825 rpm and 1050 rpm, as shown in Figure
4-18.
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Figure 4-17:  Effect of grinding media fill on PSD for 5 mm grinding media at 700 rpm
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Figure 4-18:  Effect of grinding media fill on the P80 using 5 mm grinding media at tip speeds in the range of
350-1050 rpm
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4.1.8.1.2 Effect of grinding media volume on power draw

Increasing the grinding media filling results in an increase in power draw (Hasan, 2016). There
is an increase in the power required to put the increased grinding media load in motion. Figure
4-19 shows that a media filling of 70% draws the most power at all the speeds tested in the
experiments, and a media fill of 40% draws the least power.
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Figure 4-19:  Effect of grinding media filling on the power draw for 5 mm grinding media

4.1.8.1.3 Signature plots

Signature plots were plotted for the media fillings tested to analyse the energy efficiency of the
media filling. The trend lines show that a media filling of 70% is the least efficient because it
needs more energy to achieve the same P80 values, as highlighted in Figure 4-20. To achieve
a P80 of 50 um, a media filling of 70% requires approximately 3.7 kWh/t of energy, whereas
the 40%, 50% and 60% media filings require approximately 2.5 kWh/t, 2.3 kWh/t and
2.3 kWh/t respectively. A media filling of 40% requires more energy to produce the same P80
size as the 50% and 60% for P80 values greater than 30 pum, after which the 40% media fill
requires less energy to produce products with a P80 less than 30 um. The data presented here

show that, for 5 mm grinding media, a media filling of either 50% or 60% is the optimal choice.
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Figure 4-20:  Signature plot for grinding media fill using 5 mm grinding media at 50% solids concentration

4.1.8.1.4 Effect of grinding media volume fill on size specific energy

The effect of grinding media volume fill was analysed using the size specific energy method to
determine which grinding media fill efficiently produced sub 20 pm particles. For specific
energy inputs below 15 kWh/t, a media filling of 60% gave more sub 20 um particles and,
thereafter, a media fill of 50% produced more sub 20 um particles. This may be because, at
higher energy inputs the grinding media is not adequately fluidised to produce sub 20 um
particles. The size specific energy for the different media fillings tested in the scope of work is

shown in Figure 4-21.
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Figure 4-21:  Effect of grinding media filling on the size specific energy using 5 mm grinding media

4.1.8.2 Grinding media size

Grinding media size is an important parameter in stirred milling as it affects both product
fineness and energy consumption (Mankosa et al., 1986; Jankovic, 2003; de Bakker, 2014).
For the scope of this thesis, three grinding media sizes were tested: 2 mm, 3.5 mm and 5 mm.
The 2 mm and 3.5 mm were chosen because these sizes fall in the range of media sizes that
can be tested using the HIGmill. Other scholars who have studied the effect of grinding media
on stirred milling have also used media sizes between 2 mm and 5 mm (Mankosa et al., 1986;
Jankovic, 2001; Chaponda, 2011; de Bakker, 2014), which is why the 5 mm grinding media
size was also investigated in this thesis. The different sizes were tested to establish the optimal
grinding media size for UG2 ore with a top feed size of 1 mm.

4.1.8.2.1 Effect of grinding media size on PSD and P80

The increase in grinding media size resulted in a finer PSD for the UG2 ore with a top size of
1.0 mm, as shown in Figure 4-22. The finer PSD was observed with an increased grinding
media size because the larger grinding media provides higher stress intensities than the

smaller grinding media (Becker et al., 2001).

The effect of the grinding media size was also studied for different solids concentrations, as
shown in Figure 4-23, Figure 4-24, and Figure 4-25. At all the solids concentrations tested, the
5 mm grinding media constantly gave a finer product than the 3.5 mm and 2 mm grinding

media because the larger media provides higher stress intensities. In the instances where the

76



Chapter 4: Assessment of Milling Performance

2 mm grinding media gave a finer product, the surface area effect was greater than the stress
intensity effect.

At low speeds (<525 rpm), the 2 mm grinding media gave a finer product than the 3 mm
grinding media due to the higher frequency of media particle contact for the 2 mm grinding
media. The size of the 2 mm grinding media means, at a constant fill of 60%, there is more
grinding media than for the 3.5 mm grinding media. At high speeds (>700 rpm), the 3.5 mm

grinding media and the 5 mm grinding media behaved similarly and produced similar PSDs
and P80s.

The optimal grinding media to feed top size ratio for this study was 5:1. He & Forssberg (2007)
experimented with quartzite for ultra-fine grinding and found that the optimal media size to feed
was between 150 and 200, whereas Zheng et al. (1996) got a ratio of 12:1 using glass beads,
and Mankosa, et al. (1986) recommended a ratio of 20:1 for steel beads. Chaponda (2011)
experimented with a PGM ore of top with F80 of 212 um and noted that the 2 mm grinding
media gave a finer product than the 3.5 mm and 5 mm grinding media. The difference between
the findings of this study and that of Chaponda (2011) is explained by the finding of Jankovic

(2003) that a coarse feed requires larger grinding media than that required by a fine feed.
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Figure 4-22:  Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding media at a solids
concentration of 50% and a tip speed of 700 rpm
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The effect of the grinding media size was also studied for different solids concentrations as
shown in Figure 4-23, Figure 4-24, and Figure 4-25. At all the solids concentrations tested, the
5 mm grinding media constantly gave a finer product compared to 3.5 mm and 2 mm grinding
median because the larger media has higher stress intensity. The 3.5 mm grinding media
produced a coarser product at 50% and 60% solids up to a stirrer tip speed of 500 rpm, and
thereafter the product was finer than that produced with the 2 mm grinding media. In the
instances where the 2 mm grinding media gave a finer product, the surface area effect was
greater than the stress intensity effect.

At low speeds (<525 rpm), the 2 mm grinding media gave a finer product than the 3 mm
grinding media due to the higher frequency of media particle contact for the 2 mm grinding
media. The size of the 2 mm grinding media means, at a constant fill of 60%, there are more
grinding media beads than for the 3.5 mm grinding media. At high speeds (>700 rpm), the
3.5 mm grinding media and the 5 mm grinding media behaved similarly and produced similar
PSDs and P80s.

He & Forssberg (2007) experimented with quartzite for ultra-fine grinding and found that the
optimal media size to feed was between 150 and 200, whereas Zheng, et al. (1996) got a ratio
of 12:1 using glass beads and Mankosa, et al. (1986) recommended a ratio on 20:1 for steel
beads. Chaponda (2011) experimented with a PGM ore with F80 of 212 um and noted that the
2 mm grinding media gave a finer product compared to the 3.5 mm and 5 mm grinding media.
The difference in the findings of this study and that of Chaponda (2011) was explained by
Jankovic (2003) when he discussed that a coarse feed requires larger grinding media than that
required by a fine feed.
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Figure 4-23:  Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 40% solids concentration using

tip speeds in the range 350-1050 rpm
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Figure 4-24:  Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 50% solids concentration using

tip speeds in the range 350-1050 rpm
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Figure 4-25:  Effect of 2 mm, 3.5 mm and 5 mm grinding media size on P80 at 60% solids concentration using
tip speeds in the range 350-1050 rpm

4.1.8.2.2 Effect of grinding media size on power draw

The effect of grinding media size on the power was observed. An increase in the grinding
media size resulted in an increased power draw at all the tip speeds tested in the scope of
work. Figure 4-26 shows the effect of the grinding media size on the power draw at a solids
concentration of 50%. The trend noted at the solids concentration of 50% was consistent at
solids concentrations of 40% and 60%. It was also observed that the power draw using 5 mm
grinding media was double the power draw observed when using 2 mm grinding media. This

demonstrates that it is more energy efficient to use a smaller grinding media in the HIGmill.
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Figure 4-26:  Effect of grinding media size on the power draw at a solids concentration of 50%

4.1.8.2.3 Signature plots

Signature plots were generated to analyse the effect of the grinding media size. The efficiency
of the grinding media was determined by assessing which grinding media size produced a finer
product at the same energy input. At a solids concentration of 50%, the 5 mm grinding media
was more efficient for specific energy input less than 4 kWh/t, after which the 3.5 mm grinding
media was more efficient. This trend was also noted at a solids concentration of 60% and can
be found in the Appendix. At a solids concentration of 40%, the 5 mm grinding media produced
a finer product at the same specific energy as the 2 mm and 3.5 mm grinding media up to a
specific energy input of 4 kWh/t; thereafter the 2 mm grinding media produced a finer product.
The results highlighted in this section suggest that, at low energy inputs, 5 mm grinding media
is the best choice of grinding media size. At energy inputs above 4 kWh/t, the solids
concentration also has to be considered when choosing the ideal grinding media size. Farber
et al., (2011) ran experiments with the IsaMill to see the effects of grinding media size on the
energy consumption and they noted that the smaller grinding medial size consumed less
energy. Results obtained by Farber et al., (2011) can be seen in Figure 4-29 and it can also
be noted that the energies observed by Farber et al., (2011) are similar to those observed in

this scope of work.
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Figure 4-27:  Signature plot for 2 mm, 3.5 mm and 5 mm grinding media with a solids concentration of 50%
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Figure 4-28:  Signature plot for 2 mm, 3.5 mm and 5 mm grinding media with a solids concentration of 40%
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Figure 4-29::  IsaMill signature plots for ceramics grinding media Farber et al., (2011)

4.1.8.2.4 Effect of grinding media size on size specific energy consumption

To analyse the effect of the grinding media size on size energy consumption, the cumulative
percent passing 20 um was plotted against the size specific energy for each grinding media
size. Figure 4-30 shows the efficiency of the different grinding media sizes at generating
particles that are less than 20 um at a solids concentration of 40%. The 2 mm grinding media
was more efficient at generating —20 um particles at energy inputs greater thar 7 kWh/t. Figure
4-31 shows that the 2 mm grinding media and 5 mm grinding media behave similarly when it
comes to producing sub —20 um particles. 3. 5 mm is more energy efficient at producing sub
20 pum for energy inputs greater than 9 kWh/t. Figure 4-32 shows the efficiency of the different
grinding media sizes at generating particles that are less than 20 um at a solids concentration
of 60%. At energy inputs greater than 7 kWh/t the 3.5 mm grinding media produced the sub
20 um more efficiently than the 2 mm grinding media and the 5 mm grinding media. The
difference in the behaviour of the grinding media at the different solids concentration
demonstrates that, when selecting the optimal grinding media size for a system, other

parameters such as the solids concentration should be taken into consideration.
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Figure 4-30:  Effect of grinding media size on the size specific energy for a solids concentration of 40%
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Figure 4-31:  Effect of grinding media size on the size specific energy for a solids concentration of 50%
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Figure 4-32:  Effect of grinding media size on the size specific energy for a solids concentration of 60%

4.1.8.3 Effect of mixing grinding media sizes

There are only two instances when mills operate with monosized grinding media: when the mill
is first operated and after the mill has been flushed, so it is valuable to investigate the effect of
mixing grinding media sizes. Tests involving the mixing of grinding media sizes were carried
out by combining 2 mm, 3.5 mm and 5 mm grinding media in the fractions presented in Table
4-2. Only two combinations were considered in the scope of work.

Table 4-2: Proportions of the media size used for each combination

Combination 2mm 3.5mm 5mm
1 1 1 1
3 3 3
2 1 0 1
2 2

4.1.8.3.1 Effect of grinding media size distribution on PSD and P80

Test work conducted with monosized grinding media showed that an increase in grinding
media size results in a finer PSD. Figure 4-33 shows the PSDs obtained from tests performed
using media size combinations and individual media sizes at a tip speed of 700 rpm and a
solids concentration of 50%. The tests with media combination 1 gave a product fineness
similar to that obtained when using the 3.5 mm grinding media, and the tests conducted with

media combination 2 gave a similar PSD to the distribution obtained with 5 mm grinding media.
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At low speeds (i.e., speeds below 525 rpm), media combination 2 gave the finest product. In
this combination, the 2 mm bead size increased the number of beads available for particle-to-
media interaction to occur, and the 5 mm grinding media provided the high stress intensity
required for particle breakage. The increase in media surface area and the high stress intensity
resulted in finer products. Media combination 1, which had a third of 2 mm grinding media, a
third of 5 mm grinding media and a third of 5 mm grinding media, provided a PSD similar to
that produced by the 3.5 mm grinding media. This can be explained by the fact that the surface
area available for grinding and media-to-particle interactions were similar. Figure 4-34 shows
the effect of the media size combinations on the P80 at tip speeds in the range of 350—
1050 rpm. At speeds above 700 rpm, all the media combinations give similar product sizes,

except the 2 mm grinding media, which give the coarsest product size at all the tip speeds in
the range.
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Figure 4-33:  PSD of monosized media and mixing grinding media sizes (combination 1 & combination 2) at a
tip speed of 700 rpm and a solids concentration of 50%
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Figure 4-34:  Effect of media size combinations on the product size (P80) compared to the product size

obtained with 2 mm, 3.5 mm and 5 mm grinding media at a solids concentration of 50%

4.1.8.3.2 Effect of grinding media size distribution on power draw

The effect of grinding media combinations on the power draw was compared to the power draw
of the 2 mm, 3.5 mm and 5 mm grinding media, and the results are highlighted in Figure 4-35.
For all the speeds, there was no significant difference between the power draw of the media
combinations and the power draw of the 3.5 mm grinding media, except at 525 rpm, where

media combination 2 had a higher power draw than the 3.5 mm grinding media.
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Figure 4-35:  Effect of media size combinations on power compared to the power draw of 2 mm, 3.5 mm and

5 mm grinding media at a solids concentration of 50%
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4.1.8.3.3 Signature plots

Signature plots for the tests conducted on the grinding media combinations were charted,
along with the relevant plots for the 2 mm, 3.5 mm and 5 mm grinding media, as shown in
Figure 4-36. The results show that, at specific energy inputs below 5 kWh/t, combination 2
grinding media is more energy efficient, giving a finer product for the same energy input as the
other grinding media sizes and combinations. At energy inputs below 1.5 kWh/t, the 3.5 mm
grinding media is the least energy efficient, giving a coarser product at the same energy input,
thereafter the 2 mm grinding media is the least energy efficient.
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Figure 4-36:  Signature plot for media size combinations, 2 mm, 3.5 mm and 5 mm grinding media at a solids

concentration of 50%

4.1.8.3.4 Effect of grinding media on size specific energy

The size specific energy for the grinding media combinations was compared to the size specific
energy for the 2 mm and 5 mm grinding media at a solids concentration of 50%, and results
are shown in Figure 4-37. This analysis was done to determine which grinding media size or
grinding media size combination was more efficient at producing sub 20 pum particles. The
media size combinations were more efficient at producing sub 20 pm particles than the

monosized media.
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Figure 4-37:  Size specific energy for media size combinations compared to the size specific energy for 2 mm,
3.5 mm and 5 mm grinding media at a solids concentration of 50%

4.1.9 Effect of Stress Intensity on P80

This section looks at the effect of the stress intensity on the product size and the energy
efficiency. The stress intensity was calculated using Equation 4. For the experiments run in the
scope of this work the range of the stress intensity was between 0.127 x 10° Nm and 17.8 x 10
3 Nm. The stress intensities obtained are comparable to those obtained by Jankovic (2003)

when investigating the variables affecting the grind of zinc concentrate.

Figure 4-38 shows the effect of the stress intensity on the product size for a grinding media
size of 5 mm at a solids concentration of 50%. As expected, the increase in the stress intensity
results in a finer product with the product size decreasing to 20.3 um from 79.5 um when the
stress intensity increased to 18.2 x 10 Nm from 1.98 x 10 Nm. However, between stress
intensities of 7.00 x 10 Nm and 18.0 x 10 Nm the decrease in the P80 is gradual. Lisso
(2012), also observed a similar stress intensity trend for the grinding of Merensky ore at solids

concentration of 40% as shown in Figure 4-39.
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Figure 4-38:  Effect of media stress intensity on the P80 at a solids concentration of 50% and grinding media
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Figure 4-39:  Effect of media stress intensity on the P80 at 40% solids concentration and 102 seconds milling
time (Liss0,2012)

The stress intensities that were observed using 2 mm and 3.5 mm grinding media were
comparable to those observed by Jankovic (2003) as shown in Figure 4-40 and Figure 4-41.
The difference in the P80 numbers in the two graphs is attributed to the feed top size, where
a top size of 100% passing 1000 pm was used for the experiments in the thesis and Jankovic
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(2003) used a finer feed top size of 80% passing 47 um. The work of Jankovic (2003) noted
that there is an optimum stress intensity for a system and this was observed when a coarse
product resulted as the stress intensity continued to increase as shown in Figure 4-41. Kwade
et al. (1996) attributed this to the loss of energy utilization which is a result of energy losses.
For the experiments run in this scope of work the optimal stress intensity was not observed.
This indicates that the energy utilization in the scope of work did not reach a point where it

started to decrease.
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Figure 4-40:  Stress intensity of 2mm grinding media at solids concentration of 50%
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Figure 4-41:  Stress intensity plot for mill of zinc concentrate in a pin mill (Jankovic, 2003)
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4.1.10 Conclusion

This chapter has given an analysis of the results obtained from the test work that was
conducted with the HIG5mill. The investigation conducted in this study was to assess the fine-
grinding capabilities of the HIGmill on the UG2 ore. The parameters tested were solids
concentration, tip speed, grinding media volume fill, grinding media size and grinding media
size distribution. The tests conducted on the grinding media size volume fill and media size
combinations were done to fully investigate the parameters associated with grinding media.
The results from the experiments carried out can serve as a guide in selecting optimum

parameter combinations to give the desired P80 size.

The different methods of analysis used in the interpretation of the data obtained from the
experiments were used to deduce the best parameter combination to be used. Of the methods
of analysis presented in this chapter three main methods were used to arrive at the optimum
parameter. These methods were the PSD and P80 analysis, the signature plot, and the size
specific energy analysis method. With the PSD and P80 method of analysis the optimum
parameter was considered to be the one which gave the finest grind. With the signature plot
the best parameter setting was concluded to be the one that gave a fine product in an energy
efficient way. Using the size specific energy, the best parameter setting was considered to be

the one that produced the most sub 20 um particles whilst using the least energy.

The PSD and P80 method of analysis concluded that a speed of 1050 rpm gave the finest
product for all grinding media sizes and solids concentrations tested. However, at a solids
concentration of 50% and grinding media size of 5 mm both the signature plot and the size
specific energy methods indicated that a tip speed of 700 rpm was the optimal speed. Running
the mill at a speed of 700 rpm gave a fine product with less energy consumed and at a tip
speed of 700 rpm more sub 20 um particles were produced energy efficiently.

For solids concentrations tested at 700 rpm the PSD and P80 method indicated that for 3.5 mm
and 5 mm grinding media either a solids concentration of 40% or 50% is optimal. For 2 mm
grinding media, the running at 40% solids gives the finest product. The signature plots indicate
that the effect of the grinding media size should be considered when selecting a solids
concentration for a system. There was no significant difference in the energy consumption of
the different solids concentrations tested when using a grinding media of 5mm. However, at
energy inputs above 2 kWh/t, 60% solids concentration was more efficient. With 2 mm grinding
media 40% solid was more efficient. The size specific energy indicated that the optimum solids

concentration for a 5 mm and 3.5 mm grinding media at energy inputs greater than 9 kWh/t
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was 60% solids. The optimum solids concentration when using the 2 mm grinding media at
energy inputs above 5 kwh/t was 40% solids.

The tests conducted on the grinding media fill indicated that a grinding media fill of 60% was
the optimal grinding media fill as it gave the finest product using the PSD analysis. The specific
energy analysis showed that a grinding media fill of either 50% or 60% gave the finest product
at the least energy input. Using the size specific energy showed that for energy inputs below
15 kWht, 60% grinding media fill gave the most sub 20 um particles.

For the grinding media size, the 5 mm grinding media gave the finest product. However, using
5 mm grinding media proved to be energy intensive for the range of tip speeds tested.
According to the signature plots 5 mm grinding media was the most energy efficient for energy
inputs below 5 kWh/t. Above 5 kWh/t the 2 mm and 3.5 mm grinding media are the best media
sizes to consider. The size specific energy analysis of the grinding media showed that when

considering the optimal grinding media size the solids concentration should be considered.

Mixing grinding proved to have the most effect when considering the size specific energy as

the grinding media mixture were efficient as producing sub 20 um particles.

The effect of stress intensity was also investigated, and it was noted that increase in the media

stress intensity resulted in a finer product size.
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5. ASSESSMENT OF FLOTATION PERFORMANCE

This chapter details the results obtained from flotation tests conducted on the comminuted
UG2 ore. Flotation tests were included to evaluate the downstream response to the particles

prepared using the HIGmill for the standard UG2 flotation batch tests conducted.

Batch flotation tests were carried out on the products from the HIGmill to assess the flotation
response after milling at different conditions. The aim of the floating of the HIGmill products
was to investigate whether comminuting the ore using the HIGmill would change the flotation
response of the specific UG2 ore used in the experiments. The work considered the ideal
parameters that would allow the HIGmill products to respond better in the standard conditions
used for UG2 batch flotation. The procedure used adopted the standard UG2 reagent suite at
dosages used by the company that supplied the UG2 ore. The reagent dosages and
conditioning times are reported in Chapter 3. The concentrate and tailings for the flotation tests
were sent for assaying, and the analysis requested was for 4E PGMs. A total of 27 tests were
performed that involved floating the HIGmill products. Of these 27 tests, four were selected for
kinetics analysis, and assays of all concentrate fractions and the tailings were carried out. For
the remainder of the flotation tests, the concentrate samples were composited to allow the final
recovery and grade to be calculated. The flotation kinetics were used, along with important
flotation efficiency parameters, such as the grade, recovery, and accountability, to assess the
flotation response of the UG2 ore comminuted using the HIGmill under different operating

conditions.

5.1 Flotation of HIGmill Products

The HIGmill products selected for the full assay analysis had P80 values of 29 um, 37 um,
52 um and 64 um. The particles size distributions of the four tests selected for the analysis of
flotation kinetics are presented in Figure 5-1. It can be seen that the HIGmill operated at
700 rpm using different grinding media sizes and in-mill solids concentration gave products

with different P80 values.
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Figure 5-1: PSD for the flotation samples sent for full analysis.

5.2 Solids and Water Recovery

Recoveries of solids and water were calculated for each batch flotation test performed. Figure
5-2 shows the water and solids recovered in the flotation tests performed on patrticles prepared
using the HIGmill to obtain products with different P80 values. The products at different P80
values were obtained by operating the HIGmill at 700 rpm and using monosized grinding media
of 5 mm, 3.5 mm and 2 mm. It can be seen that the water recovery decreased as the product
became finer. The solids recovery showed marginal increases with the flotation of finer HIGmill
products. The HIGmill product with a P80 of 29 pm had the least water recovered and the most
solids recovery. This indicates that this batch flotation had the least flotation by entrainment.
This feed slurry responded well to the reagent dosages used in the test work.
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Figure 5-2: Solids and water recovery graph

5.3 Recovery Kinetics

The kinetic response of the material ground to different product size distributions was assessed
using the assays from concentrate fractions and the tailings for the selected tests. Figure 5-3
and Figure 5-4 show the recovery time curve and recovery grade curves, respectively obtained

by floating HIGmill products with different size distributions.

5.3.1 Effect of grind on recovery and grade

The grade-recovery curve for the 4E in Figure 5-3 shows no significant difference in the
flotation response of P80 products prepared using the HIGmill. The results indicate that the
product particle size distribution for this material did not have a significant impact on the
flotation response. It was observed that the recovery attained from the tests was 81% at a
grade of 18 g/t. The recovery and grade obtained from floating the feed was 73.2% at a grade
of 42.4 g/t. Therefore, grinding the material in the HIGmill improved the recovery potential of

the ore.
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5.3.2 Kinetic models

The recovery kinetics were studied further using the Klimpel model and the Kelsall model. The
kinetics models helped to quantitatively combine the flotation response using model
parameters that fitted the data.

5.3.2.1 Klimpel model

The Klimpel model was used to fit to the experimental data. Details of the model and the
relevant equations are given in the literature review (section 2.6.4.2). According to the model,
the maximum recovery achievable for the UG2 ore used in the experiments was 95.4%, and
the rate constant for the flotation kinetics was 0.94. Figure 5-5 shows the comparison of the
fitted and experimental data for the flotation results of HIGmill products with different P80
values. The model fitted the experimental data well in all cases, using the same parameters,
which indicates that there were no significant differences in the responses. Ramlall & Loveday
(2015) applied the Klimpel model to the UG2 ore, and they obtained a maximum recovery of
85.38% and a rate constant of 2.73 min~. The differences in maximum recoveries and the rate

constants may be attributed to the differences in the sources of the UG2 ore.
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Figure 5-5: First order Klimpel model for PGM recovery from UG2 ore
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5.3.2.2 Kelsall model

The Kelsall model was also used to fit the experimental data. Details of the Kelsall model can
be found in the literature review (section 2.6.4.2). According to the Kelsall model of the
experimental data, Ry,sc Was 65.1% and Ry, Was 34.9%, —kqs was 0.2 min™ and kg, Was
1.0 min~. The fitting results using these parameters are given in Figure 5-6. The same
parameters were used to fit the data from all four tests and a good fit was achieved in all cases,
with minor deviations for the fit involved in the kinetics of the material milled to P80s of 29 um
and 37 um. Ramlall & Loveday (2015) applied the Kelsall model to their experimental data for
the flotation of UG2 ore, and their Rr,s; was 69.01% and Rg,,, was 30.99%; —kf,sc Was
0.04 min™t and kg;,,, was 1.77 min~t. Achieving well-fitting results for the Kelsall model using

the same parameters indicates that there was no significant difference in the kinetics of the

four tests.
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Figure 5-6: First-order Kelsall model for PGM recovery from UG2 ore
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5.4 Effect of Parameters on Recoveries

5.4.1 Effect of tip speed

5.4.1.1.1 Effect of tip speed on solids and water recovery

To show the effect of the tip speed on the water and solids recovery, the individual data are
shown in Figure 5-7. Table 8-13 highlights the solids and water recovery for each test. The
effect of the tip speed on the solids and water recovery differed for each set of parameters run
for the experiments. For example, a solids concentration of 40% and grinding media size of
2 mm resulted in an increase in both water and solids recovery when the speed was increased.
For a solids concentration of 60% and grinding media size of 3.5 mm, the water recovery
decreased with an increase in speed, and the solids recovery increased.
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Figure 5-7: Effect of tip speed on water and solids recovery

5.4.1.2 Effect of tip speed on PGM recovery

The PGM recovery was plotted against the P80, as shown in Figure 5-8. At high tip speeds
and fine P80, the PGM recovery was less than 80%. At 700 rpm, the P80 range was between
25 pm and 85 pm, and the resultant PGM recoveries were above 80%. At low speeds of
350 rpm, both the P80 and the PGM recovery had a wide range. Figure 5-8 highlights that the

speed of the mill has a significant impact on the P80.
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Figure 5-8: Effect of tip speed on PGM recovery

5.4.2 Effect of grinding media

5.4.2.1.1 Effect of grinding media size on water and solids recovery

The effect of the grinding media size on the water and solids recovery was studied by keeping
the tip speed and solids concentration constant while changing the grinding media size. It was
noted that a grinding media size of 5 mm gave the highest solids recovery for the whole run,
except when the speed was at 1050 rpm. No significant trend was noted in the effect of the
grinding media size on water recovery. Table 8-14 shows the values obtained for the water

and solids recovery in the different combinations of parameters.
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Figure 5-9: Effect of grinding media size on water and solids recovery

5.4.2.2 Effect of grinding media size on PGM recovery

Figure 5-10 shows the effect the grinding media size had on the P80 and the resultant
recovery. The lowest recovery of 67.3% was observed at a P80 of 19 um, which was achieved
using a grinding media size of 3.5 mm. The highest recovery was achieved at a P80 of 80.1 pum
using 5 mm grinding media. No significant trend was noted in the effect of grinding media size
on the recovery, and the graph shows that the recovery is dependent on the P80.
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Figure 5-10:  Effect of grinding media size on PGM recovery

5.4.3 Effect of solids concentration

5.4.3.1.1 Effect of solids concentration on water and solids recovery

The solids concentrations tested in the set of experiments were 40%, 50% and 60%. The effect
of solids concentration on the water and solids recovery was studied by keeping the grinding
media size and tip speed constant while changing the solids concentration. There was no
significant trend in the water and solids recovery when the solids concentration was varied, as
shown in Figure 5-11.

30.0 16.0
140 _
25.0 Q\i
—~ 12.0
X Py
~ 20.0 D)
> 100 2
0>) 3]
S 150 go 2
3 3
- 6.0 '?—3
[J] 10.0 n
c:s 40 —=
= U=
= 5.0 o
§ 2.0
00 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 40% 50% 60% 00

solld solld solld solld solld solld SD|Id sohd sohd solld sohd sohd solld sohd sohd solld solld solld sohd solld solld sohd solld SD|Id solld SD|Id solld
2 mm media 3.5 mm media 5 mm media 2 mm media 3.5 mm media 5 mm media 2 mm media 3.5 mm media 5 mm media
350 rpm 350 rpm 350 rpm 700 rpm 700 rpm 700 rpm 1050 rpm 1050 rpm 1050 rpm
®mwater recovery 238 249 27.0 20.8 243 186 273 257 249 223 227 222 192 203 176 169 180 228 226 242 229 190 141 131 212 195 16.9
®mmassrecovery 40 47 60 52 51 51 100 60 63 65 59 66 71 68 56 72 70 89 80 73 60 72 52 62 69 67 57

Figure 5-11:  Effect of solids concentration on water and solids recovery
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5.4.3.2 Effect of solids concentration on PGM recovery

Figure 5-12 shows the effect of the solids concentration on the PGM recovery. Varying the
solids concentration has no significant impact on the P80 and the recovery. In Figure 5-12, the
different solids concentrations give a wide distribution of P80s and recoveries. The recovery
was dependent on the P80 value.
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Figure 5-12:  Effect of solids concentration on PGM recovery

5.5 Base Metal and Gangue Recovery

5.5.1 Nickel and copper recovery

In some instances, nickel recovery and copper recovery can be used as proxies for the PGM
recovery. Figure 5-13 and Figure 5-14 show the recoveries for nickel and copper for the
flotation tests that were done for the four different grinds. The nickel and copper recoveries
behave similarly. For both copper and nickel, the highest recoveries were observed for the
sample with a P80 of 52 um and the lowest recoveries were observed for the sample with a
P80 of 37 um. Although the 4E recovery differences between the samples with different P80s,
a similar trend was observed for the 4E recoveries, where the sample with a P80 of 52 pum had

slightly higher recoveries and better kinetics than the other samples.
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Figure 5-14:  Cu recovery (%) vs flotation time
5.5.2 Nickel and copper recovery grade curves

Figure 5-15 and Figure 5-16 show the grade recovery curves for nickel and copper. The best
grade recovery curves for both nickel and copper were observed for the samples with the

coarser grinds i.e., a P80 of 64 um and 52 um. It is possible that optimizing the reagent doses

have resulted in improved the recoveries for the samples with finer grinds.
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Figure 5-16: Cu grade recovery curves

5.5.3 Chrome and silicarecovery

When considering the chrome and silica recoveries of a UG2 ore, the lower recoveries are

favourable because of the adverse effects that chrome and silica have on the downstream

processes in the PGM beneficiation chain such as smelting. Most processing plant target to
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have chrome content of less than 3% (Wesseldijk et al., 1999). Figure 5-17 and Figure 5-18
show the chrome and silica recoveries for flotation tests conducted on the samples with varying
P80s. The chrome and silica recoveries behaved similarly, in that the sample with the finer
grind (P80 = 29 um) gave the higher recoveries for both chrome and silica and the sample with
the coarsest grind (P80 = 67 um) gave the lowest recoveries for both chrome and silica. The
high chrome and silica recoveries observed with the samples of finer grind may have been
dues to high levels of entrainment since the reagent doses were not optimized.
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Figure 5-17:  Cr203 recovery vs time
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Figure 5-18:  SiOz recovery vs time

5.5.4 Chrome and silicarecovery grade curves

Figure 5-19 and Figure 5-20 show the recovery and grade curves for chrome and silica. For
chrome, the sample that gave low recovery and low grade was the sample with a P80 67 um.
the results for the chrome sample indicate that sample would need to further flotation to
decrease the chrome content. In the processing plant this would mean the samples would
possibly need to be passed through a cleaning stage. The recovery grade curves for silica
show that there is no significant change in the grade of silica for the different concentrates (C1,
C2, C3, C4) and this may be due to the fact that silica makes up majority of the gangue material

in the concentrates recovered
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5.5.5 Base metal and chrome size recovery plots

Grade recovery curve for SiO2

Size recovery plots for the base metals and chrome were plotted to assess if there is a
noticeable trend as the particles get finer. Figure 5-21 and Figure 5-22 show the size recovery

plots for copper and nickel. Both graphs indicate that there is an optimal size at which the high
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recovery of the base metals can be achieved. Figure 5-23 shows the size recovery plot for
chrome. It was observed the milled samples with a P80 of 20 um and below had chrome
recoveries that were higher than 3%. It can be noted that the flotation tested were conducted
uses standard reagent doses for the treatment of UG2 ore and the reagents were not optimized
to find the optimal dosages for the milled ore.
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Figure 5-21:  Copper size recovery plot
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Figure 5-22:  Nickel size recovery plot
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5.6 Conclusion

This chapter analysed the results obtained from floating the milled UG2 ore. the water recovery
decreased as the HIGmill product became finer. The result also showed that fine grinding
increased the recovery potential of the ore. the increased in the recovery potential may be
attributed to the increased liberation which results from fine grinding of the ore. Kinetic models
used to fit the flotation tests showed that there is no significant difference in the recoveries of
the finely ground material. It was also noted that the HIGmill P80 has the largest impact on the

flotation result.

The flotation results were conducted using reagents at standard doses for the UG2 ore.
Adjusting the reagent doses could potentially result in improved flotation efficiencies and

reduce the chrome content in the concentrate.
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6. CONCLUSION AND RECOMMENDATIONS

This chapter draws conclusions from the work done to test the hypotheses and answer the key

guestions. Results-based recommendations are detailed as part of the chapter.

This study was aimed at characterising fine grinding of UG2 ore by investigating the effects of
HIGmill operating variables on the product fineness and energy efficiency. The parameters
investigated in this project were the mill tip speed, the grinding media size, grinding media
volume fill and the solids concentration. The study also investigated the flotation response of
the comminuted UG2 by conducting batch flotation tests at standard conditions for the flotation
of UG2 ores.

6.1 Conclusions
This section highlights the key questions posed in the literature review chapter and their
respective answers.
6.1.1 Key questions and answers
1) What is the effect of tip speed, media size and solids concentration on the
particle size distribution?
Tip speed

Increasing the tip speed resulted in a finer PSD for the speeds tested in the scope
of work (350 rpm—-1050 rpm). The increased speed resulted in higher media particle

collision rates, which in turn resulted in higher grinding rates at high tip speeds.

Grinding media size

Increasing the grinding media size resulted in a finer PSD for the 2 mm, 3.5 mm
and 5 mm grinding media size tested in the scope of work. This is because an

increase in grinding media size results in high stress intensities.

Solids concentration

Increasing the solids concentration resulted in a coarser product when using
grinding media sizes of 3.5 mm and 5 mm, although there was no significant
difference between the 40% solids concentration and the 60% solids concentration.

Using a grinding media size of 2 mm showed that.
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2) What is the effect of tip speed, media size and solids concentration on the

3)

specific energy?

Tip speed

Increasing the tip speed resulted in a decrease in efficiency because of the
increased power draw that is observed at high tip speeds.

Grinding media size

At solids concentrations of 50% and 60%, increasing the grinding media size was
more energy efficient up to a certain specific energy, indicating that there is an
optimum grinding media size that depends on the specific energy input of the
system. At 40% solids, the 5 mm grinding media was the most efficient and 3.5 mm
grinding media was the least efficient, up to an energy input of 5 kwWh/t. Thereafter,
the 2 mm grinding media was the most efficient and the 5 mm grinding media was

the least efficient.
Solids concentration

There was no significant difference in the energy efficiency of the different solid
concentrations when 5 mm grinding media was used. When 3.5 mm grinding media
was used, the 40% and 50% solids concentrations were more efficient for energy
inputs less than 2 kWh/t. Thereafter, the 60% solids concentration was more
efficient. When using 2 mm grinding media, 40% solids concentration was more
energy efficient, whereas the 50% grinding media was the least efficient for energy
inputs above 2 kWhtt.

What is the effect of fine grinding on flotation recoveries?

Fine grinding helped to improve the recovery potential of the ore. The fine grinding
did not significantly affect the recovery kinetics of the ore. When considering the
UG2 ore the recovery of the chrome has to be observed as chrome negatively
impacts the smelting process. Looking at the chrome recoveries observed in this
scope of work it was noted that increase in milling product fineness resulted in an

increase in the chrome recovery.
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6.2 Recommendations

Based on the results and conclusions from this work, the following recommendations are made
to gain a better understanding of stirred mill operation, and how stirred mills can be

implemented in the mineral processing industry:

e The variables studied in the scope of work included tip speeds, grinding media sizes
and solids concentrations at low, medium and high points. It is recommended that a
wider range of variable settings and increased numbers of points should be studied
to identify optimum points for the variables.

e Itis recommended that studies that compare the HIGmill to other stirred mills on the
market should be conducted to gain a better understanding of the HIGmill, since it is
one of the newer stirred mills on the market.

e The feed top size in this study was 1000 um. It is recommended that similar work be
conducted with a finer feed top size because this is what has been used in other
stirred mill studies.

o Asimilar study should be conducted that looks at the mineralogy of the milled product.

e Itisrecommended that a similar study be carried out, and the flotation reagents should
be varied in order to assess the optimal flotation conditions for milled products.
Optimizing the reagents would also help increase the flotation efficiencies and it could

potentially decrease the recoveries of gangue material (chrome in particular)
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8. APPENDICES

Appendix A Literature Review

Table 8-1: FLSmidth VXPmill Ranges
Mill Class | Mill Type | Net Volume (L) | Installed Power (kW)

Lab VXP2 3 3.7
VXP10 10 15
Pilot VXP25 27 30
VXP50 50 56

Production =~ VXP100 110 110
VXP250 290 132

VXP500 480 224

VXP1000 910 337

VXP2500 2425 699

VXP5000 5026 1475

VXP10000 10273 3000
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Table 8-2: The different mills available and their motor capacity (Young & Kawatra, 2019)

Installed Motor Vertimill IsaMill | VXP Mill HIGmill

Capacity
(Hp)

M1000 | VXP1000
VXP2000
VXP2500

HIG500
HIG700

500-999

2000-2999 HIG1600

HIG3000
HIG3500

4000-4999
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Appendix B Experimental Apparatus and Methodology

B.1 Milling Parameters Tested

The characterisation test work was conducted by varying different mill, ore and media
parameters.

Table 8-3: Milling parameters tested

Feed Size Mill Filling Tip Speed Slurry% Solids Media Size
[Hm] [v%] [rpm] [wiw] [mm]
-1000 40 350 40 2

50 525 50 3.5
60 700 60 5
70 875

1050
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B.1.1 Sample Preparation

Solids concentration preparation

Table 8-4: 40% solids concentration recipe

Mass of solids per test 3 kg
Target % solids (w/w) 40 %
Total mass (solids + water) 7.5 kg
Mass of water 4.5 kg
Volume of water 4.5 L
% Solids (v/v) 14.29 %
Density of the ore 4000 kg/m?3
Density of the ore 1000 kg/m?3
Volume of slurry 0.00525 m3
Volume of slurry 5.25 L
Table 8-5: 50% solids concentration recipe
Mass of solids per test 3 kg
Target % solids (w/w) 50 %
Total mass (solids + water) 6 kg
Mass of water kg
Volume of water 3 L
% Solids (v/v) 20.00 %
Density of the ore 4000 kg/m?
Density of the ore 1000 kg/m3
Volume of slurry 0.00375 m3
Volume of slurry 3.75 L
Table 8-6: 60% solids concentration recipe
Mass of solids per test 3 kg
Target% solids (w/w) 60 %
Total mass (solids + water) 5 kg
Mass of water 2 kg
Volume of water L
% Solids (v/v) 27.27 %
Density of the ore 4000 kg/m3
Density of the ore 1000 kg/m?3
Volume of slurry 0.00275 m3
Volume of slurry 2.75 L
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B.1.2 Experimental Test Matrix

The experiment test matrix shows the milling runs with the products that were further

processed using batch flotation.

Table 8-7: Core experimental test matrix

Experiment Media Size Slurry Density Tip Speed
Number [mm] [% solids] [m/s]
1 -1 -1 -1
2 -1 -1 0
3 -1 -1 1
4 -1 0 -1
5 -1 0 0
6 -1 0 1
7 -1 1 -1
8 -1 1 0
9 -1 1 1
10 1 -1 -1
11 1 -1 0
12 1 -1 1
13 1 0 -1
14 1 0 0
15 1 0 1
16 1 1 -1
17 1 1 0
18 1 1 1
19 0 -1 -1
20 0 -1 0
21 0 -1 1
22 0 0 -1
23 0 0 0
24 0 0 1
25 0 1 -1
26 0 1 0
27 0 1 1

128



Chapter 8: Appendices

B.1.3 HIGmiIll calibration

Test HIG5 Mill University of Cape Town HIG5 mill power Calibration (Water; Grinding Media)
Verder VF15 Pump Bead Mass Bead Volume Bead Bulk Density
Total number of Discs 9 # (kg) (dm?) (kg/dm?3)
Number of Castellated Discs | 9 # 240 L/h 1142.6 rpm Pump Motor Speed on VSD Display 4.65 1.86 2.5
Disc Diameter 0.11 m 120 L/h 576.2 Pump Motor Speed on VSD Display 6.97 2.788 2.5
Bead density 4 | kg/dm?® 60 I/h 294.8 Pump Motor Speed on VSD Display 9.3 3.72 2.5
Bead Size 3-4 | mm
Controll = n o = (=] w pz| m Solids Liquid Nl w VSD Motor Power >zZz|d=z =DEH =
Room | 2 -cz; @ A 8 g g § Density Decrisity 0P § %g L S 2 2 g _g'g 2
SP = o ®» - |® » =F = = oo slc 2 = =
g 2| = = 52 52
Hz % |rpm|rpmIm/s |{%]| m kg/h| kg/m3 kg/m3 % I/h kg/h| A %| W Nm| W
8 20 |238(240]1.38(30]0.174(2.7] O 3360 1000 0 240 240 12.3149.8466) 2| 51 | 5 |157
12 30 | 358(360]2.07(30]0.174(2.7] O 3360 1000 0 240 240 | 8.4 97.47315|2.6| 97 | 6.1]|284
16 40 |477]1480]12.76|30{0.17412.7] O 3360 1000 0 240 240 [8.25 164.8394)3.3] 166 | 7.3 | 460
20 50 | 596 600 |3.46(30]0.174(2.7] O 3360 1000 0 240 240 [8.05 262.1345|4.2| 261} 9 | 706
24 60 | 718(720]4.15(30]0.174(2.7] O 3360 1000 0 240 240 [8.05 375.9439| 5 | 367 J10.5] 980
28.2 | 70 18421840)4.84|30|0.17412.7 O 3360 1000 0 240 240 (8.02 520.2268]5.9| 518 |12.4|1357,
32.2 | 801961]|960]5.53|30|0.174|2.7 O 3360 1000 0 240 240 (8.11 684.3227|6.8| 681 §14.3|1785
36.2 | 90 |1081/1080§6.22|30]|0.174|2.7 O 3360 1000 0 240 240 (8.16 837.6952|7.4] 840 J15.6/2188
49.9 110014911493} 8.6 |30/ 0.174|2.7] O 3360 1000 0 240 240 | 8.4 [20.5{1483.303[9.5|1479]17.2{2686
7.9 20 | 236(240]1.38|30]0.174|2.7] O 3360 1000 0 120 120 | 8 |12 49.42772| 2| 50 §4.5(114
12 30 | 351(360]2.07(30]0.174(2.7] O 3360 1000 0 120 120 |8.39| 6 [102.9186[2.8(104 5.7 (213
16 40 |477]1480]12.76130{0.174)2.7] O 3360 1000 0 120 120 | 8.2 10.8179.8248)3.6({179] 6.6 330
20 50 | 596 | 600 |3.46(30]0.174(2.7] O 3360 1000 0 120 120 |18.11|4.3|274.617114.4{276 7.6 |477
24 60 | 716|720]4.15(30]0.174(2.7] O 3360 1000 0 120 120 | 8 [10.2|389.89265.2( 392 ] 8.7 | 660
28 70 | 836(840]4.84(30]0.174(2.7] O 3360 1000 0 120 120 |8.05(14.6/516.5197[5.9{ 517 10 | 878
32.2 | 801961960 ])5.53|30|0.174|2.7 O 3360 1000 0 120 120 |8.09] 16 [674.2591]6.7| 673 |11.4{1139]
36.2 | 90 |1080/1080§6.22|30]|0.174 2.7 O 3360 1000 0 120 120 |8.15] 17 [836.9203[7.4{ 831 12.91450|
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Controll = w o = (=] @ pz| m Solids Liquid Sps|om VSD Motor Power >zZzl|d=z SITZ
T 5 1] ol ® . . @ o o = ©
Rg%m g— gé S) ;.;__ 2 fol & Density Density ccz))g 2 gg L 3 g. é g @ 3 g
@ ° ® =b T = = c =
el 5 |g|zl 8 tg| 8 2§s|S s B Eeg
B = 1215 & ® < | © < =
o al = o @ o @
Hz % |rpm|rpmIm/s|{%] m kg/h| kg/m?3 kg/m3 % I/h kg/h| A %[ W JNm| W
40.2 [100[1200|1200§6.91|30]|0.174|2.7] O 3360 1000 0 120 120 |8.23]18.4{1017.876(8.1]1022]14.4/]1792
8 20 |1248(240)1.38(30({0.174]2.7] O 3360 1000 0 60 60 |8.86(11.5/59.73215]2.3] 56 | 5 | 126
12 30 | 358(360]2.07(30]0.174(2.7] O 3360 1000 0 60 60 | 8.4 |6.1(104.9711{2.8/1045.9|224
16 40 |477]1480]12.76130(0.174)2.7| O 3360 1000 0 60 60 |8.16|0.9(174.8296/3.5(175] 6.8 340
20 50 | 596 600 ]3.46(30]0.174(2.7] O 3360 1000 0 60 60 |8.05|4.2(268.3758|4.3(271]7.8|489
24 60 | 716 |720]4.15(30{0.17412.7] O 3360 1000 0 60 60 | 8.3 [10.1j389.8926|5.2( 388]8.9|674
28.1 | 70 1838|840)4.84|30|0.17412.7 O 3360 1000 0 60 60 |8.05|14.9(526.5309| 6 524 §j10.2| 895
Parameters with 4.65 kg grinding media
Control |90 2 | = w pzl 7 990 oL [ [Ds| 9D VSD Motor Power 33 [BdE[c3 =
E . sleg | ° |8 &8 B2l & |32 |3%3¢2 [o|22|52 358 [F38[sS8S
Sp °cl8a | & |= o Bsl| % 2 23 |2(5%|23 SO =< 2 ?—,—|9‘
& 2|l & |2 § Bgal| 8 = < R R 2= 23122 D
@ =4 o = =4 @ = o © o Q =
2 a | ~ 23 53
Hz % rpm rpm m/s | % m kg/h | kg/m3® | kg/m® [ % | I/h | kg/h A % w Nm W
10.1 20 301 240 1.73 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 8.6 4.2 157.6032 5 157
15.1 30 448 360 259 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 8.3 2.9 286.1781 6.1 284
20.1 40 597 480 3.46 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 8.19 9.6 456.3792 7.3 460
25.1 50 750 600 4.32 | 45 0.2608 4 0 3360 1000 0 240 240 8.23 20.5 706.8583 9 706
30.1 60 896 720 5.18 | 45 0.2608 4 0 3360 1000 0 240 240 8.4 23.1 985.2035 10.5 980
35.1 70 1051 840 6.05 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 8.6 26.4 1364.75 12.4 1357
40.3 80 1200 960 6.91 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 8.86 29.8 1796.991 14.3 1785
45.3 90 1349 1080 7.78 | 45 0.2608 4 0 3360 1000 0 240 240 9.05 32.2 2203.764 15.6 2188
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n g = w Oz| m oW or L |m 7! 4T Sd=zls =
cﬁé‘éﬁ' g é% 2 ?&) 8 % % % %% EE 2 % % §§ VSD Motor Power é % § gé g E%E
21"z | % |z| § pE|Z|* R A R 5 E"iE3?
2 3 o s3 52
Hz % rom rom m/s | % m kg/h | kg/m?3 kg/m® | % | I/h | kg/h A % w Nm W
499 | 100 | 1486 1493 | 8.56 | 45 | 0.2608 4 0 3360 1000 0 | 240 240 9.02 35.1 2676.553 17.2 2686
8 20 237 240 1.38 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.86 7.5 111.6836 4.5 114
12 30 356 360 2.07 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 84 0.8 212.4973 5.7 213
16.1 40 478 480 2.76 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.2 5 330.3699 6.6 330
20.1 50 597 600 3.46 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.2 10.3 475.1345 7.6 477
24.2 60 720 720 4.15 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.2 17.2 655.9645 8.7 660
28.2 70 839 840 484 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.3 22.2 878.5987 10 878
32.2 80 961 960 553 | 45 0.2608 4 0 3360 1000 0 120 120 8.5 24.6 1147.247 114 1139
36.3 90 1080 1080 | 6.22 | 45 | 0.2608 4 0 3360 1000 0 | 120 120 8.6 274 1458.956 12.9 1450
40.2 | 100 | 1197 1200 | 6.91 | 45 0.2608 4 0 3360 1000 0 120 120 8.8 29.9 1805.033 14.4 1792
8.1 20 240 240 1.38 | 45 0.2608 4 0 3360 1000 0 60 60 8.7 6.3 125.6637 5 126
12.1 30 359 360 2.07 | 45 | 0.2608 4 0 3360 1000 0 60 60 8.3 0.4 221.8069 5.9 224
16.2 40 480 480 276 | 45 | 0.2608 4 0 3360 1000 0 60 60 8.2 53 341.8053 6.8 340
20.2 50 600 600 3.46 | 45 0.2608 4 0 3360 1000 0 60 60 8.2 10.6 490.0885 7.8 489
24.3 60 722 720 4.15 | 45 0.2608 4 0 3360 1000 0 60 60 8.2 17.7 672.9082 8.9 674
28.3 70 842 840 484 | 45 | 0.2608 4 0 3360 1000 0 60 60 8.3 225 899.3751 10.2 895
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Parameters with 9.3 kg grinding media

CRontroI 5 -(é’g. 2|5 g gg g g‘é (.3?5- i =182 VSD Motor Power j‘g_‘gg ;g% ;ﬁ_g‘%
o | S |eqle |5 & 22| 3|25 |25 |2|5%|85 Ol =3 ) <A
g |78 8 |z| 5 BE[ B |57 |7 |5 |Bg|st f3fPaees
& al|l = = &2 5o

Hz % rpm rpm m/s | % m kg/h | kg/m® | kg/m® | % | I/h | kg/h A % w Nm w
10.1 | 20 297 300 173 |60 | 0.348 | 54 0 3360 1000 0 | 240 | 240 8.5 2 261.2548 8.4 263 5 157
15.2 | 30 449 450 | 259 (60| 0.348 | 5.4 0 3360 1000 0 | 240 | 240 8.4 10 465.4898 9.9 466 6.1 284
20.2 | 40 597 699 | 3.46 | 60| 0.348 | 5.4 0 3360 1000 0 | 240 | 240 8.5 18.4 | 743.9606 11.9 745 7.3 460
253 | 50 749 750 432 | 60| 0.348 | 5.4 0 3360 1000 0 | 240 | 240 8.7 31.1 1137.309 145 | 1128 9 706
30.3 | 60 898 900 | 5.18 | 60| 0.348 | 5.4 0 3360 1000 0 | 240 | 240 9 35.2 1485.806 15.8 | 1575 | 10.5 | 980
353 | 70 | 1047 | 1050 | 6.05 | 60 | 0.348 | 5.4 0 3360 1000 0 | 240 | 240 9.4 38.2 2039.333 18.6 | 2029 | 12.4 | 1357
40.4 | 80 1197 | 1200 | 6.91 | 60 | 0.348 | 5.4 0 3360 1000 0 | 240 | 240 9.9 45 2782.76 222 | 2785 | 14.3 | 1785
455 ( 90 | 1349 | 1350 | 7.78 | 60 | 0.348 | 5.4 0 3360 1000 0 | 240 | 240 | 10.44 | 50.1 3531.674 25 3520 | 15.6 | 2188
50 100 | 1480 | 1482 | 856 | 60 | 0.348 | 5.4 0 3360 1000 0 | 240 | 240 10.7 55.1 | 4277.593 27.6 | 4282 | 17.2 | 2686
8.2 20 240 240 138 | 60 | 0.348 | 5.4 0 3360 1000 0 | 120 | 120 8.76 0.7 208.6018 8.3 209 4.5 114
12.2 | 30 359 360 2.07 | 60| 0.348 | 5.4 0 3360 1000 0 | 120 | 120 8.56 7 357.1467 9.5 397 5.7 213
16.3 | 40 481 480 | 2.76 [ 60| 0.348 | 5.4 0 3360 1000 0 | 120 | 120 8.46 13.3 549.0352 10.9 548 6.6 330
20.2 | 50 597 600 3.46 | 60 | 0.348 | 5.4 0 3360 1000 0 | 120 | 120 8.56 19.3 775.2194 12.4 776 7.6 477
243 | 60 719 720 415 | 60| 0.348 | 5.4 0 3360 1000 0 | 120 | 120 8.75 28.2 1084.226 14.4 | 1079 8.7 660
283 | 70 838 840 | 484 | 60| 0.348 | 54 0 3360 1000 0 | 120 | 120 9.03 34.7 1439.185 16.4 | 1432 10 878
324 | 80 960 960 | 553 | 60| 0.348 | 5.4 0 3360 1000 0 | 120 | 120 9.27 37.1 1799.504 179 | 1797 | 11.4 | 1139
36.4 | 90 1079 | 1080 | 6.22 | 60 | 0.348 | 5.4 0 3360 1000 0 | 120 | 120 9.73 43.5 2395.443 21.2 | 2388 | 12.9 | 1450
40.5 | 100 | 1200 | 1200 § 6.91 | 60 | 0.348 | 5.4 0 3360 1000 0 | 120 | 120 10.1 47.7 2978.23 23.7 | 2974 | 14.4 | 1792
8.2 20 240 240 1.38 | 60 [ 0.348 | 5.4 0 3360 1000 0 60 60 8.71 0.3 213.6283 8.5 214 5 126
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Control g -(é’g. 2|5 g oz g gé” (.3?5- i =182 VSD Motor Power BEE R ER
Room s |22]l¢ |5| & [g9| 2 |25 |25 |2 |3c|8¢% c3ckeb338
- b} = = 0 = — == pA I~ = F P -
ol e | 8B |z| § BE| 2|7 |% |8|Fg|gh R A
D = o = 9 ) < o s o Qo s
g 2 5 ) %0
Hz % rom rpm m/s | % m kg/h | kg/m3 | kg/m® | % | I/h | kg/h A % w Nm w
12.3 | 30 362 360 2.07 | 60 | 0.348 | 5.4 0 3360 1000 0 60 60 8.5 7.1 367.7129 9.7 369 5.9 224
16.2 | 40 478 480 2.76 | 60 | 0.348 | 5.4 0 3360 1000 0 60 60 8.4 13.2 545.6109 10.9 547 6.8 340
20.3 | 50 600 600 346 | 60 | 0.348 | 5.4 0 3360 1000 0 60 60 8.5 20 797.9645 12.7 794 7.8 489
24.4 60 722 720 4,15 | 60 | 0.348 | 5.4 0 3360 1000 0 60 60 8.7 28 1103.872 14.6 | 1103 8.9 674
28.4 70 840 840 484 | 60 | 0.348 | 5.4 0 3360 1000 0 60 60 9 349 1451.416 16.5 | 1455 | 10.2 895
Note

Check mill for gearbox and shell vibration at each speed input, starting from minimum to maximum data useful to determine the power input to the material

For each speed hold for 30 s to stabilise power

Test HIGmill = 100% torque at 50 Hz (1500 rpm)

Test HIGmill tip speed: min 2 m/s; nom 3 m/s; max 7 m/s Test HIGmill max flow (design) 240 I/h
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B.2 Assessment of Milling Performance

B.2.1 Product Size Distribution

Effect of mill tip speed
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Figure 8-1: Effect of mill speed on product PSD at 3 min grinding time, 50% solids concentration, and a
grinding media size of 2 mm
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Figure 8-2: Effect of mill speed on product PSD at 3 min grinding time, 50% solids concentration, and a

grinding media size of 3.5 mm
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Figure 8-3 Effect of tip speed on the PSD using 5 mm grinding media at a solids concentration of 40%

100
~ 90
S
~ 80
g
ﬁ 70
g 60
o
L 50
o
% 40 ——350 rpm
= 30 ——525 rpm
E 20 700 rpm
© 10 ——875 rpm

0 1050 rpm
0.1 1 10 100 1000
Size (um)

Figure 8-4: Effect of tip speed on the PSD using 5 mm grinding media at a solids concentration of 60%
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Effect of solids concentration
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Figure 8-6:
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Repeat run of effect of solids concentration on PSDs for 5 mm grinding media at 700 rpm
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Repeat run of effect of solids concentration on PSDs for 3.5 mm grinding media at 700 rpm
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Effect of grinding media volume filling
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Figure 8-7: Effect of grinding media volume fill on the PSD for 5 mm grinding media at a tip speed of 350 rpm

100

90

80

70

60

50

40

30

Cumulative % passing (%)

20

10

0.1 1 10 100 1000
Size (um)

Figure 8-8: Effect of grinding media volume fill on the PSD for 5 mm grinding media at a tip speed of 525 rpm

137



Chapter 8: Appendices

100
90
80
S
> 10
=
2 60
©
a
¥ 50
2
= 40
=
g 30 FEED
O 0 —40%
——50%
10 60%
——70%
0
0.1 1 10 100 1000

Size (um)

Figure 8-9: Effect of grinding media volume fill on the PSD for 5 mm grinding media at a tip speed of 700 rpm
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Figure 8-10:  Effect of grinding media volume fill on the PSD for 5 mm grinding media at a tip speed of 875 rpm
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Effect of grinding media volume fill on the PSD for 5 mm grinding media at a tip speed of
1050 rpm
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Effect of grinding media size
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Figure 8-12:  Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding media at a solids
concentration of 50% and a tip speed of 350 rpm
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Figure 8-13:  Effect of grinding media size on PSD for 2 mm, 3 mm and 5 mm grinding media at a solids

concentration of 50% and a tip speed of 1050 rpm
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B.2.2 Power plots

Effect of mill tip speed
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Figure 8-14:  Effect of tip speed on power for 5 mm grinding media at a solids concentration of 40%
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Figure 8-15:  Effect of tip speed on power for 5 mm grinding media at a solids concentration of 60%
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Effect of solids concentration

Table 8-8: The effect of solids concentration on power for 3.5 mm grinding media

2mm

Speed Solids Concentration’ Power

Table 8-9: The effect of solids concentration on power for 3.5 mm grinding media

3.5 mm

Speed Solids Concentration’ Power
(%)
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B.2.3 Signature plots

Effect of mill tip speed
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Figure 8-16:  Signature plot showing the effect of tip speed on the specific energy using 5 mm grinding media
at solids concentration of 40%
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Figure 8-17:  Signature plot showing the effect of tip speed on the specific energy using 5 mm grinding media

at solids concentration of 60%
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Figure 8-18:  Signature plot showing the effect of tip speed on the specific energy using 3.5 mm grinding media

at solids concentration of 50%
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Effect of solids concentration

Table 8-10: Specific energy and P80 data for 40%, 50%, 60% solids concentration using 2 mm grinding media
2 mm Grinding Media
Solids ‘ Specific Energy Average P80
Concentration (%) (kwhit) (um)
| 0.80 171.7
| 1.37 76.0
40 | 2.30 53.0
| 3.66 39.4
| 5.45 19.7
0.83 113.5
1.36 94.3
50 2.26 64.0
3.52 58.0
5.14 25.0
| 0.77 152.3
| 1.37 122.1
60 | 2.30 80.8
| 3.62 53.2
| 5.18 22.0
Table 8-11: Specific energy and P80 data for 40%, 50%, 60% solids concentration using 2 mm grinding media

3.5 Grinding Media

Solids ‘ Specific Energy Average P80
Concentration (%) (kWht) (um)
‘ 0.93 169.5
40 \ 3.24 35.6
| 7.58 205
0.89 160.4
50 3.14 37.3
7.78 20.0
‘ 0.87 193.2
60 | 3.12 40.4
‘ 7.25 17.6
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Table 8-12:

5 mm Grinding Media

Solids Specific Energy Average P80
Concentration (%) (kwhit) (um)
40 ‘ 1.29 66.3
‘ 2.72 45.9
| 4.88 28.3
‘ 7.89 24.9
11.16 23.4
50 1.14 79.5
2.72 41.6
4.74 29.3
7.26 26.9
11.23 214
60 ‘ 1.20 80.2
| 2.34 47.0
| 4.85 30.9
‘ 7.57 22.7
| 11.10 18.2
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Figure 8-19:

Specific energy and P80 data for 40%, 50%, 60% solids concentration using 5 mm grinding media

Signature plot for 2 mm, 3.5 mm and 5 mm grinding media for a solids concentration of 60%
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B.2.4 Size Specific Energy

Effect of tip speed
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Figure 8-20:  Size specific energy of different tip speeds at 5 mm grinding media and solids concentration of

40%
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Figure 8-21:  Size specific energy of different tip speeds at 5 mm grinding media and solids concentration of
60%
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Effect of solids concentration
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Figure 8-22:  Size specific energy for 40%, 50% and 60% solids concentration using 3.5 mm grinding media

B.2.5 Stress Intensity
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Figure 8-23:  Stress intensity graph for 2 mm grinding media at a solids concentration of 40%
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B.3 Assessment of Flotation Performance

B.3.1 Effect of tip speed on water and solids recovery

Table 8-13: Effect of tip speed on water and solids recovery
Media and Solids Tip Speed Average Solids Average Water
(rpm) Recovery (%) Recovery (%)

2 mm media 350 rpm 4.88 25.26
40% solids
2 mm media 700 rpm 7.42 25.96
50% solids
2 mm media 1050 rpm 5.14 21.22
60% solids

3.5 mm media 350 rpm 6.51 19.67
40% solids

3.5 mm media 700 rpm 5.7 19.6
50% solids

3.5 mm media 1050 rpm 5.7 16.4
60% solids
5 mm media 350 rpm 8.0 21.8
40% solids
5 mm media 700 rpm 6.6 21.1
50% solids
5 mm media 1050 rpm 7.0 21.5
60% solids

B.3.2 Effect of grinding media size on water and solids recovery

Table 8-14: Effect of grinding media size on water and solids recovery
Grinding Media Average Solids Average Water
Size (mm) Recovery (%) Recovery (%)
350 rpm 2 mm 6.39 23.96
40% solids
700 rpm 3.5mm 6.93 19.48
40% solids
1050 rpm 5 mm 7.37 20.92
40% solids
350 rpm 2 mm 5.26 24.98
50% solids
700 rpm 3.5 mm 6.6 20.3
50% solids
1050 rpm 5 mm 6.4 19.3
50% solids
350 rpm 2 mm 5.8 235
60% solids
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700 rpm
60% solids

1050 rpm
60% solids

3.5 mm

5 mm

7.1

6.0

20.9

17.6

B.3.3 Effect of solids concentration on water and solids recovery

Table 8-15: Effect of solids concentration on water and solids recovery
Solids Concentration Average Solids Average Water
(%) Recovery (%) Recovery (%)

2 mm media 40% solids 4.88 25.26
350 rpm

3.5 mm media 50% solids 5.14 21.22
350 rpm

5 mm media 60% solids 7.42 25.96
350 rpm

2 mm media 40% solids 6.34 22.42
700 rpm

3.5 mm media 50% solids 6.5 19.0
700 rpm

5 mm media 60% solids 7.7 19.2
700 rpm

2 mm media 40% solids 7.1 23.2
1050 rpm

3.5 mm media 50% solids 6.2 15.4
1050 rpm

5 mm media 60% solids 6.4 19.2
1050 rpm
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