[image: image129.png]‘Imu’ Mathematical and Information Sciences

CSIRO





Stirred Mills DEM Study

Stage 1: Comparison of Dry Pilot‑scale Tower and Pin Mills
M. D. Sinnott, P. W. Cleary and R. D. Morrison
Technical Report No: CMIS - 05/195
Issue: 1
28 May 2006
Report for:
CRC Sustainable Resource Processing,
Perth, Western Australia, 6001
© CSIRO Australia 2006
Table of Contents

3Executive Summary


41
Introduction


62
Details of simulations of a pilot tower mill and a pilot pin mill


72.1
Mill Specifications


72.2
Simulation Details


93
DEM predictions for media flow and energy absorption


93.1
Steady state flow


103.2
3D Media Flow


213.3
Power Draw


223.4
Collisional Energy Absorption Spectra


273.5
Force Chains


293.6
Particle Paths


313.7
Isosurfaces


413.8
Wear/Stress Distribution


464
Mixing and transport of media within the stirred mills


464.1
Mixing of Media – Horizontal Strata


514.2
Mixing of Media - Annuli


555
Conclusions


59References




Executive Summary

This report describes the first stage of a comprehensive study of vertically stirred mills using Discrete Element Method (DEM) simulations. Here, we consider dry pilot-scale tower and pin mills. The tower mill is characterised by a large, vertical double-helical steel screw agitator, whereas the pin mill employs a vertical shaft with embedded sets of pins. The interaction between the agitator and charge generates motion within a media of steel or ceramic balls leading to size reduction of the feed that flows through between the media. DEM was used to investigate the internal bed dynamics for each mill. Analysis of the performance of each mill was made through consideration of flow patterns, power draw, nature of energy dissipation, predictions of liner wear, novel visualisation techniques such as isosurfaces, force networks and particle paths and media mixing and transport effectiveness. The tower and pin mills were found to have very different dynamics. 
The tower mill has a strong swirling flow around the axis of the screw and a strong axial recirculation with media moving in the direction of the screw in a central core and then returning more slowly downward in a thin outer annular region adjacent to the mill chamber. This makes almost all flow and grinding behaviour cylindrically symmetric around the mill and independent of the axial position in the mill. The outer edge of the screw generates the largest speeds, pressures and media energy absorption rates (and therefore grinding), which decrease with both increasing and decreasing radii. A substantial fraction of the media in this mill is able to contribute simultaneously to the size reduction process and so this mill has a good media participation rate. This mill has very good radial and axial mixing characteristics which will facilitate good transport of feed material to grinding regions and removal of product. Wear on the screw is focused on the outer top edge of the screw impeller and on the outer and lower parts of the front face of the toe of the screw. The main limit on this mill relates to the speed, since if the speed is too high the vertical transport rate will become fast enough to lift media clear of the bed.
In the pin mill, the passage of the pins generates intense high pressure zones in surrounding media and on the pins and some nearby parts of the shaft. The pin spacing is far enough apart that their effects are independent and theories relying on intersection of compression and/or shear effects from adjacent pins are not supported. The media flow in middle and upper regions of the mill involves particles moving on circular trajectories with only small vertical random walk style variations. Near the base, the flow is quite complex with media being highly compressed around the lowest two pins and then flowing axially up and then down under the lowest pin of the following row. This leads to high media pressure under the second column of pins and extremely high pressure and abrasive wear on the base plate of the impeller in front of the lowest two pins. Energy absorption by the media decreases strongly with height and is very localised to the vicinity of the pins. The largest contribution comes from the small regions surrounding the two pins closest to the base plate. This mill has a very poor participation rate for the media with most of the charge volume contributing little to comminution. The mill also has poor radial mixing and extremely poor axial mixing with both being purely diffusive. This suggests that this mill will struggle to effectively transport feed material to the small concentrated regions at the bottom of the mill and will then struggle to remove the product. The combination of poor mixing/transport and small comminution zones/poor media participation suggests that this mill will struggle to comminute efficiently. This is countered by simply running at high speed which will produce throughput but certainly does not make for an efficient process. 
1 Introduction

The use of stirred media mills in mineral processing is increasing. In the last 15 years, the discovery of more complex, fine-grained ores containing base and precious metal deposits has necessitated greater degrees of size reduction. Liberation of these metals typically demands grinding to less than 10 μm. Traditional ball mills cease to be economically viable below 30 μm, whereas stirred mills have much higher energy efficiency in this size range and are increasingly being deployed for ultra-fine grinding (< 10 μm) applications.
In contrast to tumbling mills, models for understanding stirred mill design and process optimisation (and even the basic concepts of fine grinding) have not yet matured. A pilot scale study of variables affecting fine grinding in vertically stirred mills has been made by Jankovic (2003). Weller et al. (2000) used solid and liquid tracers to investigate slurry transport and particle breakage. PEPT studies of media motion have been made by Conway-Baker et al. (2002) and Barley et al. (2004). A micro-hydrodynamics model for stirred media mills has also been suggested by Eskin et al. (2005).
The basic stirred mill consists of a grinding chamber filled with some grinding media (such as steel balls). The mill shell is stationary and the media are set into motion by the action of a motor-driven internal impeller (or stirred agitator). Most mills can typically operate with dry or wet feeds, but wet grinding is generally more efficient since the liquid can be used to transport the fines out of the mill. 
Agitator designs can vary greatly and mill orientations include horizontal and vertical types. Horizontal designs require wet milling within a closed chamber under pressure so that the mill charge remains suspended. The exiting slurry is separated from the media at the discharge end by a screen or ring gap. Power intensity in these mills is usually an order of magnitude, or more, higher than in verti- or tower mills. 

Tower mills benefit from a simpler design in not requiring a pressurised seal to contain the feed slurry. They use a settlement zone above the media to separate out the slurry product. In order for the mill not to overflow, the agitator speed has an upper limit and this is the main reason for the reduced power intensity relative to the horizontal mill. 

The different types of stirred mill in operation around the world differ mainly in their agitator design, mill orientation, available power intensity, optimal media size and material-media separation. Table 1 summarises some of the different stirred mill designs currently in operation.

	Stirred Mill
	Company
	Horizontal/Vertical
	Agitator Type

	Tower Mill
	Kubota, Japan
	Vertical
	Helical Screw

	Vertimill
	Metso Minerals
	Vertical
	Helical Screw

	Isamill
	Xstrata, Australia
	Horizontal
	Rotor discs

	Sala Agitated Mill

(SAM Mill)
	Metso Minerals
	Vertical
	Pins

	Detritor (Stirred Media Mill)
	Metso Minerals (previously English China Clays)
	Vertical
	Lower speed impeller


Table 1: A list of typical stirred mills currently being used in the mineral processing industry.
2 Details of simulations of a pilot tower mill and a pilot pin mill

This work comprises the first part of a planned three stage DEM study to investigate the media dynamics within two vertically stirred pilot mills, namely a 1.5 kW tower mill and a 7.5 kW pin mill, as described in Jankovic (1999). Stage 1 only considers dry media flow in the pilot mills.
The grinding chamber for each mill is similar and is described here as a cylindrical shell. The tower mill employs a double helical steel screw agitator. This stirs the media while simultaneously lifting and circulating it throughout the mill. The screw design places an upper limit on rotational speed. At excessively high speed, the media experiences too much lift and ball-ball grinding motion is reduced. 
The pin mill agitator consists of a central shaft with rows of pins (offset to each other) attached. This typically runs at higher speeds than the tower mill and the pins are believed to push media around the mill in circular paths. To date, minimal work has been done in studying media motion in pin mills. The specifications for each pilot mill are listed in Table 2. Pictures of the geometries used in the simulations are included in Figure 1.
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Figure 1: 3D CAD pictures of the tower mill (left) and the pin mill (right). The mill shell is transparent in order to enable visibility of the agitator in each mill.

DEM simulations were run using the geometries for each chamber and agitator as boundary conditions. Dry media (ceramic balls) were modelled with the assumption of no breakage/attrition of the balls. None of the rock feed in the charge within the mill was modelled for this study. A spring constant of 10,000 N/m was used yielding average particle overlaps of about 1% for both mills and maximum overlaps of 20% and 30% for the tower and pin mills respectively, which are reasonable.

2.1 Mill Specifications

	
	Tower Mill
	Pin Mill

	Rated Power
	1.5 kW
	7.5 kW

	Angular Speed (used here)
	100 rpm
	250 rpm

	Chamber Volume
	39 L
	36 L

	Stirrer
	Double Helical Steel Screw
	Steel Pins

	Chamber Diameter
	0.24 m
	0.28 m

	Chamber Height
	1.2 m
	0.79 m

	Stirrer Diameter
	0.14 m
	0.20 m

	Stirrer Shaft Diameter
	0.04 m
	0.1 m

	Pitch
	0.09 m
	-/-

	Pin Diameter
	-/-
	0.023 m

	Pin Radial Length
	-/-
	0.10 m

	Pin Spacing (single column)
	-/-
	0.10 m


Table 2: Specifications of the tower mill and the pin mill as required for the DEM simulations.

The chamber was initially filled with a cylindrical volume of balls. Particles created inside the central shaft of the agitator were removed, but those trapped within the screw or the pins could not be removed easily since automated deletion of particles inside arbitrary geometry is currently not possible. The number of such particles is very small and is expected to make only a subtle contribution to the simulation outputs. The media within the mill were then allowed to gravitationally settle before the agitator was set in motion. 
2.2 Simulation Details
The details of the media used in each mill are summarised in Table 3. These are realistic size distributions for pilot scale versions of these mills. The tower mill uses a moderate size range of media larger than that used in the pin mill. The PSD used for the pin mill is 8 mm balls with a size variation of +/- 5% to approximate the size variations in a real ball assembly. The tower mill appears to result in much greater bed packing than the pin mill due to the design and operation of the agitator. A coefficient of restitution of 0.3 and a friction coefficient of 0.5 have been used for ball-ball and ball-liner collisions.

	
	Tower Mill
	Pin Mill

	Number of Particles
	29,870
	61,625

	Particle Density
	2,700 kg/m3
	2,700 kg/m3

	Total Particle Mass
	58.4 kg
	44.6 kg

	Spherical Particle Size
	-14 + 9 mm
	8 mm +/- 5%

	Avg # Near-Neighbours
	13.35
	10.05

	Charge Height (dilated)
	0.98 m
	0.62 m

	Average Bulk Density
	1194 kg/m3
	1053 kg/m3

	Duration of Simulation
	20 s (33 rev)
	14 s (58 rev)


Table 3: Key details of the tower and pin mill simulations are presented here.
In studying the dynamics of media motion in these mills using DEM, a variety of data are available to us for analysis. In the remaining sections, we report on: 
(1) Media flow and mixing; 
(2) Predictions of power draw for each mill;
(3) Force networks within each mill;

(4) Particle trajectories; 
(5) Predictions of stresses and damage for the liner; 
(6) Collisional spectra of energy consumption within the mill; and 
(7) Flow structures as shown by isosurfaces of bulk density, flow velocity, force, and collisional power.
3 DEM predictions for media flow and energy absorption
3.1 Steady state flow

The charge in the mill is not initially in equilibrium so there is an initial settling process as the mill flow pattern and charge distribution is established. Figure 2 shows the kinetic energy of the charge and the instantaneous power draw for both mills during the start up phase for both mills. For the tower there is an initial surge of power draw leading to a rapid increase in kinetic energy. The initial redistribution of particles occurs in less than 0.1 s. The kinetic energy then rise slowly to a constant value by 0.5 s. The power draw declines gradually and is constant after 0.7 s. For the pin mill, the initial surge is more moderate and the kinetic energy reaches its equilibrium value at about 0.4 s. The power draw drops rapidly, overshoots and little and then trends back up to a small secondary peak at 0.43 s. It then trends down to the steady level at about 0.6 s. This means that the tower mill has reached equilibrium after about 1 revolution and the pin mill after about 2 revolutions.
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Figure 2:  Kinetic energy and power draw time series during the start up phase of charge motion (left) tower mill and (right) pin mill. 

3.2 3D Media Flow

In the tower mill, high particle speeds are experienced along the edge of the helical blade as shown in Figure 3a. The peak media speed is around 0.5 m/s in a vertical band at the outside edges of the screw. There is a low speed region adjacent to the chamber walls. A velocity gradient therefore exists between the wall and the stirrer resulting in strong shear between annular layers of balls. This is believed to be the mechanism for grinding in tower mills. The region of slow moving outer material becomes slightly larger with increasing depth and the shear zone therefore becomes slightly narrower. A stagnant, low velocity region coloured dark blue is visible between the screw and the floor. The flow observed around each turn of the spiral is fairly similar to those for other turns and there is little apparent change in the velocity distribution with height. 
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Figure 3: Media distribution shown in clipped sections from each mill, a) tower mill at t = 10 s coloured by speed with red being 0.5 m/s, b) tower mill at t = 10 s coloured by axial speed Vz with red being 0.2 m/s upwards and dark blue 0.2 m/s downward, and c) pin mill coloured by speed with red being 1.5 m/s.
Figure 3b shows the particles coloured by their axial velocity. The strong axial motion created by the screw is easily observable in a cylindrical core with a radius matching the screw outer radius. This material is transported upwards to the free surface and is then transported downwards in the annular region outside the screw. The downward motion is somewhat irregular and consists of small number of particles moving at reasonable downward speed (coloured blue) and a large number of particles which are not currently moving up or down. On average, over longer timeframes, this produces a slow progressive vertical descent by all the outer green and blue coloured material.
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Figure 4: One dimensional profiles of media velocity (Vr, Vtang, Vz) versus mill height and radius for the tower mill at t = 10 s. Confidence limits of one standard deviation are included to indicate the variance in velocity. The radius of the screw is 0.07 m and the chamber radius is 0.12 m.
One dimensional profiles of velocity components, as a function of mill height and radius, are shown in Figure 4 for the tower mill. The velocities are collected in radial and vertical slices of the mill to calculate a mean velocity and standard deviation for each radius and height. The mean radial velocity is statistically zero over most of the mill height. Near the base of the mill it has a small but meaningful negative value indicating that the particles are flowing from near the outer mill chamber radially inwards towards the central screw. Near the free surface the radial velocity becomes significantly positive as particles flow back from around the screw, outwards towards the outer mill shell. The standard deviation is a measure of the variability of the velocity from its means and of the extent of fluctuations in the flow. The standard deviation is much larger than the peak values of the radial velocity and is constant with height. The bounding envelope, defined by the limits of the vertical lines, indicates a region of phase space which is symmetric around zero that the particle radial velocities are likely to occupy. There is no meaningful mean radial velocity at any radius. This means that in any vertical column of particles there is equal radial movement in both positive and negative directions. The variability of the instantaneous radial velocity (which when averaged has a zero mean) changes with radius. The variability is smaller inside the screw but it increases when moving out past the outer edge of the screw and then finally declines as the wall chamber is approached. This indicates that the outside of the screw not only makes the largest contribution to driving the flow but also drives the fluctuations in the flow. 
The mean tangential velocity (or swirl generated by the screw) is low at the base of the mill and increases steadily over the bottom quarter of the mill. The swirling motion is then essentially constant over most of the height of the screw. There is a strong drop in the particle swirl in the top surface layers of the charge where the particles are more mobile and move out towards the mill shell. The variability of the swirl speed is also quite constant over most of the mill height, except in the surface layers. The tangential speed variation with radius is very strong. It is zero for radii less than or equal to 0.02 m since this is the radius of the core of the screw and particles cannot be found at these positions. The swirl is low near the core of the screw (r > 0.03) and increases strongly and monotonically with mill radius up to a peak at the edge of the screw (r = 0.07). It then decreases almost linearly with radial distance out towards the mill chamber wall. There is a reasonable degree of slip experienced between the charge and the wall at about a third of the peak tangential speed. The variability of the tangential velocity is low within the screw and increases steadily with radius. The strongest fluctuations are found in the region outside the screw. Note that the variation does not decrease with the decreasing mean so the relative importance of the fluctuations is very high near the mill chamber.
The mean axial velocity is statistically zero at each height and the amount of variability in the instantaneous axial velocities is also constant with height. Since the screw and chamber cross-sections do not vary with height this means that in any axial slice there is, on average, as much material moving down the mill as there is moving up the mill with the screw motion  In contrast, the mean axial velocity varies strongly with radius. It has intermediate values within the screw which increases moderately with radius to a peak transport rate at the outer edge of the screw. The mean axial velocity then drops almost linearly to a point just inside the mill shell. From a radius of around 0.09 m, the mean axial speed is negative indicating that there is strong coherent down flow in an outer annular region that is about 25% of the radius of the mill chamber. The average speed of the outer down flow is much slower than that of the inner up flow because the mass flow rates must be equal (since this flow is in equilibrium) and the outer annulus has a much larger large cross-sectional area. The downward mass flux through this outer cylinder therefore matches the upward flux in the inner core. The variability of the axial velocity with radius is similar to that observed for the tangential velocity with low variability within the screw and steadily increasing variability with increasing radius. The axial velocity within the outer annulus has the highest relative amount of variation with significant numbers of particles moving instantaneously upward at different times. This is indicated by the line showing the variation extending up into positive velocity values in Figure 4. So on average the outer material is moving down. For an individual particle though, this is not a smooth or continuous process, but is punctuated by periods of meaningful upward movement balanced by other periods of faster than average downward movement. This explains the patchy nature of the axial velocity observed in Figure 3b.
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Figure 5: One dimensional profiles of media velocity (Vr, Vtang, Vz) versus mill height and radius for the pin mill at t = 14 s. Confidence limits of one standard deviation are included to indicate the variance in velocity. The radius of the stirrer is 0.1 m and the chamber radius is 0.14 m.
Combining the interpretations of the radial and axial mean velocity fields, it is clear that there is a strong global recirculation pattern within the tower mill driven by the screw motion. Particles are transported upwards by the screw in a central cylindrical core. As they approach the free surface they begin to flow outward towards the mill shell. Once they are further out than 75% of the mill radius, they begin to flow somewhat erratically downwards in an annular down flow region around the outside of the charge. At the bottom of the mill the particles flow back in towards the screw where they are again picked up and transported upwards by the screw.
Returning to the pin mill in Figure 3c, a peak velocity of 2.5 m/s is imparted to particles immediately in front of the leading edge of each pin in the pin mill. The pin tip speed (of 2.6 m/s) is comparable, but media tend to flow around the pins rather than piling up in front of them, so there is some slip between the media and the pin. The high velocity regions become larger and more intense with greater depth into the bed. This results from increasing bed pressures which increasingly restrict the mobility of the balls leading to lower slip between the pins and the compacted surrounding media. For most of the bed depth, there is also some slip at the walls. There is significant shear between the bed and the surrounding chamber. The particle slip speed at the walls is typically around 0.5 m/s. The peak speed at the pins is much higher than at the edge of the screw. Even with the loss of shear at the wall due to slip, the absolute shear rate is higher than for the tower mill. The distribution of shear is different for the two mills. Near the base of the agitator, a highly packed region of balls maintains a large velocity gradient out to the walls and floor. 

Figure 5 shows one dimensional profiles of velocity components for media in the pin mill. The mean radial and axial velocities are essentially zero for all heights and radii. Only the radial velocity near the free surface is non-negligible with some net outward motion away from the impeller shaft towards the mill shell. The fluctuations for these velocity components are large and there is little change in the amount of variation with height, except near the base where the confining pressures reduce the variation and near the free surface where the higher particle mobility leads to much larger variation. The degree of variability of these velocity components with radius is lower at both smaller and larger radii and is largest near the radius of the tips of the pins. This indicates that the collision interactions with the pins generate significant fluctuations in the velocity components and these decline with distance from the pin tips.
The mean tangential velocity starts at a moderate value at the bottom of the mill and increases steadily with height up to a peak value around one third of the way up the mill. Above this, the tangential velocity declines slowly with increasing height until near the free surface of the charge where it increases modestly again. The peak mean tangential velocity occurs at a radial position close to the tips of the pins. This maximum corresponds to the high velocity region visible in Figure 3 at the edge of the pins. The tangential speed decreases slowly at smaller radii and decreases rapidly for larger radii. Significant slip is observed between the charge and the walls of the mill chamber. The tangential velocity also experiences quite large variability which is relatively constant with both height and radius. The fluctuations are however, significantly higher near the base of mill and much smaller near the free surface.
Energy absorption due to the normal and shear collisional components were accumulated for each ball. The spatial distribution of collision energy provides an indicator of regions of high and low energy absorption which might reasonably be a measure of size reduction of any feed material (as well as attrition of the media). The distributions of the different components of the energy absorption rate (calculated over 16 revolutions) are shown in Figure 6. 
There are marked differences in the distributions between the two mills. The normal component of energy absorption increases gently with height in the bed for the tower mill, whereas for the pin mill, the normal energy absorption decreases strongly with height in the bed. This suggests that the pressure from the weight of the bed above is important in the pin mill but not for the tower mill.  At each height in the tower mill, the maximum energy absorption occurs at the outer edge of the screw agitator. The media closer to the screw centre absorbs noticeably little energy. High levels of normal energy absorption are also experienced between the screw and the shell. The energy absorption drops off close to both the base of the mill and the free surface. In contrast, the pin mill exhibits high normal energy absorption in a radial band near the tips of the pins and this band grows wider with increasing depth into the bed. The action of the pins is substantially different to that of the screw and the mechanism for transferring energy to the bed is also different. 
Shear energy absorption is distributed relatively uniformly with depth in the tower mill. The band of high shear energies appears in the annular region starting just inside the outer radius of the screw and extending half way to the walls of the mill chamber. This becomes slightly broader with increasing height in the bed. This is similar to the velocity distribution shown in Figure 3a. The average shear energy absorption rates appear to be a factor of 3 – 4 times higher than for the normal component for this mill, meaning the comminution will be dominated by attrition and abrasion. 

The pin mill has a shear energy absorption pattern that is strongly concentrated in the lowest regions of the mill. The normal energy component is again quite similar to that of the shear energy. The highest energy absorption rates occur around the base plate and around the lowest layer of pins. It then decreases strongly with increasing height in the bed. The average shear energies are again about a factor of four higher than the normal energy levels, indicating that comminution in this mill is also dominated by attrition and abrasion.
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Figure 6: Media are coloured by their energy absorption rates (left) tower mill results at t = 10 s and (right) pin mill results at t = 14 s; (top) normal energy absorption rate with peak values of 5 mW and 20 mW, respectively, and (bottom) shear component with peaks of 20 mW and 85 mW. 

	[image: image26.emf]Tower Mill

0.0

2.0

4.0

0 0.5 1

Height (m)

Rate of Norm E Abs(mW)


	[image: image27.emf]Tower Mill

0.0

2.0

4.0

0 0.05 0.1 0.15

Mill Radius (m)

Rate of Norm E Abs(mW)



	[image: image28.emf]Tower Mill

0.0

5.0

10.0

15.0

20.0

0 0.5 1

Height (m)

Rate of Shear E Abs (mW)


	[image: image29.emf]Tower Mill

0.0

5.0

10.0

15.0

20.0

0 0.05 0.1 0.15

Mill Radius (m)

Rate of Shear E Abs (mW)



	[image: image30.emf]Tower Mill

0.0

5.0

10.0

15.0

20.0

0 0.5 1

Height (m)

Rate of Total E Abs (mW)


	[image: image31.emf]Tower Mill

0.0

5.0

10.0

15.0

20.0

0 0.05 0.1 0.15

Mill Radius (m)

Rate of Total E Abs (mW)




Figure 7: One dimensional profiles of media energy absorption rates versus mill height and radius for the tower mill over 10 s. Confidence limits of one standard deviation are included to indicate the variance in velocity. The radius of the screw is 0.07 m and the chamber radius is 0.12 m.
One dimensional profiles of energy absorption rate are given as a function of mill height and radius in Figure 7 and Figure 8 for the tower mill. The one dimensional profiles were again obtained by averaging over the other two spatial directions. The same type of data is presented in these two figures but with the energy absorption calculated over the entire simulation (33 revolutions) in Figure 7 and over only 2 revolutions in Figure 8. The results in Figure 7 are more complex to interpret since the long term accumulation includes information on where the media does work, which is modified by the strong mixing and axial transport that is observed in this mill. If one is interested in degradation of media within a mill then Figure 7 will be of more relevance as it contains cumulative energy absorbed over a longer time-scale irrespective of its location within the mill. Figure 8 on the other hand will be relevant in indicating where in the mill the particle size reduction of feed material is occurring.
Figure 7 shows that mean energy absorption rates for normal, shear and total energies are largely insensitive to axial position in the mill. The energy absorption right at the bottom of the mill is low since the screw impeller does not reach down to the floor of the mill. There is also a slight reduction in the energy absorption rates near the free surface of the charge. The standard deviations are again large and the spread of absorption rates is also fairly constant with height. The mean energy absorption rates all have strong radial dependence. They are relatively lower at small radii near the shaft of the screw since the centrifugal forces are smaller here. The energy absorption rates increases steadily with radii and reach peak values at about 0.09 m which is moderately outside the outer diameter of the screw and well beyond the location of the peak axial velocity. This is the region of highest shear between the upwards and downwards directed streams of particles. Energy absorption decreases with increasing radius but is still significant all the way out to the mill chamber wall. The variability of the energy absorption rates is low near the screw shaft and increases steadily with radius until the peak absorption rate is reached. The amount of variation is constant at higher radii, but becomes more important in relative terms as the mean absorption rates decrease.
The short term energy absorption distributions (over 2 revolutions) are shown in Figure 8. They are qualitatively very similar to the longer term distributions in Figure 7 but there are some important quantitative differences. The energy absorption by the media declines reasonably strongly over the top third of the mill and it is modestly higher throughout the rest of the mill. It is therefore clear that the axial transport increases the uniformity of the long term energy absorption by circulating media particles through this gentler top region of the mill. The shear energy absorption in the bulk of the mill also shows a modest increasing trend with increasing height. For the radial distributions, the shapes are again similar to the long term profiles, but with extreme values are more widely spread. That is, the minimum energy absorption at low radii is much lower, the peak energy absorption occurs at a slightly smaller radius and is greater in magnitude and the energy absorption level near the outer wall is also reduced. Again, the effect of the long term mixing and transport can be seen in the moderate evening out of the profile.  
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Figure 8: One dimensional profiles of media energy absorption rates versus mill height and radius for the tower mill collected over only two revolutions when in steady state. Confidence limits of one standard deviation are included to indicate the variance in velocity. The radius of the screw is 0.07 m and the chamber radius is 0.12 m.
Figure 9 shows the one dimensional profiles for energy absorption rate for the pin mill. The energy absorption rates reach their peak values around the level of the lowest pins (around 0.1 m from the bottom of the mill) and then declines linearly up to around ¾ of the way up the mill. The energy absorption above this is small and fairly constant. The absorption near the base of the mill is reasonably high but still well below that of the first layer of pins. This behaviour is completely different to that observed in the tower mill where energy absorption is fairly uniform with height. The amount of variation is large near the base of the mill, decreases sharply at the first layer of pins and then decreases progressively with increasing height. The relative amount of variation is noticeably lower than for the tower mill. 

The energy absorption rates are moderate at the surface of the shaft of the impeller and increase linearly with increasing radial distance, up to a peak rate occurring at a location midway between the tips of the pins and the mill chamber wall. This corresponds not to the peak tangential velocity in this region but to the peak shear rate. The energy absorption then declines with further increase in radius, but is still significant near the chamber walls. The degree of variability of the energy absorption is fairly constant for all radii and is relatively small compared to the tower mill.
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Figure 9: One dimensional profiles of media energy absorption rates versus mill height and radius for the pin mill over 14 s. Confidence limits of one standard deviation are included to indicate the variance in velocity. Note that the radius of the stirrer is 0.1 m and the chamber radius is 0.14 m.
3.3 Power Draw

Power draw is determined from DEM predictions of the forces exerted by the ceramic media on the mill agitator and liner. Each mill was found to reach a steady flow within 1 ‑ 2 s of operation and the power draw is then quite steady. The average power draw was 0.27 kW for the tower mill and 2 kW for the pin mill. 

A power draw model for wet tower mills is described in Napier-Munn et al. (1996) for no-load power (no charge or media present) and for net power. The model prediction for the net power, which is the power delivered by the charge, is described by 
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where Hb is the ball height in metres (about 0.9 m in our case), Ns is the stirrer speed in rpm, ρc is the charge density (here we use the mass of balls/bed volume which will be an overestimate of the true charge density), Db is the mean ball size, Ds is the screw diameter, and T is the number of turns of the screw per start (this is about 4.75 for each start). Net Power predicted for the tower mill from equation (1) is 0.18 kW. The DEM prediction of 0.27 kW is in reasonable agreement with this model. 

No power draw model currently exists for the pin mill. From the DEM, the average power draw prediction is 2 kW, which is almost an order of magnitude higher than for the tower mill. The predicted power draw for both mills is well below the peak rated power. This should not be a surprise given that the mill specifications allow for both mills to run at higher agitator speeds and both mills are designed to be able to use steel media which draw more than twice as much power due to the higher media density. As described in Jankovic (1999) for roughly similar charge volumes and other operating conditions, steel media in a slurry of sg 1.3 had measured net power draw of 2.5 to 3.5 kW (pin mill) depending on the feed material and 0.4 kW for the pilot tower mill. As the net density of the DEM charge would be about half of that for the steel balls and slurry charge, the power estimates are of the right order. However, the power drawn by the pin mill in particular is sensitive to the feed material – presumably as a result of different coefficients of friction and viscosity for different feed materials and this contribution is not currently included in the DEM model.   
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Figure 10: Cumulative normal and shear work due to media-media collisions are plotted against time.
The cumulative normal and shear work for collisions is also plotted against time here (see Figure 10). The energy dissipation rate due to shear dominates over that due to normal collisions (by a factor of 2.5 - 3 for the tower mill and a factor of 3 for the pin mill). This results from the high rotational shear rates created in these mills and the restricted opportunity in the dense charge to develop significant high energy normal collisions. This suggests that for both mills that size reduction of large particles should be dominated by attrition and abrasive wear. However, the peak normal forces are sufficient to cause significant breakage to 200 micron particles of a typical ore. Pilot scale mills like these would typically treat an ore slurry with an 80% passing size of 50 to 100 microns. 
3.4 Collisional Energy Absorption Spectra
In DEM simulations, the energy dissipation associated with separate particle interactions can be calculated. Frequency distributions of these energy losses, both in normal and shear directions, can be determined from all the individual collision events. Spectra can be calculated for each type of collision event (e.g. media-media, media-liner, etc) and for each ball and rock size class. These collisional energy spectra provide the opportunity to better understand the various contributions to the overall energy dissipation within the mill. Knowledge of the changes in these spectra, with operational and geometric mill attributes may create the possibility of improving the energy efficiency of size reduction by moving energy from less useful types of collisions to more useful ones. These energy spectra are shown in Figure 11 for the tower and pin mills. In each graph, there are three curves, one for the normal component of energy dissipation, one for the shear, and one for the total energy dissipated in each collision. We have chosen to resolve spectra down to 10-10 J, although low energy collisions extend below this but are much less frequent.
The energy spectra for the tower mill have a very similar shape for each collision type and for each energy component and they are essentially skewed log-normal distributions with maximum total energies of around 0.1 J for collision frequencies of 0.01 or higher. The modal peaks of the total energy spectra are represented by solid vertical lines in the spectra plots (Figure 11). The modal peaks for media-media and media-liner spectra are summarised for each mill in Table 4. The most common collision energy in the tower mill is 2x10-5 J and this is the same for both media-media and media-liner collisions. The magnitude of the peak energies in Table 4 and the shape of the spectra clearly indicate that the total energies are almost completely dominated by the shear component (which is consistent with Figure 6 showing the distribution of energy absorption). The normal component shows a very weak high energy inflexion point in the spectra for each collision type. The collision rates at both high and low energies are similar for the media-media and media-liner collisions, but are around an order of magnitude higher for the media-media collisions at the modal peak energy.
The pin mill spectra are broadly similar in shape to those of the tower mill, but the normal component shows no inflexion point at the highest energies. The spectra also show a much steeper slope at the highest energies and the maximum energy level is much more clearly defined around 0.03 J (which is smaller than for the tower mill). The modal peaks are again given in Table 4. The highest frequency of media-media collisions occurs at 3x10-5 J  The shear component is not as dominant as in the tower mill with the shear energy modal peak for media-media collisions being around half of that of the total energy (compared to ¾ for the tower mill). This is largely due to an increase in intensity of high energy normal collisions in the pin mill. The normal exponential tail of the distribution in the media-liner spectra gives way to a constant and somewhat noisy low energy tail. At the modal peak energies the frequency of collisions for media-media collisions is again around an order of magnitude higher than for the media-liner collisions. Comparing the modal peaks for the different spectra in Table 4, we observe that the normal components peaks occur at the same normal energies for the media-media and media-liner collisions, but that the shear energy peaks are much higher for the media-liner collisions. This reflects the reasonable degree of slip previously observed between the charge and the mill chamber.
Comparing the modal peaks of the tower and pin mills in Table 4 we observe:

· Similar modal peaks for shear energies for the media-media collisions but the media-liner shear energies in the pin mill are double that of the tower mill

· The modal peaks of the normal energy components for the pin mill are around double those of the tower mill for both media-media and media-liner collisions. This reflects the much more ‘impact like’ nature of the particle contacts in the pin mill.

· The modal peaks of the total energy in the pin mill are around double that of the tower mill for media-media collisions and around 2.5 times higher for media-liner collisions. In the pin mill the particles have on average around 0.3 of the mass of the particles in the tower mill (since the media is smaller) but has 2.5 times the speed because of the higher impeller rotation speed. This means that the average kinetic energy of the particles in the pin mill is around 1.85 times higher than for the tower mill. This is quite close to the observed difference in scaling of the modal peaks of the energy dissipation spectra. Broadly, this suggests that the energy spectra will scale with the masses of the particles and the square of the rotation speed. 

· Considering the substantial differences in the designs of the two mills, the differences in their flow patterns and of the way that the impellers impart energy to the media the differences in the aggregated collision energy spectra are remarkably small. It is likely that these two mill designs have been empirically tuned to grind similar size feed particles. Fundamentally, the two mills are producing similar types of collisions, but the differences in performance lie in how these collisions are spatially distributed within these mills (which are very different).  
	
	Media – media 
energy dissipation (J)
	Media – liner 
energy dissipation (J)

	
	normal
	shear
	total
	normal
	shear
	total

	Tower mill
	6 
	15
	20
	5
	15
	20

	Pin mill
	10
	20
	35
	10
	30
	50


Table 4: Modal peak values for energy loss spectra for media-media and media-liner interactions in terms of collision frequency. The values for both mills are presented here. The modal values for the pin mill occur at higher energies than for the tower mill.
Another way of representing the energy spectra is using the energy dissipation rate at each of these energy levels. These spectra are shown in Figure 12 for the two mills. Modal peak values for the spectra of each collision type, energy component, and for each mill are summarised in Table 5Error! Reference source not found.. These spectra are more sharply peaked than the frequency spectra. The low energy tails of the frequency distributions actually contribute little to the energy consumption even though they contain very large numbers of collisions, so these spectra can sometimes imply more importance for the tail than is justified. The energy dissipation rate drops below 10 W for collisions with energies below 10-8 J. The low frequency high energy impacts are also more important when one considers the energy dissipation rates. For both mills the spectra are qualitatively similar with almost log-normal shapes. The shear and total energy spectra are very similar whilst the normal spectra is more weighted to lower energy collisions and lower energy dissipation rates. This reflects the general low relative importance of the normal impact component of the collisions to the overall energy dissipation which is dominated by shear frictional events. The principle observable differences between the two mills are that the peak energy dissipation rates are around an order of magnitude higher for the pin mill (substantially reflecting the higher impeller speed) and that the gradient of the spectra at the highest energy levels is much steeper for the pin mill.
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Figure 11: Collisional Energy Spectra for each mill plotted as a function of collision frequency. Top picture shows all collisions; middle picture shows media-media collisions only; and bottom picture shows media-boundary collisions (whether with mill wall or agitator). Each picture contains the total, normal and shear components for comparison. The vertical line locates the modal peak for the total energy.
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Figure 12: Collisional Energy Spectra for each mill plotted as a function of energy dissipation rate. Top picture shows all collisions; middle picture shows media-media collisions only; and bottom picture shows media-boundary collisions (whether with mill wall or agitator). Each picture contains the total, normal and shear components for comparison. The vertical line locates the modal peak for the total energy.
Table 6 shows the locations of the modal peaks for the different spectra and components for the two mills. In all cases the shear and total energies have their peaks at the same energies and the normal energies are significantly lower. This again shows that the normal impacts are relatively unimportant in the energy dissipation and therefore the grinding in both mills. The peak energy dissipation rates in the pin mill are double those of the tower mill for both media-media and media-liner collisions (in line with the scaling of the kinetic energy per particle for the two mills). In both mills, the peak energy dissipation rates for media-liner collisions occur at twice the collision energy level of the media-media collisions. This means that the media-liner collisions are more efficient at dissipating energy. This largely results from the fairly high wall slip velocities observed in both mills against the outer mill chamber. 

	
	Media – media energy (J)
	Media – liner energy (J)

	
	normal
	shear
	total
	normal
	shear
	total

	Tower mill
	30
	150
	150
	40
	300
	300

	Pin mill
	60
	300
	300
	100
	600
	600


Table 7: Modal peak values for energy loss spectra for media-media and media-liner interactions in terms of energy dissipation rate (W). The values for each mill are presented here for their normal, shear and total energy components. The modal values for the pin mill occur at higher energies than for the tower mill.

3.5 Force Chains

Collisional forces in a packed granular medium manifest themselves as an elaborate network of force chains linking each pair of contacting particles. Through these networks, particles are ‘loaded’ by forces transmitted from the rest of the granular bed. Visualisation of the force network in a system is a powerful technique for identifying and understanding these force structures. This has been commonly used in quasi-static problems in two dimensions, but has rarely been used in three dimensions for dynamic problems. Here, we are particularly interested in force configurations that may help shed light on the mechanisms of breakage in mills. 
Networks of force chains are shown for the tower and pin mills in Figure 13. In three dimensions, the force chains are here represented as cylindrical segments between each contacting pair of particles. The particles have been shrunk to small spheres that represent nodes in the force network so that the force cylinders can be seen. The colour and diameter of the cylinders are proportional to the magnitude of force between the pair. The normal and tangential force components have been displayed separately. For each mill the networks of each component are substantially similar with only minor variations at the individual particle pair level. 
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Figure 13: Typical force chain networks for a) the tower mill, and b) for the pin mill. The colour and diameter of each cylindrical segment is a proportional to the magnitude of an interaction force between each pair of particles.

The tower mill shows ‘rays’ of high force transmitted upward and radially outward from the surface of the screw. This results from the upward pushing on the charge by the rotating helical screw. Some particles are in strong load bearing chains, whilst many are in weak secondary chains and some particles which are in free motion do not participate in force chains at all. The screw generates an anisotropic and coherent directional stress field in the particle bed that leads to strong upward and swirling motion of the bed.

In the pin mill, the pins drive into the bed and generate strong stress chains radiating forward as they compress the particle bed. The spreading of these force chains to either side is weak so the force remains focused within a relatively small solid angle in front of the pin. The very strong compressive forces generated in these forward directed fan shaped regions extend between 2 to 3 pin diameters into the particle bed before they become dispersed through the force network and fade towards the background force level. This distance is much smaller than the distance between the pins, so the compression effects of each pin do not interact with that of any other pin. One existing theory for breakage in the pin mill is that pressure waves from adjacent sets of pins (positioned vertically above each other) intersect in the region between these pins resulting in compressive fracture. Since the direction of force transmission from each pin is predominantly forward and the distance between pins is larger than the length of the compressed region, the pin effects do not interact and this theory would appear to be unsupported. The bed is constantly in shear and, as such, it is not possible for any portion of the bed to maintain a stable, coherent network of force over a long enough timescale to initiate this type of breakage. 
3.6 Particle Paths

One of the strengths of DEM is its ability to interrogate the entire collision history for any given particle. The particle path or trajectory of a single particle shows where the particle spends most of its time in the system and the local velocities, forces and energy exchanges that it experiences throughout its journey. This provides additional information for understanding particle motion and mixing through the use of virtual ‘tracer’ particles.

Figure 14 shows two examples of particle trajectories for each mill. The particle path is coloured by total cumulative energy absorption. For the tower mill, the trajectory shown in Figure 14a is representative of the downward spiral of a particle descending down the outer part of the charge near the mill chamber wall. The pitch of this spiral trajectory is significantly larger than the pitch of the screw impeller. The level of energy absorption for the particle increases as it descends towards the base of the screw. The particle in Figure 14c begins quite close to the shaft of the screw and is conveyed upwards in a tight spiral trajectory at a constant radial position. The pitch of the trajectory is the same as that of the screw during this upward part of the particle motion. As it moves upwards it absorbs energy steadily. When it reaches the free surface of the particle bed, it then travels radially outward along the bed surface before being entrained back into the bed and spirally downwards near the outer wall of the mill. Again the pitch of the slow outward spiral is much larger than that of the upward inner spiral. This different in the pitch of the spiral trajectories contributes to the shear interactions between layers. This clearly shows the nature of the media circulation in the tower mill.

In contrast, the pin mill shows very little radial or vertical displacement of the particles. The particle shown in Figure 14b spends its entire time constrained to a region adjacent to the shaft with a small amount of vertical movement. The amount of energy absorption is low. Figure 14d shows a particle located at a much larger radius from the mill axis. Its motion is circular and almost periodic with only a very small vertical drift. This particle experiences a much greater degree of energy absorption (which is consistent with the radial energy absorption profile in Figure 9). From these trajectories, it is clear that the transport of media within this mill is very poor and one suspects that this will also apply to the finer feed material as well. 
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Figure 14: Particle paths are shown as a single trajectory of a lone DEM particle in each picture for a) and c) tower mill, and b) and d) pin mill. Each path is coloured by the level of energy absorption (with red equivalent to high energy absorption and dark blue, low energy absorption) that the DEM particle will experience during its journey. 
3.7 Isosurfaces
The motion of the charge in a stirred mill is highly three dimensional and standard visualisation techniques provide limited insight regarding flow structures within packed beds. Isosurfaces are three dimensional surfaces determined by where a given variable or parameter attains a given constant value. Isosurfaces for bed density, velocity, force, and power provide an important way for better understanding the dynamics within the charge.

To do this, a cylindrical grid is constructed over the bed and rotates with the agitator. Local averages for particle force and motion data are first collected on this co-moving grid over time. Due to the different dimensions of each mill and different media sizes, the collection grid used for each mill is slightly different. The details of the grid for each mill are summarised in Table 8. This Eulerian representation of the DEM particulate data allows the generation of isosurfaces for variables of interest. This is a useful tool for identifying flow characteristics inside densely packed moving material. In this report we examine isosurfaces of bulk density, flow velocity, collisional force and collisional power.

	
	Tower Mill
	Pin Mill

	
	Radial
	Azimuthal
	Axial
	Radial
	Azimuthal
	Axial

	No. of cells
	5
	30
	25
	10
	30
	25

	Grid Size
	0.12 m
	6.283 rad
	1.2 m
	0.14 m
	6.283 rad
	0.8 m

	Cell Size
	0.024 m
	0.209 rad
	0.048 m
	0.014 m
	0.209 rad
	0.032 m


Table 8: The details of the cylindrical grids used for collecting and averaging the particle motion and force data are described here for each mill. The number of cells, grid dimensions, and cell dimensions are listed for each of the radial, azimuthal and axial directions.
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Figure 15: Isosurfaces of bulk density are shown for the tower mill. The orange isosurface corresponds to a density of ρb = 1200 kg/m3, the green one to 1400 kg/m3 and violet one is 1450 kg/m3; (left) the agitator is included for reference, (middle) shows just the isosurfaces with the violet and green ones clipped to show the orange one, and (right) just the highest bulk density isosurface by itself.
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Figure 16: Isosurfaces of bulk density are shown for the pin mill. The orange isosurface corresponds to a density of ρb = 1400 kg/m3, the green one to 1500 kg/m3 and violet one is 1560 kg/m3; (left) the agitator is included for reference, (middle) shows just the isosurfaces with the violet and green ones clipped to show the orange one, and (right) just the highest bulk density isosurface by itself with no clipping is shown in order to see the full 3D structure.
Bulk density isosurfaces are given in Figure 15 and Figure 16 for the tower and pins mills, respectively. In the tower mill, the bulk density increases monotonically with radius and shows little variation either with height or with azimuthal position in the mill. The density isosurfaces are concentric open cylinders that extend from the bottom of the mill up to the free surface of the media. The region of highest density is therefore adjacent to the walls. The centrifugal force generated by the screw forces the particles outwards and they become most compact near the walls of the mill. At intermediate radii, the shear between the upward moving core material and the downward moving outer material dilates the charge and the pressures from the centrifugal force are lower so the charge density declines. Near the shaft (at small radii) the centrifugal force generated pressures are relatively very light so the charge is most mobile and least dense. The lowest bulk density indicates zones of maximum charge dilation due to the media being forced across one another in layers and is therefore, probably a region of maximum comminution. The high density zones are the least dilated and are likely to be the least active, except where the charge is compressed by the "toe" or leading edge at the bottom of the screw. This density variation will have strong implications for cases where this mill is run wet. Slurry will flow preferentially in the core because it has the highest porosity, but the screw will try to pump the slurry up the core while gravity will push it down. On the outside the slurry will be less mobile and will be forced to more strongly follow the media on its downward spiral.

For the pin mill (Figure 16), the bulk density distribution is much more complex and is fully three dimensional. The density isosurfaces are closed and concentric, that is, one isosurface is entirely enclosed within the next which is enclosed with in the next. The maximum density occurs in the spaces between the vertical rows of pins and at a radial distance comparable to the location of the tips of the pins. This structure extends from the second row of pins from the top down to just above the disc base. These regions are paired, with each of the high density regions in each pair connected by a high density bridge running around the bottom pin separating these regions. These high density regions are produced by the strong compression fronts generated by each of the pins. These regions are not necessarily good for comminution since fine particle mobility will be lower between the media and there will be lower shear. The lower density contours follow the same pattern, concentrically expanding from the inner high density one. There is little sign of radial density stratification producing the centrifugal force. The media distribution is completely dominated by the disruptive effects of the pins. The bulk density of the charge in the pin mill is slightly higher than for the tower mill since the pin mill charge has smaller particle size and allows a denser packing.
Isosurfaces of bed velocity are shown in Figure 17 and Figure 18 for tower and pin mills respectively. The velocity components are expressed in cylindrical coordinates. For the tower mill all the velocity components are very close to cylindrically symmetric. The tangential (azimuthal) velocity is structured as closed, concentric surfaces where the peak value occurs at the edge of the screw as shown by the red isosurface. The tangential velocity decreases with radial distance as one moves inward or outward away from the screw edge. The peak tangential velocity is essentially constant along the axial length of the screw. There is a very weak expansion of the lower speed isosurfaces with height reflecting the gentle decrease on bed density with height which slowly increases particle mobility allowing the particles higher in the bed to move a little faster. The two contours of vertical velocity shown correspond to +/-0.03 m/s. The inner surface is positive indicating that the material close to the screw is all rising together. The strong symmetry of this isosurface indicates that there is little spatial variation and that particles at a given radius rise at a rate that is independent of the vertical or azimuthal position within the mill. The combination of the axial flow and the strong tangential swirl combines to give the spiral trajectories observed earlier. 
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Figure 17: Isosurfaces of velocity are shown for the tower mill. The colouring scheme is based on increasing velocity in the order [blue for low, green for medium and red for high speed]; isosurfaces of (left) radial velocity for Vrad = 0.005, 0.01 and 0.0125 m/s, (middle) tangential velocity for Vtang = -0.1, -0.15 and -0.275 m/s, and (right) vertical velocity for Vz = -0.03 and 0.03 m/s.
The radial velocity behaviour is more complex, with the radial velocity isosurfaces being closed, concentric surfaces whose peak occurs at the outer edge of the screw and near the base of the mill. The red isosurface shows that the radial velocity decreases as one moves both inwards and outwards from the edge of the screw. It also decreases as one rises higher in the mill.  This indicates that the edge of the screw pushes particles just outside the screw away from the screw and pushes particles that are just inside the outer edge of the screw towards further inwards towards the shaft of the screw. This edge effect of the screw decreases as the free surface of the charge is approached. Note that the peak tangential velocity of the charge is around 9 times higher than the vertical migration rates of the particles and these are in turn about three times higher than the radial speeds. The very small radial speeds are responsible for the strong cylindrical symmetry of all the other attributes of the charge (including velocity and density). 

	[image: image76.jpg]



Vrad (m/s)
	[image: image77.jpg]



Vtang (m/s)
	[image: image78.jpg]



Vz (m/s)


Figure 18: Isosurfaces of velocity are shown for the pin mill. The colouring scheme is based on increasing velocity in the order [blue for low, green for medium and red for high speed]; isosurfaces of (left) radial velocity for Vrad = 0.06 and 0.12 m/s, (middle) tangential velocity for Vtang = -0.5, ‑0.8 and -1.1 m/s (where outer two isosurfaces have been clipped to show the inner isosurface structure), and (right) vertical velocity for Vz = -0.025 and 0.025 m/s.
Media in the pin mill are observed to follow substantially circular paths around the mill chamber with gradual vertical drift generated by the passage of the pins (see Figure 14 for examples). The tangential velocity isosurfaces in Figure 18 form complex, closed, concentric surfaces that are quite different to those found in the tower mill. The peak tangential velocities are found in vertical regions between the columns of pins. the high tangential speed regions extend into the gaps between pins in each column. Since the rows of pins are staggered this leads to a somewhat zig-zag like structure. For the relatively high speed red isosurface, there is some bridging of these ‘bubble like’ regions across the pin columns. The high tangential velocity isosurface does not extend down to the lower pins nor does it reach the free surface indicating that the highest such speeds are reached in the middle of the mill. This is consistent with what was shown by the one dimensional profiles of tangential velocity with height in Figure 5. The radial and vertical velocities are small compared to the peak tangential velocity with the peak radial velocities being around 9 times smaller and the peak vertical velocities around 40 times smaller. Note that this is the opposite order to that found in the tower mill where the radial velocities were smallest. The passage of the pins generates reasonable radial disturbances whereas the screw generates little radial movement. Conversely, the pins generate little coherent vertical movement, whereas the screw generates consistent moderate vertical motion (and therefore strong vertical recirculation).
Not only are the magnitudes of the radial and vertical velocities different for the two mills, but the distributions are also quite different. For low radial velocities, ellipsoidal isosurfaces form around the tip of each pin. This reflects the high compression zone in front of each pin observed in the bulk density which inhibits particle motion leading to low radial speeds. At the 0.06 m/s speed, these isosurfaces merge to form undulating columns of moving radially at this speed. The 0.12 m/s radial velocity isosurface shows interesting structure at the bottom of the mill. There are two triangular shaped higher radial speed regions on either side of the agitator rising from the base plate just in front of the two lowest pins. This indicates a coherent higher speed motion of media into the mill shell in these regions. Looking at the vertical velocity isosurfaces in the same region, we observe a large negative velocity bubble surrounding and trailing the two lowest pins. These stretch back to and under the lowest pin on the following column of pins. There are matching positive isosurface bubbles starting underneath these lowest pins in the following column of pins. 
Combining these three coherent velocity structures we can deduce that as the lowest pins approach, the particles are forced radially outward and vertically upward in order to pass around these pins. These pins are too close to the base plate to allow easy passage under these pins, so they have to flow around generating the triangular radial and upwards vertical isosurfaces bubbles. After passing these pins, the particles flow downwards and pass under the lowest pin of the following column of pins which is offset half a pin spacing higher than on the preceding column. Here the distance from the base plate is large and the particles flow more easily through the gap under these pins. After passing underneath, the particles then rise back up to their original level as they approach the next column of pins. Comparing this to the bulk density distribution where we found a high density bridge under the higher pair of bottom pins, we see that this compression corresponds to the regions where the particles are directed to flow under the second column of pins. So the media near the bottom of the mill undergoes complex wave like oscillatory motion flowing over the lowest pins of the pin columns set close to the base plate and then under the lowest pins of the pin columns that are offset higher. So even though the agitator has four pin columns, the velocity and density fields have only two-fold symmetry with a pairing of the low and high offset pin column. 

These types of coherent structures in the velocity and density distributions can be identified by these time averaged quantities collected on co-moving Eulerian grids. These are structures that are very hard to identify by looking at individual particle trajectories since it is not a priori clear where to look for them and the signal to noise ratio is poor.
Isosurfaces of normal and tangential collisional force are shown in Figure 19 and Figure 20 for the tower and pin mills, respectively. Both the normal and tangential force isosurfaces are closed and concentric for both mills. For the tower mill, they are also broadly cylindrically symmetric. The innermost surface indicates that the peak normal force occurs halfway up the length of the mill and at the outer radial edge of the screw. Glancing collisions with high tangential force are observed along the full axial length of the screw in the region between screw and wall. Media experiencing collisions of low normal or tangential force tend to be concentrated at the inner radii close to the shaft, in the stagnant zone under the screw and on the free surface. Overall, the force distributions are remarkably uniform in space and in magnitude.
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Figure 19: Isosurfaces of normal and tangential collisional force are shown for the tower mill. Colouring scheme is blue [low], green [medium] and red [high]; (left) the agitator is included for reference in identifying the isosurfaces with the bed for the normal force, (middle) isosurface values are Fnormal = 0.3, 0.4 and 0.45 N, and (right) isosurface values are Ftang = 0.075, 0.1 and 0.125 N. 
The distribution of collisional force in the pin mill is radically different with strong vertical dependence of force on depth into the bed. The red isosurfaces showing the regions of high force are elongated bubbles with their centres in front of the lowest pins on the two pin columns that are located closest to the base plate and extending up to a compressed region in front of the pin directly. There are much smaller high force isosurfaces in front of the lowest pins on the higher offset following columns of pins. The average normal force decreases monotonically with distance from these high force peaks. At intermediate force levels, the expanding isosurface bubbles from the four rows of pins merge to form a sharply peaked structure where moderate force is exerted on the particles in front of most of the pins and then declines rapidly with distance. This causes the isosurfaces to rise sharply in the vertical direction in the region in advance of the pins and then to descend strongly in the regions between pin columns. There is a very clear depression around the shaft where forces remain low at locations along the shaft. The low normal force isosurface reaches almost to the free surface near the pins but still fall sharply in the regions between pins and at smaller radii. So there are large fractions of the bed material that are not subjected to high force at any given time in this mill. The tangential force distributions are very similar in structure to the normal forces but with quite a lot lower magnitude. The normal forces load the particles, whilst the shear forces actually lead to the attrition of the feed material.
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Figure 20: Isosurfaces of normal and tangential collisional force are shown for the pin mill. Colouring scheme is blue [low], green [medium] and red [high], (left) The agitator is included for reference in identifying the isosurfaces with the bed for the normal force, (middle) isosurface values are Fnormal = 0.25, 0.5 and 0.8 N, and (right) isosurface values are Ftang = 0.1, 0.2 and 0.25 N.
Collisional forces in the tower mill depend predominantly on the radial position and are relatively independent of height and substantially independent of azithumal position. For the pin mill the force depends strongly on depth into the bed and proximity to the lower pins, with the lower offset pins creating the largest bed forces which have twofold symmetry around the mill.

It is also useful to understand the distribution of energy consumption within the mill. This can be done by examining the isosurfaces of normal and tangential energy dissipation by the particles. Figure 21 shows their distribution in the tower mill. Peak energy dissipation occurs in a cylindrical shell centred on the outer edge of the screw and extending from near the bottom of the mill to only one flight from the top of the screw. The red (high energy dissipation) isosurface is a closed surface surrounding this peak region. The medium and low energy dissipation regions have similar shapes but occur at further distances from the edge of the screw, and specifically closer to the shaft of the screw and closer to the free surface. There is clearly very little dependence of the energy dissipation on the depth into the bed and a good fraction of the grinding media are in the high energy dissipation region indicating good media participation in this mill.
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Figure 21: Isosurfaces of normal and shear energy dissipation for the tower mill. The colouring scheme is blue [low], green [medium] and red [high], (left) the agitator is included for reference in identifying the isosurfaces with the bed for the normal power, (middle) isosurface values are Pnormal = 0.5, 1.0 and 1.5  W, and (right) isosurface values are Pshear = 1.0, 3.0 and 5.0  W.
The energy dissipation isosurfaces for the pin mill are shown in Figure 22. The highest energy dissipation rates are found in the regions in front of the two lowest pins and then in front of the lowest pins on the higher offset following columns and then the second lowest pins on the first columns of pins and so on. This leads to reasonable size red isosurface bubbles in front of these lower pins. The energy dissipation isosurfaces are closed and concentric. With decreasing energy dissipation levels, the isosurface regions expand predominantly vertically. The lowest normal energy isosurface extends all the way up in front of each column of pins almost to the free surface but increases only very slightly in the radial direction. This indicates that the energy dissipation is very closely concentrated around the compressed and flowing media in front of the pins and that media elsewhere does not really participate in energy dissipation and therefore will not contribute to grinding. The shear energy absorption levels (resulting in attrition and abrasion) are higher than that of the normal energy (resulting in impact breakage) and so the regions of high shear dissipation are spatially somewhat larger than for the normal dissipation.

	[image: image88.jpg]



Agitator superimposed
	[image: image89.jpg]



Normal Power (W)
	[image: image90.jpg]



Shear Power (W)


Figure 22: Isosurfaces of normal and shear energy dissipation for the pin mill. The colouring scheme is blue [low], green [medium] and red [high], (left) the agitator is included for reference in identifying the isosurfaces with the bed for the normal power, (middle) Isosurface values are Pnormal = 7.5, 10.0 and 20.0  W, and (right) isosurface values are Pshear = 7.5, 20.0 and 40.0 W.
3.8 Wear/Stress Distribution

Time-averaged surface velocities and stresses, as well as collisional power are accumulated on the elements of the boundary mesh throughout the course of the simulation. From the distributions on the boundary mesh, we can infer local details about loading of the mill components and identify regions of high collisional power density leading to damage of the agitator or the chamber wall.
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Figure 23: Surface velocity distribution on the chamber wall and agitator for each mill, a) tower mill where red represents a speed of 0.08 m/s, and b) pin mill where red represents a speed of 0.25 m/s
Surface velocities are shown for each mill in Figure 23. The slip velocity at the wall of the tower mill decreases with height as the bed pressure increases and presses the particles more firmly against the walls. On the upper surface of the screw, the slip velocity is increases with radius, with the highest speed found on the outer radial edge of the screw, where media exhibit the highest velocities. These velocities are much smaller than the edge speed of the screw (0.73 m/s). Peak wall velocities for the pin mill are much greater (four times) than the tower mill and are concentrated on the edge and outer parts of the top surface of the disc base of the agitator. Many stirred mills do have this base disk – perhaps for good reason. Moderate velocities also appear on the outer radial tips of the pins. Again these velocities are much less than the pin tip speed (2.6 m/s). 
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Figure 24: (Top) Normal stress (pressure) on the chamber wall and agitator. (Bottom) shear stress, (left) stresses for the tower mill with red being 6 kPa and 3 kPa for the normal and shear stress, (right) stress for the pin mill with red being 10 kPa and 6 kPa for the normal and shear stress.
Normal and shear stress predictions are shown in Figure 24. The tower mill experiences large stresses at the outer radii of the screw’s top helical surface. This is due to a combination of high media speed on the screw surface coupled to the lift generated by the screw. The shear stresses have a very similar distribution to the normal stresses on the screw. Their magnitude is up to half the magnitude of the normal stresses. The shear stress is limited to half the normal stress which only occurs if all the particle-wall contacts are fully sliding, because the particle-wall friction coefficient used in the simulation was 0.5. The shear stress on the chamber wall is significantly less than the normal stress indicating a much lower level of particle slip at the wall. The pressure distribution on the chamber wall and screw are axially symmetric, hence there is no asymmetric loading of mill components. There is also a region of very high normal and shear stress visible at the ‘toe’ of the screw. The area of high normal stress extends over the outer half of the leading face of the toe while the shear stress is concentrated in the lower triangular region extending from the bottom corner of the leading edge of the screw. 


In contrast, the pin mill shows pressure on the chamber walls and the agitator shaft increasing with bed depth. Shear stress on the agitator also increases with bed depth. Very high normal stresses are found on the forward facing surfaces of the pins and on the shaft above and below each pin and a little in advance of the pin as the compressed zone of particles pushed and compressed by the pin presses hard against the shaft. Quite low normal stresses are found on the backs of the pins and on nearby parts of the shaft. The disc base experiences very high pressures on its outer surface and in two large regions on the top surface of the disc starting from each of the two lower pins and extending forward a substantial distance. This results from the high compression generated by the bottom pins as they force media into the small gap between these two pins and the base plate. The disc edge and the floor of the chamber beneath the disc both experience great pressure due to its motion. 
The shear distribution is similar to that of the normal stress. In the highest pressure regions on the pins, the shear stress is around half that of the normal stress. On the shaft and on the mill shell, the shear stress is significantly lower than the normal stress. Even on the base plate, the shear stress is quite a bit lower with only moderate levels on the outside surface and on much of the top surface. Looking closely at the lower pins, we observe that the normal stress on the top half and the bottom half are symmetric, but the shear stress on the curved cylindrical surface is not. The shear stress is higher on the upper surfaces than on the lower ones. This reflects the local down flow direction of the media recirculation in this region.
The normal stress distribution on the disc top surface and on the shaft suggests asymmetric loading of the agitator shaft. This loading is probably sensitive to rotational velocity and thus there are obvious implications for mill operation and mechanical damage, particularly if the loading results in a ‘wobble’ of the agitator. This irregular loading of the agitator and pins could lead to gross failure due to metal fatigue if the mechanical design did not take these into account.
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Figure 25: (Top) Impact damage (as predicted using normal energy absorption) of the mill chamber and agitator. (Bottom) Abrasion wear (as predicted using the shear energy absorption) of the mill surfaces. The same colour scaling is used for normal and shear work for each mill. For the tower mill, red represents an energy absorption rate of 100 W, and for the pin mill, red represents 800 W. For both mills dark blue is zero.
The rates of energy absorption by mill surfaces are key measures of wear. The normal and shear distributions reflect the rates of impact damage and abrasion of the mill and are shown in Figure 25 for both mills. In the tower mill, the normal power is small relative to the shear power. Thus impact damage is predicted to be mild and concentrated on the outer edge of the screw and moderate in a concentrated triangular region of the leading front face of the ‘toe’ of the screw with its peak at the bottom outer corner where the screw digs into the grinding media. The level of shear energy absorption indicates that abrasion dominates wear in this machine. The screw experiences strong abrasive wear on the outer radial edge of the top surface of the screw. This will result in a progressive rounding of this edge over time. The abrasive wear is strongest on the outer front surface of the toe of the screw with the entire end corner eroding over time. In full-scale application, a tungsten carbide shoe is commonly installed to protect the toe region from such damage.

For the pin mill, the larger agitator speed and more violent action of the pins with the media produce much greater levels of energy absorption than the tower mill. Again, the shear energy absorption (measuring abrasion) is substantially higher than the normal energy (measuring impact damage). The modest impact damage is concentrated on the leading edges of the pins and there is some impact damage on the outside of the base plate. There is negligible impact damage on the backs of the pins, on the agitator shaft or the mill chamber. The shear energy absorption indicates that there will be significant abrasive wear on all parts of the pins, but most strongly concentrated on the front faces, the edge of the end of the pin and on the back of the pin near the ends. This will cause rounding of the end of the pins and flattening of their leading surfaces. Almost the entire base plate (outer faces and top surface) is also subject to significant abrasive wear. Moderate abrasive wear is observed on the remainder of the backs of the pins and patchily on the shaft in regions of either high shear force or high surface velocity. This is strongest underneath the lowest pins in the two columns that are offset upwards from the base plate allowing significant media flow under these pins. The regions of the shaft behind the pins are well protected and experience little abrasion. The mill chamber experiences moderate wear in the middle and upper sections. This results from the higher wall slip that is experienced higher in the bed where the bed pressures are lower and the charge is therefore more mobile. The high pressures at the base of the mill press the charge more firmly against the wall and produce lower wall slip and so protect the lower part of the mill chamber from abrasion.

It is clear that the vertical offsetting of the pins between columns has a number of deleterious effects. These include a complex oscillating flow for the media alternating over on pin and then under the next, strong asymmetric stresses in the agitator and uneven wear patterns on the shaft. Without modelling an agitator that has no such offset it is not possible to predict if the grinding is or is not improved by this pattern, but there is an open question about whether this is a useful design option.
4 Mixing and transport of media within the stirred mills

The existence of stagnant, non-mixing regions has direct implications for uniform size reduction throughout a mill and also for overall mill performance. Each mill contains regions of high and low energy transfer from media to feed material. Media trapped in low energy regions are unlikely to generate much size reduction but at the same time they are unlikely to interfere with the overall flow. 
It is useful to understand the mixing of media inside the mills and to explore what this means for feed and product material transport within the mills.

4.1 Mixing of Media – Horizontal Strata

Mixing behaviour can be predicted by colouring the particles in various patterns according to their initial positions and then observing the mixing of these different colours. The methodology for quantitatively measuring mixing using these colours is given in Cleary et al. (1998). Here we will classify the particles in the bed into horizontal and annular coloured regions in order to explore both axial and radial mixing and transport. 
Figure 26 shows the mixing predictions for the horizontal strata case where the particles are divided into five horizontal bands of equal thickness. The initial particle colouring is shown in the sectioned three dimensional plot on the left of the figure. Since this flow is substantially axi-symmetric, a clear visualisation of the progress of the mixing can be achieved by looking at just a narrow two dimensional vertical slice through the mill centre. These are shown in the right columns of Figure 26 for four different times. The tower mill shows strong axial flow along the core screw. At 5 revolutions, material from each of the strata has moved upwards by two full strata thicknesses. More modest downward movement is also observed around the outer layers of the charge near the walls of the mill chamber. Each of the strata interfaces has moved downward and clear intrusions of red material into the lowest blue level can be seen near the outer edge of the screw. Material is pulled into the screw from the sides near the bottom. This demonstrates that a strong recirculatory flow has been established with material rising in a cylindrical region near and inside the screw radius, and then flowing back down the outside of the mill. 

After 10 revolutions of the screw, the bottom layer of dark blue material has reached the second top flight of the screw. Pink/violet material from the top strata has moved downward and is now located only in an annular region between the second top flight of the screw and a bit below the middle of the mill. At the bottom, all the dark blue material accessible by the screw has been removed leaving only a stagnant region below the base of the screw,

By 20 revolutions, the initial strata are becoming much less distinct. There is significant mixing of the colours representing particles from initially very different parts of the mill. The pink/violet material has maintained the highest level of coherence, but there is quite a lot of other material inter-mixed.  

After 30 revolutions, the bed is substantially well mixed. The stagnant dark blue region below the screw remains relatively unperturbed throughout. Above the screw, the shape of the surface of the bed is flat indicating the centrifugal forces are not dominant (compared to gravity) or else the free surface would become angled and in the form of an inverted cone. This levelness of the free surface is further assisted by maintaining a fill level well above the top of the helical screw.

The tower mill is clearly very effective at mixing the media in around 30-35 revolutions. This will be positive for maintaining a genuine steady process for the feed material as it will be rapidly distributed throughout the mill and ground product will also be rapidly circulated allowing it to be effectively removed. These mixing attributes and the flow pattern that can be deduced from the mixing pattern are very consistent with the coherent media velocity distributions observed in the velocity isosurfaces shown in Figure 17.

Figure 27 shows the mixing predictions for the horizontal strata case where the particles are divided into five horizontal bands of equal thickness. The initial particle colouring is shown in the sectioned three dimensional plot on the left of the figure. For visualising the mixing, we again show just a narrow two dimensional vertical slice through the mill centre. These are shown in the right columns of Figure 27 for four different times. Despite the highly energetic nature of the pin interactions with the bed, they do not generate consistent coherent vertical motion (see Figure 18). This means that there is only slow, local diffusion of particles across the interfaces between colour regions, but there is no global convective transport. This can be seen by the very slow progress of the mixing in Figure 27. After 50 revolutions, the strata still remain substantially coherent.

The pin mill produces violent disruption of the bed surface as shown in Figure 27. This is due to a combination of much higher centrifugal force (resulting from the much higher mill rotation speed) and to the smaller bed mass above the top pins which limits damping of the pressure waves propagating to the free surface. Media centrifuges and piles up at the wall, allowing voids to propagate down the shaft to as far as the first layer of pins.  
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Figure 26: Progress of axial mixing for the tower mill, (left) clipped 3D view showing the initial classification of the bed into horizontal strata, (right) a 2D central slice of the bed shown from a side view at four different times (in screw revolutions) showing the extent of mixing.
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Figure 27: Progress of axial mixing for the pin mill, (left) clipped 3D view showing the initial classification of the bed into horizontal strata, (right) a 2D central slice of the bed shown from a side view at four different times (in screw revolutions) showing the extent of mixing.
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Figure 28: (Top) time evolution of the axial mixing state, (bottom) corresponding time-dependent mixing rate calculated as the gradient of the mixing state. (Left) tower mill, and (right) pin mill. 

The classification of bed regions into ‘coloured’ vertical strata allows us to make global estimates of the degree of mixing and the mixing rate as a function of time. A three dimensional cylindrical grid is first superimposed over the media bed. The grid cells then store estimates of the local average bed ‘colour’ at regular intervals which can be used to calculate a mixing state and a rate of mixing. This method is well described in Cleary et al. (1998).

The time-dependent mixing state (as % mixed) and the corresponding mixing rate are plotted for both mills in Figure 28 for axial mixing. The very strong axial mixing of the tower mill is confirmed. The mixing begins slowly for mixing of particles within each colour strata. Once the strata begin to mix, there is a sustained period (around 12 revolutions) with a linear increase in mixing. This corresponds to the time taken to lift media from the floor of the mill to the top free surface as shown in Figure 26. The mixing slows after 20 revolutions (and above 70% mixed) as the mixing saturates and it become harder to mix the remaining amount of material. By 30 revolutions nearly 90% of the bed is randomly mixed. Considering that around 5% of the bed is stagnant below the bottom of the screw, this means that the mill has almost reached the perfect mixing limit in only 30 revolutions. 

In contrast, the axial mixing in the pin mill is significantly slower than for the tower mill. After 60 revolutions, the particles have only been mixed to around 8%. So mixing in the tower mill is around 20 times faster than for the tower mill. This reflects the much higher efficiency of convective mixing compared to purely diffusive mixing. For the pin mill, there is no certainty that the diffusive mixing will be able reach a fully mixed state. It could well saturate well before this and remain substantially unmixed. The best case is that the mixing is very slow. 
4.2 Mixing of Media - Annuli

Next we investigate the quality of radial mixing in these mills by colouring the bed into annular regions of equal volumes. Figure 29 shows initial annular strata and the subsequent mixing of these strata for the tower mill at the same times as used for the axial mixing. By 5 revolutions, there is quite significant disruption of the annular layers. This occurs from both diffusive axial mixing and at the ends from the axial transport by the screw. In the middle regions (well away from the areas affected by the axial flow, many particles can be seen well away from their initial radial positions. This indicates that the mill is also effective at mixing in a purely radial direction. By 10 revolutions, blue material (originally in the core) has now occupied the top half of the mill and the pink/violet outer layer is now mixed throughout the lower half of the mill. By 30 revolutions, there is little remaining of the initial colour distributions and the material is fairly well mixed. There are even signs of radial mixing in the relatively stagnant zone under the screw (material which is not exposed to the axial mixing or axial transport). Figure 31a shows the quantitative mixing state of the media throughout the simulation. The annular coloured particles mix very rapidly at first and achieve a 50% mixed state by about 8 revolutions. The mixing slows after this but reaches an 85% mixed state at 33 revolutions. This is close to the asymptotic limit of mixing. This demonstrates that the tower mill is also effective at mixing in the radial direction, perhaps only 10% slower than the very effective axial mixing.
Figure 30 shows the progress of radial mixing in the pin mill. After 10 revolutions, the bed above the top pins is very well mixed. This results from the energetic collisions of the pins and the low bed weight above which gives the particles very good mobility in this region. Below this there is reasonable mixing in the region inside the radii of the pins. This results from the strong perturbing force of the pins passing through the bed and the much lower bed pressures at low radii resulting from the much lower centrifugal force. The annular layers are increasingly well preserved as the radius increases from the ends of the mill out to the chamber radius. There is a large unmixed region below the bottom plate of the agitator indicating that there is no flow here. 
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Figure 29: Progress of radial mixing for the tower mill, (left) clipped 3D view showing the initial classification of the bed into annular strata, (right) a 2D central slice of the bed shown from a side view at four different times (in screw revolutions) showing the extent of mixing.
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Figure 30: Progress of radial mixing for the pin mill, (left) clipped 3D view showing the initial classification of the bed into annular strata, (right) a 2D central slice of the bed shown from a side view at four different times (in screw revolutions) showing the extent of mixing.
By 20 revolutions, the good mixing in the top of the bed has extended down to about the top third of the bed. There is little sign of increased mixing for the media outside of the pins. Media migration across the annular interfaces proceeds via the pin interactions with a highly packed bed. Each pin pushes particles in front to the sides but also out to larger radii. Once the pin has passed, particles flow into the void behind the pin. These come from above and below and also from the compressed bed at larger radii. This is a random walk type process which is inherently diffusive and leads to radial mixing. This mechanism does not generate radial mixing beyond the short distance of the compression that the pin generates and so is not effective at mixing particles at larger radii. The mixing state is little changed at either 30 or 50 revolutions (shown in Figure 30). 
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Figure 31: (Left) time evolution of the mixing state for the tower mill as % mixed is given in the top picture. Below this is the corresponding time-dependent mixing rate. These describe mixing in the radial regime. (Right) The degree of mixing and the mixing rate are similarly given for the pin mill.

The radial mixing rate for the pin mill (see Figure 31b) starts off fairly high, but still only half the rate of the tower mill. This rate is significantly faster than the rate of axial mixing for the pin mill. The mixing state variation is parabolic in shape and the rate of mixing steadily drops with the passage of time. By 60 revolutions the extent of radial mixing has just passed 50% and the mixing is clearly saturating. The asymptotic limit appears to be around 60%, so the radial mixing is faster than the axial mixing, but it is far from perfect.
5 Conclusions

In this report, preliminary DEM models of dry pilot-scale tower and pin mills have been used to explore the dynamics of these two mills and to show that they are very different. The flow patterns are very different in the two mills, as are their distributions of energy absorption, the mixing and transport and their wear characteristics. For both mills, the average rate of shear energy absorption is about a factor of three higher than for the normal energies, indicating that comminution is dominated by attrition and abrasion. Again for both mills, the power is less than the rated power of the mills since they are not being operated at the maximum agitator speed or with the maximum media density suggested by the mill specifications. Detailed wear predictions on the mill shells and agitators provides clear indications as to the manner in which these two types of mills will wear and how this wear differs between the two types of mills.
It was shown that the structure of the media flow patterns and density variations in the packed beds of these mills can be very well explored using novel visualisation techniques such as using isosurfaces of the key variables arising from collecting stress and motion data on an Eulerian grid co-moving with the agitators. Investigation of force networks and particle trajectories provide additional methods for extracting information from densely packed circulating beds. These three techniques are expected to be powerful tools for understanding the internal dynamics of media and rock motion on stirred and other high intensity mills.
Specific conclusions can be drawn about each of the mills:
Tower mill
· The media in the tower mill swirls around the axis of the screw at a reasonably high speed with the peak tangential speed occurring at the outer edge of the screw and declining both towards the mill shell and towards the axis of the screw. The screw is very effective at pushing material vertically upwards in a central core leading to an axial recirculation as this material then flows down through an annular region adjacent to the mill shell.

· The energy absorption by the media (and therefore the grinding of feed) is very uniform throughout the height of this mill meaning that the full mill height is being effectively utilised. The energy absorption rate is lower for media that are closer to the axis of the mill, so the energy absorption rate is not uniform with radii, but is peaked near the edge of the screw. A more even radial distribution of energy absorption might improve performance of this mill.

· Detailed analysis of the energy absorption isosurfaces reveals that this is high over a broad cylindrical volume of the mill charge extending from nearly the base to reasonably close to the free surface. The fraction of particles within the high energy absorption region, which is a measure of the grinding participation rate of the media is quite high for this mill.
· The predicted power draw for the tower mill compares favourably with the current best semi-empirical model.
· The tower mill was found to be an effective mixer due to strong convective axial transport of the media by the screw agitator and strong diffusive radial mixing. This is positive for rapid distribution of feed material throughout the mill and should also assist in timely removal of progeny from the mill. Overall, the tower mill appears to have excellent mixing and transport properties.
· Energy dissipation in the tower mill is predominantly due to shear with the contribution from normal components of collisions a factor of five lower. Media‑liner collisions are more efficient at dissipating energy than media-media. This largely results from the fairly high wall slip velocities observed against the outer mill chamber.
· The pressure distribution for the tower mill is fully axially symmetric. The largest normal and shear stresses are experienced along the edge of the screw’s top helical surface and at the ‘toe’. 
· The predictions of wear for the tower mill found abrasive wear to be the leading cause of damage to the chamber lining and agitator surface. The edge of the screw and the front corner of the ‘toe’ are expected to erode over time.
· The main comparative drawback of this mill, compared to the pin mill, is that it operates at a much lower rotational speed. The strong vertical transport characteristics of the screw will mean that the charge will not remain within the mill if the speed is too high. 

· This mill appears to have many attractive attributes for the range of rotation speeds that it functions effectively over.
Pin mill

· The flow in the pin mill is substantially circulatory in nature when not near the base plate or the free surface. The tangential or swirl velocity is highest at the radius of the pins and declines with increasing and decreasing radius. There is no global transport of media in the axial direction as there was for the tower mill. Near the base of the mill, the flow is complex with particles being pushed radially outward by the lowest pins of the lower offset pin columns. The particles are also forced above these pins and then flow down under the lowest pins of the following pin column (which were offset vertically upwards by half a pin spacing). This oscillatory wave motion of media at the base of the mill leads to strong stress and wear concentrations on the mill agitator and to reasonable density variations with the charge.
· The rate of energy absorption by the media increases strongly with depth. Energy absorption by the media is poor in the upper half of this mill meaning that a reasonable fraction of the mill volume is under-utilised. Energy absorption close to the agitator shaft is also poor, further diminishing the volume available for effective comminution.

· Analysis of the energy absorption isosurfaces reveals a complex pattern of energy absorption with significant vertical and azimuthal variation. The high energy absorption regions are concentrated in small regions in front of the pins and increase rapidly with depth. The participation rate for media in this mill is quite low, with only a very small fraction of particles contributing to grinding at any specific time.
· The average energy dissipated in collisions in the pin mill are very similar to that of the tower mill with the increase in rotational speed substantially cancelled out by the use of smaller media. Whilst the statistical distribution of collision energies is similar, the spatial distribution of these collisions are radically different and this leads to large differences in machine performance.
· The pin mill experiences substantially higher and unbalanced pressures than the tower mill (about 2‑3 times greater). This is strongest at the leading edge of the pins, along the shaft above the pins, and on the disc top surface. The vertical offsetting of the pins results in asymmetric loading of the agitator shaft with implications for mill operation and mechanical damage.
· The pin mill has a higher power draw greater levels of energy absorption than the tower mill. This is predominantly due to the higher agitator speed and more violent action of the pins with the media. Wear on the chamber lining and the agitator shaft are dominated by abrasion. The most significant changes to the mill over time will likely include flattening of the pins due to impact with media and rounding of the edges of the pins. The top of the base plate and the shaft will also be eroded over time.
· Particle transport within the mill is very poor, particularly in the axial direction. The mixing is purely diffusive. In the radial mixing, the rate of mixing is around half that observed for the tower mill, but only 60% of the charge is mixed since the material beyond the ends of the pins is not perturbed. Particles within the packed bed are broadly isolated in fixed circular paths co-rotating substantially moving with the pins with only gentle random walks in the axial direction.

· The poor mixing will restrict the ability of feed particles to move to high breakage areas of the mill and will restrict the ability of fine progeny to escape from high breakage areas. This might reasonably be expected to lead to over-grinding of some feed and under-grinding of others depending on their locations within the mill, resulting in a broader size distribution than would occur if the transport was better.

· The poor vertical transport of particles means that this mill can operate at much higher speeds that the tower mill with little risk of loosing grinding media from the surface of the charge. So its comparative strong point is that it can operate at much higher speeds and therefore higher energy intensities, but much of this is used less effectively. This machine appears to grind to finer sizes by brute force.

Mixing in the tower mill has both convective and diffusive components, is very efficient, and achieves almost full mixing of the particles in both the radial and axial directions in only 30 screw revolutions. In contrast, the pin mill mixing is purely diffusive in nature, is around 20 times slower in the axial direction, more than twice as slow in the radial direction with an asymptotic mixing limit of only 60% and is quite inefficient. This means that the tower mill is likely to be well mixed such that feed material will be rapidly circulated into strong grinding regions to be comminuted and then efficiently transported to the discharge location. This will limit over-grinding and make good use of the full grinding volume. Conversely, one could reasonably expect that the pin mill transport of feed material to the optimal grinding region (which is a small localised region near the bottom most pins) will be poor. Most of the feed material will be located in parts of the mill with poor grinding characteristics which will limit the comminution performance of this mill. Similarly, the poor transport properties of the mill will make removal of product difficult and expose it to continuing comminution, potentially wasting substantial energy in over-grinding the fine tail. These observations on mixing apply to the media and will be broadly the same for both wet and dry systems. Our deductions here on the behaviour of the feed and product transport are predominantly for dry systems. For wet systems, the issues will remain but will be modified by the extent and manner of water addition and removal. Forcing large volumes of water through a mill with poor transport characteristics can improve the transport, but its better to design mills with good transport properties to start with. From a transport perspective, the tower mill is very attractive. This should not be a surprise since screws, not vastly different to the one used in a tower mill are used for screw feeders, screw mixers and screw conveyors.
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