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Abstract

Stirred Mills are becoming increasingly used for fine and ultra-fine grinding. This technology is still poorly understood when used in the mineral processing context. This makes process optimisation of such devices problematic. 3D DEM simulations of the flow of grinding media in pilot scale tower mills and pin mills are carried out in order to investigate the relative performance of these stirred mills. In the first part of this paper, media flow patterns and energy absorption rates and distributions were analysed to provide a good understanding of the media flow and the collisional environment in these mills. In this second part we analyse steady state coherent flow structures, liner stress and wear by impact and abrasion and examine mixing and transport efficiency.  Together these provide a comprehensive understanding of all the key processes operating in these mills and a clear understanding of the relative performance issues.

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 lab 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).

Discrete Element Modelling (DEM) is a computational technique that allows particle flows in various types of equipment to be simulated. It has been used extensively in the simulation of mills (Cleary, 1998, 2001a, 2001b, 2001c, 2004, Cleary et al 2003, Morrison et al 2001). DEM simulation involves following the motion of every particle (coarser than some cut-off size) in the flow and modelling each collision between the particles and between the particles and their environment, such as the mill liner, grate or pulp lifters. This has the advantage of being able to simulate equipment under very controlled conditions and to be able to make detailed predictions of specific outputs while providing insight into the flow patterns and breakage processes.

The general DEM methodology and its variants are well established and are described in review articles by Campbell (1990), Barker (1994) and Walton (1994). Here we use a conventional linear-spring and dashpot variant of DEM which is described in detail in Cleary (1998, 2004). 

In the first part of this DEM study we investigated the media dynamics within two vertically stirred dry pilot mills, namely a 1.5 kW tower mill and a 7.5 kW pin mill, as described in Jankovic (1999). 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 the global flow patterns, power draw, the spatial distribution of energy dissipation and the nature of the collisional environment producing the feed comminution using energy spectra. 

The tower mill was found to have 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. 
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. 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. 
In this second part of this paper, we present a more detailed analysis of the coherent flow structures of the media using three different DEM analysis methods. Liner stress and wear from abrasion and impact also examined. Finally the mixing and transport efficiency of the two mills are explored since they have significant impact on the comminution performance of mills. Together these all provide a comprehensive understanding of the operation and potential of these two mills.
Understanding the nature of the coherent media flow structures 
Three different DEM analysis methods are used here to help to understand the nature of the media flow and the coherent steady state flow structures that are generated in these two mills.
1.1 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 1. 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. 
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. 
1.2 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 2 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 2a 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 2c 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 2b 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 2d 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. 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. 
1.3 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.
Bulk density isosurfaces for the tower and pins mills are given in Figure 3. 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 (bottom panel of Figure 3), 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 
 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. 
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). 
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 2 for examples). The tangential velocity isosurfaces in Figure XX
 (bottom, center) 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 part 1 of this paper. 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 for the tower and pin mills are shown in Figure 
. 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.
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.
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 XX (6) 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.
The energy dissipation isosurfaces for the pin mill are shown in Figure XX(6).
 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.
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.

Surface velocities are shown for each mill in Figure 7. 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). 
Normal and shear stress predictions are shown in Figure 8. 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.
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 9 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 one 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.
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.

1.4 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 10 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 10 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 XX

Figure 11 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 11 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 XX). 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 11. After 50 revolutions, the strata still remain substantially coherent.

The pin mill produces violent disruption of the bed surface as shown in Figure 11. 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.  

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 12 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 10. 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. 
1.5 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 14 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. 
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). 

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.
Conclusions

DEM models of dry pilot-scale tower and pin mills have been used to explore the dynamics of these two mills. The flow patterns are very different in the two mills, as are their distributions of energy absorption, their mixing and transport properties 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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Tables

	
	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 1: 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.
Figure Captions

Figure 1: 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.

Figure 2: 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. 
Figure 3: (top) 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. (bottom) 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.
Figure 4: Isosurfaces of velocity, with the colouring scheme being blue for low, green for medium and red for high speed, for (top) Tower mill with 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. (bottom) Pin mill with 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.
Figure 5: Isosurfaces of normal and tangential collisional force, with colours blue [low], green [medium] and red [high], for (top) Tower mill; (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. (bottom) Pin mill, (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.

Figure 6: Isosurfaces of normal and shear energy dissipation, with colouring of blue [low], green [medium] and red [high], for (top) Tower mill. (left) normal power with the agitator is included for reference, (middle) isosurfaces of normal power are Pnormal = 0.5, 1.0 and 1.5  W, and (right) isosurfaces of shear power Pshear = 1.0, 3.0 and 5.0  W. (bottom) Pin mill (left) normal power with the agitator is included for reference, (middle) isosurfaces of normal power Pnormal = 7.5, 10.0 and 20.0  W, and (right) isosurfaces of shear power Pshear = 7.5, 20.0 and 40.0 W.
Figure 7: 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.

Figure 8: (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.

Figure 9: (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.
Figure 10: 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.
Figure 11: 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.
Figure 12: (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. 
Figure 13: 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.

Figure 14: 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.

Figure 15: (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.
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Figure 1: 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.
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Figure 2: 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. 
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Figure 3: (top) 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. (bottom) 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.
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Figure 4: Isosurfaces of velocity, with the colouring scheme being blue for low, green for medium and red for high speed, for (top) Tower mill with 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. (bottom) Pin mill with 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.
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Figure 5: Isosurfaces of normal and tangential collisional force, with colours blue [low], green [medium] and red [high], for (top) Tower mill; (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. (bottom) Pin mill, (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.
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Figure 6: Isosurfaces of normal and shear energy dissipation, with colouring of blue [low], green [medium] and red [high], for (top) Tower mill. (left) normal power with the agitator is included for reference, (middle) isosurfaces of normal power are Pnormal = 0.5, 1.0 and 1.5  W, and (right) isosurfaces of shear power Pshear = 1.0, 3.0 and 5.0  W. (bottom) Pin mill (left) normal power with the agitator is included for reference, (middle) isosurfaces of normal power Pnormal = 7.5, 10.0 and 20.0  W, and (right) isosurfaces of shear power Pshear = 7.5, 20.0 and 40.0 W.
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Figure 7: 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.
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Figure 8: (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.
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b) Pin Mill


Figure 9: (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.
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Figure 10: 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 11: 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 12: (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. 
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Figure 13: 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 14: 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.
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Figure 15: (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.
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