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ABSTRACT 
 
Axial mass transport within the mill is strongly related to the resistance of product slurry. 
In this study, results from a static flume experiment and measured rheological data have 
been used together with indicative simulations to demonstrate how dam up situations may 
occur where flow cannot be maintained. Simple viscometric measurements of iron and 
copper ore slurries have also been used to express the resistance to flow which then has 
been related to the mill performance. Finally it is briefly discussed how underlying  
mechanisms of mass transport are a combination of two-component hydrodynamic and 
mechanical behaviour of coarser particles in the product slurry in which water and 
particles with sizes less than some tens of microns form a medium characterized by its 
rheological property. 
 
1. Introduction 
 Autogenous grinding results from the Boliden Mineral AB’s 3.2 m long pilot-scale mill 
(diameter1.7 m) with a grate-only discharge showed that a low slurry level at the 
discharge end increased the milling effectiveness, Berggren (2000). It is clear that the 
grate-slurry lifter assembly often causes a considerable restriction to flow and thus a 
build up of slurry within the mill according to Latchireddi and Morell (2003a,b). The 
mass transport effectiveness in a grinding mill is strongly related to the flow resistance of 
the solid-liquid mixture forming the product slurry, Moys (1989),and there are                   
observations of slurry build up in the mill which are not associated with grate and slurry 
lifter performance. A recent investigation (Nierop and Moys,2002) with industrial 
autogenous mills showed that axial slurry transport is influenced on how the flow 
resistance vary along the mill and that this may have strong implications for mill control 
and efficiency as well as to mill design and process control. 
   



 
 
 
 
Moys(1989) stated that the interactions between the slurry, charge and the mill are mainly 
governed by the slurry viscosity.In an extensive contribution, Shi and Napier-Munn 
(2002) investigated effects of slurry rheology on industrial grinding performance. The 
results were focused on the overall breakage behaviour with the a grinding index, GI, 
used as a criterion: 
 
                                GI=(pout-pin)/(1-pin)                                                                 (1) 
 
where pout and pin are the out-and ingoing mass portion of particles passing 38 micron, 
respectively. They carried out a large number of surveys on 16 full-scale mills in five 
sites. The rheology of the discharge product slurries where measured on-line and off-line  
with various viscometers with results evaluated in rheograms expressing the non-
Newtonian behaviour. It was concluded that slurry viscosity affected grinding 
performance (GI) and that this influence depends on the rheological nature of the slurry. 
 
2. Objective and scope 
The objective is to present experimental results related to flow resistance and grinding 
performance through simple viscometric measurements and to briefly discuss the product 
slurry flow through a mill with focus on macroscopic resistance mechanisms.  
 
The axial flow of slurry in a mill is affected by two opposing effects related to the 
resistance to flow. The mill rotation in perpendicular direction increases the resistance to 
axial flow. On the other hand, the charge in motion has a larger porosity, which promotes 
axial flow compared to the flow through a still bed. It is therefore here considered 
reasonable to study the flow of slurry in a charge of larger particles in a static test 
neglecting the dynamics of a rotating mill and grate resistance. 
 
Following the study by Shi and Napier-Munn (2002),the grinding index in eq.(1) was 
matched to evaluated viscometric measurements  carried out here in connection with 
grinding studies at the LKAB’s 1 m in diameter pilot-scale ball mill and at an full-scale 
autogenous mill at the Boliden Mineral AB’s Aitik operations. 
 
It should be emphasized that very simple viscometric measurements were used here, also 
in situations with tendencies of particle settling. The  viscometric results are therefore 
merely used as expressions for resistance to motion. 
 
 
 
 
 
 
 



 
 
 
3. Flume flow experiments and simulations 
3.1 Flume experiment  
The flow of the slurry in a charge was studied in a 1.7 m long wooden flume with width 
and height 0.48 and 0.6 m, respectively set up at the Boliden Mineral AB’s Aitik 
concentrator. The flume was connected to two barrels cut in half, Figure 1. 

 
Figure 1.  Flume set-up for measurements of slurry flows 
through a bed of particles with an average size of 10 mm. 

 
In order to have a reasonable scaling when simulating the grinding medium, particles of 
less size than about 20mm was chosen. The average size, d50, was 10mm and about 10% 
were of less size than 0.5 mm. The classified slurry product that was taken directly from 
the production had a d50 of about 0.12 mm with a maximum size of about 0.5 mm and 
about 20% of less size than 0.04 mm.  
 
The experiment started with water flow only. Slurry at a solids concentration by volume, 
C, of about 22% was then pumped directly from a classifier to the first barrel where the 
level was held constant. A valve was mounted in the bottom of the second barrel. 
Approximate steady state conditions were obtained with adjustment of a valve in the 
receiving barrel. The gradient and flow rate were measured and samples were taken out 
for solids concentration and particle size distribution measurements. 
 
One-dimensional laminar fluid flow through a fully saturated porous medium is described 
by Darcy´s law: 

                 Q = V · A = -A · K · dx
dy

                                                                                                                      (2) 

where Q is fluid flow rate, V is velocity and A is interstitial cross-sectional area. The 
fluid depth, y, is decreasing in the direction of flow, x. K is the hydraulic conductivity 
(permeability coefficient) expressing the frictional resistance to flow. 



 
 
After introduction of relevant boundary conditions for the flume flow in Figure 1 then 
after integration and rearrangements in eq.(2), K can be expresses in the following way. 
 
                                                K= 2QL/(Y2-Y0

2)                                                        (3) 
 
Evaluated K-values and other primary data are given in Table 1. 
 
Table 1.Hydraulic conductivities, K , for slurry flow during about 30 minutes in the 
flume in Figure 1. Y =0.61m.Solids concentration by volume, C= 22%. 

Y0,m Q, m3/s K, eq.(3) Comments 
0.55 4.14 0.21 Water 
0.32 2.17 0.028 Slurry 
0.37 1.79 0.026 Slurry 
0.36 1.37 0.019 Slurry 
0.35 1.29 0.018 Slurry 
0.37 1.44 0.021 Slurry 
0.34 1.27 0.018 Slurry 

 
The water and slurry temperatures during the water test was 3.5 and 11.5 centigrades, 
respectively. The resulting hydraulic conductivity, K, for water was about 0.2 m/s. With 
slurry the average value was 0.023 m/s with a variation of 0.05 m/s or about  20 %. The 
tendency was a decrease from 0.028 in the beginning of the experiment to 0.018 after 
about 30 minutes. No obvious trend of changes in the slurry size distribution was 
observed during the experiment.  
 
The conductivity, K, in eq. (3) can be expressed in the following way 

                                             K = g kρ
µ
⋅ ⋅                                        (4) 

where k is an “inner conductivity” coefficient depending only on the characterisation of 
the charge particle skeleton. For water with K=0.21m/s, 31000 /kg mρ= and      

0.0016µ=  Pas ( 3.5oC ) in eq. (4) then  k= 70.35 10−⋅  m2.For comparisons with the 
slurry values at 11.5 oC, the K-value for water was adjusted to 0.28 m/s(eq.4).Thus, it 
follows that the hydraulic conductivity for water was 10 to 15 times larger than for slurry 
flow at a C-value of 22% (Table 1). 
 
A Reynolds number characterisation indicates that the flow of both water and slurry 
tended to be nonlaminar or non-Darcian which means that eq.(1) principally becomes 
nonlinear with K being a function of the velocity, Greenly and Joy(1996). However, the 
resulting K-values here will only be used for relative comparisons, therefore eq.(2) will 
be used throughout this study. The resistance to slurry flow in the bed will simply be 
schematically related to a viscosity parameter µ  in eq. (4). 
 
 



 
 
3.2 Slurry flow resistance-viscometric measurements 
The classified product had a d50 of about 0.12 mm. Truly rheological properties of a 
solids-liquid mixture can normally only be defined for particle sizes less than some tens 
of microns. However, because the resistance to flow is evaluated in an indicative way, 
simple viscometric measurements were used. 
 
A rotational Brookfield viscometer was used to generate the rheological data for three 
solids concentrations,C= 22,30 and 38 %.Torque readings for rotational speeds of 6,12,30 
and 60 rpm were transferred into shear stress and angular velocity. From a point by point 
logarithmic representation the shear rate is then determined for rheogram presentation. 
Because the flume flow is expected to be nonlaminar  the so-called tangential viscosity, 
µt ,obtained for large shear rates in the rheogram is used here, see  Figure 2. 

 
Figure 2.  Measured shear stress versus shear rate for three solids concentrations 

based on indicative measurements in a Brookfield rotational viscometer. 
 
The results in Figure 2 indicate a non-Newtonian mild ”pseudoplastic” behaviour with 
decreasing tangential viscosity for large shear rates. The measurements and evaluations at 
the lowest concentration are uncertain, however, the value 0.01 Pas in Figure 2 is 
reasonable. In order to match the average measured K-value of 0.023 from Table 1 with ρ 
=1407 kg/m3 (C=22%) and µt=0.010 Pas in eq.(4),then k has to be adjusted empirically to  
half the water value, i.e. 0.175 10-7 
 
 



The other tangential viscosities from Figure 2 are now also used in eq.(4) to evaluate 
values for K for volumetric concentrations from 10 to 38 %. The viscosity for C=10% 
was extrapolated from the other measurements. The results are summarized in Table 2. 
                                                           
                                                 

Table 2. Evaluated  hydraulic conductivities for slurry 
flow based on the rheological results in Figure 2. 

C,% CW,% Density,kg/m3 µt,Pas K,m/s 
38 64 1703 0.045 0.008 
30 55 1555 0.018 0.013 
22 45 1407 0.010 0.025 
10 25 1185 0.0012 0.19 

 
 
3.3 Flow simulations in a non-rotating mill 
In a milling situation, it is here assumed that particles of less size than a millimetre 
contribute to the slurry flow together with the constant inflow of water at the feed end. A 
slurry is formed directly in the feed area of the portion of fine particles in the solids 
feeding. The grinding process along the mill then generates particles which add mass to 
the slurry. This means that the solids concentration increases because the amount of water 
is constant. The flow rate also increases along the mill through the particle generation. 
This situation is now considered in an artificial non-rotating axial flow of slurry through a 
schematic flume filled with a charge bed, see Figure 3.  

\  
Figure 3.  Axial  flow of slurry through the charge bed in a rectangular 

 section within the mill. An artificial static situation is simulated 
 
 The axial flow in the rectangular section to the right in Figure 3 defines a slurry surface 
profile along the flume. An arbitrary element, i, with length ∆x are shown in Figure 4. 



 
Figure 4.  Fluid flow in a porous medium in 

an element along an open rectangular conduit. 
 
The surface profile in figure 4 defines the gradient required to maintain a steady state 
delivery of solids in the slurry in the discharge end. The slurry is formed by a constant 
mass flow rate of water M0, the fine particle content of the incoming solids and the fine 
particles generated by the grinding process along the mill. It is assumed that ∆MS kg/s of 
fines is produced in the element ∆x. 
 
The mass flow rate, MSi, in the element, i, is then 

                                        MSi = MSi-1 + ∆MS   (5) 
 

A discrete form of eq. (2) in the element in Figure 4 was formulated with the solids 
concentration Ci  and the flow rate, Qi, and  then applied over the whole length of the 
flume. Here the conductivity, Ki, is expressed in the following way with k=0.175 10-7 m2  

                                        Ki = i

i

g kρ
µ
⋅ ⋅     (6) 

 with densities and viscosities from the  slurry data in Table 2. 
 
The generation of the product particles along the flume means that the solids 
concentration and the flow rate of slurry increases along the flume. Correspondingly the 
resistance to flow increases, here expressed by the K-values in Table 2.The principal 
pattern of these parameters is schematically demonstrated in Figure 5. 



 
Figure 5.  Principal pattern for slurry flow rate, solids concentration by volume and 

hydraulic conductivity for the flume flow simulating a flow inside a mill. 
 
 
In the rectangular section in Figure 3 with width B=0.4m it is assumed that 2 tonnes of 
dry solids are delivered in slurry form per hour together with 1 tonne/h of water. The C-
value then increases from about 6.4 % at the feed end to about 40 % in the discharge. The 
corresponding increase in flow rate is from 0.70 to 1.6 m3/h. 
 
Slurry surface profiles along the 3 m long flume have been simulated with ten elements 
with ∆x = 0.3 m, see Figure 6. 

 
Figure 6.  Simulated slurry profiles in the flume section in Figure 3 with 

length 3 m and width 0.4 m for two initial depths. For the lowest 
initial depth, flow rate cannot be maintained to the end of the flume. 

 
 
 



It can be seen in Figure 6 how the required gradient gradually increases along the mill. 
For the lowest profile a dam up situation is reached at about 2.4 m where the flow rate 
cannot be maintained. This means that the calculated profile does not exist, instead 
retained slurry may have filled up the section and possibly also propagated upstream and 
flooded the feed end. 
 
4. Viscometric measurements versus grinding index. 
Viscometric measurements were carried out within a larger study in a pilot-scale 1.4 m 
diameter mill (Tano et al,2003) for a LKAB-hematite product  with solids density 5200 
kg/m3.Measurements were also carried out for a copper product (3000 kg/m3) from the 
Boliden Mineral’s Aitik operations. Particle size distributions from which the grinding 
index was calculated are given in Figure 7. The distribution for the copper product below 
1000 micron in the figure has been estimated through extrapolation. 

 
 
 
 
 
Figure 7. Particle size distributions for the ground hematite and copper ores. 
Broken lines represent feed ore. 
 

The Brookfield viscometer was used here together with a vane-type viscometer. The 
grinding index (eq.1, based on 44 microns) was related to a resistance factor here defined 
as the evaluated  shear stress at a shear rate of 100 s-1,corresponding to a reasonable order 
of magnitude  in a rotating mill according to Shi and Napier-Munn (2002).Brookfield-
based resistance factors were generally smaller than 15,while vane factors mainly were 
larger than that value. Resulting grinding index values versus the defined resistance 
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factor are given in Figure 8 where capacities in dry tonnes per hour and calculated gross 
Bond work index values also are given. 

 

Hematite (LKAB) Copper ore (Aitik) 
C = 32 % C = 41 % C  = 39 % 

 Capacity Wi  Capacity Wi  Capacity Wi 
 1,5 58  2,5 40  393 47,8 
 2 61  1,5 47  335 27 
 2,5 43  2 45  385 30 
 
Figure 8. Grinding index versus flow resistance factors for the two types of 
viscometers used. Capacities in tonnes/h are given in the table for different solids 
concentrations together the gross working index Wi. 
 
 
5. Discussion and conclusion 
Excessive flow resistance somewhere in the mill causing flooding may also show up that 
the partly saturated charge with a free fluid surface on top, a so-called pool formation. 
Interstitial slurry flow within the charge is then combined with open channel flow. 
 
The slurry flow rate and   solids concentration increase along the mill while slurry is 
formed with particles of up to one millimetre in size. The finest particles combine with 
the water to form a carrier fluid which is denser than water and may behave in a non-
Newtonian way. Larger particles within the slurry may then receive support from the 
carrier fluid which means that they are transported more easily. 
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Assume an increase in C along the mill from 10 to 40% where the outgoing product 
slurry has about 25% of the particles smaller than 10 micron. The volumetric solids 
concentration of this carrier fluid is then 10%. The effect of the (non-Newtonian) fluid 
mechanical property of the carrier fluid and how it may influence the flow resistance of 
the product slurry are related to the carrier fluid rheology with a maximum C of 10%. 
The dominating part of the particles in the product slurry are larger than 10 microns and 
thus exposed to the behaviour of the flow with separation tendencies when particles do 
not follow the water streamlines. 
 
The slurry is strongly exposed to the rotational motion of the mill. Axial flow is provided 
by the pressure gradient defined by the boundary conditions at the inflow and at the 
discharge end. The larger particles in the production slurry are partly in granular contact 
in a sliding bed at the curved inner surface of the rotating mill. The dominating 
mechanism may here be mechanical sliding friction. This dynamic situation mainly in the 
radial direction lessens the mechanical resistance to flow in the axial direction. 
 
Characteristic resistance or friction of interstitial or free surface water flow increases 
mainly with the square of a characteristic velocity. The principal frictional behaviour of 
an autogenously ground product with an even particle size distribution with a 
considerable amount of fines, an average size in the range of 100 to 1000 microns and 
maximum sizes of up to 15 mm are given in Figure 9. 
 

 
Figure 9. Schematic representation of characteristic resistance (denoted M) versus  
characteristic velocity for a ground product with an even particle size distribution 
from about 10 micron to 10 mm in a lin-log representation. F and C represent 
schematically typical behaviour of finer and coarser products, respectively. 



 
In summary, the underlying  mechanisms of mass transport are a combination of two-
component hydrodynamic and mechanical behaviour of coarser particles in the product 
slurry in which water and particles with sizes less than some tens of micron form a 
medium characterized by its rheological property. 
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