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ABSTRACT 

 
 

Grinding mills used in the mining industries are the most energy-intensive operation and 

also require a large number of wear resistant materials, which are utilized for mill liners and 

grinding media. In this research, the measuring method was successfully developed by custom-

building the batch mill that facilitates changeable lifters and is equipped with a state-of-the art 

load cell for force measurements. The method was then used to study the effects of different 

lifter configurations and operating parameters on the mill efficiency and performance. The 

MillTraj software was also utilized to simulate the outermost charge trajectories in terms of lifter 

profiles and mill speeds.  

For the mill with higher mill load and lower speed, the power draw of the mill differed 

slightly for the different lifters with the same face angles of 20o. Rail lifter drew higher mill power 

and lower power for Hi-Lo lifter. The Hi-Lo lifter relatively indicated improvement in the energy 

efficiency of the mill approximately 22%. For the mill with lower mill load and higher speed, the 

power draw of the different lifters also showed a slight difference. The energy requirement of Hi 

lifter also varied slightly than the other lifters. In this case, the Hi lifter showed improvement in 

the energy efficiency of the mill approximately 6.7%. The product sizes of the different lifters 

become finer than at the higher load and lower speed. The breakage rates were found to closely 

fit the first-order and the Hi lifter demonstrated higher rate than the Rail and Hi-Lo lifters. The Hi 

lifter at the certain operating conditions would better improve both the mill efficiency and 

breakage rate. 

The trajectory simulations at the given operating conditions, particularly at higher mill 

speeds showed the actual mill charges of at least 31% should be applied to direct trajectories 

impacting on the toe of the charge for more effective milling and lower mill shell/liner wear as 

well.  At 80% critical speed, the power draw of the different lifters decreased compared with 
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lower mill speeds and size distributions were coarser than at 74% critical speed. In this case, 

the outer charge trajectories of each lifter could go down on the mill shell rather than on the toe 

of the mill charge, resulting reduced power draw and also ineffective grinding. 
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CHAPTER 1  INTRODUCTION 
 
 

1.1 Motivation of the Research 

Grinding mills represent a significant portion of both capital and operating expenses in 

nearly all milling practices. Figure1.1 describes the current energy use based upon equipment 

category in the U.S. mining industry. Grinding accounts for the largest energy-consuming 

equipment (40%), followed by materials handling (17%) (BCS 2007). In addition to most energy 

usage in operation, grinding mills also require a large number of wear resistant materials, which 

are utilized for mill liners and grinding balls. As shown in Figure 1.2, the typical costs of grinding 

mills mainly come from energy, liners, and grinding media. The mill liner affects the total milling 

cost (energy, grinding media, liner and labor costs considerably) particularly in autogenous/ 

semi-autogenous grinding (AG/SAG) milling. 

 

 

 

 

Figure 1.1. Contribution of current energy use by equipment across the mining industry. Note 
values are estimated based on electricity losses (BCS 2007). 
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The internal part of mills is equipped with changeable liners that are exposed to media 

and/or the material being ground. The primary purposes of mill liners are to transfer energy to 

the charge (ore + grinding media), to hold grinding media and to protect the shell of the mill from 

the wear. Royston (2007) added that the principal purposes of lifter design in SAG mills are to 

maximize the falling rate of grinding media at the toe of the charge, to prevent liners/lifters and 

balls from damage, and to improve the economics related to liner wear life. 

 

 

 

Figure 1.2. The primarily typical costs estimated for different grinding mills (Metso 2011). 

As the use of larger SAG mills has increased during recent years, it became obvious that 

liner/lifter designs have significant effects on mill efficiency and performance (Powell et al. 

2006). Past practices that regularly changed liners for many operating mills in parallel function 

made milling management unaware of the benefits of good liner designs. Also, in multi-stream 

plants mill liner design and selection is still considered as a cost-consumable basis. It is 

believed that in these two cases using good liner designs would be as beneficial as on the large 

SAG mills. 

Figure 1.3 shows how non-optimized and optimized liner designs influence the total 

milling cost (Dahner & Van Den Bosch 2011). A non-optimized liner design simply costs about 
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9.6 % and is capable of attaining the maximum liner lifetime; however, the cost for the grinding 

media/steel balls is enormously high. Non-optimized liners overthrow grinding media on the 

liner, thereby resulting ball damage, losing energy and reducing grinding efficiency. 

 

 

Figure 1.3.The hypothetical case of total milling cost difference between optimized and non-
optimized liner design (Dahner & Bosch2011). 

On the other hand, even though the cost of installing an optimized liner design shown in 

Figure 1.3 is higher than in the non-optimized, it would save 26% of the total milling, which 

mostly comes from a significant decrease of grinding media consumption. The optimal mill liner 

is then expected to promote more efficient grinding media trajectories, to utilize energy more 

efficiently and to substantially decrease steel-ball and liner wear. Benefits of using appropriate 

lifter/liner designs and the correct materials of construction for grinding mills could be the 

following (Powell et al. 2006): 

 Improving the mill efficiency and promoting effective grinding as well. 

 Maximizing media drop height to maximize impact grinding in AG/SAG mills. 

 Maximizing mill throughput with the correct spacing and height of lifter bars. 

 Ensuring a cascading action for regrind mills. 

 Minimizing liner/lifter and ball damage by avoiding impact onto the mill shell. 
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 Reducing the high mill downtimes required for the frequent replacement of worn liners. 

 Significantly increasing liner life by providing sufficient protection with lifter bars. 

 Balancing liner life and mill throughput with a protective profile of the lining while 

retaining the correct charge motion of the grinding media. 

The design of liner/lifter and materials of construction is one of the important factors in 

the operating cost-efficiency of grinding mill operation, i.e., power consumption per tonne of ore 

ground and liner life. Due to incorrect liner designs, the grinding media would fall down on the 

liner rather than on ‘the toe of the charge’; hence it could result in less efficient energy 

utilization, poor grinding, and high maintenance costs. The other parameters that contribute to 

mill efficiency are ore characteristics, grinding media (steel balls) size, mill load and speed. 

Moreover, if the interaction of liner design and mill operation is better understood, it can 

maintain mill productivity/throughput around the optimum level. Figure 1.4 shows an example of 

ball trajectory models placed over DEM output simulating charge motion inside grinding mills. 

For mills without packing, computer-program trajectory tools together with discrete 

element method (DEM) have been used for simulating the effects of liner spacing and angles on 

charge behavior; the outputs showed that mill performance in some cases significantly 

increases as the results of using wider-spacing and larger lifter-face angles (Royston, 2007). 

Rajamani et al. (2014) reported that discrete element method (DEM) has provided significant 

contributions to the design and operation of grinding mills. Since DEM capability to take account 

of changes in lifter geometry, ball/rock size distribution and density in predicting mill power draft 

is superior to well-established mill power models, and its power prediction with respect to lifter 

design can be verified with the measurement and observation in laboratory size mills, DEM has 

successfully been used for predicting SAG and ball mill power in large-scale operations. With its 

ability to demonstrate internal mill dynamics accurately inside grinding mills including the lift of 

charge, cascading, cataracting, and packaging, DEM has become increasingly interesting as a 

tool in establishing the basis for shell lifter designs. For better prediction using DEM simulation, 



5 
 

further attempts in DEM models are devoted to changing the shape of particles from disk/sphere 

to non-circular and non-spherical shape. 

 

 

 

Figure 1.4. Ball trajectory model superimposed on (simplified) DEM model output showing both 
shoulder toe positions (Royston2007). 

The set of liners/lifters that was initially chosen on a developmental stage, hardly ever 

determines the final design in grinding mills, and the only few liners are optimal at original 

installation or in the post-commissioning. Therefore, it is essential for milling management to 

continuously improve the design based on operating experiences in order to establish favorable 

liner/lifter design. If tests for measuring the efficiency of lifter/liner designs are performed in 

industrial mills, they would provide directly applicable results. However, various drawbacks were 

observed: changes in operating conditions, fluctuation around the circuit, inaccurate 

measurements, long duration, and high cost (Powell et al.2006).These operational variations 

have superimposed on the investigation of a relatively small effect, say 5 to 10 %, particularly in 

SAG milling. Standard pilot tests generally exclude the liner design, and a standard liner profile 

used for all tests is usually designed to sufficiently lift the mill charge at standard mill operating 

conditions, namely 75 % of critical speed and 25 % mill filling for AG/SAG mills. 
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1.2 Problem Statement 

The current state-of-the-art on attempts to improve the efficiency of mill lifter design has 

focused on directly collecting empirical data in operating mills and simulation by utilizing the 

discrete element method (DEM). Empirical information is formulated from past practice on 

specific ore resources.  For instance, operators can try different liners in their mills, sometimes 

in parallel circuits, and over time optimize design and practice.  This approach is unfavorable 

because a set of liners may last for a year or more and if they fail prematurely, the cost of their 

replacement and mill down-time can be very significant. Certainly, a poor performing set of 

liners/lifters also tends to negatively impact energy consumption through the test period. In 

addition, operating staff changes often challenge the continuity of such programs.  

 Due to the advances achieved in DEM application to grinding mills, the research and 

development groups have also utilized DEM software for the simulation of lifter/liner effect on 

grinding media motion and mill power draw. However, the leap from the DEM simulation to plant 

practice is big, particularly for predicting mill power draw with respect to rock/ore variability. 

Therefore, the DEM utilized for optimizing the lifter shapes of industrial grinding mills 

necessitates to be favorably validated with small-scale trials rather than plant trials in which the 

risk/cost and time appear enormous.  

The proposed research attempted to bridge the gap between the two existing 

approaches: empirical data collection in operating plants and DEM simulation. Therefore, the 

preferable concept is to build a laboratory scale model of a grinding mill with changeable lifters 

and fit the mill with advanced instrumentation to record energy consumption/change, potentially 

using load cell for careful measurement of torque. The laboratory mill would allow for evaluating 

the effect of changes in liner/lifter design, grinding media, and operating parameters, which 

could then provide important basic information to the design and operation engineers in 

industrial mills. Also, the mill can be used to confirm DEM predictions.  Finally, it is a convenient 
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method to assess the metallurgical performance/wear resistance of mill liners/lifters and steel 

balls for different sources of ores.  

1.3 Objectives of the Research 

The objectives of the research are 

 To develop a measuring method and then, investigate the effect of lifter configurations and 

operating parameters on mill power draw requirement and performance. 

 To enhance the understanding of grinding efficiency as a function of mill lifter profiles and 

speeds. 

The goals of this research are to improve the measurement/prediction and thus performance of 

these important variables based on small scale testing. 
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CHAPTER 2  ROCK-SPECIFIC BREAKAGE CHARACTERIZATION 

 This chapter describes the common laboratory tests with an emphasis on predicting 

energy requirement for size reduction. It begins with a brief review of earlier theories of energy-

size relationships that lead to the Bond third theory of comminution. The widely used Bond tests 

to determine rock-specific energy for size reduction in grinding mills will be focused on the Bond 

ball mill test. Due to the limitations observed in the use of the Bond method, specifically for 

AG/SAG mill circuits, very recent energy-size relationship will be included as an advance to the 

Bond equation. Then, it discusses the JK ore characterization tests, particularly the JK drop-

weight test, and also SAG mill comminution (SMC) test developed as an improved test of the 

drop-weight test. The chapter ends with a short description of batch grinding models including 

batch tests.  

2.1 Energy-Particle Size Relationships 

In the process of size reduction, a decrease in the size of the particles usually causes 

the surface area of the particles to increase. The amount of energy consumed in the 

comminution process is related with the magnitude of size or surface area before and after size 

reduction. Hukki (1962) reported that the general formula for quantifying comminution processes 

is originating from the following Walker’s equation:  

 

nx

dx
CdE   (2.1) 

 

Where E is net energy required per unit weight (specific energy); x is the factor indicating the 

fineness of the product; n is the exponent indicating the order of the process; C is constant 

associated with material properties and the units chosen to balance the equation.  
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If the exponent n in Equation 2.1 is substituted by the values of 2, 1 and 1.5, the 

integrated forms of the general equation result in the well-known fundamental theories as 

proposed by von Rittinger, Kick and Bond, respectively; therefore, the corresponding net energy 

required to reduce the sizes from x1 to x2is expressed in the following equations: 
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The law of von Rittinger indicates that the net energy required in a certain process of 

comminution is related to the new surface developed, the law of Kick is to the weight or size of 

the bodies treated, and the Bond’s theory is to the length of the new cracks formed which initiate 

breakage. 

 After examining the Equations of 2.2-2.4 and evaluating a broad range of industrial 

equipment, Hukki (1962) concluded each equation would work best only at a relatively narrow 

size distribution range and no single relationship was found satisfactory. Kick’s relationship 

works well for crushing equipment. Bond’s equation is most suitable for rod and ball mills, while 

Rittinger’s law is more appropriate for equipment producing finer sizes. Therefore, he postulated 

that the exponent n of Equation 2.1 was not constant, but changed with the magnitude of the 

size distribution index, x. As a result, the general differential equation can be written in the form: 
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)(xfx

dx
CdE   (2.5) 

 

2.2 The Bond Third Theory of Comminution 

According to Bond’s third theory of comminution, the useful work done in crushing and 

grinding is related to the total length of the new cracks formed in particle breakage and equals 

to the work represented by the product (P) minus that represented by the feed (F)(Bond 

1960).He found that a constant work input generates a constant length of the new cracks when 

reducing the same material to different product sizes. Therefore, the crack tip length for particles 

having similar shape is corresponding to the square root of one-half the surface area, and the 

new crack length is proportional to FP /1/1  .  

Bond observed that if a natural particle-size distribution is log-plotted over the cumulative 

percent passing the particle size, it would obtain a relatively straight line between 80% passing 

and 20% passing sizes (Rowland 2006). He utilized the type of log–log plot as shown in Figure 

2.1 in establishing the third theory. The 80% passing size was selected for representing the size 

of the mill feed and the mill product. 

The procedure was developed by Bond for determining the energy required for grinding 

by correlating the results from the grindability test with plant operating data for the samples that 

had been tested. The procedure includes Bond’s third theory of comminution, and Bond Work 

Index equation to determine Work Index from grams per revolution obtained from Bond 

grindability tests. For reducing ore/rock in closed circuit grinding, Bond formulized the specific 

energy (W), which is defined as the energy required per unit mass of the rock (kWh/t), for 

grinding as follows: 
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Where W is the specific power requirement (kWh/t), F80 is 80% passing size of feed in microns, 

P is 80% passing size of the product in microns, and Wi is the Bond work index-a material 

specific constant. Note that work index can be assumed not depending on any classifier 

installed in the circuit and the terms of 80/10 P  and 80/10 F  are dimensionless, and the 

number 10 indicates 100 m.  

 

Figure 2.1. The typical log–log plot obtained from Bond’s ball mill test. Note Tyler sieve numbers 
on the x axis ranging from 6 to 200 mesh represent a size range from 3.35 to 0.075 mm 
(Rowland 2006). 

 The Bond work index, also known as comminution parameter, is then defined as the 

resistance of the material to crushing and grinding and determined from Bond’s grindability test 

or plant operation. Bond confirmed Equation 2.6 as energy required for the reduction of feed 

particles passing 80% of a certain sieve to 80% passing of desired product size. Bond’s 
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Equation 2.6 also suggested the specific grinding energy (W) required for size reduction in 

industrial tumbling mills can be calculated from mill shaft power and mill capacity. If the work 

index is given for any rock, one can calculate the energy required for comminution. Grinding 

power determined from work indices works appropriately in the range of rod mill and ball 

grinding conditions, and also for other conditions by using Bond’s correction/efficiency factors 

(Rowland 2006). 

2.3 The Bond Ball Mill Test 

The Bond ball mill test is carried out to determine the standard work index that describes 

the specific power required (kWh/t) to reduce the ore/rock from a theoretically infinite feed size 

to 80% passing size of 100 m. It is extensively used in mining and mineral industry because it 

can evaluate the resistance of different materials to ball milling, estimate the energy required for 

grinding, and scale up ball mills. The Bond test mimics the continuous operation of a closed 

circuit ball mill with a classifier. The test can evaluate the performance of a closed mill circuit 

with a 250% circulating load. 

The test consisting of a series of repeated batch grinds is run in the Bond standard 

laboratory mill. After each grinding process is done the ground materials are screened at sieves 

of the desired test screen size to separate undersize product from oversize. The undersize is 

weighed and the new feed with the same weight as undersize is added to bring the combined 

mass up to the original mill charge. The new mix is ground again at the number of revolutions 

calculated to give a 250% circulating load. The process is continued until the net mass of the 

product produced per revolution reach equilibrium. More details on the test will be described in 

Chapter 5. From the result of Bond ball mill grindability test, the work index is determined by 

using the following equation: 
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Where Pi is test screen size in m, Gbp is mass of undersize per mill revolution (g/rev), P80 is 

80% passing size of circuit product, and F80 is 80% passing size of the new feed. 

 The Bond work index value for a certain material, which determined from Equation 2.7 

using the Bond ball mill grindability test, should remain unchanged at any aperture size of test 

screen. The work index of the homogeneous material is constant and independent of product 

sizes. On the other hand, for materials with heterogeneous structures, finer product sizes would 

have larger work index than coarser sizes. Levin (1989) also observed that since more energy is 

required for producing finer grind sizes, the Bond work index would increase for most ores. 

However, for a small number of ores the Bond work index decreases at finer grind sizes. 

Grinding conditions, such as grind size, ore characteristics and test screen size 

influences Bond’s work index. The requirement for finer size would need higher energy to 

produce that size leading to higher work index. Experiments were conducted to measure Bond’s 

work index of three different kinds of ores in a Bond ball mill with three different screen sizes 

(Magdalinovic1989). The results indicated that a relationship between the mass of test screen 

undersize per revolution (G) and the test screen size (Pi) is described by: 

iPKG
1

  (2.8) 

Where constant K1 depends on the grindability of ores. Moreover, a linear correlation between 

the test screen size (Pi) and the 80% passing size of the test screen is written in the form: 

802PKPi   (2.9) 
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Where constant K2 depends on ores as well. It was concluded that based on the results of a 

Bond’s work index test at a single test screen, the method is used for obtaining constants K1 

and K2 and then estimation of the work index can be done at any other product size.  

Table 2.1. Relationship between the uniaxial compressive strength (UCS) and Bond work index. 

Property Soft Medium Hard Very hard 

UCS (MPa) 50-100 100-150 150-250 >250 

Bond WI (kWh/t) 7-9 9-14 14-20 >20 

 
 

The Bond work index is also considered as a basic parameter of rock hardness and 

therefore, it has been proved to be strongly correlated to the uniaxial compressive strength 

(UCS)(Napier-Munn et al. 1999). Table 2.1 typically classifies a wide range of rock hardness 

results. 

2.3.1 Operating Comminution Efficiency 

The operating efficiency is defined as the comparison of the operating work index of a 

comminution machine to the Bond work index of ore, which is determined from bench-scale 

crushing and grindability tests or pilot-plant tests (Rowland, 1998).  The operating efficiency of 

comminution machines are determined from energy consumed in the machinery, and the 

required energy calculated from test work.  

Equations 2.6 and 2.7 are widely utilized to estimate the work index and comminution 

energy from data recorded in operating plants. The idea of the operating work index (OWi) for 

describing the energy requirements in the commercial mill was introduced to differentiate the 

work index value measured under laboratory conditions from that required at operating plant 

(Rowland 1998). Rowland recommended that the ratio of the work indices be equal to the ratio 

of energies required in the test and the plant mills as written by: 
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In estimating the operating work index, the work input recorded from the motor power is 

considered as the power at the mill pinion shaft, and then the specific measured power (W)is 

determined by dividing the measured power (P) with the circuit throughput (t/h). Operating work 

index (kWh/t) is therefore calculated by: 
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Bond equation shows that the feed F is considered as the feed to the grinding circuit and the 

product P is the product from the grinding circuit. The work index in a closed circuit mill with a 

classifier is determined from the work needed for reducing the size of the new feed, which is the 

sum of the original feed and the coarse fraction from the product separated at the classifier and 

then returned to the mill feed.  

The operating work index is not similar to the work index measured in laboratory 

grindability tests because it incorporates motor, drive, and grinding inefficiencies. The ratio of 

the operating work index and the laboratory work index indicates a measure of operating 

grinding efficiency in the plant:   

 

100  efficiency Operating i x
W

OW

i

  (2.12) 
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Where OWi is operating work index, corrected for non-standard conditions and non-optimum 

feed, and Wi is laboratory work index. An efficiency of less than 100 shows that the operation of 

circuit is efficient, while an efficiency of higher than 100 indicates the operation of circuit is 

inefficient. If the two work indices are not determined on the same basis, the ratio of operating 

work index to test work index would be either lower or higher.  

 In practice, the operating work index is applied for collecting mill performance on a 

regular basis, evaluating current performance with historical data and circuits in multi-circuit 

plants. Furthermore, the method of operating efficiency is used for evaluating changes in 

operating parameters, for instance mill speed, mill size, grinding media, and liner designs. It can 

be used to prove that the application of high-pressure roll crushers would influence the work 

index of ball mill feed. 

2.3.2 Drawbacks of the Bond Test 

The Bond method can be applied for many conditions to a considerable extent of 

accuracy because the correction factors used are established according to a large industrial 

database. Also, it can differentiate the grindability of varying ores in design stage and ensure 

the energy utilization of current operations. However, there are shortcomings in the use of the 

Bond method. 

The method postulated Equation 2.6 can be applied for predicting the specific grinding 

energy required to reduce a feed with a certain 80% passing size to a product with a certain 

80% passing size for all types of tests: a batch test, the standard Bond’s locked-cycle test, or a 

steady state continuous mill having a real residence time distribution (Austin et al. 1984). In fact, 

the product size distribution and the related specific grinding energy obtained from these three 

tests demonstrate the different results. 

Moreover, the Bond sizing method excluded a number of important aspects: recycle ratio 

and classifier efficiency, variations of residence time distributions with mill geometry and slurry 
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density, lifter design effect, and changes in flow-rate leading to different under or overfilling of 

the mill, particularly for grate or peripheral discharge mills that behave a different way from 

overflow mills. 

Napier-Munn et al. (1999) also found the following limitations encountered in the 

application of Bond’s test: 

 As an increase in throughput takes place, the method is likely to be a poor estimator of 

what occurs in an actual closed circuit, unless an ‘adjustment’ on classifier performance 

is carried out to deal with the new conditions.  

 It is not suitable in systems that tend to have variations in size distribution slopes. 

 Equation 2.6 (derived from Bond’s assumption that work is proportional to new crack tip 

length) occasionally deviates from the square root relationship. 

 It does not work best in predicting the specific grinding of large rocks, and particularly for 

AG/SAG mill performance. 

The work indices determined from standard Bond grindability tests cannot be applied for 

the case of autogenous and semi-autogenous mills. Thus, the calculation of a work index from 

operating data, for instance from a pilot plant, is required in determining power draw and sizing 

of AG/SAG mills. As the result of the large size of the run-of-mine (ROM) feed, the factor 

80/10 F  becomes negligible, so that the feed would be eliminated in calculation for a few 

cases.  

2.4 An Alternative Energy-Size Relationship 

Morrell (2004) examined Equation 2.5 and he found that Hukki (1962) did not provide the 

specification of the function f(x) and assumed that material properties in terms of particle size 

are constant. In fact, rock strength generally increases as particle size reduces. Therefore, he 

suggested that the general form of comminution equation can be described as: 
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Where g(x) is function describing the variation in breakage properties with particle size; C is 

constant related to the breakage properties of materials.  

 Morrell (2008) proposed a general approach for determining the specific energy to grind 

rock from coarser sizes to finer ones, and also work indices associated with the rock strength. 

The method only requires two work indices that are related to coarse and fine ore/rock 

properties with one efficiency factor. The coarse size is defined as the size ranging from a P80 

of 750 m to the P80 of product coming from the last stage of crushing, while the fine covers the 

size range from a P80 of 750 m to P80 sizes that can usually be produced by conventional ball 

milling. The work index for grinding coarser sizes, designated as Mia, is predicted using the 

standard SAG Mill Comminution (SMC) test (the test will be described in details in Section 2.6). 

The work index for grinding finer sizes, designated as Mib, is determined using a conventional 

Bond ball mill test (Mib is not the Bond ball mill work index). It was assumed that the work index 

representing the rock breakage properties is constant and function f(x) varies with particle size. 

Then, a general equation correlating specific energy to size reduction is proposed as follows: 
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where W is specific energy (kWh/ton); Mi is the work index related to the breakage property of 

an ore (kWh/t); x2 is 80% passing size for the product; x1 is 80% passing size for the feed. 

Plot of the function f(x) against particle size is shown in Figure 2.2, and the function has 

the following form: 
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Where x is 80% passing size. 

 

 

Figure 2.2. Plot of the exponent function f(x) versus particle size (Morrell 2004). 

2.4.1 Specific Energy Determination for Grinding Circuits 

For determining the specific energy for grinding circuits, Morrell (2008) assumed the 

grinding specific energy is independent of comminution route and could be applied for all 

tumbling mills, such as crush-rod-ball, crush-ball, crush-HPGR (High Pressure grinding roll)-ball, 

and AB/SAB (AG-ball/SAG-ball), ABC/SABC (AG-ball with pebble crusher/SAG-ball with pebble 

crusher) and single stage AG/SAG circuits. Therefore, the total specific energy at pinion (WT) for 

size reduction of crusher product to final one is provided by: 

 

baT WWW   (2.16) 

 

Where Wa is the specific energy to grind coarser particles and Wb is the specific energy to grind 

finer particles. 
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To determine the specific energy for coarse particle grinding, Equation 2.14 is written as  
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Where K is the 1.0 for all circuits without a recycle pebble crusher and 0.95 for circuits 

with a pebble crusher; x1 is the P80 in m of the product of the last stage of crushing before 

grinding; x2 is 750 m; Mia is the coarse ore work index, which is determined using SMC Test. 

To determine the specific energy for fine particle grinding, Equation 2.14 is written as  
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 Wherex2 is 750 m; x3 is the P80 of final grind in m, and Mib is determined from the 

data generated by the standard Bond ball mill test using the following equation: 
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  (2.19) 

 

Where Mib is the fine ore work index (kWh/t); P1 is the closing screen size in m; Gbp is the net 

grams of screen undersize per mill revolution; P80 is the 80% passing size for the product in m 

and F80 is the 80% passing size for the feed in m. 

 The method described in the preceding paragraphs for determining the total grinding 

specific energy was applied to 65 industrial-scale tumbling mill circuits. The relevant data 

collected during surveys (audits) of the comminution circuits consisted of feed rates, power 

draws, as well as feed and product size distributions. Breakage tests were done on samples of 

fresh feed taken from a section of the feed conveyor. The relevant size fractions were used for 
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SMC and Bond ball work index testing. Based on the measured feed and product size 

distributions and the Mia and Mib values from laboratory testing of the feed samples, the overall 

specific energies of the tumbling mill circuits were predicted and then compared with the 

measured values. 

The results are shown in Figure 2.3 (Morrell 2009). In all cases the specific energy of the 

tumbling mills was calculated for size reduction from the last stage product of crushing to the 

final grind, and data are presented in terms of equivalent specific energy at the pinion. Power at 

the pinion on each of the plants in the data base was considered being 93.5% of the measured 

gross (motor input) power; this is usually acceptable to represent losses across the motor and 

gearbox. 

 

Figure 2.3. Observed versus predicted total specific energy. Note that AB stands for AG-ball; 
SAB is SAG-ball; ABC is AG-ball with pebble crusher; SABC is SAG-ball with pebble crusher; 
SS is single stage (Morrell 2009). 

2.4.2 Limitations 

The specific energies for both coarse and fine particle grinding (Wa and Wb) are not the 

specific energies of individual stages in a grinding circuit (Morrell 2008). For example, in an AB 

(AG-ball) or SAB (SAG-ball) circuit, Wa is not necessarily the specific energy of the AG/SAG 

mill circuit and Wb is not the specific energy of the ball mill circuit. The specific energy for the 
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case of the AG/SAG mill could be very different to Wa, because its specific energy depends on 

ore hardness and also the other parameters, such as feed size, ball charge, aspect ratio, speed 

and the circuit with or without a pebble recycle crusher. 

Since the specific energy for the case of ball mill circuit is affected by the AG/SAG mill 

circuit product size (so-called transfer size), the final grind size and ore hardness, its specific 

energy could also be very different to Wb. However, it is expected that the sum of the AG/SAG 

mill circuit specific energy and the ball mill circuit specific energy would be equal to WT. 

2.5 JKMRC Rock Characterization 

The aim of the research conducted by Julius Kruttschnitt Mineral Research Center 

(JKMRC) is to advance separation of material-specific properties (the breakage function) from 

the machine-specific properties (the breakage rates or selection function) in the simulation of 

comminution (Napier-Munn et al. 1999). Separate ore and machine parameters are used to 

accomplish this goal. The ore characterization tests have been developed to design and 

optimize comminution circuits. Ore characterization tests using representative samples are 

carried out to calculate ore parameters. The machine parameters, such as breakage rates, are 

determined from plant survey data. After the models are established to an existing circuit, 

performance of the circuit over a wide range of operating conditions can be simulated by using 

JKSimMet simulator.  

Single particle breakage tests have been used to study a variety of important 

characteristics of the complex comminution process and principally, three distinct types of 

breakage systems found are impact, slow compression and shear. With ore characterization 

tests the behavior of ore-specific energy/size reduction is fundamentally measured. This is 

defined as an extent of breakage at specific comminution energy level, Ecs (kWh/t), or as 

breakage or appearance functions.  
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Two techniques are utilized for characterizing ore breakage at different energy levels: 1) 

the drop weight test is used for characterizing breakage at moderate to high energy levels (i.e., 

impact breakage), and 2) the abrasion test is used for characterizing breakage at low energy 

inputs (i.e., the abrasion component of breakage). Two principal breakage mechanisms would 

occur in SAG/AG mills: 1) high energy impact breakage and 2) low energy abrasion breakage. 

The JK tests were specialized to characterize an ore resistance to these two mechanisms of 

breakage. 

2.5.1 The Principle of JKMRC Drop Weight 

The drop weight test is utilized to establish two things: SAG milling parameters and the 

crusher breakage/appearance function (Napier-Munn et al. 1999). The mine sample is divided 

into five size ranges of particles. Each size range is subject to three different input energy 

levels, ESC (kWh/ton). The ‘t10‘ value (defined as the percentage of material that is one-tenth the 

size of the parent material or smaller) is determined for each the 15 size/energy combinations. 

The procedure of JK drop-weight test will be described in details in the next section. 

In determining ore breakage functions from drop weight test, product size distributions 

are considered to depend on the size reduction or specific comminution energy, Ecs (kWh/t). If 

a single particle of known size, presumably lying in a narrow sieve range, is ruptured, the 

resulting size distribution could be considered as a 2 series of screen apertures. Data shown 

in Figure 2.4 can be applied to estimate the size distribution that will be obtained at any known 

degree of breakage, or t10 value. The t10 parameter can be linked to other t values (for instance 

t2, t4, t25, etc) through a family of curves that include a wide range of ore types. Cumulative 

passing weight percent describing complete size distribution is represented by each vertical line 

(or value of t10).  

The parameter (t10) is then defined as the cumulative percent passing Y/10, where Y is 

the geometric mean of the size interval for the test particles. The index of t10 is estimated from a 
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plot of the relative size distribution after breakage against the cumulative percent passing. 

Therefore, from knowing the curves for a specific collision/material and at given t10 (from a given 

Ecs), the full size distribution from product fragment can be established.  

 

 

Figure 2.4. Relationship between degree of breakage (t10) and tn parameters for a wide range of 
ores. The solid lines were determined using Equation 2.20 (King 2001). 

 
The AG/SAG mill appearance/breakage function of AG/SAG mill for a given material is 

established for a minimum of three size fractions and described in terms of three impact 

breakage and abrasion parameters (A, b, and ta). The appearance function is dependent on 

energy and particle size. The relationship between the amount of breakage, or breakage index 

(t10), and the specific breakage energy is given as follows: 
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  (2.20) 
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Where t10 is the percent passing 1/10th of the initial mean particle size, Esc is specific 

comminution energy, and A and b are ore impact breakage parameters.  

Parameter A is the maximum t10 value that can be achieved with any given comminution 

energy. High values of Aare associated with ores that have small impact breakage resistance 

(softer ores). Parameter b characterizes the functional approach to asymptotic value A. high b 

values are also related with ores that have small impact breakage resistance (softer ores). The 

two parameters are dependent each other, and the product of A and b is the best measure of 

overall hardness. Lower values of the product show that ores have a higher resistance to 

breakage (harder ores), while higher values indicate that ores are softer. Table 2.2 shows the 

products of A and b related to ore hardness.  

Table 2.2. The results of JK drop weight test related to ore hardness (Napier-Munn et al. 1999). 

A x b <30  30-38  38-43  43-56  56-67  67-127  >127  

Property 
Very 
Hard  

Hard 
Mod. 
Hard 

Medium 
Mod. 
Soft  

Soft 
Very 
Soft  

 

For a given comminution energy, ores with lower values of t10 are harder whereas those 

with higher values of t10 are softer. t10 generally ranges from 10-20% For crushing, and 20-50% 

for grinding. The t10 is also known as the ‘fineness index” that indicates the greater values of t10 

would produce finer size distribution. Figure 2.5 shows the t10-mass distribution curve describes 

the product size distribution and the t10 is assumed as an index of the degree of breakage. A 

steeper slope of the t10-Ecs curve shows a softer ore. The magnitude of A remains unchanged 

at approximately 50 for most hard-rock ores. The parameter A indicates the theoretical limiting 

value of t10. This limit explains that little additional size reduction takes place at higher energies 

because at increased Ecs the size reduction process turn into less efficient. At zero input 

energy, the product of A.b (the impact parameter) is the slope of t10-E curve.  
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Mechanisms both by impact (crushing) and abrasion or chipping apparently contribute to 

size reduction in AG/SAG milling. Abrasion and chipping breakage cause original particle to 

remain mostly intact, thereby resulting relatively fine products. On the other hand, impact 

normally fractures whole particle into fragments with a range of sizes. Drop-weight device offers 

an effective way for ore characterization subject to high energy breakage (crushing). At low 

energy level the device can generate breakage products analogous to characteristics of 

chipping/abrasion, but it is very time-consuming to provide sufficient material for analysis. A 

tumbling test (ore abrasion test) is more suitable for obtaining chipping/abrasion appearance 

functions. An amount of ore is placed in a tumbling mill and evaluated autogenously over a 

standard set of conditions. 

 

 

Figure 2.5. Relationship between t10 and specific comminution energy (Gupta & Yan 2006). 

2.5.2 Standard JKMRC Drop-Weight Test 

Figure 2.6 shows that the drop weight device comprises of a steel drop weight mounted 

on two guide rails. An electric winch is used to raise or lower the weight to a known height from 

where it is released by a pneumatic switch and falls under gravity to crush a rock particle resting 

on a steel plate. The device is constructed on a heavy steel frame that is mounted and bolted on 
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to a concrete block. The unit is enclosed in Plexiglas to prevent any broken fragments from 

being lost and includes a number of features to ensure operator safety. Varying both release 

height and drop weight mass offer a very wide range of input energy levels to be produced.  

The standard device is suited with a 20 kg mass and can be used until 50 kg. To further 

provide a wide range of input energies, two drop weight heads: one standard and one light 

weight, are usually present. Each head has a series of lead weights, which are added or 

removed as necessary. The drop heights are effectively ranging from 0.05 to 1.0 m and this 

would generate a broad range of operating energy, from 0.01 to 50 kWh/t (10 to 50 mm 

particles). 

 

 

Figure 2.6. Schematic diagram of the drop weight testing equipment (Gupta & Yan 2006). 

2.5.2.1 Conducting the Test and Data Processing 

In regular practice for coarse particle assessment (for instance crushers, AG/SAG mills), 

normally the test requires 50 to 100 kilograms of -100 to +12 mm sample, which is divided into 

five narrow size fractions: -63 to +53 mm, -45 to +37.5 mm, -31.5 to +26.5 mm, -22.4 to +19 

mm, and -16 to +13.2 mm. Table 2.3 provides the standard particle sizes and input energies 

utilized for drop weight test.  
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Each size range is subjected to three different input energy levels, ESC (kWh/ton), using 

the drop-weight tester (Figure 2.6). The energy levels are generated using the drop-weight 

heights (described in Section 2.5.2.2). The broken product from each set of particles is sized on 

a square root of 2 sieve series down to 53 microns, and the results are reported together with 

the energies applied. The t10 value is determined for each the 15 size/energy combinations. The 

value of t10 is determined from a plot of particle size against tn.  

 

Table 2.3. Size intervals and nominal input energy levels (kWh/t) utilized in the drop weight test. 

Test -63+53 mm -45+37.5 mm -31.5+26.5mm -22.4+19mm -16+13.2mm 

1 0.10 0.10 0.25 0.25 0.25 

2 0.25 0.25 1.00 1.00 1.00 

3 0.50 1.00 2.50 2.50 2.50 

 

Experimental data is plotted on the t10 versus ESC to fit Equation 2.20. The parameters A 

and bare ore specific constant, and are determined using a least squared errors analysis. 

Parameters are typically reported as the product of A.b. A.b is equal to slope of t10 versus ESC at 

the origin. A typical plot of t10versusEcsobtained from a drop-weight test is shown in Figure 2.7. 

 

 

Figure 2.7. Typical Plot of t
10 

versus Ecs Data obtained from a JK Drop-weight Test that 

usually provided by JK tech report (Matt Weier, 2014). 
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2.5.2.2 Determination of the Drop-Weight Heights 

In the JK drop test, following sample preparation the drop weight height is also 

determined. The purpose is to make the particles as nearly as possible to input energies 

ranging from about 0.1 to 3.0 kwh/t. To calculate the appropriate height for achieving these 

energy inputs, it is necessary to know the mean mass of the particles in each set. The drop 

weight heights are calculated from the following equations: 

 

dri MHE   (2.21) 

 

Where Ei = input energy in kg.cm, Hr = height of required drop in cm, Md = mass of drop weight 

head in kg. Specific input energy is calculated by using the following: 
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Where Eis = specific input energy in kWh/t, m = the mean mass of each set of particles to be 

broken in g. Then the following equation is derived by rewriting the above equation: 
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H   (2.23) 

 

In fact, since crushed samples appear, the drop weight would end up to rest at some 

height above the steel plate. Therefore, an addition of 10 mm to the calculated drop weight is 

usually employed for each test in order to give the correct final specific comminution energy. For 

each sample of particle broken, the average offset (Hf) can be estimated to calculate effective 

drop height from the following: 
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fre HHH   (2.24) 

 

Where He= height of drop weight above the steel plate before drop; Hf = height of drop weight 

above anvil after drop. The actual applied energy is then given by: 
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  (2.25) 

 

If the drop weight does not rebound after impact, the specific comminution energy Ecs (kWh/t) is 

the same as the specific input energy Eis (kWh/t). Occasionally, it has been found that at 

energies greater than 3 kWh/t and for elastic materials, the drop weight wound rebound. 

Compared to input energy, the rebound energy is considered to be small.  

2.5.3 Ore Abrasion Test 

The abrasion test uses a cylindrical steel drum of 0.3 m diameter x 0.3 m long (12 in. by 

12 in.) mounted with four 10-mm high lifter bars. 3 kg dry ore with -55 mm + 38 mm (2–inch x 1 

½ -inch)size is loaded into the steel drum and the drum is rotated at 70 % of critical speed (53 

rpm) for 10 minutes. After each test is done, the ground sample is then unloaded and dry-sieved 

to -38 m. For each test, it is necessary to record the actual RPM and charge mass. The 

cumulative mass percent passing each screen size is plotted versus geometric mean size. The 

t10 is determined in the same way as used in impact test. The t10 value is then converted to the 

abrasion parameter (ta) using the following: 

 

10

10t
ta   (2.26) 
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Largerta values correspond to ores with a lower resistance to abrasion and smaller ones does 

to those with a higher resistance to breakage by abrasion. For very hard ores, the ta value can 

be a minimum of 0.2 and it is higher than 2 for very soft ores. The ores with the ta of 0.88 

indicates a medium resistance to abrasion.   

2.5.4 Relationships of JK Parameters with Bond Work Index 

Some potential relationships between the ore impact (A x b) and abrasion (ta) 

parameters and the Bond ball mill work index have been established and are given by the 

following equations:  

 

1175.3.  iWbA  (2.27) 

 

34.1
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 ia Wt  (2.28) 

 

The work index calculates the reaction of a 3.35 mm feed to the mix of abrasion and 

impact existing in a dry ball mill. In the JKMRC tests the separation between impact and 

abrasion breakage apparently takes place, and therefore, as it was confirmed by the data for 47 

different ore types, the correlations found was not expected to be strong.  

2.5.5 Advantages and Disadvantages 

In practice, the results of drop weight test provide ore specific parameters for the use in 

the JKSimMet mineral processing simulator software to simulate and optimize comminution 

circuits. The parameters A and b (from drop weight testing) and ta (from abrasion testing) 

together with an initial estimate of equipment details (mill size, grate size, etc) and operating 

conditions (total mill charge, ball load, mill speed) are employed as inputs in the SAG/AG mill 
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circuit model existing in the software. The simulation predicts mill product size, throughput, 

power draw, and appropriate breakage rates as well. Subsequently, the simulator can also be 

used to predict performance with variations in screen, classifier or even recycle crushing. 

The advantages of the test are having become the industry standard for analyzing, 

designing and optimizing crushing and grinding circuits, small amount of material required, and 

low cost compared to mill design and implementation. However, If an unrepresentative sample 

is employed the test will produce unrepresentative results. The test solely depends on the ore 

being brittle. The test extrapolates data for particles larger than those tested and the test is 

conducted using a batch setup. 

 Furthermore, the results of drop weight test cannot be used as a direct measure of the 

power required for grinding from one size to another (Mosher &Bigg2002). Also, the parameters 

obtained are appropriate only for the JKSimMet simulation package. The circuitous method for 

estimating grinding power requirement by calculating the power draw of the mills, which meet 

the design of throughput and grind in circuit simulations, does not present a 

standard/benchmark for power-efficient grinding.  

2.6 The SAG Mill Comminution (SMC)Test 

Morrell (2004) found the major drawback in conducting the standard JK drop-weight test 

that the test requires to use over 60 kg rock for a single test. In other words, it cannot be used to 

carry out the test on smaller diameter drill core samples. Therefore, he developed a cost-

effective method known as SAG Mill Comminution (SMC)test to generate ore-specific 

parameters from drill core or when restricted quantities of material are available. The test, which 

was originally designed for the breakage characterization of drill core, can be applied to 

samples as small as quartered drill core, and whole core and half core material with original 

core diameters of up to 85 mm can be used as well. The relationship between specific input 

energy (kWh/t) and percent of broken product passing a specified sieve size can be obtained 
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from the SMC Test. The results are used to determine the so-called drop-weight index (DWi), 

which indicates the strength of the rock broken under impact conditions and has the units of 

kWh/m3.  

 The JK drop-weight tester is an appropriate impact device that can be utilized for 

performing the SMC Test. After breaking the required number of samples, the products are 

collected and sized using a sieve with its aperture related to the original particle size. A plot of 

the % undersize from sieving the broken product versus the input energy is established, and the 

slope of the plot is related to the strength of the rock, which is then used to generate a strength 

index (DWi). A slope with a larger gradient indicates a weaker rock. The value of the strength 

index increases as the strength of the rock does. The strength index can be used for modeling 

and simulation, and power-based calculations.  

The SMC Test is considered as a precision test, which uses particles that are either cut 

from drill core using a diamond saw to achieve close size replication or selected from crushed 

material, which is controlled within a prescribed range. The particles are then broken at a 

number of prescribed impact energies. As the high degree of control is applied for both the size 

of particles and the breakage energies used, the test is believed to be largely free of the 

repeatability problems.  

The DWi is directly related to the JK rock breakage parameters A and b and hence can 

be used to estimate the values of these parameters as well as being correlated with the JK 

abrasion parameter (ta). It can also be used to predict the comminution parameters i.e., Mia, 

Mih and Mic, which are then utilized to predict the specific energy of AG/SAG mills, crushers, 

and high pressure grinding rolls (HPGR) (Morrell, 2009 & 2013). Mia is the work index for the 

grinding of coarser particles (> 750 µm) in tumbling mills such as autogenous (AG), semi- 

autogenous (SAG), rod and ball mills; Mih is the work index for the grinding in High Pressure 

Grinding Rolls (HPGR) and Mic for size reduction in conventional crushers.  
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Figure 2.8shows the normalized values of A*b is plotted against particle size. It also 

shows how the gradient of these plots varies across the full range of rock types tested. In the 

standard drop-weight test these values are effectively averaged to obtain a mean value of A and 

b. However, the SMC Test uses a single size to generate the DWi and use relationships that is 

shown in Figure 2.8toestimatethe A and b of particle size that has the same value as the mean 

obtained in the full drop-weight test.  

  

 

Figure 2.8. Relationship between particle size and the product of A and b (Morrell 2004). 

 

 With given ore characteristics, the power-based method can be used to estimate the 

specific energy for a particular AG/SAG mill circuit. The required power draw of the mill is 

determined by multiplying the ore specific energy by the target throughput. The DWi is a 

potentially suitable measure of ore’s breakage characteristics, and can be related to the specific 

energy required to grind the rock in an AG or SAG mill. However, using the DWi to establish 

such a relationship would encounter the problem because the specific energy not only depend 

on ore competence, but also on aspects such as feed size, ball load, aspect ratio, etc. 
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Therefore, Morrell (2004) developed a relationship of the specific energy with the DWi as given 

by: 
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WhereF80 is 80 % passing size of the feed; DWi is the strength index; J is the volume of balls 

(%); is the mill speed (% of critical); f(Ar) is a function of mill aspect ratio (length/diameter); a, 

b,c ,d, e are constants; K is a function whose value is dependent on whether a pebble crusher is 

in-circuit.  

2.7 Batch Grinding Tests 

The process of comminution in general is characterized by two processes: firstly, 

ore/rock is selected for breakage, and secondly, a broken rock produces a given distribution of 

fragment sizes (Gupta & Yan 2006). The process of a single breakage producing the distribution 

of sizes is named as the ‘breakage function’, which indicates the relative size distribution of 

each size fraction after breakage. The breakage function is also defined as the ‘breakage 

distribution function’ or the ‘appearance function’. The function is assumed to be ore/rock 

specific and independent of the grinding equipment. The relative size distributions obtained for 

different original particle sizes would vary, and for simplification it can be assumed that the size 

distribution relative to the original particle size is constant.   

Furthermore, as certain particle sizes go through the breakage stage, selective breakage 

action occurs and the resulting fraction of particles broken from a size interval is defined as the 

‘selection function’ or probability of breakage. It covers the probability of a particle encountering 

an impact event, and the probability of breakage taking place. The selection function is also 

called as the ‘breakage rate’, which indicates the number of breakage events per time unit. This 

function is ore/rock-and equipment-specific.  
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2.7.1 The Breakage Distribution Function 

Grinding of materials with a wide range of sizes, even a single size, certainly produces a 

complete range of product sizes. This distribution of sizes is needed in order to explain the 

grinding process (Austin et al. 1984).It has been known that breakage only occurs when the 

particles are broken out of their original sizes. For example, to consider the material of 1.18 mm 

x 850 µm (16 x 20 US mesh) is broken, it has to be broken less than 850 µm (20 mesh); the 

products of breakage is, therefore, would be appearing in sizes less than 850 µm.   

Austin et al. (1984) also gave the definition on primary breakage that material first 

breaks and after that, the fragments produced mix back with the general mass of particle in the 

mill. The primary breakage distribution can be determined by measuring the distribution of 

fragments before any of the fragments are reselected for further breakage.  In this case, the 

term of primary denotes that single fracture propagation is not involved in producing the 

fragments, but only breakage actions, which take place before the resulting fragments are 

remixed into the bulk, account for producing the fragments.  

A single-size breakage in details as illustrated in Figure 2.9 can be used to describe the 

breakage process in a batch grinding mill (Gupta & Yan 2006). The size distribution of the feed 

is given in column 1 in which smaller-size particles are indicated in grey. The column 3 shows 

the size analysis of a single breakage event called the breakage function. For single particles 

found in each size fractions 1, 2, 3, ….N, the solid arrows indicate the application of force and 

the dotted lines represent the conceptual stress. The dotted arrows show the movement of 

fragments to the same or lower sizes. The product from breakage after n number of size 

reductions is given in column 4. Rows 1, 2, ..., N describe the progenies from the single size 

fraction of size 1. When the mass of size 1 is broken, it turns itself into other size fractions. If 

fragments of breakage from other sizes in the feed are considered, the distribution develops into 

more complicated. As a result of the particles sizes are distributed to smaller sizes, the size 
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fraction in size 1 will disappear. The reduction process continuously occurs to N number of 

breakage actions. 

After particles of size 1 broke, the mass fraction of particles remaining in size 1 is 

represented as b1,1. Likewise, for the breakage process of material from size 1 into size 2, the 

mass fraction is designated as b2,1 and so forth. Hence, particles found in the 3rd, 4th..., Nth 

sieve size intervals, which is produced from broken particles of size 1, is recognized as b3,1, 

b4,1…, bN,1. Moreover, the breakage of size 2 from the feed is considered similar to the size1 in 

which the mass fraction will be known as b2,2, b3,2 ... bN,2 and so forth. 

 

 
 
Figure 2.9. Representation of the distribution of particles after breakage. Note that Solid arrows 
indicate the applied force for breakage and dotted arrows does the distribution of fragments of 
breakage to the same or lower sizes (Gupta & Yan 2006). 

The primary breakage distributions are characterized by bi, j and Bi, j. The designation of 

bi, j is used for describing the breakage in size j of the feed into the ith size fraction of the 

product. Then, Bi, j is used to accumulate the b values from the bottom interval and describing 

the cumulative weight fraction of material broken from size j which appears less than the upper 

size of size interval i.  
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2.7.2 The First-Order Grinding Rate 

Batch grinding tests on single-size samples can be employed in order to investigate the 

kinetics of a grinding process. The breakage rate of a certain size fraction, along with its 

breakage function, can be determined using the batch tests. The results of selection and 

breakage function are then used in the population balance model to simulate and analyze rock 

breakage in grinding mills. 

The feed size used should be all within the top size interval, numbered interval 1, and 

has a specific size fraction, such as a 2 square root size interval. Thus, the weight fraction of the 

initial feed is written as 1)0(1 m .The other grinding conditions chosen should be as close as 

possible to the conditions required for the final application. After preparing the single-size 

fraction, the feed is loaded into a batch mill and then ground for t1. An appropriate amount of 

sample taken from the mill charge is screened and analyzed to determine the weight fraction 

remaining in the original size interval. After the sample is returned to the mill, the mill is run for 

the next time to have a total grind time of t2 and stopped again for reanalysis; the test is 

repeated until the data is obvious to conclude breakage rate or the desired product grind is 

attained. Therefore, if the specific rate of breakage of the particles in the feed is constant for the 

single-size fraction of size 1 tested, the rate of its disappearance is most likely to fit a first-order 

law (Austin et al. 1984): 
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Where S1 is the proportionality constant and is called the specific rate of breakage/selection 

function, with its unit of time-1.  
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Equation 2.30 indicates first-order grinding process and it is assumed that the rate 

function does not change with time and the total mass (M) is constant in a batch mill. Upon 

integration of Equation 2.30, then it becomes the following: 

 

)exp()0()( 111 tSmtm   (2.31) 

 

It is noticed from Equation 2.31 that when a semi-log of the fraction of feed material remaining in 

the top size interval is plotted against grinding time, the straight line with the slope proportional 

to the selection function would usually be observed in the ball grinding process. The proportion 

of particles within each size range, which is broken, is represented by S. 

 It should be noted that although the breakage rate does not always show the first-order 

law in any milling conditions and in several cases it would deviate from the law, the first order 

assumption generally presents a great approximation to the actual rate. In addition, the build-up 

of fines has no effect on the specific breakage rate of the top-size material and the breakage 

rate of a finer material milled together with a coarser material does not follow the first-order.  

 The breakage rates of single-size fractions can be estimated by carrying out the grinding 

test for a number of size fractions, and Si values vary with particle sizes as described by the 

following equation (Austin and Brame1983): 
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Where xi is the upper size of interval i, and xo is a standard size. A, µ and m are parameters 

associated with the grinding conditions, and α is a characteristic of the material. 
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2.7.3 The Population Balance Model 

Since the population balance model was introduced in 1940s, the model has been 

further developed by many researchers including Herbst and Fuerstenau (1968&1973) and 

Austin et al. (1984). The population balance model can be applied for evaluating grinding 

kinetics in batch mills, and continuous mills as well. Then, the model concepts have widely been 

used for grinding process simulation and optimization in mining and mineral industries. 

Austin et al. (1984) employed the idea of a rate-mass balance on each particle size 

interval that can be considered as a population balance. In fact, the mass is conserved in the 

batch grinding, therefore, it is much easier to use the term of mass rather than the number of 

particles and the mass of particles can be experimentally measured. Moreover, even though the 

balances do not always demonstrate first-order breakage, the first-order rate has been found in 

many cases and this concept makes the solutions easier. In summary, the approaches applied 

in formulizing the population balance equation are given below: 

 The rate function is assumed to remain unchanged with time and the total mass (M) is 

constant in a batch mill. 

 The rate of disappearance of size j material by breakage to smaller sizes = .)( MtmS jj  

 The rate of appearance of size i material produced by fracture of size j material = 

.)(, MtmSb jjji  

 The rate of disappearance of size i material by breakage to smaller sizes = .)( MtmS ii  

 The net rate of production of size i material equals the sum rate of appearance from 

breakage of all larger sizes minus the rate of its disappearance by breakage as shown by 

the equation below:  
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Where mi (t) is the mass fraction of the particles remaining in the ith interval at grinding time t, Si 

is the selection function of size i indicating the fraction of material in size fraction i, which is 

broken per unit of time in the time interval t to t+dt, and bi,j, breakage distribution function, 

represents the fraction of progeny fragments broken from the size interval of j to j+1 reporting to 

the ith size interval.  

 The first term on the right side of Equation 2.33means the rate of disappearance of 

particles in size fraction i, and the second term does the rate of accumulation of particles in the 

size interval i. The total grinding process for a time interval, dt, can be determined by writing the 

set of differential equations for all the size intervals. The selection/breakage rate function could 

be dependent on environment of ith size fraction at time t, while the breakage function is 

believed to be independent of environment. Note that if the value of  iis 1 in Equation 2.33, it will 

show the first-order breakage rate (Equation 2.30). 

2.7.4 Determination of Breakage Distribution Function 

A simple method to estimate the breakage distribution in a batch mill, known as BII 

method/Austin and Luckie Method, can be performed by taking an appropriate amount of a 

sample of single-size ore fraction, grinding for a short time and evaluating its size distribution by 

sieve analysis (Austin and Luckie1971; Austin et al. 1984). After that, the sample is given back 

to the mill and the grinding is done again for different ranges of times. The short time grinding is 

used because it is applicable for determining cumulative breakage distribution (B). Sampling is 

conducted at each time interval, and a size distribution is evaluated. If a grind time is very short, 

sometimes it is impossible to produce sufficient product mass for accurate size evaluation. A 

very long grind time would result in excessive re-breakage of fragments.  
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The cumulative breakage distribution (B) is considered as the most convenient method 

of presenting the results. The term of Bi,j is defined as the size range divided into a number of 

size intervals (frequently a geometric progression of sieves) and numbered 1 for the top size 

interval, 2 for the second, and so forth down to n, n being the size range zero to the bottom size 

of the n-1 interval. Then, Bi,j is the weight fraction of material broken from size j which fall less 

than the upper size of size interval i. In non-cumulative form, bi,j = Bi,j-Bi+1,jisthe weight fraction 

broken from size j which falls into size interval i. Experimentally, j is the top size interval, and the 

set of values Bi,1 is plotted versus particle size (upper size of interval), passing through 1 at i=2. 

This method is called the one-size fraction method.  

For compensating re-breakage of primary progeny fragments in BII method, it is 

assumed that the product of the breakage rate function and the breakage distribution function, 

SjBi,j, is approximately constant. Also, the specific rate of production of material of less than size 

i from larger size j is assumed to not depend on j. Based on these assumptions, the breakage 

distribution function is calculated from:   
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Where Pi(0) = cumulative mass fraction less than size di at time 0,Pi(t) = cumulative mass 

fraction less than size di at time t, and Bi,1 = cumulative mass fraction of particles passing the 

top size of interval i from breakage of particles of size 1. The method is best suited for the one-

size fraction having P2(0)= P3(0), etc,=0, for short grind times. It can be utilized at longer grind 

times in which values of P2(0), P3(0),etc. are not zero. 
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In addition, the results of the JK drop weight test can also be used to determine the 

breakage function (Gupta & Yan, 2006). The SMC test used to generate JK breakage 

parameters will be described in details in Chapter 5. In the dropt-weight test, the relationship 

between t10withthe specific comminution energy fits Equation 2.20 and ore specific constants A 

and b can be determined by using this formula. Plotting the breakage index t10 (fraction or %) 

versus tn (fraction or % passing 1/nth of the parent size) provides the material breakage function 

as described by the following (King 2001): 
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Where  = a material specific parameter (0.75); tn = is the cumulative mass % passing a size Y 

(geometric mean of the parent size). n is determined from the ratio of Y/x in which x is size 

interval.  

2.7.5 Normalized Batch Grinding Model 

Herbst and Fuerstenau (1973) conducted batch-grinding experiments using a 10 x 11.5-

inch batch equipped with the torque for measurements of the specific mill power at various 

operating mill conditions, such as mill speed, feed characteristics and filling, and ball load. It 

was found that breakage rate function is directly related to the specific energy consumed by the 

mill. The breakage distribution functions can be considered as invariant; in other words, the 

breakage distribution function for all of grinding conditions is significantly independent of mill 

size and normal operating conditions.  

Over a large range of conditions, the ratio of selection function (S1) to P (the power 

input)/Mp (the mass of particle load) observed is nearly constant, and thus, the following 

relationship can be used to predict the feed size selection function: 
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Where 
ES1 , the reduced breakage rate function (ton/kWh), is constant for a certain mineral and 

mill system, independent of mill operating conditions, and depends solely on the consumed 

energy on grinding. If Equation 2.36 is substituted into Equation 2.31, then it may be expressed 

as:   
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As the net-specific power, E , results from the product of specific power and time, Equation 

2.37 can alternatively be written as:  

 

)exp()0()( 111 ESmEm E  (2.38) 

 
Equation 2.38 describes the normalization of the breakage kinetics for the top size interval in 

terms of specific power/energy and the constant 
ES1 performs as a reduced selection function. 

When specific energy input as independent variable is included in Equation 2.38 rather than 

grinding time, the correlation between the logarithm of the fraction of feed particles remaining 

with specific energy for various operating conditions was found to tend to fit a single straight 

line. 

 Based on the foregoing analysis, it was proposed that for dry ball milling the mass 

balance of Equation 2.33 can be expressed in following form: 
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Or Equation 2.39 can be formulized in the normalized form as a function of specific energy 

rather than grinding time: 
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2.7.6 The Grinding of Mixtures of Minerals 

All minerals commonly occur in nature with a wide variety of physical properties. Since 

the raw ores usually consist of a mixture of two or more minerals, the minerals fed to 

comminution circuit would be heterogeneous. The received ores at a comminution circuit 

coming from different mining locations could have variations in compositions. If such mixed ores 

are ground in large scale, an understanding on behavior of different components in a mill and 

interaction one mineral with each other is necessary for improving a grinding operation. 

The work on the comminution of quartz and limestone mixtures in a 25.4 x 29.2-cm (10 x 

11.5-in) batch mill was done by Fuerstenau and Sullivan (1962), and the results confirmed that 

the distribution modulus of the ground product of a mineral in the Gaudin-Schuhmann size 

distribution, which had been ground separately, was similar to that of a component in a mixture. 

They also noticed that based on an examination of the ground products, the quartz and 

limestone utilize energy within a ball mill proportional to their mass fractions in the ground 

mixtures. The energy-size reduction relationship observed for mixture grinding was analogous 

to that of the Charles’s formulation. For describing comminution of single mineral, Charles 

(1957) established the energy-size reduction relationship by the following form: 
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 mAXE  (2.41) 

 

Where E is energy required per unit mass of mineral (kWh/ton), Xm and  are the size and the 

distribution moduli of mineral respectively, and A is a constant.  

 Moreover, Fuerstenau and Sullivan (1962) proposed a hypothesis that the total energy 

needed to grind unit mass of mixture of two minerals was derived from the sum of the energy 

consumed to grind each of the components of the mixture. Hence, the total energy can be 

expressed by: 
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Where m1 and m2 are the mass fractions of components 1 and 2 in the mixture, and A is the 

constant determined from single-mineral grinding experiments. Clearly, Equation 2.42 

represents the relative proportion of the components in the mixture (m), distribution moduli (), 

and their fineness of grind (Xm). If the fraction of energy required to grind each component in a 

ball mill is assumed in a proportion to its volume fraction in the feed, E1 can be written with 

respect to Et in the form: 
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Where  is the density of each mineral. 

Venkataraman and Fuerstenau (1984) conducted the investigation on the dry ball mill 

grinding of calcite, hematite, and quartz, separately and as binary mixtures in a 25.4 x 29.2-cm 

batch mill, and found that the breakage rate function of a mineral remains unchanged with time 
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(time-independent), but depends on environment. In other words, S1 solely relies on how a 

mineral is milled (separately or as a component in a mixture). Regardless of how the mineral 

was milled separately or as a component of mixtures, it was indicated that the magnitudes of the 

breakage distribution functions of minerals are the same. Grinding quartz separately in the 

batch mill would result in the highest breakage rate function. The breakage rate function would 

decrease, when quartz was ground with hematite or with calcite. However, grinding either 

hematite or calcite with quartz caused the breakage rate function to increase. This is most likely 

anticipated since the hardness and grindability of minerals vary in the following order; in terms 

of hardness: quartz > hematite > calcite, whereas in terms of grindability: quartz < hematite < 

calcite. When the two different minerals are locked between grinding media, the softer mineral 

gets broken easily before the harder mineral achieves the stress threshold for fracture. It should 

be noted that if first-order feed-size disappearance is plotted in terms of specific energy, the 

breakage kinetics would not depend on the mineral ground either homogenously or 

heterogeneously under different grinding environments. 

 Fuerstenau et al. (2010) also performed the breakage study of coarse size feed for 

quartz and limestone systems at different coarse/fine ratios, which had been dry-ground in a 

25.4 x 29.2-cm batch mill in the presence of added fines. The results reported that as the 

fraction of fines in the mixture increases, the breakage rate function of coarse particles would 

increase. In this case, changes in the ratio of coarse material in the mixture do not affect the 

cumulative breakage distribution functions of the coarse fraction. For the same mixture 

composition, the coarse fraction of limestone requires bigger specific energy than that of quartz. 

Meanwhile, the energy required for grinding the coarse fraction of limestone mixed with -100 

mesh added fines is higher than that for the limestone ground with -48 mesh fines.  
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CHAPTER 3  FACTORS AFFECTING MILL EFFICIENCY AND PERFORMANCE 

 
Firstly, the chapter emphasizes on primary factors including grinding media, mill liner, 

and speed, which are associated with the improvement of mill efficiency and performance. Next, 

it continues to discuss previous studies in particular on influence of liner configurations on mill 

performance. Lastly, it will describe several significant things that need to be taken into account 

in liner design. 

3.1 Tumbling Mill 

Tumbling mills are structurally constructed of a horizontal cylindrical steel shell with 

liners installed inside the shell. Steel rods, balls, ores itself (autogenous grinding), or a mixture 

of the ore and balls (semi-autogenous grinding) are used as the grinding media. Tumbling mills 

can be applied for reducing feed sizes ranging from 5 mm-250 mm into product sizes of 40-300 

m (Wills & Napier-Munn2006). The mill shell rotates on its axis of hollow trunnions installed to 

the end walls. Generally, the larger mill diameter is needed to grind larger feed sizes. The 

volume and capacity of the mill depends on the length of the mill with respect to the diameter.  

Nowadays, the development of tumbling mills has been advanced in terms of 

mechanical efficiency and reliability; however, from energy usage point of view they are 

enormously inefficient. This may be understood as most forces involved in breaking the ore in 

grinding mills results from repeated, random impacts, which break not only liberated, but also 

unliberated particles.  

Two main purposes of the grinding are to liberate individual minerals trapped in rock 

crystals, thereby opening up for subsequent enrichment in the form of separation, and to 

produce fine products from mineral fractions by increasing the specific surfaces. In a grinding 

mill, the size, quantity, the motion type and the spaces between the individual parts of the 

medium have an effect on grinding. Compared to crushing, grinding is a more random process 



49 
 

and the degree of grinding an ore/rock particle is affected by the probability of the ore entering a 

zone between the medium shapes and the probability of some occurrence taking place after 

entry.  

The combined mechanisms of impact, attrition, and abrasion play major roles in reducing 

the size of crushed ores to a specified product size. Impact or compression is generated from 

forces applied almost normally to the particle surface, chipping as a result of oblique forces, and 

abrasion as a result of forces acting parallel to the surfaces. The particles undergo deformation 

under these mechanisms and after reaching certain limits, which depend on the extent of 

elasticity, eventually the particles fracture. 

When the mill is rotated, the load of medium, ore, and water are intimately mixed, and 

the medium grinds the ores by any of above-mentioned mechanisms, which depends on the mill 

speed and the liner shapes. Because most of the energy of the tumbling load is wasted as heat, 

noise, and other losses, only small amount of kinetic energy is utilized in grinding the ores, 

thereby leading to a low efficiency of the grinding process. As a consequence of decreased 

milling efficiency, the mills require excess energy and recovery of valuable minerals could 

decrease. 

Cost-effective comminution is commonly determined by mill design (mill diameter, 

rotational speed, liner), the grinding media (chemistry, hardness, microstructure, toughness, 

etc.), and process control (feed rate, production of fines). In the following sections, a number of 

operating key parameters related with the operation of tumbling mills are discussed with a focus 

on their effects on mill performance. 

3.1.1 Grinding Media and Mill Loading 

Grinding balls play a main role in grinding circuits and one of important aspects that has 

an effect on mill performance. Selection of optimal grinding media can enhance mill 

performance and reduce operating costs. Grinding media are employed in different grinding 
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environments including SAG, rod, conventional ball, and tower mills. Grinding balls are 

commonly made of heat treated and as-rolled grinding rods, forged steels, cast steel or cast 

iron, and cast high chrome iron balls. Due to its low cost and better wear/abrasive resistance, 

the martensitic low alloy steel is also widely used today. Wear resistance and mill performance 

are used as an indication for evaluating the effectiveness of grinding media. Wear resistance is 

dependent on alloy selection, mill operation procedure, and the mill environment.  

Media size selections, shape considerations, and media quality are aspects affecting 

grinding performance. The essential variables including size, mass, hardness profile, chemistry, 

and microstructure, have to be appropriately designed, specified, and controlled in order to 

reach optimal mill performance (Dunn 1989).  Apparently, small defects in properties or quality 

has a strong impact on grinding performance. Large variations of properties could be found on 

grinding media fabricated by different manufacturers. Ball quality control measures could be 

used as effective tools to perform precise measurements with some degree of confidence. 

Steel balls considerably affect the mill performance since the specific gravity of steel and  

their hardness as well are relatively bigger than (7.8-8.0) those of most ores (2.5-4.5); therefore, 

they can produce such large kinetic energy that make them very effective, especially for impact 

breakage (Napier-Munn et al. 1999). The presence of grinding balls ina mill would increase 

impact breakage and hence, break the coarser rock much faster. As more energy is required to 

break bigger rocks, bigger balls have to be used to break them. 

Ball sizes used in tumbling mills are dependent on ores hardness and feed size 

distribution to be broken. Balls used in SAG mills have to be applied in such a way that the 

largest balls are just heavy enough to break the largest and hardest particles in the feed. Balls 

required for coarse, hard ores are bigger than those for fine, soft ores and vice-versa. Adding 

steel balls allows the breakage of coarser rock more rapidly; on the other hand, as the amount 

of rock grinding media decreases the finer particles produced in the product would reduce. If 
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ball charge (up to 12%) and ball size is increased the breakage rates would increase in the 

coarser size ranges and otherwise decrease at lower sizes.  

In an operation level, it is common in SAG/AG mills with trunnion discharges to use a 

maximum mill charge of about 35%, while the charge range for the mills with end-discharge 

designs is in general from 40 to 50%.For the case of ball mills, they are usually loaded with steel 

balls in the range of 40-45% of mill volume and can even carry up to a 50% or slightly higher 

charge. Increasing volumetric loading makes mill power rise until it reaches a maximum power 

around 50% ball load (Rowland 2002). 

3.1.2 Mill Speed 

It is essential to control the mill speed in an operating mill, because the speed affects 

motion behavior, power draw, product size, and liner/ball wear. At relatively lower mill speeds, 

the medium would roll down to the toe of the mill and attrition grinding takes place, thereby 

producing finer grinding, but increasing liner wear (Wills & Napier-Munn 2006). At higher 

speeds, impact grinding mainly occurs as a result of the cataracting motion of grinding balls; 

hence it provides a coarser product with reduced liner wear. Increasing speed in an operating 

mill would generate more impact breakage, which normally enhances coarse rock breakage, 

resulting in higher throughputs. The amount of cascading motion also decreases and as a 

result, coarser product would be produced rather than finer one. The breakage rate at coarser 

particle sizes increases at higher speeds, while the breakage rate in the lower size range 

decreases.  

At the critical speed of the mill, the centrifugal force generated is big enough to have the 

small particles, next to the shell liners, stuck to the shell liners for the complete revolution of the 

mill (Rowland 2002). The following formula is used for determining the critical speed (D in 

meters): 
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D
Nc

305.42
  (3.1) 

 

If D is given in feet, the critical speed is written as: 

 

D
Nc

63.76
  (3.2) 

 

Where Nc is the critical speed of the mill, D is the mill diameter in meters. In practice, the 

magnitude of calculated critical speed is usually increased by approximately 20%. Generally, 

the mills can be operated at a mill speed of 70-80 % of the critical speed. 

 Liddell and Moys (1988) reported that mill speed and filling both affected the position of 

ball charge in a laboratory mill.  An increase in mill speed results in an increase in the measured 

torque until reaching a maximum point and after that it decreases sharply. Variations in mill 

speed up to about 80 % of critical speed have not changed the toe position. The position 

changes at higher mill speed and hence, the lifting charges fall down onto the liners. The 

shoulder position depends upon speed and the filling. At a constant mill speed, the measured 

torque or mill power has a parabolic relationship with mill filling, which is zero torque at mill 

fillings of 0 and 100 %. 

It is noteworthy that in order to avoid unwanted liner wear, the lifting charges should land 

on the toe of mill and does not impact the liner. At the toe of the charge, the majority of the 

grinding in the mill occurs and it has not just direct impact of the cataracting medium onto the 

charge, but also the shock generated is transferred to the ore part behaving in cascading 

manner. The medium and ore layer next to liners stick tighter on them than the rest of the 

charge. 
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3.1.3 Mill Liner 

The liners have to resist impact, be wear-resistant, and provide the most favorable 

motion of the charge. Lifters raise the rock to greater heights before they drop and roll down. 

Lifters can promote the impacting action of small balls in the charge; however, energy for the 

impacts would be low because of the small mass of the balls. If the size of balls is bigger than 

lifter height of the lifters, they would roll over the lifters, leading to limit impacting action. Smooth 

linings produce a fine grind through primary abrasion/attrition, but it leads to increased metal 

wear. 

The need to decrease mill downtime and the associated production loss for replacing 

worn liners has motivated the ongoing development of SAG and AG mill liner designs. Based on 

practical experience, design is generally the most essential factor that influences liner life (Parks 

1998). Mill downtimes have been reduced by improving liner designs in two methods: a 

combination of several small liners into one large liner can reduce both the number of liners and 

the required time for replacing them and by lengthening wear life the time interval needed to 

replace worn liner becomes longer.  

In the past, many plates and lifters were utilized to line most SAG and AG mills, and mill 

downtime mainly came from maintaining a large number of liners. Compared with the earlier 

liner designs, there are two characteristics applied in present liner ones: being more integral or 

single-piece liners (casting the plate and lifter bar into one mold) and much larger in sizes. In the 

current integral or plate-lifter design, fewer pieces are needed to line the mill.  

Furthermore, the number of liners installed to line the feed and discharge heads has 

been able to be reduced by appropriately modifying their designs. If the wear pattern has been 

determined, the original design may be made better by redistributing metal from low wear to 

high wear areas. Adding an integrally cast liner instead of increasing the thickness, and 

increasing the height instead of the thickness of a lifter are considered as other lower-cost 

methods to improve liner wear life. 



54 
 

As some mill operators have noticed that mill throughput will systematically change as 

the liners wear. Basically, after new mill liners are installed, throughput would be lower than 

average and then steadily increase to a highest point as the liners partially wear. Finally, 

throughput gradually reduces when the liners become fully worn. As opposed to throughput 

variations in longer term over liner life, operating parameters (mill volumetric load and power 

draw, slurry density, circulating load, etc.) and ore characteristics (feed size, work index, etc.) 

cause the throughput to fluctuate in short term. 

The liner design is driven by the material of construction and the application, and factors 

restricting its design are casting, molding, and handling constraints (Powell et al. 2006). The 

main types of liners including their application, advantages, and disadvantages are described in 

Table 3.1. 

Table 3.1. The primary types of liners (Powell et al. 2006). 

No. Liner types Advantages Disadvantages 

1. Solid liner with an 
integral lifter and 
liner. 

Consisting of fewer pieces of 
liners and easier to install for 
large mills, reducing relining 
time. 

Potential for high scrap weight, 
decreased liner performance 
shortly after lifter section worn 
down and change-out required. 

2. Solid Liner with 
removable lifter 
bars. 
 

For smaller mills it can be 
installed by hand; the lifter can 
be changed, thereby 
maximizing liner life and aiding 
in manually relined mills. 

More pieces have to be installed 
and the liners can move during 
relining; if not well secured 
(especially when the bolts begin to 
stretch) against the backing liner, 
the lifter can shift and work loose. 

3. Grid Liners with 
Pocketed grid liner 
system, unique to 
Southern Africa. 

Frequently flat profile of liners 
suitable for the high mill speeds 
(85% to 90% of critical). 
Economically unbeatable for 
highly abrasive ores in small-to 
medium-size mills. 

Upon inspection or relining inside 
the mill, safety concerns should be 
prioritized due to the risk of balls 
dislodging; to avoid this, the liners 
need to be carefully hosed down. 

4. Uni-direction 
profiled liners. 

The profile can be better 
tailored to fit mill speed and 
filling for optimum performance; 
it can carry more material in the 
lifter for a given base width. 

The mill has to be operated in one 
direction only.  
 

5. High-low double-
wave liners. 
 

Modification of the wave liner, a 
more consistent wear profile 
through the liner’s working life. 

Since incorrect angle can result in 
ball segregation and loss of grind, 
the correct wave face angle have 
to be done in design stage before 
being used in practice.  
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Table 3.2. The main materials of construction for liners (Powell et al. 2006). 

No. Materials Particular Application and strengths  

1. Austenitic 
manganese steel 
(AMS) 
 

AMS is generally employed for grid liners in smaller mills. Even 
though it hardens under stress, the substrate remains tough 
and can resist extreme impacting without fracture. However, it 
spreads with impact, so solid liners begin to squeeze together 
and become extremely difficult to remove, and can damage a 
mill shell if the stress develop to exceed an extreme level. 
 

2. Low-carbon 
chrome-moly steel 
(300 to 370 BHN 
[Brinell hardness 
number]) 

It is used in common for mill liners (AG, SAG, and ball) before it 
shifts to higher-carbon-content steels. Due to excellent wear 
characteristics with some impact resistance it is utilized in 
general for discharge grates, which require slightly better 
impact resistance (compared to the higher carbon chrome moly 
steels) or for thinner section liners. 
 

3. High carbon 
chrome moly steel 
(325 to 380 BHN) 
 

This steel is now considered the main material used for SAG 
mill liners. There are a number of variations with either different 
carbon or chrome contents. The variations tend to have a 
bearing on the size of the liner and its section thickness. There 
is ongoing development within this area as the size of the liners 
are outstripping the properties provided by the standard high 
chrome moly steels. 
 

4. Nihard iron (550 
BHN) 
 

Initially employed in general for rod mills and ball mills. In spite 
of brittle, the material has highly abrasive-resistant wear to 
perform well in the mills considered having low impacts. 
However, it is inferior compared high chrome irons and chrome-
moly white iron than this alloy. 
 

5. High chrome irons 
(+600 BHN) 
 

Generally used for rod and ball mills due to excellent wear-
abrasion characteristics. It is more cost-competitive and more 
brittle than chrome-moly white irons. 
 

6. Chrome moly 
white irons (600 to 
700 BHN) 

This cast material is considered to be the ultimate and was 
recently developed for abrasion resistance in milling. Generally, 
it is used in cement mills and in some of the largest ball mills in 
the world, and in applications that need performance 
improvement. 

 

Liners are primarily cost-intensive and attempts to lengthen liner life are continuously 

investigated in operating mills. High impact strength alloys such as, manganese or chrome-

molybdenum steels are generally used for liner materials. Alloys with large amounts of 

chromium and molybdenum have better abrasion-resistance. For low impact, highly-abrasive 
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wear zones, such as end liners, white iron have been in use as a material of choice. Cost 

required in replacing new liners in tumbling mills continuously increases. Therefore, despite cost 

of liners the tendency to use them with the best service life becomes increasingly interesting.  

In selecting the appropriate material for liners, factors such as the application, abrasivity 

of ore, size of mill, corrosion environment, size of balls, mill speed, etc., have to be considered 

in design stage (Powell et al. 2006). Both Liner design and material of construction are very 

important in design and operating stages. The main materials of construction including particular 

application are described in Table 3.2. 

3.2 Influence of Liner Configurations on Mill Performance 

Liner designs and the selection of liner materials are mainly dictated by the physical 

characteristics of ores, such as abrasiveness, hardness. The other factors, such as mill speed 

and mill filling also have significant impacts. This section presents previous findings with regard 

to changes in lifter designs and operating parameters and their effects on mill efficiency and 

performance, which was conducted in batch and operating mills as well. 

Variations in lifter spacing and height alters charge lifting rate, and thus they affects mill 

performance. Meaders and MacPherson (1964) found that the different ratios of spacing-to-

height of lifter bars in anautogenous mill considerably influence the specific power and mill 

capacity. He suggested that the optimum specific power and capacity can be achieved by 

choosing the spacing-to-height (S/H) ratio of 4-4.5.The other test work that had been done in a 

milling circuit also showed that the optimum production falls within the S/H ratio of 2.5-5 (Coles 

and Chong, 1983). Increasing the lifter height at the same lifter spacing lowered the power draw 

by 18% and as a consequence, grinding rate decreased.  

Moreover, Moller and Brough (1989) established an empirical equation, called the Skega 

A/B (lifter spacing/height) formula, which demonstrates that the S/H ratio is strongly related to 
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mill speed. The formula indicated the S/H ratio employed to reach the highest capacity and 

grinding efficiency would be different at different mill speeds. 

Howat and Vermeulen (1986) investigated the addition of different sets of lifter bars to 

the liner on the performance of rod mills and reported that the use of alternating lines of lower 

and higher lifter bars results in significant reductions in power consumption and liner wear. The 

correct selection of S/H ratio may reduce the specific mill energy and increase mill throughput. 

Mill speed has a considerable impact on feed rate, required power, and fineness of grind 

product.  

Powell and Vermeulen (1994) performed autogenous milling trials in a 1.8 m diameter 

batch mill to investigate the influence of linear design on the rate of production of fines. It was 

found that the liner configuration affect both the rate of fine product and the energy efficiency of 

a mill. Appropriate liner design could minimize the energy consumption of the mill while 

maximizing the milling rate. Optimal liner configurations depend on mill speed. A lower lifter with 

a lower face angle is suitable for mills with higher speeds. The lining with fairly high profile is 

capable of locking the outer layer of charge to rotary motion of the mill. Nevertheless, a very 

high profile would decrease the milling efficiency. The linings leading to the lowest power draw 

would produce the finest grind, and those with the highest power draw would do the coarsest 

grind.  

Anttila and Persson (1998) studied the performance of a tumbling mill using pilot scale 

test in which a rubber lining mounted with lifter bars is compared with a magnetic smooth rubber 

lining. It was indicated that the energy consumption of the smooth lining is lower than that of the 

rubber lining with lifters. Optimized grinding media size could increase capacity of the mill in 

numerous grinding operations. For example, the mill loaded with -30 mm balls required more 

power than one with -20 mm balls. 

Rezaeizadeh et al. (2010) focused the experimental work of the effect of lifter 

parameters, mill speed and filling on power draw and liner impact loading in a laboratory mill. 
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The results demonstrated that changing lifter height, the number of lifters, mill load, and mill 

speed would have an influence on the tumbling action of the mill and hence, the mill power. To 

attain a higher impact value and impact frequency, which may lead to higher overall efficiency, 

one should increase number of lifters, lifter height, and mill speed and reduce mill filling. The 

study also showed the power has a linear relationship with lifter spacing & height (S/H) and mill 

speed.  

Dahner & Van Den Bosch (2011) utilized both MillTraj and DEM simulation, as well as a 

batch mill to predict and validate the designs of shell and end liners on the impact condition of 

grinding media in the mill. In conclusion, lifter angle, mill speed, and total filling degree are major 

aspects for optimizing liner design. Both liner design and mill speed can bring ball trajectories to 

directly go towards the charge. Incorrect mill liner causes ball breakage leading to less efficient-

energy utilization. The optimization of liner design incorporating ore type, tonnage, mill geometry 

and other factors would enhance grinding efficiency and reduces ball wear as well. 

3.3 Considerations in Liner Design 

This section begins with short description on the interaction between mill liner and 

charge that is a key factor to providing appropriate liner design. Then, the important parameters 

that drive liner design will be discussed including constraints found in mill operation. The rest 

focuses on influence of ore characteristics on liner design and also potential benefits of using 

wide-space and large-angle lifters. 

3.3.1 Mill Liner and charge Interaction 

Trajectory and charge level tools along with engineering design are useful to study the 

practical mill operating conditions and to interpret DEM outputs (Royston 2006). Single particle 

models implemented in computer-based trajectory tools is used to track a limited array of the 

most significant balls in which some balls travel together as a “train”, nonetheless the other balls 
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peel off to separate trajectories. DEM is also widely applied to provide similar information in 

more details than the trajectory analysis.  

 

 

Figure 3.1. Ball trajectory model superimposed on (simplified) DEM model output with lower 
lifter angle (Royston 2006). 

 

 

 

 

Figure 3.2. Ball trajectory model superimposed on (simplified) DEM model output with larger 
lifter angle caused by wear (Royston 2006). 
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Figure 3.1 shows trajectories superimposed on simple DEM outputs for a set of lifters 

with lower face angle, whereas Figure 3.2 shows results for lifters with larger face angle caused 

by wear. Since the lifter height decreases and the face angle becomes larger caused by wear, 

increasing mill speed for variable-speed mills may lead the ball impacts to directly go down on 

the toe of the charge and, therefore, compensate for initially wearing lifter to preserve mill 

performance. Liner wear life in general can be increased by increasing lifter height. Usually, 

altering the direction of the mill rotation causes the relatively low face angle of the “trailing face” 

to turn into the “leading face” at each change in rotation, and hence lifter life can be increased.   

Royston (2006 & 2007) suggested the following findings on SAG mill liner and operation 

based upon his in-depth experience and observations using computer-based trajectory and 

DEM tools: 

 Conventional lifters without packing or ball/liner breakage convey energy effectively into the 

toe of the charge through rebound, but those could also undergo potential packing and 

breakage issues. 

 Using large face angles and wide spacing could enhance mill performance. However, it 

would decrease as lifter wear becomes larger, and finally the benefits of initial lifter end as a 

function of time.  

 An increase in mill speed together with lifter face angle can enhance the impact rate of balls 

at the toe of the charge resulting in improved mill performance through increased ball-

charge participation. Increasing mill speed over lifter life can maintain mill performance. 

However, at mill speeds of above 78-80 % critical speed, pulp-lifter efficiency possibly 

decrease and change overall mill performance.  

 Grinding balls on striking the charge transfer their impact energy effectively to the rock and 

also through attrition, abrasion and other mechanisms of charge motion in the mill in the 

forms of the lifter-induced swirl at the toe, the non-thrown cascading action, and the relative 
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motion of the rising charge. All these types of energy transfer contribute to “ball-charge 

participation”. Charge participation depends on the number ratio of balls to candidate rocks. 

 In a common practice, SAG mills with low level charge need to be run at a maximum ball 

charge level in order to enhance milling rate. The results of increasing ball-to-rock ratio are 

to enhance ball participation, increase the frequency of ball interactions and hence improve 

mill throughput. Using high ball levels of up to 18 % in newer mils with high load-carrying 

capacity is also to increase ball participation, whereas drawing maximum power at maximum 

allowable total charge mass.  

On the other hand, in a summary of his findings, Lane (2007), states that the primary 

function for mill lifters is to minimize mill liner wear rather than to induce rock breakage.  He also 

says that maximizing impact on the ‘toe of the charge’ is not a reliable method for improving 

breakage efficiency. For SAG mill operation with different circuit types, the quality of the product 

depends mostly on the rock load mass, and the effect of ball load is less significant. 

3.3.2 Spacing and Lifter Design 

Liner design is primarily motivated by the practical operating experience with various 

combinations of lifter angles, spacing and height, as well as mill speed (Royston 2007).As the 

lifter face angle affects the impact point, it is very important to apply the appropriate lifter angles 

to prevent liner from premature failure and production loss. The current lifter design usually 

employs large face angle (typically 22oup to 30o, probably 35ofor very large lifter) having 

sufficient spacing between lifters. 

Mill manufacturers still offers 2-D (D is mill diameter in feet), (4/3)-D, or 1-D liner spacing 

configurations. From operation viewpoint, since the mill size becomes increasingly larger these 

formulas are not extensively used anymore. Instead, a wider spacing is believed to maintain 

optimal mill performance. Therefore, using a 2-D row with the total number of rows divided by 

two and three in new mills is found beneficial. After that, spacing between lifters and the 
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associated bucket capacity can be refined in liner/lifter design and essential alterations are 

taken into account as needed. 

The S/H ratio of 4 at 75% of critical speed is also considered applicable. Because wear 

occurs during liner service life, the ratio would increase and, therefore, it should start with a low 

ratio when the liner is initially installed and finish with a high ratio after the lifter is fully worn. A 

practical range of the ideal ratio should be S/H ±1 (Powell et al. 2006).  

Computer-based modeling tools, such as MillTraj and DEM MillSoft, are also used to 

predict both the trajectory of the outer most layer of the charge and full charge trajectory. The 

tools can show the simulation of grinding media motion inside grinding mills with respect to liner 

design and operating parameters and, therefore, liner profiles can be improved. The chosen 

liner profile is then projected to produce such favorable charge motion that the media would 

impact on the toe of the charge rather than on the mill lining, thereby maximizing drop height 

and energy transfer. 

Two case studies that were conducted to improve the designs of mill liners are 

discussed in this section. Powell et al. (2006) mentioned some case studies of good liner 

designs. For example, the initial SAG mill liner was installed using Hi-Hi with a 6o contact angle. 

Mill throughput increased by 11% after the face angle had been altered to a 17o angle and then 

to a 30o angle. 

Royston (2007) also reported the progresses made on selecting SAG mill liners that 

conventional High-Low (Hi-Low) liner systems do not work appropriately in larger mill (say 

above 24 ft) with large grinding balls, particularly in harsh impact environments and they could 

damage extremely worn lifter. To avoid Liner damage in such mills it has been suggested to use 

Hi-Hi lifter systems. Moreover, a recent improvement in the Hi-Hi lifter system has been to 

promote a type of traditional Hi-Lo lifter systems with Hi lifters made significantly larger than 

previous applications and Lo lifters with a similar height to the “Hi” in the Hi-Hi configuration. 

This latter configuration can enhance wear life and lifting rate, keep ball impacts on directing on 
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the toe, and maintain the ball-impact mode of the Hi-Hi lifter system. Wider spacing can also be 

utilized in such Hi-Lo liner systems in order to avoid packing. 

3.3.3 Influence of Ore Characteristics 

Variations in the hardness of ores fed to SAG mils primarily affect mill performance in 

terms of mill throughput (Royston 2007). Ores that tend to have packing between liner spaces 

can influence the efficiency of the shell liners. For harder ores, increased grinding ball size can 

keep up their milling rates. Liner design is, therefore, needs to be modified in order to make the 

shell liner able to resist the higher impact forces of the larger ball size. Pre-crushing can also be 

used as the other way for treating harder ores to provide a feed more suitable for breakage in 

milling. The concerns associated with ore type and size should be anticipated earlier because in 

the case of SAG mills, consistent ore characteristics are important to make the mills work best. 

Some mine operators intentionally mix ore types and/or pre-prepare stockpiles with constant ore 

mixture. 

Ore size and hardness have different effects on shell lifter wear. If a softer ore does not 

result in packing, high mill throughputs with low lifter wear could be achieved. A fine, but hard, 

ore could produce high mill throughputs (without packing), however, the abrasive wear of liner 

goes up. Both soft and fine ores are hard to stick in the mill resulting in liner damage through 

increased ball-on-mill shell impacts.  

Moreover, heavy packing, encountered particularly in larger mills, potentially decreases 

charge lift and mill performance and extensively cause lifter to abrasively wear. Packing 

characteristics of the ore play a significant role in shell liner design. For the consistent ore, but 

having limited packing characteristics, it is suggested to use lifter and plate 2-D shell liner 

designs, which can increase plate life. For the ore with severe packing, shell liner designs with 

4/3-D liner spacing configuration and associated changes in face angle can provide adequate 

space between shell lifters to control packing.  
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3.3.4 Wide-Space and Large-Angle Lifters 

In some cases, the use of wider-spacing and larger lifter-face angles could significantly 

enhance mill performance. Packing can be removed in most cases by using wider liner spacing 

and detrimental ball-on-mill impacts is potentially decreased by applying larger face angles. 

Changing the face angles of lifters can decrease ball and liner damage, and enhance mill 

performance by directing the balls to go down the toe of the charge where most milling action is 

believed to take place. The larger buckets of wide-spaced lifters (with fewer lifter) would 

produce more thrown charge than that from the smaller buckets of close-spaced lifters and 

reduce packing that most likely leads to more lift of the charge per rotation of the mill. 

Unfortunately, recent practical experience indicated that such configurations could result in 

charge slippage and hence liner wear would increase.  

If it is necessary to eliminate packing or decrease liner and ball wear, the configuration 

could be modified to wider spacing and larger face angle. A change to wider-lifter spacing in 

some SAG mills also results in more dispersion, and hence it is necessary to increase mill 

speed in order to avoid the loss of focus of impacts on the toe. In such mills, the increased mill 

speed would generate the increased number of balls falling effectively down on the toe of the 

mill charge from the more dispersed thrown mill charge. However, at fixed-speed mills, some 

balls may keep on effectively hitting the toe region longer during the lifter wear cycle.  

Powell et al. (2006)also mentioned that problems in a few installations had arisen from 

using the wider spacing. Due to less protection from lifters, the impact on the backing plates 

would increase, resulting in peening and spreading. Therefore, changes in this design would 

necessitate using the materials of construction with higher impact resistance. 
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CHAPTER 4  DEM SIMULATION OF TUMBLING MILLS 

 
Computer modeling using discrete element method (DEM) has been applied to study 

charge motion behavior, prediction of the effect of liner design changes on mill charge motion, 

power draft, and impact energy distribution. The DEM simulations have shown that the liner 

design and operating parameters have strong effects on the charge motion in rotary mills 

(Mishra and Rajamani1993; Rajamani et al.1999). The discrete element method (DEM) 

simulation of a 5-m ball mill was also conducted for predicting the charge motion of the mill load, 

the power draw, size segregation, and liner wear rates and distributions (Cleary 1998). 

Predictions of the lifter life cycle and its effects on mill operations can be done by modeling 

evolution of the liner profile. The power draw, capacity, and charge motion of the mill would 

change as the lifters get worn.  

DEM has also been applied to specifically study the effects of variations in liner, feed, 

charge properties, and operating parameters on ball mill performance (Cleary 2001). It was 

observed that due to variations in the charge composition, the charge distribution inside the mill 

and the power draw would vary. At sub-critical speed, as the lifter wears lifter face angle 

increases and lifter height decreases, thereby constantly reducing the amount of cataracting 

charge and resulting in higher toe positions. With increasing mill speed, the mill with the lower 

and shallower worn lifter draws higher power. At higher speed, as the lifters dimensions change 

the increased mill power is noticed in the beginning and after that the power reduces. 

The following sections begin with a brief description on the fundamental laws of physics 

employed in the DEM modeling and the rest of the sections discuss the results of DEM 

simulation. In this study, the results were then used as baselines in custom-building the 

laboratory mill for specifying mill size, drive motor, and load cell instrument.  
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4.1 DEM Millsoft Software 

The two-dimension discrete element method (DEM)-based modeling was originally 

developed by the department of metallurgical engineering, the University of Utah. It can be used 

for providing visual animation of grinding charge motion in tumbling mills, predicting mill power, 

and generating the distribution of impact energy. All mill design and operating parameters 

including the feed size distribution, number of lifters and geometry of the lifters can be 

incorporated in prediction of the mill power draft and impact energy distribution. It cannot be 

used to evaluate ore breakage. 

In the case of 2-D DEM employed for modeling the motion of large steel balls inside 

tumbling mills, the motion inside the mills can be assumed to take place in two dimensions and 

the axial motion in either direction is assumed to be minimal. Therefore, the mill is considered 

consisting of several circular compartments having one layer of balls, one of these 

compartments is the system of the interest, and thus the computational complexity is 

significantly reduced (Mishra & Rajamani 1994; Rajamani et al. 2000). In two dimensions, a ball 

is visualized as a circle or disc that has the mass of sphere of the same diameter and straight 

lines are employed to represent the mill wall. Each of discs and lines are treated as a separate 

element. The following assumptions are applied in the DEM Millsoft: 

 The mill is axially symmetric and made up of several compartments. 

 The balls are perfectly spherical and the mill shell is composed of smooth flawless 

surfaces. 

 The balls and the walls are modeled as rigid bodies that do not deform during collisions. 

 The number of collisions is proportional to the number of balls multiplied by the 

frequency of collisions. 

 Not including the effect of repeated impact, which significantly affects the chances of 

particle breakage. 
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Figure 4.1 shows that a pair of spring-and-dashpot, one in the normal direction and the 

other in the tangential direction is used to model the collision between two discs. In other words, 

the discs are allowed to overlap at the boundaries according to a contact model. The spring is 

utilized to simulate the internal restoring force and the dashpot is used to model the damped 

fraction of the force. The acceleration of the body is computed from the-net force, which is then 

integrated for velocity and displacement. 

 

 

Figure 4.1. Schematic representation of an assembly of discs and the spring-and-dashpot 
model in the normal and tangential directions (Rajamani et al. 2000). 

Every disc in Figure 4.1 is identified separately and virtual overlap is allowed at each 

contact point. The relative velocity of the disc i with respect to the discs in contact (discs k, l, m, 

n, o, p, and q) is first determined. These relative velocities for every contact of disc I are 

resolved in the normal (along the line drawn through the centers of a pair of discs in contact) 

and tangential direction; then the force calculation is done for each contact as described by 
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tvkF nnn   (4.1) 

tvkF ttt   (4.2) 

nnn vcd   (4.3) 

ttt vcd   (4.4) 

 

Where t is incremental time; nF  and tF are the incremental forces due to the springs; nd

and td are the incremental forces due to the dashpots, nv and sv are the relative velocities, and 

k and c are the spring stiffness and dashpot constant, respectively. The net out-of-balance force 

acting on the disc is then calculated by summing the contact forces and other body forces acting 

on it. The acceleration of disc I of mass mi is described by: 
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Where ix  and iy are the acceleration in the x and y directions respectively, i
  is the angular 

acceleration, iI0 is the moment of inertia of the disc i, M0 is the total moment acting on the disc. 

If the acceleration quantity in Equations 4.5 and 4.6 is integrated from 2/1nt to 2/1nt the 

linear velocities both in x and y directions are calculated by the following equations: 
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txxx inini   )()()( 2/12/1
  (4.8) 

 

tyyy inini   )()()( 2/12/1
  (4.9) 

 

Linear displacements both in x and y directions are calculated by further integrating Equations 

4.8 and 4.9, and then using the value of the velocity obtained at time 2/1nt as written by: 

 

txxx ninini   2/12/1 )()()(   (4.10) 

 

tyyy ninini   2/12/1 )()()(   (4.11) 

 

Similarly, if Equation 4.7 is integrated from 2/1nt to 2/1nt the rotational velocity are then 

calculated by: 

 

tinini   )()()( 2/12/1    (4.12) 

 

Then, further integration of Equation 4.12 and using the value of the rotational velocity 

calculated at time 2/1nt  are done to compute rotational displacement as written by: 

 

tninini   2/12/1 )()()(    (4.13) 

 

 Because the finite difference scheme as expressed by Equations 4.8 to 4.13 uses a 

time-centered integration method, the numerical stability depends on the time step chosen. The 

highest contact stiffness and the smallest mass of a ball are used to determine the limit of the 

time step as described by   
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nkmt /2  (4.14) 

  

Where m is the smallest mass of discs present in the system, kn is normal stiffness. A typical 

value of the time step is in the order of 10-3 to 10-5 second.  

The two important parameters that are predicted by the DEM Millsoft, are mill power 

draft and the impact energy spectra. The power provided to the mill is used to maintain the ball 

charge in motion and at the same time, the energy loss in friction and collisions also occurs. At 

each collision, there is partial loss of the total energy. Therefore, the addition of the product of 

normal and tangential forces on the dashpot and respective displacement produce the energy 

lost at that contact. The following equation describes energy lost in two dimensions: 

 

 
t k

ttnn tvFtvFE )].()[(  (4.15) 

 

Where F is the dissipative force and v  is the velocity. The equation shows that the energy loss 

term is summed up over all the collisions (k) for all the time steps (t). During this calculation, the 

energy related with each of the collisions is recorded and at the end, the total energy loss is 

obtained. Impact energy spectrum is graphically presented as a plot of the number of collisions 

versus the collision energy. 

In computing the net mill power draft, the mill is also assumed to be axially symmetric 

and made up of several compartments. The discs in 2-D simulation are imagined having the 

same mill filling and ball size distribution. The total number of compartments is calculated by 

dividing the total mass of balls in the actual mill by the mass of balls in one compartment. 

Equation 4.15 calculates the energy lost in one compartment of the mill that is then multiplied by 

the number of compartments to generate the total energy lost in the mill. Finally, the energy lost 



71 
 

per unit time of simulation provides the net mill power draft. Similarly, the collision energy 

distribution calculated for one compartment is also multiplied by the number of compartments. 

As individual contacts take place in the model as described above, it is required to 

determine practical values of the disc-to-disc and disc-to-wall contact properties, which include 

material stiffness, coefficient of restitution, and coefficient of friction. Material stiffness has the 

forces generated in the spring. The coefficient of restitution, which is a measure of the damping 

property of the material, generates the forces in the dashpot. These parameters are usually 

determined based on experimental work for different materials. Table 4.1 provides four 

important contact parameters required to simulate a mill.  

 
Table 4.1. Simulation Parameters for mill power analysis. 

Parameter Steel-steel Steel-Rubber 

Normal stiffness 400,000 (N/m) 234,000 (N/m) 

Shear stiffness 300,000 (N/m) 176,000 (N/m) 

Coefficient of restitution 0.6 0.45 

Coefficient of friction 0.5 0.9 

 
 

4.2 DEM Millsoft Simulation 

The DEM Millsoft software actually works best for predicting the mill power draft and has 

been used with success to predict the power draft of industrial mills (Rajamani et al. 2014). The 

mill power can be predicted using the following input parameters: mill diameter, mill length, 

speed, ball load, number of lifters, lifter geometry and dimensions, and ball size distribution. It 

can also be utilized for evaluating the power draft of an existing mill in response to small 

changes in mill speed, mill filling, and media density and size distribution. In addition to 

predicting mill power draft, the software is also helpful to reveal a visual animation of charge 
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motion at steady state and to determine the distribution of impact energy over a very wide range 

of energy level. 

In this research, the DEM software was used to predict the power draw of different 

diameter mills and to obtain steady-state charge motion as well. The power draw of the mill with 

different speeds was also predicted including mill charge motion. The DEM simulations were 

then performed to observe the effects of different lifters on mill power, charge motion, and the 

distribution of impact energy. The simulated results are eventually discussed in the following 

sections. 

4.2.1 Simulation of Different Diameter Mills 

The Millsoft software was used for predicting power draw and charge motion for different 

diameter mills with the same lifter shapes run at the same operating conditions. 50% ball load 

was selected according to the previous report that different diameter mills can draw maximum 

power around this load (Rowland, 2002). Power draw for small scale to large scale mills was 

then predicted using the DEM simulation.  

The results given in Figure 4.2 show that as mill diameter increases, simply mill power 

draw increases. In this case, power draw simulated in the range of the mill diameters is 

proportional to the diameter. Then, the predicted power draw for the bigger mill diameters at the 

same conditions also increases, but it does not always follow certain relationship with mill 

diameter. Nevertheless, the software would be helpful to predict the power draw of different 

diameter mills incorporating lifter shapes as well when the data of ore characterization is not 

available.  

The steady-state charge motion of different diameter mills was also simulated using the 

software. As shown in Figure 4.3, internal dynamics is apparently dissimilar from small to large 

mills. Increasing the mill diameter may cause the drop height of the cataracting balls and their 

impact velocity to increase. Compared to small mills, large mills demonstrate more cascading 
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motion. It seems that lifter bars in small mills relatively have more effect on the overall motion of 

the charge than in a large mill. 

 

 

Figure 4.2.Predicted Power draw for different diameter mills with the rectangular lifters at a mill 
speed of 60% CS and 50% mill charge. 

 

4.2.2 Simulation of Mill Speed 

The power draw of the 1-m mill with the rectangular lifters at different mill speeds was 

also predicted using the software. The simulation results are showed in Figure 4.4 that if the mill 

speed is increased, mill power will go to rise until it attains a maximum power around 90% CS. 

Increasing the mill speed alters the motion of the ball charge from less to more cataracting, 

leading to increased mill power. Then, at critical speed, the large centrifugal force produced 

tends to make most balls stick on the shell liner, resulting in decreased mill power.  
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a. 1 m b. 2 m 

 

 
 

c. 4 m d. 8 m 
Figure 4.3. The steady-state charge profiles of the mills with different diameters, the same lifter 
shapes and operating conditions: mill speed of 70% CS, 35% mill charge. 

 

 

Figure 4.4. Predicted power draw versus mill speeds at 60% mill speed and 50% mill load. 
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Figure 4.5 demonstrates the steady-state charge motion, which was simulated and 

selected from three different mill speeds. At 15% CS, almost all balls roll down to the toe of the 

mill. If the speed is then increased by 40%, most of the balls cascade down and only a few balls 

seem to go down freely from the shoulder. At higher speed, more balls behave in cataracting 

motion and they can be differentiated from cascading motion.  

4.2.3 Simulation of Lifter Shapes 

The DEM simulations were done to predict power draw, steady-state charge motion, and 

impact energy distribution of the 1-m mill with the different lifter shapes, the same lifter 

number/spacing (14), and operating conditions. Figure 4.6 shows that the mill with rectangular 

lifters requires a maximum power draw while the mill with triangular lifters does lower power 

draw. Compared with rectangular lifter, the balls sitting on low lifters cascade down and as 

result, the mill installed with Hi-Lo arrangement would draw less power. With a release angle of 

20o on the trapezoidal and even higher on the triangular, more balls would leave the lifters early 

and therefore, the required power to draw the mill gets decreased. It is obvious that the 1-m 

diameter mill with different lifters would have different power requirements.   

As it can be seen in Figure 4.7, a snapshot of the charge motion at steady state for the 

mill with rectangular lifters shows that lifters lift balls to higher shoulder around one o’clock 

position and thus, a number of balls are carried until twelve o’clock position and most likely to 

freely fly and go down either to the toe of charge or mill shell. Although the mill with trapezoidal 

lifters (a release angle of 20o) may lead balls to leave from shoulder position earlier, its charge 

profile appears to be almost similar to the one with high-low (Hi-Lo) configurations. It also 

seems that triangular lifters (higher angle of leading face) make the drop-height of the ball 

charge lower (Figure 4.7d) and hence, reduce impact action and power draw.  
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a. 15% CS b. 40% CS 

 
c. 70% CS 

 
Figure 4.5. The steady-state charge profiles of the 1-m mill with (4 x 4 cm) lifters, 35% ball load, 
at different mill speeds. 

 
 

 
 
Figure 4.6. Predicted power draw on the 1-m mill with different lifters at 60% CS speed and 50% 
mill load. 

0

1

2

3

4

5

6

Rectangular High-Low Trapezoidal Triangular

M
ill

 P
o

w
er

 D
ra

w
 (

kW
) 

Lifter shapes 



77 
 

 

  

a. Rectangular 
 

b. High-Low 

  
c. Trapezoidal (20o angles) d. Triangular 

 
Figure 4.7. Steady-state charge motion of the 1-m mill with different lifter shapes and at the 
same operating conditions: 60 % CS speed, 50% ball load. 

 
The Millsoft was also used to simulate the effects of the different lifters with the same 

lifter number/spacing (30) on power draw, steady-state charge motion, and impact energy 

distribution on the larger mill (4 m diameter) at the same operating conditions (70% CS speed 

and 35% mill load.) It is seen in Figure 4.8 that the large mill installed with rectangular lifters 

also draws a maximum power. The trapezoidal lifters with face angles of 20o may change the 

ball trajectory and thus, the mill draws a minimum power. The power draw of the mill with Hi-Lo 
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lifters is slightly higher than that of the triangular lifters. It should be noted that for the larger mill, 

different lifter profiles would also affect mill power.  

 
 

 
 
Figure 4.8.Predicted power draw on the 4-m mill with different lifters and at the same conditions: 
70% CS speed and 35% mill load. 

 
Figure 4.9 shows snapshots of the charge motion at steady state in the 4-m mill for the 

different lifters. The charge motion of rectangular lifters is almost similar to that of Hi-Lo lifters 

and a number of free-flying balls are observed for both rectangular and Hi-Lo lifters. Since balls 

in free flight could hit the mill shell, resulting in liner wear and lower energy efficiency, it should 

be avoided to operate the mill with so many free-flying balls from the rest of the charge. 

Compared with both rectangular and Hi-Lo lifters, trapezoidal lifters with release angles of 20o) 

allow balls to leave from shoulder position earlier and would minimize balls from hitting the mill 

shell. It is also seen in the mill that triangular lifters with higher face angle lower shoulder 

position of the ball charge and therefore, it may decreases impact action and mill power. 
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a. Rectangular 

 
b. High-Low 

  
c. Trapezoidal (face angles of 20o) d. Triangular 

Figure 4.9. Charge motion of the 4-m mill with different lifter shapes and at the same operating 
conditions: 70% CS speed, 35% ball load. 

To provide the impact energy distribution of both small and large mills fitted with different 

lifter shapes, the DEM simulation was conducted to show the power draw in terms of individual 

collisions with variable intensity. Figure 4.10 demonstrates a plot of the impact energy 

distribution on the 1-m mill fitted with the different lifters at the given conditions. The plot, which 

is usually observed in the mil, shows a wide range of impact level from lower to higher energy 

and varying intensity of each level as well. The simulation indicates that the mill fitted with the 

different lifters would generate different impact intensity, particularly in the range of higher 

impact energy level. 
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Figure 4.10. Impact energy distribution of the 1-m mill with different lifter shapes and at the 
same conditions: 60% CS speed and 50% mill load. 

The impact energy simulation of the 4-m mill installed with the different lifters at the 

given conditions is shown in Figure 4.11. The impact energy in the large mill also includes a 

broad range of impact level with varying intensity of each level. Generally, the number of impact 

energy observed in the large mill is greater than that in the small mill. Although the intensity of 

impact for the case of the 4-m mil is slightly different from lifter to lifter, considerable changes in 

lifter design are expected to affect impact intensity and hence, mill performance.  
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Figure 4.11. Impact energy distribution of the 4-m mill with different lifter shape at the same 
conditions: 70% CS speed and 35% mill load. 

 

Ideally, the impact energy applied needs to be the same as the required value to ensure 

the breakage occurs efficiently. Very large impact energy would generate excess energy that is 

wasted in the forms of generation of heat, plastic deformation, ball damage and liner wear. The 

distribution of impact energy that encompasses a very wide range of energy level is a typical of 

tumbling mills and become more interesting in understanding of energy utilization. Generally, 

the material fed to mills has a wide range of size distribution and might be variable in strength. It 

certainly requires a wide range of collision energy for breakage. The Excessive impacts of very 

high energy level would lead to low energy efficiency and also high liner wear and media 

breakage. On the other hand, the excessive impacts of lower energy level would result in 

lowered energy efficiency and increased fine product. 
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CHAPTER 5  MATERIALS AND METHODS 

 
The chapter describes details of materials and methods including simulation that were 

employed in this study. First of all, the experimental design that outlines the testing methods 

including important parameters of the lifters that were used to study their effects on overall mill 

performance is discussed and the next section provides details on the custom-built laboratory 

mill equipped with the load cell instrument, motor, variable speed drive and the lifter shapes as 

well. Then, the standard rock characterization tests that were carried out to determine rock-

specific parameters include the Bond ball mill standard test and SAG Mill Comminution Test 

(SMCT).The mill testing that utilized the load cell for force measurement is presented and also 

include the tests that were performed for the estimation of selection and breakage functions. 

The rest of the chapter focuses on the MillTraj software that was used to simulate the effects of 

lifter profiles and operating parameters on ball trajectory.  

5.1 Experimental Design 

In this study, the discrete element method (DEM) Millsoft was used to guide laboratory-

size mill and equipment specification, particularly for laboratory mill size, load cell and drive 

motor specification. The 1-m diameter x 0.5-m long batch mill that facilitates changeable lifters, 

was built and then utilized to study the effect of different lifter configurations on grinding mill 

efficiency and performance.  

The as-received aggregate of -19 mm (-3/4 inch) size was characterized for Bond’s Ball 

mill grindability test data, which represent the specific power required (kWh/t) to reduce the 

ore/rock from an infinite size to 80% passing size of around 100 m. The SAG mill comminution 

(SMC)Test was also done on the as-received aggregate to determine drop-weight index (DWi) 

and hence, the index was interpreted using the database by JK Tech. to predict the JK drop-
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weight parameters (A, b), which indicate rock/ore resistance to impact breakage, and the 

comminution specific-energy parameters as well. 

Newmont has provided some details regarding the mill operation and the current lifter-

liner configurations. The operating conditions chosen in Table 5.1, such as total mill charge, ball 

load, mill speed were based upon the optimization data conducted on the 36-ft SAG mill circuit 

at the Newmont Operation. 

The first lifter shape named as ‘Rail’ with a face angle of 20o, was used to observe the 

effect of the lifting/dropping angle facing mill rotation on mill performance. Secondly, the 

trapezoidal one with face angles of 20o, called as ‘High’ (Hi), was used to provide the release 

angles on both lifter faces. The third configuration of having different heights with face angles of 

20o, called as ‘High-Low’ (Hi-Lo), was expected to show the effect of different spacing-to-height 

ratios on mill performance. 

Table 5.1. Experimental conditions for studying the effect of lifter shapes on mill performance 
using the1-m diameter mill. 

Mill charge 
(%) 

Ball load 
(%) 

Rock load 
(%) 

Ball size (mm) Mill speed 
(CS = 42.30 rpm) 

25  10 15 63.5 (2.5 inch) 74 % CS (31.30 rpm) 

31  13  18 63.5 (2.5 inch) 70 % CS (29.61 rpm) 

 

Particle size analysis on the as-received aggregate using Gilson’s testing screen was 

done to prepare a blended mill charge. After grinding, the whole mill product was discharged 

and then subject to sampling by using chute splitter method to produce an appropriate amount 

of sample. The sample was also screened for particle size analysis to determine product size 

distribution (P80). 

The batch mill was operated at 70% and 74% of critical speed (CS = 42.3 rpm) and at 

total mill fillings of 25% (low charge) and 31 % (high charge).The power draw of each lifter at the 

given operating parameters was measured by a load cell over grinding time. The MillTraj 
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software was also specifically used to predict the motion of outermost of grinding media in terms 

of liner profile, lifter spacing, and mill speed as well. 

The single-size rock prepared from the as-received aggregate was used to estimate 

‘breakage function’ and ‘selection function’ at each lifter configuration and a mill speed of 70% 

CS in the laboratory mill. After grinding in the mill, the whole mill charge was discharged from 

the mill and then the ground rock was separated from grinding balls. Sampling from the whole 

ground rock was conducted using chute riffling method to obtain an appropriate amount of 

sample for estimating selection function from both the broken and unbroken single-size feed in 

the mill over grinding time, and also breakage function from mill product size analysis at a 

shorter grinding time. 

5.2 Equipment 

The actual arrangement of the batch mill with an internal diameter of 1 m and a length of 

0.5 m is shown in Figure 5.1. The mill is equipped with both feeding and discharging hatches on 

the front plate of the mill. The mill shell was drilled and can be used for mounting 16 sets of lifter 

bolts. The mill is mounted on the end of one shaft and the induction motor is installed to the 

other end. The variable Speed drive is attached on the back of mill platform and is wired to the 

motor. The equipment rating and size specified for building the batch mill are given in details in 

Table 5.2.  

The one end of the load cell mounted at the edge of gearbox while the other end is 

hooked up at the mill platform. The Interface load cell potentially has better sensitivity than a 

torque sensor and also better temperature capabilities. The rating specification of load cell 

compared with a toque sensor is given in Table 5.3. Electric resistance metal foil strain gages 

bonded to an elastic flexure element are used for building the Interface load cells. Because of 

electron motion on the order of 10-9 volts (1 nano-volt), the continuous resolution of the load cell 

with a passive analog device is limited by noise; therefore, resolution is more dependent on the 
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type and quality of the electronic instrumentation than the load cell itself.The data logger model 

9860 used to collect force readings is capable of interfacing directly to a low level strain gage 

load cell transducer and provides a calibration feature. 

 

 

 

 

Figure 5.1. The arrangement of the batch mill equipped with the induction motor, the variable 
speed drive and the load cell for measuring actual force. 

 

Motor 

Load Cell 

Variable Speed Drive 
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Table 5.2. The equipment size/rating and specification used for the batch mill. 

No. Equipment Size/Rating and Specification Manufacturers 

1 Batch mill 

1 m Diameter x 0.5 m long 
42.30 rpm Critical speed 
16lifter rows with spacing of 0.155 m 
16 sets of lifter bolts 
63.5 mm (2.5 inch) ball size 
 

Concept design & 
engineering by KIEM-the 
School of Mines, Tetra 
Tech., Newmont Mining. 
Detailed Engineering and 
mill fabrication by Springs 
Fabrication Inc. 

3 Motor 

3 phase induction motor, 10 HP (7.5 kw), 
1745 rpm 
230/460 volts, 23.4/11.7 amps, 60 Hz 
NEMA Nom. Efficiency: 89.5 
NEMA Min. Efficiency: 87.5 

TECO Westinghouse 
Motor Company 

4 
AC Variable 
Speed Drive 

IP20 & IP66 (NEMA 4X), 1 or 3 phase 
0.37-11kW, 110-480 V 
Minimum frequency/speed limit: 0 
maximum Frequency/speed limit: 500 Hz 
Default: 60.0 rpm 

Invertek Drives 

5 Load Cell 

Model: SSM-AJ-2000 
Maximum capacity: 2000 lbf (10 kN) 
Output, Tension: 3.21567 mV/V 
Bridge resistance: 350 Ohm (Nominal) 
Excitation voltage: 15 VDC Max. 
Insulation resistance: > 5000 Megohm 

Interface Inc. 

6 
Model 9860 
Data logger 

Excitation voltage: 5 or 10 VDC 
Current: 60,120 mA 
Maximum display counts : ± 99,999 
Internal resolution: 16 bit (± 32,768 
counts) 
Full scale accuracy: ±0.01% FS±1digit 

Interface Inc 

 
 
Table 5.3. Comparison of the load cell with a torque sensor. 

No. Attribute  Load Cell Torque Sensor 

1 Nonlinearity +/- 0.05 % FS +/- 0.1 % RO 

2 Hysteresis +/- 0.03 % FS +/- 0.1 % RO 

3 Non repeatability +/- 0.02 % RO +/- 0.1 % RO 

4 Compensated Range 0 to 150 F 50 to 140 F 

5 Operating Range -65 to 200 F 32 to 158 F 

6 Effect on Zero +/- 0.0015 % RO/F +/- 0.003 % RO/F 

7 Safe Overload 150 % CAP 150% CAP 

 Note: FS = Full Scale, RO = Rated Output 
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The three different lifters used in these trials are shown in Figure 5.2 and their details on 

dimension are given in Table 5.4.The mill shell itself has 16 lifter rows The Rail lifter has the 

only one release angle of 20o (Figure 5.2a), face angles of 20o for both sides of the High (Hi) 

lifter (Figure 5.2b), and the high and low lifters with the same face angles of 20o were alternately 

installed to demonstrate the High-Low (Hi-Lo) configuration (Figure 5.2c).  

 

  
a. Rail b. High (Hi) 

 
c. High-Low (Hi-Lo) 

Figure 5.2. The three lifter configurations: a) Rail, b) High (Hi), and c) High-Low (Hi-Lo) lifters. 
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Table 5.4. The dimensions of the three different lifters. 

No. Lifter Shapes 
Height 
(mm) 

Top width 
(mm) 

Bottom width 
(mm) 

Face angle 

1 Rail 60 18 40 20o 

2 High (Hi) 60 16 60 20o 

3 Low (Lo) 50 24 60 20o 

 

5.3 Rock Preparation and Characterizations 

Aggregate was used this study. Bond’s ball mill standard test was done to establish 

Bond’s Ball mill grindability data (kWh/t) on the as-received aggregate. SAG Mill Comminution 

(SMC) test was also conducted to determine the strength index (DWi). The tests are described 

in details in the following sections. 

5.3.1 Bond Ball Mill Standard Test 

Bond ball mil test for determining the ball mill work index is performed in a 305 mm 

diameter x 305 mm long test mill under standard conditions. The mill is equipped with smooth 

lining having rounded corners and no lifters. The ball charge consisting of a specified number of 

steel balls weighing about 20.1 kg and with different diameters is given in Table 5.5. The mil is 

rotated at a speed of 70 rpm. 

 

Table 5.5. Specified steel balls used in Bond ball mill standard test. 

No. 
Steel balls 

Total weight (kg) 
Diameters, cm (inch) Number 

1 3.7 (1.75) 43 9.094 

2 3.0 (1.17) 67 7.444 

3 2.5 (1) 10 0.694 

4 1.9 (0.75) 71 2.078 
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No. 
Steel balls 

Total weight (kg) 
Diameters, cm (inch) Number 

5 1.55 (0.61) 94 0.815 

  285 20.125 (50.3lbs) 

 

The test procedure in details is described in the following steps: 

 Measuring the weight of starting sample and determining the particle size distribution and 

percent undersize of the sample: 

1. Dry material is stage-crushed to produce 100% passing of 6-mesh (3.35 mm) feed size. 

2. Determine the packed bulk density of the feed using a 1000 mL container.  

3. Calculate the weight of feed which would occupy 700 mL, based upon the packed bulk 

density.  

4. Calculate the ideal period product (IPP) by assuming a 250% circulating load for ball mill 

tests. The mass of circulating material is defined as 2.5 times the new feed to the closed 

circuit or the screen undersize, at steady state. If the mass of new feed assumed to be 1 

and the mass of the circulating load is 2.5, then the mass being ground in the mill is 3.5. 

 

5.3

mL 700 ofweight 
IPP  (5.1) 

 

5. Screen each feed charge using a series of sieve ranging from 8 mesh to the desired 

mesh product size (usually 150 mesh) for 20 minutes on Ro-Tap shaker.  

6. If the feed sieve analysis for ball mills shows that more than 28is finer than the test 

screen size, assign zero as the number of revolutions for the first period and to the net 

grams per revolution for the first period; screen out the undersize from the feed charge 

and bring the total feed charge weight for the next period up to the desired weight by the 

addition of representative new feed. 
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 Running the mill and determining mill revolution 

7. The mill is generally run at mill revolutions ranging from 50 (coarse test screen sizes) to 

100 or more (fine test screen sizes) for material with average hardness. 

8. Load the feed charge into the mill and secure the cover and then the mill is run at speed 

of 70 rpm. 

9. At the end of the test, remove the cover and dump the charge onto a heavy duty 3/8” 

screen or grizzly to separate the balls from the ore.  

 Determining mill product 

10. Split the mill discharge into 3-4 samples and screen each using the 150 mesh screen for 

20 minutes on the Ro-Tap shaker. 

11. Weigh and record the total screen oversize. 

12. Calculate and record the weight of test undersize (product).  As a check weigh the 

undersize as well. 

13. Calculate the amount of product size material which was present in the mill feed based 

upon the sieve analysis of step 5 and the amount of new feed present in the mill charge 

at the beginning of the period. 

14. Calculate the net grams of product which is the weight of product, step 12 minus the 

weight of product size material which had been present in the mill feed, step 13. 

15. Determine the net gram produced per revolution by dividing the net grams of product by 

the number of revolutions in the cycle. 

 Beginning the next cycle and completing the test 

16. Add a representative amount of new -6 mesh feed with the same weight as undersize 

product to the test screen oversize to bring the combined mass up to the mill charge 

calculated in step 3. 
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17. Calculate the amount of product size material present in the added mill feed based on 

the feed sieve analysis (step 5). Note that this value can be entered for the next period 

as was required in step 12. 

18. Calculate the weight which should be ground in the next period in order to attain the 

desired circulating load.  This amount is the ideal period product (IPP) (step 4) minus the 

amount of product size present in the mill feed (step 17). 

19. Calculate the number of revolutions for the next period.  This is the amount of material 

which should be ground (step 18) divided by the net grams ground per revolution of the 

preceding period (step 15). 

20. Return the combined circulating load and new feed to the mill and run in the same 

manner as prescribed in step 7 through step 20.  At least five periods of grinding are to 

be accomplished. 

21. It is expected that the net grams per revolution should approach an equilibrium value.  A 

plot of net grams per revolution vs. period number should show a trend upward or 

downward, and finally, on the fifth or later period, a reversal.  If no reversal is present, 

continue the test until no significant change occurs in the net grams per revolution. 

22. Average the data of the last two, or the last three, or, in very few instances, the last four 

periods, and calculate the corresponding percentage circulating load and net grams per 

revolution.  Depending on which number of last periods has a circulating load value 

closest to the desired percentage and which number of last periods yields a net grams 

per revolution value closest to the plotted equilibrium value. The number of periods to be 

averaged is selected for calculating the average net grams per revolution(Gbp). 

 Determining Bond’s work index 

23. From the sieve analysis techniques, determine the size distribution of the test mesh 

undersize (product) and oversize (circulating load). 
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24. Plot the size distributions obtained in steps 5 and 23 and determine the 80% passing 

sizes.   

25. The laboratory Bond work index (W i,Test) is calculated from Equation 2.7: 
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(2.7) 

 

Where A = test-sieve size in m, Gbp = mass of undersize per mill revolution (g/rev), 

P80 = 80% passing size of circuit product, and F80 = 80% passing size of the feed. 

 

The results of the Bond ball mill test at four different test-sieve sizes are given in Table 

5.6. Operating work index calculated using Equation 2.11 was compared with the Bond work 

index with efficiency factor to obtain relative operating efficiency at each lifter configuration. In 

this study, the diameter efficiency factor (EF3) is applicable for the work index and since the 

product sizes are in the range of 6-9 mm, the oversized feed factor does not apply. Using the 

base mill diameter of 2.44 m (8 ft) inside liners, the following equation was used for the 

calculation of the diameter efficiency factor (Rowland 2002): 

 

2.0

3

44.2










D
EF  (5.2) 

 

Where D is the mill diameter inside liners in meters. 

The diameter efficiency factor calculated for 1-m laboratory mill is 1.20 and, therefore, 

the corrected work index is obtained with multiplying the test work index by the product of the 

diameter efficiency factor shown in Table 5.6. 
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Table 5.6. The test work index and the corrected one on aggregate. 

No. Test-sieve size Wi,test (kWh/t) The Corrected Wi 
(kWh/t) 

1 75 
16.23 19.48 

2 90 
14.12 16.95 

3 106 
12.65 15.18 

4 150 
11.82 14.18 

 
 

5.3.2 The SAG Mill Comminution (SMC) Test 

The two methods that can be used for preparing the particle sets for breakage testing 

are the ‘particle selection method’ and the ‘cut core method’. Since it is usually less time 

consuming, particle selection method is most commonly used. When encountering limited 

samples the cut core method is most likely used as a fallback method.  

In this study, the particle selection method was used in the aggregate preparation for the 

SMC Test. The sample preparation that is suitable for the SMC Test was performed at the 

Newmont Mining Laboratory. The as-received aggregate was first crushed into the SMC test 

prescribed size fraction, which is then subject to JK drop-weight testing. The following steps are 

generally used to conduct the SMC Test: 

 The test can be carried out on material in one of three alternative size fractions: -

31.5+26.5 mm, -22.4+19 mm or -16+12.4 mm. The largest size fraction is preferred but it 

requires more material. The most commonly used size is the middle size fraction. In this 

research, as the size of the as-received aggregate is less than 19 mm (3/4 inch), the 

size fraction of 16+13.2 mm was used.    

 Five sets of 20 particles were prepared and particles were chosen so that their individual 

masses lie within ±30% of the target mass and the mean mass for each set of 20 lies 

within±10% of the target mass. The prescribed target of average volume for the particles 
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is required in the test and the target being chosen has to be equal to the mean volume of 

particles in one of the standard drop-weight test size fractions. 

 Before commencing breakage tests on the particles, the ore density was determined by 

first weighing a representative sample of particles in air and then in water. 

 Following sample preparation, each set was then broken at a different specific energy 

level using a JK drop-weight tester. The rest height of the drop-head (gap) is also 

recorded after breakage of each particle to allow for a correction to the drop energy.  

 After breaking all 20 particles in a set, the broken product is sieved at the aperture size, 

one tenth of the original particle size. Therefore, the percent passing mass gives a direct 

reading of the t10 value for breakage at that energy level. 

 

Table 5.7. The drop-weight test results on aggregate. 

Test 1 Test 2 

Ecs (kWh/t) t10 Ecs(kWh/t) t10 

0.26 13.28 0.26 16.29 

0.51 23.20 0.51 23.43 

1.02 44.40 1.01 40.52 

2.52 72.85 2.52 79.07 

3.50 78.45 3.51 76.61 

 

Table 5.8. The results of SMC testing on aggregate analyzed and interpreted by JK Tech. 

Sample 
Designation 

DWi 
(kWh/m3) 

Mi parameters (kWh/t) 
A b ta 

Mia Mih Mic 

Test 1 3.52 11.8 7.7 4.0 88.9 0.85 0.74 

Test 2 3.40 11.5 7.4 3.8 89.5 0.87 0.76 

Note: DWi is drop-weight index, Mia is the coarse work index, Mih is the HPGR work index, Mic 
is conventional crusher work index, and (A, b) and ta are impact and abrasion parameters 
respectively. 
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In this study, two tests were carried out on aggregate and the t10values at five specific 

energy levels (Ecs) are given in Table 5.7. These results were then sent to JK Tech. for data 

analysis and interpretation using the SMCT databases. The results of SMC Test received from 

JK Tech for test 1 and test 2are presented in Table 5.8. Table 5.9 shows the value of A*b and 

also the values of t10 at an Ecs of 1 kWh/t, which was calculated using Equation 2.20. 

 
Table 5.9. Calculated values for A*b and t10 at 1kWh/t. 

Sample 
Designation 

A*b t10 @ 1kWh/t 

Value Category Value Category 

Test 1 75.6 Soft 50.9 Soft 

Test 2 77.9 soft 52.0 soft 

Average 76.7  51.5  

 
 
 

5.4 Mill Testing 

Generally, the mill testing starts with preparing mill charge and then the steel balls and 

rock is loaded into the mill. The mill is run at the given operating parameters and each lifter 

shape for 15 minutes and the force readings is measured using the load cell. After grinding, the 

mill is discharged for sampling and product size analysis. The following sections will give a 

description on mill charge preparation, force measurement, and sampling procedure. 

5.4.1 Mill Charge Preparation and Loading 

The appropriate sample mass of about 27 kg was taken from three different drums of the 

-3/4-inch as-received aggregate. The sample mass was determined based on the top size of the 

aggregate using the safe sampling line. Then, they were screened using 4 Gilson’s tray screens 

(3/4”, 1/2”, 3/8”, 4 mesh) for size analysis ranging from -22.23 to +4.76 mm (-7/8 +0.19 inch). 

The results were analyzed to determine the aggregate size distribution and 80 % passing size 
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(F80).The as-received aggregate was also screened to produce four different single-size 

samples: -7/8”+3/4”, -3/4”+1/2”, -1/2”+3/8”, -3/8”+4 mesh; the fine fraction was discarded.  

 

 

Figure 5.3. Particle size analysis carried out on three samples (S) from different drums. 

 

The results of particle size analysis conducted on as-received aggregate are shown in 

Figure 5.3 and it was estimated that 80% passing size is about 15.55 mm. In this study, based 

on the aggregate size analysis, the single-sizes were blended to have mill feed size distribution. 

The feed size distribution for low mill filling (25%) is given in Table 5.10 and for high filling (31%) 

is in Table 5.11. The 80% passing sizes of mill for low and high mill charges are about 16.30 

and 15.57 mm respectively.   

The experimental conditions for the three different lifter configurations are provided in 

details in Table 5.12. The percent of mill volume occupied by the charged material is a function 

of the bulk volume of the rock and balls (Gupta and Yan 2006). Therefore, the percent of the mill 

volume occupied by rock, VR, can be estimated by: 

1

10

100

5 50

C
u

m
. 
W

t.
 %

 P
a

s
s

in
g

 

Particle Size (mm) 

S1

S2

S3



97 
 

 

100 x 
eMill volum

oreVolume of 
VR   (5.3) 

 

And similarly, the percent of mill volume occupied by the grinding media (balls), VB, is given by: 

 

 

100 x 
 

eMill volum

ballssteelVolume of 
VB   (5.4) 

 

In this study, the density of aggregate used to estimate the mass of aggregate is 2,700 kg/m3 

and 7,830 kg/m3 for the mass of steel ball.  

 

Table 5.10. Feed size distribution chosen for high mill charge (31%). 

Screen Size Particle Size Distribution 

 
(mm) Weight (kg) Ind. % Cum. %  

7/8" 22.23 0.00 0.00 100.00 

3/4" 19.05 8.34 4.37 95.63 

1/2" 12.7 69.50 36.42 59.21 

3/8" 9.53 59.83 31.35 27.86 

4 # 4.76 53.18 27.86 0.00 

 

Table 5.11. Feed size distribution chosen for low mill charge (25%). 

Screen Size Particle Size Distribution 

 
(mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.7 77.00 50.00 50.00 

3/8" 9.53 46.20 30.00 20.00 

4 # 4.76 30.80 20.00 0.00 

 

Depending on mill charges shown in Table 5.12, single-sizes were weighed and then 

blended based on their size distributions shown on Table 5.10 and 5.11. The steel balls were 

first loaded into the mill through the upper front hatch and then blended rocks were mixed with 
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the balls to provide the total mill charges. The whole product was unloaded through the lower 

front hatch. 

 
Table 5.12. Experimental conditions used for measuring power draw at each lifter configuration. 

Mill charge 

(%) 
Ball load (%) 

Rock load 
(%) 

Feed Size, 
F80, (mm) 

Ball size (mm) 
Mill speed 

CS = 42.3 rpm 

31 (590.85 kg) 13 (400 kg) 18 (190.85kg) 15.57 63.5 (2.5 inch) 
70 % CS 

(29.61rpm) 

25 (466.53 kg) 10 (307.48 kg) 15 (159.04 kg) 16.30 63.5 (2.5 inch) 
74 % CS 

(31.30 rpm) 

 

5.4.2 Load Cell Measurement 

At the given operating conditions as shown in Table 5.12and for each lifter configuration, 

the mill was run for 15 minutes and the force readings were measured using the load cell and 

the data logger was used to collect the readings over grinding time. Because there is a natural 

fluctuation in the readings on the digital display, the records of instantaneous readings observed 

over grinding time were averaged by using moving average method. The mill power draw is 

then calculated from the force readings using the following equation: 
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 (5.5) 

 

Where, P is power draw in watt, F is force readings from the load cell, d is the distance between 

the load cell and the center of the mill shaft in meters, and N is mill rotation speed in rotation per 

second. 

Even though the mill testing was carried out in the batch scale, Equations 2.11 and 2.17 

could be utilized to relatively determine the operating work index at each lifter, which was 

calculated from the measured power draw of each lifter along with 80% passing sizes of feed 

and product. 
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5.4.3 Sampling 

After grinding for 15 minutes the whole mill charge was discharged through the lower 

front hatch into a hopper/bin facilitated with removable heavy duty screen for easier separation 

of the balls from the ground rock. Sampling by chute riffling method from the whole ground rock 

was conducted using the Gilson chute splitter to obtain an appropriate sample mass of about 15 

kg for particle size analysis. The splitter was also used to obtain an appropriate amount of 

sample for determining breakage and selection functions.  

5.5 Determination of the Breakage and Selection Functions 

The following sections will describe procedures for estimating ‘breakage function’ and 

‘selection function’ at each lifter configuration. The first section provides two methods used for 

the estimation of breakage function on the aggregate and the second one focuses on the 

procedure for the estimation of selection function in the laboratory mill.  

5.5.1 Breakage function 

In using BII/Austin and Luckie Method, it is needed to ensure that the sized product is no 

more than about 30 % of the top size mass is broken. It indicated that at the 1-minute grinding 

time, the top size mass broken is less than 30%. The following steps are usually used for the 

estimation of breakage function on aggregate in the laboratory mill. 

 At the given operating condition (see Table 5.13) and each lifter shape, a single-size rock of 

-19+12.7 mm (-3/4+1/2 inch) is fed to the mill and run for 1-minute grinding time. 

Table 5.13. Experimental conditions used for the estimation of breakage function at each lifter 
configuration. 

Mill charge (%) Ball load (%) 
-3/4+1/2 inch 

rock (%) 
Ball size (mm) 

Mill speed 
CS = 42.3 rpm 

25 (466.53 kg) 10 (307.48 kg) 15 (159.04 kg) 63.5 (2.5 inch) 70 %(29.61 rpm) 
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 The mill was stopped and then, the whole mill product was unloaded for sampling for 

particle size analysis.  

 The appropriate sample mass of about 15 kg was obtained from sampling and then were 

measured for both unbroken and broken fractions by sieving with a set of the Gilson tray 

screens from 12.7 mm (1/2 inch) to 0.425 mm (40 mesh). The set of 6 tray screens was then 

vibrated using the Gilson testing shaker. 

 From the results of particle size analysis at 1-minute grinding time, the breakage distribution 

function is calculated from Equation 2.34: 
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Where Bi,1 = cumulative mass fraction of particles passing the top size of interval i from 

breakage of particles of size 1; Pi(0) = cumulative mass fraction less than size di at time 0; 

Pi(t) = cumulative mass fraction less than size di at time t.  

Examples of particle size distribution and the corresponding breakage function 

calculated using Equation 2.34 after the mill with Rail lifter run at the given operating conditions 

(Table 5.13) for 1 minute are shown in Table 5.14 and 5.15 respectively. 

Table 5.14. Particle size distribution after1-minute grinding time. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 7.30 73.07 26.93 

3/8" 9.53 1.15 11.51 15.42 

4 # 4.76 0.80 8.01 7.41 

8# 2.38 0.20 2.00 5.41 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

16# 1.19 0.10 1.00 4.40 

40# 0.43 0.20 2.00 2.40 

Pan -0.43 0.24 2.40 0.00 

Finish (kg) 
 

9.99   

Start (kg) 
 

10.00   

Loss (%) 
 

0.10   

 
 
 
Table 5.15. The breakage function calculated using BII method from the corresponding particle 
size distribution. 

Interval 
Passing size, 

mm 

Retained 

size, mm 

% Feed 

retained 
Breakage Function 

    Bi,1 bi,1 

1 19 (3/4”) 12.7 73.07 1 0.00 

2 12.7 (1/2”) 9.53 11.51 1 0.45 

3 9.53 (3/8”) 4.76 8.01 0.55 0.30 

4 4.76 (4 mesh) 2.38 2.00 0.25 0.07 

5 2.38 (8 mesh) 1.19 1.00 0.18 0.03 

6 1.19 (16 mesh) 0.425 2.00 0.15 0.07 

7 0.425 (40 mesh) -0.425 2.40 0.08 0.08 

 

Note:  

 The first term B1,1 is equal to 1 (by definition). B2,1 is also equal to 1 as particles broken 
from size interval 1 must be less than the top size of interval 2 (which is the bottom size 
of interval 1). 

 P2(0) is the fraction of material before grinding (screening only) and should be small. All 
other values of Pi(0) should be zero.  

 P2(t) 

 The retained form of breakage function, bi,j is calculated by: bi,1 = Bi,1 – Bi+1,1 

 

The breakage function can also be calculated from the results of JK drop-weight tests. A 

plot of the breakage index t10 (fraction or %) against tn (fraction or % passing 1/nth of the parent 

size) indicates the material breakage function as shown by the following: 
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Where  = a material specific parameter (0.75), tn = is the cumulative mass % passing a size Y 

(geometric mean of the parent size = 15.53 mm), and n is determined from the ratio of Y/x in 

which x is size interval. The t10 is calculated using Equation 2.20. 
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  (2.20) 

 

Where t10 is the percent passing 1/10th of the initial mean particle size, Esc is specific 

comminution energy, and the impact breakage parameters of A and b, which were obtained 

from SMC Test, are given in Table 5.8 and the calculated t10 is shown in Table 5.9.Therefore, 

the breakage function that was calculated using Equation 2.35 is shown in Table 5.16. 

 

Table 5.16. Estimation of the breakage function from the JK drop-weight results. 

Interval 
Passing Size Size, x 

(mm) 

Breakage Function 

 
(mm) n= Y/x (9/(n-1))α tn bi,1 

1 3/4" 19.05 19.05         

2 1/2" 12.70 12.7 1.22 15.92 1.00 0.00 

3 3/8" 9.53 9.53 1.63 7.33 0.99 0.01 

4 4 # 4.76 4.76 3.27 2.81 0.87 0.13 

5 8# 2.38 2.38 6.54 1.44 0.65 0.22 

6 16# 1.19 1.19 13.07 0.80 0.44 0.21 

7 40# 0.43 0.43 36.60 0.36 0.23 0.21 

  Pan -0.43 0.21 73.37 0.21 0.14 0.09 



103 
 

5.5.2 Selection function 

The same experimental conditions as given in Table 5.13 were used for the estimation of 

selection function over 15-minute grinding time at each lifter configuration. The following steps 

are commonly used for estimating selection function in the laboratory mill: 

 At the given operating conditions and each lifter shape, a single-size rock of -19+12.7 mm (-

3/4+1/2 inch) is fed to the mill and firstly run for 1-minute grinding time. 

 The mill was stopped and then, the whole mill product was unloaded for sampling for 

particle size analysis.  

 The appropriate sample mass of about 15 kg was obtained from sampling and then, they 

were measured for both unbroken and broken fractions by sieving with a set of the Gilson 

tray screens from 12.7 mm (1/2 inch) to 0.425 mm (40 mesh). The set of 6 tray screens was 

then vibrated using the Gilson testing shaker. 

 Then, at the same experimental conditions as given in Table 5.13, the mill was run again for 

the other times: 4, 8, 11, and 15 minutes 

 The corresponding force readings over 15-minute time were also measured using the load 

cell. 

 Sampling and product size analysis were repeated as described previously to obtain the 

mass fraction of both broken and unbroken rock at each time interval. 

 The total mass of both unbroken and broken rockover grinding time in the mill can be 

estimated from the total rock charge in the mill and their contents in the samples; therefore, 

mass fraction of feed size remaining after each grind time (mi(t)) can be determined 

 Since the total mass was assumed being constant in a batch mill and if Si is independent of 

time, Equation 2.31 can be used to determine breakage rate by plotting semi-log of the 

fraction of feed material remaining in the top size interval versus grinding time. 
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To study the effect of mill speed on final grind size and also power draw, mill tests run 

for 15 minutes at the other speeds shown in Table 5.17 were also conducted. The final grind 

products and power draw were then compared with those at 70% CS speed. 

 

Table 5.17. Experimental conditions of mill tests for the other speeds and the different lifters. 

Mill charge (%) Ball load (%) 
-3/4+1/2 inch 

load (%) 
Ball size 

(mm) 
Mill speed 

CS = 42.3 rpm 

25 (466.53 kg) 10 (307.48 kg) 15 (159.04 kg) 63.5 (2.5 inch) 74 %(31.30 rpm) 

25 (466.53 kg) 10 (307.48 kg) 15 (159.04 kg) 63.5 (2.5 inch) 80 %(33.84 rpm) 

 

5.6 MillTraj Simulation 

The MillTraj software has been developed based on the analytical solution of the physics 

of motion of particles and the academic version used in this study was provided by the Liner 

Design Services (LDS). The software offers a fundamental guideline to produce efficient mill 

liners and can be utilized to predict the motion of the outermost grinding media in a rotary mill 

with respect to the design of the lining, ball charge, and mill speed. It has widely been used for 

attempting to find the correct design of liner profile.  

The software has the following features: it has a simple windows interface and drop-

down menus and fixed liner selections for manufacturers or fully user-selectable liner designs; it 

can select and show a number of liner designs simultaneously for direct comparison of different 

designs of a liner during life service; graphic output of the media trajectories and dynamic 

graphical output of trajectories; table of key design information and key data for liner selection, 

such as favorable heights for given liner spacing; easy interpretation of the output data. 

The software was used in this study to simulate the effect of lifter profiles on ball 

trajectory and it was expected that the chosen lifter profiles could prevent grinding balls from 

hitting the mill liner at the given experimental conditions. Since the mill speed greatly affect the 
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trajectory, therefore, the appropriate mill speeds can be selected to fit the liner profile or vice-

versa. It was also utilized to help establish the desired operating baseline of grinding mills and 

the final liner profile can be selected accordingly. 
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CHAPTER 6  RESULTS AND DISCUSSION 

  

The results of experiments and simulations that were provided in details in Chapter 5 are 

presented and discussed in this chapter. The first part of the chapter begins with discussing 

outcomes on how the different lifter configurations affect the mill power draw, product size 

distributions, and operating work index, including outer charge trajectories. The next part covers 

breakage distribution functions on aggregate and also effect of different lifters on breakage 

rates, as well as corresponding size distributions of mill product. Further, it also includes the 

discussion of the results associated with mill power profiles during ore breakage and product 

size distributions in response to the different lifters and mill speeds. The last part focuses on 

using outer charge trajectory for selecting liner profiles. 

6.1 Effect of the Different Lifters on Mill Performance 

In this section, the results of force measurements and operating work index, including 

product size distributions are firstly discussed in terms of the different lifters, mill speed, and 

loading. The end of the section covers the simulation results on influence of different lifters and 

mill speed on the outermost charge trajectories. 

6.1.1 Mill Power Draw 

Mill testing was done to measure load cell force of the 1-meter mill installed with the 

three lifter configurations at the two operating conditions as given in Table 5.12. Aggregate size 

distribution that was used for high and low mill charges is given in Tables 5.10 and 5.11. The 

results of measured force readings over 15-minute grinding time are given in Appendix A. It is 

obviously seen that the recorded readings on the data logger from all tests typically demonstrate 

a very large fluctuation and are most likely scattered around the average. Therefore, the 
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instantaneous force readings were moving-averaged over the grinding time in order to smooth 

them out. 

Figure 6.1 shows the moving-averaged force readings taken from three tests that was 

conducted on Hi-Lo lifter with high mill load (31%) and 70 % speed. The average readings of all 

tests go to rise with slight fluctuations and pass through peaks around 8 minutes. Then, the 

readings for test 1 decrease for the rest of time. The readings of tests 2 and 3 also drop off for 

short time and eventually, they seem to slightly fluctuate around constant values. 

 

 
 

Figure 6.1. The average force readings with time on Hi-Lo lifter, 31% charge: 13% ball & 18% 
rock; 29.61 rpm (70% CS). 

 
The moving-averaged force readings taken from three tests that were performed on Hi 

lifter with the same conditions as those on Hi-Lo lifter are shown in Figure 6.2. Although, the 

average readings of all tests show their slight fluctuations, their reading profiles also increase up 

to about 8 minutes. Then, the reading patterns for tests 1 and 3 decrease for the rest of grinding 
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time. The average profile of test 2 shows higher drop after 8 minutes and then remain relatively 

fluctuated around constant value. 

 

 
 
Figure 6.2. The average force readings with time on Hi lifter, 31% charge: 13% ball & 18% rock; 
29.61 rpm (70% CS). 

 
Three tests were also carried on Rail lifter with the same conditions as those on the 

other lifters. The results of the moving-average force readings taken from all tests are shown in 

Figure 6.3. The average readings of all the tests at first go up until about 8-minute grinding time 

and then, for test 1, even there is slight fluctuation as it progresses , but the readings certainly 

decrease for the rest of time. Shortly after the readings of tests 2 and 3 drop off rapidly, their 

readings tend to nearly level off with slight scatter observed for the rest of the time.  

To evaluate the error bars of load cell readings on each lifter, the moving-averaged force 

readings over 15 minutes were averaged for each test. The error bars were calculated from 

standard deviation of each test. The results of error bars determined from all tests are given in 

Table 6.1 and the average readings obtained from the different lifters have error ranges of ± 5%. 
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In this study, the average force readings of the different lifter configurations were used to 

calculate the average mill power required to draw the mill using Equation 5.5. Therefore, it can 

then be used to compare mill power draw of the different lifters. 

 

 
 

Figure 6.3. The average force readings with time on Rail lifter, 31% charge: 13% ball & 18% 
rock; 29.61 rpm (70% CS). 

Table 6.1. The calculated error bars of load cell readings for the different lifters. 

Mill Tests Average Force (N) Standard Deviation % Error Bars 

Rail Lifter 

Test 1 4280.54 167.13 3.904 

Test 2 4253.97 182.34 4.286 

Test 3 4201.47 220.02 5.237 

Average  4245.33 189.83 4.48 

Hi Lifter 

Test 1 4183.04 221.23 5.29 

Test 2 4231.83 199.68 4.72 

Test 3 4275.36 190.15 4.45 

Average  4230.08 203.69 4.82 

Hi-Lo Lifter 

Test 1 4199.00 166.52 3.97 

Test 2 4246.58 226.10 5.32 

Test 3 4200.55 206.43 4.91 

Average 4215.38 199.68 4.73 
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It is well-known that mill loading strongly affects the power draw of a mill. In this study, it 

should be noted that the total mill charges remains unchanged over the milling time, but as the 

tests progress, the size distribution of charge would change. The overall results of all mill tests 

that were measured using the load cell for the different lifter configurations, shows that the 

measured force over grinding time firstly increases up to about 8 minutes and further, it would 

decrease for the rest of grinding time.  

The profiles of mill power over milling time, which were observed based on power 

measurements using a torque sensor in a wet batch mill, also depend on mill feed, grinding aid, 

and the production of material as well (Fuerstenau et al., 1990; Kapur et al., 1988). The power 

draw of the mill, which was measured in a wet batch mill with different lifter types, decreases 

exponentially over the milling time and this drastic drop is most likely caused by the over-filling 

of the charge with slurry and hence, the slurry viscosity may affect the power draw. In other 

words, the power draw of a mill changes significantly as a function of the mass of rock 

remaining or grinding media in a mill (Powell & Vermeulen, 1994).  

Furthermore, the results of the moving-averaged force readings taken from all mill tests 

that were also conducted using the different lifters with low mill load (25%) and at 74 % mill 

speed are provided in Figure 6.4. The average readings of the different lifters initially increase to 

lesser extent up to about 4 minutes and then, the force readings of the Rail and Hi slightly 

decrease for the rest of time; however, the readings of Hi-Lo lifter decrease for about 6 minute 

and finally, it tend to level off with slight fluctuations. More important to note here that with the 

different mill load, size distribution of rock, and mill speed, the force measurements demonstrate 

different patterns from those observed in Figures 6.1-6.3. As the mill product becomes finer and 

also the central gravity of total mill charge would change over the milling time and the decrease 

takes place at shorter time. 

The average power draw of the mill with the high load and 70% mill speed for the 

different lifters is presented in Figure 6.5. It appears that the mill power differs slightly for the 
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different lifter configurations with the same face angles of 20o. The mill with rail lifter would 

relatively require higher power and with the Hi-Lo lifter it does lower power. Even the Hi lifter 

has the same lifting angles as the Hi-Lo lifter, the use of alternate high and low lifters would 

markedly affect the internal dynamic of charge in the mill, resulting a slight changes in the mill 

power draw. 

 

 

 
 
 
Figure 6.4. The average force of the mill vs. time, 25% charge: 10% ball & 15% rock; 74% CS. 

 

Figure 6.6 shows the average power draw of a mill with the calculated mill load of 25% 

and at 74% speed for the different lifters with 20o face angle. Obviously, the power draw of the 

mill with the different lifters also shows a slight difference. The mill with rail lifter would draw 

higher power and the Hi lifter does lower mill power. Compared with Hi lifter, the Rail and Hi-Lo 
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configurations draw higher power at higher speed. It is believed that the mill with Hi lifter would 

produce more flying balls, so that the mill draws a minimum power. 

 

 
 
 
Figure 6.5. Power draw of the mill for the different lifters, 31% charge: 13% ball & 18% rock, 
70% critical speed. 

 
 

 
 
Figure 6.6. Power draw of the mill for different lifters, 25% charge (10% ball & 15% rock), 74% 
critical speed. 
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6.1.2 Cumulative Size Distribution 

Figures 6.7-6.9 provide the product size distributions that were obtained from mill tests 

with the different lifter configurations for 15 minutes at high load (31%) and 70 % CS speed and 

also include the size distribution of mill feed. Using the given sampling method, most mill tests 

for each lifter configuration produce consistent size distributions. The product size distributions 

obtained from mill tests with Rail lifter are found to have little difference at the finer size, but they 

are nearly similar in most range of product sizes (Figure 6.7). Although there are very slight 

differences in the finer size, the product curves of the mill tests with Hi lifter also demonstrate 

similar size distributions in most size ranges (Figure 6.8). Mill tests with Hi-Lo lifter give the 

same size distributions in the range of product sizes (Figure 6.9).  

 

 
 
 
Figure 6.7. Cumulative size distribution after 15 min. grinding, 31% charge: 13% ball & 18% 
rock, 70% CS, Rail lifter. 
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Figure 6.8. Cumulative product size distribution after 15 min. grinding, 31% charge: 13% ball & 
18% rock, 70% CS, Hi lifter. 

 
 

 
 
 
Figure 6.9. Cumulative product size distribution after 15 min. grinding, 31% charge: 13% ball & 
18% rock, 70% CS, Hi-Lo lifter. 
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The average 80% passing sizes of mill product determined from all tests for the different 

lifters including 80% passing size of the mill feed are presented in Table 6.2. The product sizes 

vary slightly for different lifters. The Hi-Lo lifter produces the relatively finer size than the other 

ones. It is noticed that at the same operating conditions, the lifters with the same face angles 

may affect the motion of mill charge in a similar way; but In the case of Hi-Lo lifter, low lifters 

would elevate attrition action and thus, the product size becomes finer.   

 
Table 6.2. 80% passing sizes of mill product run at 31% charge: 13% ball & 18% rock, 70% CS. 

No. Lifters F80 (mm) Ave. P80 (mm) 

1 Rail 15.57 8.39 

2 Hi 15.57 7.41 

3 Hi-Lo 15.57 6.90 

 
 

Figure 6.10 shows comparison of the product size distributions for the mill tests with the 

different lifter configurations, which were run for 15 minutes at low load (25%) and 74 % CS 

speed, and also include the size distribution of mill feed. The product size distributions for the 

different lifters are very close; but, it is obvious that the product size distribution of Hi-Lo lifter 

would be relatively finer than those of the other lifters.  

The estimated 80% passing size of mill product for Hi lifter obtains a very slightly finer 

size than the other lifters (Table 6.3). As it is shown in Figure 6.6, at higher speed and low mill 

load the power draw of Hi lifter also draws a minimum power. Therefore, more cascading motion 

that is associated with attrition grinding is expected to produce finer sizes. Increasing mill speed 

would raise input energy of the mill and also generate more impacts. As a result, the product 

size distributions for the different lifters would become finer than those at lower mill speed. 

Table 6.3. 80% passing sizes of mill product at 25% charge: 10% ball & 15% rock, 74% CS. 

Lifters F80 (mm) P80 (mm) 

Rail 16.30 5.43 

Hi 16.30 5.06 

Hi-Lo 16.30 5.15 



116 
 

 
 

 
 

 
Figure 6.10. Cumulative product size distributions for the different lifters, 25% charge: 10% ball 
& 15% rock, 74% CS. 
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The methods that are currently used to calculate the operating work index was provided 

in Chapter 2. Actually, Equations 2.11 and 2.17 work best for determining the operating work 

index in continuous or industrial mills, yet those equations were used as a comparison of 

operating work index for the different lifters installed in the batch mill. The data of the measured 

power draw for the different lifters presented in Figures 6.5 and 6.6 together with 80% passing 

sizes of feed and product given in Tables 6.2 and 6.3 were then utilized to determine the 

operating work index using the SMC and Bond ball mill method. The details of calculation using 

both methods are shown in Appendix B. 

 

 

Figure 6.11. The SMC operating work index for the different lifters, 31% charge: 13% ball & 18% 
rock, 70% critical speed. 
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product sizes and the Hi-Low lifter would reduce grinding energy at the same conditions. The 

calculated operating efficiency given in Table 6.4 indicates that the batch mill with the Hi-Lo lifter 

is slightly more efficient. The operating work index calculated using the Bond method shows a 

very slight difference for the different lifters (Table 6.5). More importantly, it also indicates the 

Hi-Lo lifter relatively lowers grinding energy. 

Table 6.4. The SMC operating work index and efficiency for different lifters,31% charge, 70% 
critical speed. 

Lifters Mia (kWh/t) MOWI (kWh/t) 
Efficiency Factor 

(MOWI/Mia) 

Rail 11.65 14.09 1.21 

Hi 11.65 12.00 1.03 

Hi-Lo 11.65 11.01 0.95 

 

Table 6.5. The Bond ball mill operating work index for the different lifters, 31% charge, 70% 
critical speed. 

Lifters Corrected WI(kWh/t) BOWI (kWh/t) 

Rail 14.10 28.36 

Hi 14.10 28.26 

Hi-Lo 14.10 28.15 

 
 

Figure 6.12 shows the results of operating work index that were determined using SMC 

method for the different lifter configurations at the operating conditions of 25% mill charge and 

74% speed. In this case, the operating work index also differs very slightly for the different 

lifters. At higher speed and low mill charge, the energy requirement of Hi lifter is slightly lower 

than the other lifters (Table 6.6). From the Bond operating work index provided in Table 6.7, it 

also indicates that the Hi lifter reduces grinding energy to lesser extent.  

Table 6.6. The SMC operating work index and efficiency for the different lifters, 25% charge, 
74% critical speed. 

Lifters Mia (kWh/t) MOWI (kWh/t) Efficiency Factor 
(MOWI/Mia) 

Rail 11.65 8.27 0.71 

Hi 11.65 7.72 0.66 

Hi-Lo 11.65 7.90 0.68 
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Figure 6.12. The SMC operating work index of the mill for different lifters, 25% charge (10% ball 
& 15% rock), 74% critical speed. 

 
Table 6.7. The Bond operating work index for the different lifters, 25% charge, 74% critical 
speed. 

Lifters Corrected WI (kWh/t) BOWI (kWh/t) 

Rail 14.10 15.37 

Hi 14.10 15.24 

Hi-Lo 14.10 15.36 

 
 

6.1.4 Simulation of Outer Charge Trajectories 

In this study, the MillTraj Liner Design Software (the Colorado School of Mines academic 

version) was used to simulate ball/outermost charge trajectories with respect to lifter profiles 

and mill speed and also to predict the location of toe position in terms of mill charge. The 

trajectories represent a stream of ball positions at equal time interval. The MillTraj simulations 
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were performed at the given experimental conditions, which had been utilized in mill testing, 

with the purpose to provide more information on the outermost charge trajectories. Therefore, 

the chosen lifter profiles and mill operating conditions can be further evaluated in order to have 

baselines in efforts for producing effective grinding and also preventing grinding media from 

hitting mill liners, thereby enhancing mill performance. 

Figures 6.13-6.16 show the results of simulation for trajectories of the different lifters with 

the 20o face angles (70o from the base), 31% charge, and running at 70% and 74 % critical 

speed. It is noticed that the calculated charge of 31% that had been used in this study was then 

verified by the Bond standard method after mill testing, the actual charges were always found to 

hold about 34-35%.  

The Rail and Hi lifters at 70% speed demonstrate the same trajectories going down on 

the toe of 31% charge (Figures 6.13 and 6.14). Increasing mill speed to 74% alters the 

trajectories to the toe of 35%, above the toe position of 31%. In this case, running the mill at 

74% CS speed with the actual charge of 31% is still safe. However, it is suggested that using 

the mill charge around 33-35% is better to ensure the balls land on the toe of the charge. 

 Figure 6.15 shows the trajectories of Hi-Lo lifter, which were predicted using the different 

low heights (50 mm and 40 mm) at 70% CS speed, and also the toe position of 31% charge. 

The trajectories of the lifter with the low heights both impact on the toe of the charge and the 

trajectory of the lifter with the 40 mm low height even is considered providing better impacts on 

the toe position. The trajectories of the Hi-Lo lifter, even alternated with the 40 mm low, both 

would cataract downwards above the toe of 31% charge as the mill speed increases to 74% CS 

speed (Figure 6.16). So, operating at this speed would be suitable if the mill charge is increased 

to at least 35%. 
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Figure 6.13. Trajectories of Rail lifter, 31% charge, 70% and 74 % critical speed. 

 
 
 

 
Figure 6.14. Trajectories of Hi lifter, 31 & 35% charge, 70% and 74% critical speed. 
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Figure 6.15. Trajectories of Hi (60 mm)-Lo (50 & 40 mm), 31% charge, 70% critical speed 
(29.61 rpm). 

 

 
 
Figure 6.16. Trajectories of Hi (60 mm)-Lo (50 & 40 mm), 31 & 35% charge, 74% critical speed. 
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Figures 6.17-6.19 illustrates the results of simulation for trajectories of the different lifters 

with the same face angles of 20o (70o from the base), 25% charge, and at 70% and 74% critical 

speed. Also, the actual charges verified after mill testing were always higher than the calculated 

charge (25%), which are about 29-31%.  

At 74% critical speed, the trajectories of Rail and Hi-Lo lifters are far above the toe 

position of the actual charge of 25% (Figures 6.17 and 6.18). Ideally, running the mill at this 

speed would need to use a mill charge of at least 35% to direct the trajectories on the toe 

location. If the mill speed is reduced to 70% critical speed, it would be safe; but, a mill charge of 

at least 31% should be used to prevent the outer trajectories from impacting the mill shell. 

Although the alternate low heights of the Hi-Lo configuration are changed to the 25 mm 

lows, its trajectories also travel down above the toe position of the actual charge of 25% (Figure 

6.19). At 74% CS mill speed, the ideal mill charge of above 35% would be favorable to bring the 

trajectories on the toe location. 

 

 

 

Figure 6.17. Trajectories of Rail lifter, 25-35% charge, 70% & 74% critical speed. 
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Figure 6.18. Trajectories of Hi lifter, 25-31% charge, 70% and 74% critical speed. 

 

 

 

 

Figure 6.19. Trajectories of Hi-Lo, 25% and 31% charge, 74% critical speed (31.30 rpm). 
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6.2 Rock Breakage 

The results and analysis of rock breakage are presented in terms of distribution function 

and breakage rate on aggregate. First part discusses the analysis of breakage distribution 

function using JK and BII methods. Breakage rate and corresponding size distributions during 

grinding in the mill for the different lifters are elaborated in the last part.  

6.2.1 Breakage Distribution Function 

The breakage distribution function represents the relative size distribution of each size 

fraction after breakage. It is a rock-specific property and may also vary with original particle 

sizes. The results of Bond ball mill tests presented in Table 5.6 indicate that the specific energy 

of aggregate ground in a ball mill is not constant and would depend on desired product sizes. 

A single size of -19+12.7 mm (-3/4+1/2 inch) aggregate was used to determine the 

breakage distribution function using both the JK and BII methods. In the JK method, the 

resulting size distribution from the broken single size was considered lying in a series of Gilson’s 

tray screens employed in this study. From the results of the SMC test on aggregate given in 

Tables 5.7 and 5.8, the breakage function of the -19+12.7 mm size was determined using 

Equations 2.35 and 2.20 and thus, the results are shown in Figure 6.20.  

A plot of the cumulative weight % passing 1/nth geometric mean of the original size (tn) 

versus size interval just relies on the degree of breakage (t10), which is specific for the 

aggregate. The tn curve for other ores/materials would shift either to the right or the left, 

depending on the degree of breakage obtained from the JK drop-weight and SMC tests. 

Similarly, the cumulative weight % can then be extended and calculated to include finer interval 

sizes. In a practical level, the estimated breakage functions are usually utilized along with 

breakage rates from pilot plant data as input parameters in modeling and simulation software for 

milling circuit design and process optimization. 
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Figure 6.20. Cumulative weight % passing of 1/nth original size, tn, versus size interval. 

 

In BII method, the -19+12.7 mm size was also used and the mill tests were conducted at 

the given operating conditions (Table 5.12) for 1-minute grinding time in the mill with different 

lifter configurations. The cumulative size distributions are shown in Figure 6.21 and the 

calculated breakage functions are in Figure 6.22 for the different lifters. It indicates that at the 1-

minute grinding time, the weight percentages of the top size mass (-19+12.7 mm) broken are 

less than 30%. It is obvious the different lifters at the same conditions would produce the 

different size distributions in which the size distributions of Hi and Hi-Lo are relatively finer after 

grinding for 1 minute (Figure 6.21). 

The cumulative B function values that were calculated using the BII method seem to be 

likely normalized curves from the cumulative size distributions presented in Figure 6.21. 

Normally, the curves of B values at the same conditions estimated using the BII method should 

demonstrate straight lines in the ranges of the bottom interval size to the second top size. In 

addition to running mill tests for very short grinding time, the method also suggested using a 

series of screens that is closely sized and also adding a number of finer screens. The B function 
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values discussed here are not final; therefore, further study and mills testing need to be 

considered in order to better evaluate B values in the mill with the different lifters. 

 

 

Figure 6.21. Cumulative size distribution after 1-minute grinding, 25% charge: 10% ball & 15% 
(-19+12.7 mm), 70% critical speed. 
 
 

 

Figure 6.22. Cumulative B function values using BII method from the breakage of -19+12.7 mm 
size, 25% charge and 70% critical speed. 
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6.2.2 Breakage Rate 

In this study, a single size of -19+12.7 mm (-3/4+1/2 inch) aggregate was used to 

determine breakage rate in the lab mill with the different lifters at the given operating conditions 

(Table 5.13). For simplification, the fraction, mi(t)/mi(0), of the single size feed remaining in the 

top size interval versus grinding time was assumed to follow the first order rate. The actual 

breakage rates over the grinding time discussed in this section always refer to first order rate.   

The single size in the mill with Rail lifter breaks relatively faster than the first order rate 

for 8-minute grinding time (Figures 6.23) and the corresponding size distributions of the mill 

product also becomes finer drastically (Figure 6.24). As the grinding time increases, the 

breakage rate and also variations of the size distributions with time considerably decrease, 

indicating that the rate of production of a required size would decrease at longer grinding times. 

 

 

Figure 6.23. First order plot for the -19+12.7 mm (-3/4+1/2 inch) ground in the mill with Rail lifter 
at 25% charge: 10% ball & 15% rock, and 70% critical speed. 
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Figure 6.24. Cumulative size distributions versus time for the -19+12.7 mm ground in the mill 
with Rail lifter at 25% charge and 70% critical speed. 

 
Figure 6.25 shows that the breakage rate of the Hi lifter is faster than the first order rate 

for 8-minute grinding time and the corresponding size distributions of the mill product vary with 

time as well (Figure 6.26). At longer grinding times, the breakage rate and the rate of production 

of finer size decrease. Compared with the Rail lifter, the first order rate of Hi lifter is higher and 

its grinding seems more effective. 

Figure 6.27 demonstrates that the breakage rate of the Hi-Lo lifter is highly faster than 

the first order rate for 4 minutes. Then, it decreases in the range of 4 to 11 minutes and finally, 

increases again. The corresponding size distributions of the mill product also differ with time and 

at longer grinding times, the rate of production of finer sizes slows down, particularly after 8 

minutes (Figure 6.28). Apparently, the first order rate of Hi-Lo lifter is relatively higher than that 

of Rail lifter and lower than Hi lifter. 
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Figure 6.25. First order plot for the -19+12.7 mm ground in the mill with Hi lifter at 25% charge, 
and 70% critical speed. 

 

 
 
Figure 6.26. Cumulative size distributions versus time for the -19+12.7 mm ground in the mill 
with Hi lifter at 25% charge and 70% critical speed. 
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Figure 6.27. First order plot for the -19+12.7 mm ground in the mill with Hi-Lo lifter at 25% 
charge, and 70% critical speed. 

 

 
 
Figure 6.28. Cumulative size distributions versus time for the -19+12.7 mm ground in the mill 
with Hi-Lo lifter at 25% charge and 70% critical speed. 
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The breakage rates of the single size at the same operating conditions for the different 

lifters are found to closely fit first order in the range of 15 minutes. It is interesting to note that 

the different lifter configurations would have different breakage rates with HI lifter having higher 

rate than the others. However, the average power draw over milling time of Hi lifter is slightly 

lower than the Rail and higher than the Hi-Lo. In this case, the Hi and Hi-Lo lifters work best for 

lowering mill energy consumption and improving breakage rates. 

 

Table 6.8. The power draw of the mill for different lifters, 25% single size, 70% critical speed. 

No. Lifters Mill Power (kW) 

1 Rail 0.567 

2 Hi 0.566 

3 Hi-Lo 0.564 
 
 

6.3 Effects of Lifter Configurations and Mill Speed 

Force measurements were conducted to record force profiles over 15 minutes for the 

mill fed with a single size of -19+12.7 mm (-3/4+1/2 inch) and installed with the different lifters at 

the given operating conditions (Table 5.12). In addition to force measurements at 70% critical 

speed, mill tests with the different lifters were done at the other speeds (74% and 80% critical 

speeds) to observe how the different mill speeds affects the measured power draw profiles over 

the grinding time and their final size distributions. 

Figure 6.29 shows the moving-averaged power draw of the mill with Rail lifter over time 

for different mill speeds at the same mill charge. At 70% critical speed, the power draw of the 

Rail lifter increases and pass through a peak around 5.5 minutes; then, it decreases between 

5.5-10 minutes and finally, it slightly fluctuates around the stable value. At the higher speeds, 

the power draw initially varies with time slightly and at about 5.5 minutes, they drop off and 

remain fluctuated slightly around constant values. At the end of milling time, it appears that their 

power draw readings are relatively lower than at 70% critical speed.  
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Figure 6.29. The moving-averaged power draw of the mill vs. time for different mill speeds, 25% 
charge: 10% ball & 15% (-19+12.7 mm) rock, Rail lifter. 

 
 
 

 

Figure 6.30. The moving-averaged power draw of the mill vs. time for different mill speeds, 25% 
charge: 10% ball & 15% (-19+12.7 mm) rock, Hi lifter. 
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The power draw profiles over time of the Hi and Hi-Lo lifters for different mill speeds 

demonstrate the similar trends to those of the Rail lifter (Figures 6.30 and 6.31). Initially, they 

slightly fluctuate around constant values and then, they decrease between 5.5-10 minutes. For 

the rest of milling time, they remain fluctuated around stable values and the readings of 80% 

critical speed are lower than at the lower speeds. It is should be noted that at the same 

conditions (70% critical speed), as the remaining rock in top feed size decreases over grinding 

time as described in Section 6.2.2, the power draw profiles discussed in this section also drop 

off between 5.5-10 minutes and then tend to level off around stable values. 

 

 

 
 
Figure 6.31. The moving-averaged power draw of the mill vs. time for different mill speeds, 25% 
charge: 10% ball & 15% (-19+12.7 mm) rock, Hi-Lo lifter. 

 

The results of the power draw profiles that were averaged from the moving-averaged 
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In the speed range of 70-80%, the mill with the different lifters shows slight variations in the 

power draw and their maximum power would take place in different ranges. At 80% critical 

speed, the cataracting/impact motion in the mill for different lifters definitely increase and could 

impact the mill shell rather than the toe position and thus, the power draw of the different lifters 

would drop off. 

 
 

 

Figure 6.32. Average power draw of the mill for the different lifters and mill speeds, 25% charge 
(10% ball & 15% (-19+12.7 mm) rock). 
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conducted using a power analyzer also increase with increased mill speed in the range of 65-

85% critical speed (Rezaeizadeh et al., 2010). 

Figures 6.33-6.35 presents the results of size distributions from the breakage of the 

19+12.7 mm (-3/4+1/2 inch) size in the mill with the different lifters, 25% charge, and at different 

mill speeds. At 70% critical speed, the Hi lifter provides relatively finer size distribution than the 

other lifters. Increasing mill speed for Hi lifter does not impact the mill in producing finer size 

distributions (Figure 6.34). At 74% critical speed, the size distributions of the Rail and Hi-Lo 

lifters are finer than at 70% critical speed, while that of Hi lifter otherwise occurs. At 80% critical 

speed, the different lifters produce coarser size distributions than at 74% critical speed.  

It is well-known that increased mill speed would generate the increased number of 

higher and lower energy impacts, thereby producing finer product sizes. However, in this case, 

the grinding media of each lifter at 80% critical speed would not provide maximum impacts on 

the toe of the mill charge and instead, it may impact the mill shell. Therefore, grinding action, 

which commonly takes place on the toe position, would be ineffective.  

 

 

Figure 6.33. Cumulative product size distributions for the different mill speeds, 25% charge: 
10% ball & 15% (-19+12.7 mm) rock, Rail lifer. 
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Figure 6.34. Cumulative product size distributions for the different mill speeds, 25% charge: 
10% ball & 15% (-19+12.7 mm) rock, Hi lifer. 

 
 

 

Figure 6.35. Cumulative product size distributions for the different mill speeds, 25% charge: 
10% ball & 15% (-19+12.7 mm) rock, Hi-Lo lifer. 
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6.4 Using Outer Charge Trajectory for Predicting Liner Profiles 

The MillTraj was also used to determine appropriate lifter profiles for given mill diameter 

and operating parameters. Therefore, with the chosen liner profiles grinding media are expected 

to land on the toes of the charge rather than mill lining and hence, preventing mill liner from 

premature damage and also increasing mill throughput. 

The trajectory simulations using the software were performed to investigate the influence 

of different mill speeds ranging from 65-80% on trajectories of Hi lifter with varying face angles 

for the laboratory mill and larger mill as well. The trajectories of Hi lifter with certain face angles 

that impact the toe position of the charge at certain mill speeds were considered as baseline in 

selecting mill speed. Finally, the simulation results can be utilized to provide final liner profiles in 

design and operation stages. 

 

 
 
Figure 6.36. Trajectories of the Hi lifter with 75o angles for the different mill speeds (65-80% 
critical speeds). 

 
Figures 6.36-6.39 presents the effects of different angled lifters and mill speeds on the 

trajectories of Hi lifter for the 1-meter mill with 31% charge and 2.5 inch ball size. The Hi lifter 

with 75o face angles (measured from the bottom) would be better to operate at 65% (28.1 rpm) 
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critical speed to ensure the trajectory impacts on the toe of 31% charge (Figure 6.36). As shown 

in Figure 6.37, increasing face angles from 15o to 20o would allow the mill to be run at higher 

speed, 70% (30.2 rpm). If the face angles of Hi lifter with 40 mm heights are increased to 30o, 

the mill can even be operated at 75% (32.8 rpm) critical speed (Figure 6.38).  

 
 

 
 
Figure 6.37. Trajectories of the Hi lifter with 70o angles for the different mill speeds (65-80% 
critical speeds). 

 

 
Figure 6.38. Trajectories of the Hi lifter with 60o angles for the different mill speeds (65-80% 
critical speeds). 
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Figures 6.39-6.41 demonstrates the examples of how different angled lifters and mill 

speeds affect the trajectories of the 10.94-meter (36 ft) mill with Hi lifter and the toe positions of 

31% and 35% charge. The ideal face angle for the mill with Hi lifter and 31% charge operated at 

70% (9.0 rpm) critical speed is 70oin order to allow the trajectories to land on the toe position of 

31% (Figure 6.39). It would also be suitable if face angle lower than this is used or the mill is run 

at lower mill speeds.  

Figure 6.40 shows the Hi lifter with the face angle of 65o can be installed in the mill 

running at mill speeds below than 75% critical speed, so that the trajectories would impact on 

the toe of 31% charge. Increasing mill charge to 35% would raise the toe position and thus, the 

mill would be safer running at 75% critical speed. As shown in Figure 6.41, if the face angle 

progressively decreases to 60o during operation, the safe operating speed can be increased up 

to 77% (9.9 rpm) and the trajectories still impact on the toe position of 31% charge.  

 

 

 
 
Figure 6.39. Trajectories of the 10.94 m (36 ft) mill with the 70o Hi lifter for the different mill 
speeds (65-80% [8.4-10.3 rpm] critical speeds). 
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Figure 6.40. Trajectories of the 10.94 m (36 ft) mill with the 65o Hi lifter for the different mill 
speeds (65-80% [8.4-10.3 rpm] critical speeds). 

 
 
 
 
 

 
 
Figure 6.41. Trajectories of the 10.94 m (36 ft) mill with the 60o Hi lifter for the different mill 
speeds (70-80% [9.0-10.3 rpm] critical speeds). 
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CHAPTER 7  CONCLUSIONS AND RECCOMENDATIONS 

7.1 Conclusions 

The measuring method by custom-building the batch mill that facilitates changeable 

lifters and is equipped with a state-of-the art load cell for force measurements was developed 

with success. The method indicated that using the different lifters at the given operating 

parameters shows considerable improvements not only in the efficiency of the mill, but also 

product grind size. The method would provide an easy, reliable and cost-effective way for 

finding the appropriate lifter designs in terms of a wide variety of rocks/ores and operating 

conditions.  

The DEM Millsoft simulations also showed different lifter profiles would affect the mill 

power draw, full charge motion, and generate different impact energy levels, particularly in the 

range of higher impact energy. Significant changes in lifter designs would also influence the 

impact intensity and impact point of the charge. 

The measured force patterns for the different lifters over milling time in general strongly 

depend on mill load and mill speed. As the rock remaining in the mill charge decreased or the 

product sizes become finer, it is believed that the central gravity of the mill charges in the mill 

would change, leading to a significant decrease in the force for the rest of grinding time.  

For the mill with higher mill load and lower speed, the power draw of the mill differed 

slightly for the different lifters with the same face angles of 20o. Rail lifter drew higher mill power 

and lower power for Hi-Lo lifter. The mill with Rail lifter would require more grinding energy to 

produce desired product sizes and the Hi-Low lifter would lower the energy at the same 

conditions. The Hi-Lo lifter relatively indicated improvement in the energy efficiency of the mill 

approximately 22%.  
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For the mill with lower mill load and higher speed, the power draw of the different lifters 

also showed a slight difference. Compared with Hi lifter, the Rail and Hi-Lo lifters drew higher 

power. The product sizes of the different lifters become finer than at the higher load and lower 

speed. The energy requirement of Hi lifter also varied slightly than the other lifters. In this case, 

the Hi lifter was found to be slightly more efficient and showed improvement in the energy 

efficiency of the mill approximately 6.7%.  

At lower mill load and lower speed, the different lifters were found to have different 

breakage rates. The rates closely fitted the first order; the rate of the Hi lifter is higher than the 

Rail and Hi-Lo lifters. However, the power draw of Hi lifter is slightly lower than the Rail and 

higher than the Hi-Lo. It seems at this point that the mill power draw does not determine the 

breakage rate and the Hi and Hi-Lo lifters would show better performance in term of energy 

efficiency. 

The trajectory simulations at the given operating conditions, particularly at higher mill 

speeds demonstrated the actual mill charges of at least 31% should be applied to direct 

trajectories impacting on the toe of the charge for more effective milling and lower mill shell/liner 

wear as well. The trajectories of the low heights would land on the toe of the mill charge and the 

ones coming from the 40-mm heights are even considered providing better impact on the toe 

position of the charge.  

At 80% critical speed, the power draw of the different lifters decreased compared with 

lower mill speeds and size distributions were coarser than at 74% critical speed. In this case, 

the outer charge trajectories of each lifter could impact the mill shell rather than on the toe of the 

mill charge, resulting reduced power draw and also ineffective grinding. Increasing face angles 

and/or mill charge would allow the mill to be operated at higher speeds and ensure that the ball 

trajectories will go down on the toe of the charge, leading to more effective grinding and finer 

grind size. 
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The Hi lifter at the certain operating conditions would improve both the mill efficiency and 

breakage rate. It is believed that the mill installed with appropriate lifter designs offers a great 

potential to lower its energy consumption and at the same time, enhance mill performance. Mill 

charge and speed also contribute significantly to the optimum performance of selected lifter 

profiles.  

7.2 Recommendations for Future Research 

 It is recommended to conduct the other mill testing using higher angle-lifter profiles and also 

most recent liners, such as Nordell’s design. 

 Further mill tests at the given mill operating conditions explored in this study should be 

carried out using better mill feed preparation, such as rotary screens. 

 Since the current load cell is factory-calibrated, it is suggested to provide laboratory 

calibration and then calibrate the instrument regularly before mill testing conducted.  

 Due to the force measurements using the load cell showed very large fluctuation, a torque 

sensor or power analyzer should also be installed at the mill shaft, so that the recorded data 

can be compared and the more reliable data are selected accordingly. 

 It is suggested to incorporate a digital tachometer with RS 232 output (in addition to the 

current load-cell system) for providing fully-integrated, overall, digital data-acquisition and 

records. 

 With the current data logger, it is not recommended to use the fastest rate, 100 ms, because 

it experienced loss of many data over grinding period. Log rate on the 9860 interface data 

logger should be set up to log rate ranges of 200-500 ms before measurement taken in 

order to avoid loss of data during measurement. However, the longer log rate, especially for 

1000 ms, the higher the fluctuation occurs when moving-averaged method used to smooth 

out measured forces over time. 
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APPENDIX A LOAD CELL MEASUREMENT 

 
 

 
 
Figure A.1. Load cell readings with time, test 1, Rail lifter, 31% blended charge, 70% CS. 

 
 

 
 
Figure A.2. Load cell readings vs. time, test 2, Rail lifter, 31% blended charge, 70% CS. 
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Figure A.3. Load cell readings vs. time, test 3, Rail lifter, 31% blended charge, 70% CS. 

 
 

 
 
 
Figure A.4. Load cell readings vs. time, test 1, Hi lifter, 31% blended charge, 70% CS. 
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Figure A.5. Load cell readings vs. time, test 2, Hi lifter, 31% blended charge, 70% CS. 

 
 

 
 
 

Figure A.6. Load cell readings vs. time, test 3, Hi lifter, 31% blended charge, 70% CS. 
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Figure A.7. Load cell readings vs. time, test 1, Hi-Lo lifter, 31% blended charge, 70% CS. 

 
 

 
 
 

Figure A.8. Load cell readings vs. time, test 2, Hi-Lo lifter, 31% blended charge, 70% CS. 
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Figure A.9. Load cell readings vs. time, test 3, Hi-Lo lifter, 31% blended charge, 70% CS. 

 
 

 
 
Figure A.10. Load cell readings vs. time, Rail lifter, 25% blended charge, 31.30 rpm (74% CS). 
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Figure A.11. Load cell readings vs. time, Hi lifter, 25% blended charge, 31.30 rpm (74% CS). 

 
 

 
 
 

Figure A.12. Load cell readings vs. time, Hi-Lo lifter, 25% blended charge, 31.30 rpm (74% CS). 
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Figure A.13. Load cell readings vs. time, Rail lifter, 25% single size (-3/4”+1/2), 70% CS. 

 
 
 

 
 

Figure A.14. Load cell readings vs. time, Rail lifter, 25% single size (-3/4”+1/2), 74% CS. 
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Figure A.15. Load cell readings vs. time, Rail lifter, 25% single size (-3/4”+1/2), 80% CS. 

 
 

 
 

Figure A.16. Load cell readings vs. time, Hi lifter, 25% single size (-3/4”+1/2), 70% CS. 
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Figure A.17. Load cell readings vs. time, Hi lifter, 25% single size (-3/4”+1/2), 74% CS. 

 
 

 
 

 
Figure A.18. Load cell readings vs. time, Hi lifter, 25% single size (-3/4”+1/2), 80% CS. 
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Figure A.19. Load cell readings vs. time, Hi-Lo lifter, 25% single size (-3/4”+1/2), 70% CS. 

 
 

 
 
 

Figure A.20. Load cell readings vs. time, Hi-Lo lifter, 25% single size (-3/4”+1/2), 74% CS. 
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Figure A.21. Load cell readings vs. time, Hi-Lo lifter, 25% single size (-3/4”+1/2), 80% CS. 
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APPENDIX B PARTICLE SIZE DISTRIBUTION 

 
Table B.1. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Rail lifter, test 1. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 1.50 98.50 

3/8" 9.53 0.65 9.77 88.72 

4 # 4.76 0.50 7.52 81.20 

8# 2.38 1.10 16.54 64.66 

16# 1.19 0.85 12.78 51.88 

40# 0.43 0.90 13.53 38.35 

Pan -0.43 0.85 12.78 25.56 

Finish (kg) 
 

1.70 25.56 0.00 

Start (kg) 
 

6.65   

Loss (%) 
 

6.70   

 
 
 
 
Table B.2. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Rail lifter, test 2. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 0.78 99.22 

3/8" 9.53 1.00 7.75 91.47 

4 # 4.76 0.75 5.81 85.66 

8# 2.38 2.20 17.05 68.60 

16# 1.19 1.80 13.95 54.65 

40# 0.43 1.85 14.34 40.31 

Pan -0.43 2.40 18.60 21.71 

Finish (kg) 
 

2.80 21.71 0.00 

Start (kg) 
 

12.90   

Loss (%) 
 

13.00   
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Table B.3. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Rail lifter, test 3. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 0.80 99.20 

3/8" 9.53 0.95 7.57 91.63 

4 # 4.76 0.75 5.98 85.66 

8# 2.38 2.40 19.12 66.53 

16# 1.19 1.85 14.74 51.79 

40# 0.43 1.70 13.55 38.25 

Pan -0.43 2.55 20.32 17.93 

Finish (kg) 
 

2.25 17.93 0.00 

Start (kg) 
 

12.55   

Loss (%) 
 

12.63   

 
 
Table B.4. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Hi lifter, test 1. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 0.40 99.60 

3/8" 9.53 1.55 6.28 93.32 

4 # 4.76 1.45 5.87 87.45 

8# 2.38 4.05 16.40 71.05 

16# 1.19 4.75 19.23 51.82 

40# 0.43 2.55 10.32 41.50 

Pan -0.43 3.45 13.97 27.53 

Finish (kg) 
 

6.80 27.53 0.00 

Start (kg) 
 

24.70   

Loss (%) 
 

25.35   

 

Table B.5. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Hi lifter, test 2. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.25 0.79 99.21 

3/8" 9.53 1.95 6.18 93.03 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

4 # 4.76 2.25 7.13 85.90 

8# 2.38 5.50 17.43 68.46 

16# 1.19 3.80 12.04 56.42 

40# 0.43 4.95 15.69 40.73 

Pan -0.43 4.95 15.69 25.04 

Finish (kg) 
 

7.90 25.04 0.00 

Start (kg) 
 

31.55   

Loss (%) 
 

32.50   

 

Table B.6. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Hi lifter, test 3. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.15 0.54 99.46 

3/8" 9.53 1.70 6.17 93.28 

4 # 4.76 1.75 6.35 86.93 

8# 2.38 4.55 16.52 70.42 

16# 1.19 3.40 12.34 58.08 

40# 0.43 4.45 16.15 41.92 

Pan -0.43 3.55 12.89 29.04 

Finish (kg) 
 

8.00 29.04 0.00 

Start (kg) 
 

27.55   

Loss (%) 
 

28.35   

 

Table B.7. Particle size distribution: 15 minutes, 31% charge, 70% CS, Hi-Lo lifter, test 1. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.05 0.42 99.58 

3/8" 9.53 0.75 6.29 93.29 

4 # 4.76 0.68 5.70 87.59 

8# 2.38 2.00 16.76 70.83 

16# 1.19 1.70 14.25 56.58 

40# 0.43 1.75 14.67 41.91 

Pan -0.43 2.10 17.60 24.31 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

Finish (kg) 
 

2.90 24.31 0.00 

Start (kg) 
 

11.93   

Loss (%) 
 

12.05   

 

Table B.8. Particle size distribution: 15 minutes, 31% charge, 70% CS, Hi-Lo lifter, test 2. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 0.44 99.56 

3/8" 9.53 1.10 4.81 94.75 

4 # 4.76 1.10 4.81 89.93 

8# 2.38 3.50 15.32 74.62 

16# 1.19 3.05 13.35 61.27 

40# 0.43 3.65 15.97 45.30 

Pan -0.43 4.45 19.47 25.82 

Finish (kg) 
 

5.90 25.82 0.00 

Start (kg) 
 

22.85   

Loss (%) 
 

23.45   

 
 
 
Table B.9. Cumulative size distribution: 15 minutes, 31% charge, 70% CS, Hi-Lo lifter, test 3. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.10 0.59 99.41 

3/8" 9.53 0.85 5.03 94.38 

4 # 4.76 0.80 4.73 89.64 

8# 2.38 2.75 16.27 73.37 

16# 1.19 2.50 14.79 58.58 

40# 0.43 2.60 15.38 43.20 

Pan -0.43 2.95 17.46 25.74 

Finish (kg) 
 

4.35 25.74 0.00 

Start (kg) 
 

16.90   

Loss (%) 
 

17.25   
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Table B.10. Cumulative size distribution: 15 minutes, 25% charge, 74% CS, Rail lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.20 3.17 96.83 

3/8" 9.53 0.35 5.56 91.27 

4 # 4.76 1.05 16.67 74.60 

8# 2.38 0.85 13.49 61.11 

16# 1.19 1.00 15.87 45.24 

40# 0.43 1.10 17.46 27.78 

Pan -0.43 1.75 27.78 0.00 

Finish (kg) 
 

6.30   

Start (kg) 
 

6.50   

Loss (%) 
 

3.08   

 

Table B.11. Cumulative size distribution: 15 minutes, 25% charge, 74% CS, Hi lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.15 2.54 97.46 

3/8" 9.53 0.25 4.24 93.22 

4 # 4.76 0.85 14.41 78.81 

8# 2.38 0.85 14.41 64.41 

16# 1.19 1.05 17.80 46.61 

40# 0.43 0.95 16.10 30.51 

Pan -0.43 1.80 30.51 0.00 

Finish (kg) 
 

5.90   

Start (kg) 
 

6.00   

Loss (%) 
 

1.67   

 

Table B.12. Cumulative size distribution: 15 minutes, 25% charge, 74% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.20 3.08 96.92 

3/8" 9.53 0.30 4.62 92.31 

4 # 4.76 0.90 13.85 78.46 

8# 2.38 0.90 13.85 64.62 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

16# 1.19 1.05 16.15 48.46 

40# 0.43 1.00 15.38 33.08 

Pan -0.43 2.15 33.08 0.00 

Finish (kg) 
 

6.50   

Start (kg) 
 

6.80   

Loss (%) 
 

4.41   

 
 
Table B.13. Cumulative size distribution: 1 minute, 25% -19+12.7 mm, 70% CS, Rail lifter. 

Screen Sizes Particle size distribution Breakage Function 

  (mm) Weight (kg) Ind. % Cum. %  Bi,1 bi,1 

3/4" 19.05 0.00 0.00 100.00 1 0 

1/2" 12.70 14.80 78.02 21.98 1 0.53 

3/8" 9.53 2.15 11.33 10.65 0.47 0.30 

4 # 4.76 1.25 6.59 4.06 0.17 0.07 

8# 2.38 0.30 1.58 2.48 0.11 0.02 

16# 1.19 0.10 0.53 1.95 0.08 0.04 

40# 0.43 0.20 1.05 0.90 0.04 0.04 

Pan -0.43 0.17 0.90 0.00     

Finish (kg) 
 

18.97     

Start (kg) 
 

19.00     

Loss (%) 
 

0.16     

 

Table B.14. Cumulative size distribution: 4 minutes, 25% charge, 70% CS, Rail lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 7.05 42.34 57.66 

3/8" 9.53 2.40 14.41 43.24 

4 # 4.76 2.25 13.51 29.73 

8# 2.38 1.40 8.41 21.32 

16# 1.19 0.95 5.71 15.62 

40# 0.43 0.95 5.71 9.91 

Pan -0.43 1.65 9.91 0.00 

Finish (kg) 
 

16.65   

Start (kg) 
 

16.95   

Loss (%) 
 

1.77   
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Table B.15. Cumulative size distribution: 8 minutes, 25% charge, 70% CS, Rail lifter. 

 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 2.10 20.10 79.90 

3/8" 9.53 1.30 12.44 67.46 

4 # 4.76 2.15 20.57 46.89 

8# 2.38 1.15 11.00 35.89 

16# 1.19 0.90 8.61 27.27 

40# 0.43 0.85 8.13 19.14 

Pan -0.43 2.00 19.14 0.00 

Finish (kg) 
 

10.45   

Start (kg) 
 

10.60   

Loss (%) 
 

1.42   

 
 

Table B.16. Cumulative size distribution: 11 minutes, 25% charge, 70% CS, Rail lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 1.60 14.55 85.45 

3/8" 9.53 1.35 12.27 73.18 

4 # 4.76 2.30 20.91 52.27 

8# 2.38 1.25 11.36 40.91 

16# 1.19 1.05 9.55 31.36 

40# 0.43 1.20 10.91 20.45 

Pan -0.43 2.25 20.45 0.00 

Finish (kg) 
 

11.00   

Start (kg) 
 

11.40   

Loss (%) 
 

3.51   

 
 
Table B.17. Cumulative size distribution: 15 minutes, 25% charge, 70% CS, Rail lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.95 10.50 89.50 

3/8" 9.53 0.70 7.73 81.77 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

4 # 4.76 1.60 17.68 64.09 

8# 2.38 1.10 12.15 51.93 

16# 1.19 1.10 12.15 39.78 

40# 0.43 1.45 16.02 23.76 

Pan -0.43 2.15 23.76 0.00 

Finish (kg) 
 

9.05   

Start (kg) 
 

9.45   

Loss (%) 
 

4.23   

 

 

Table B.18. Cumulative size distribution: 1 minute, 25% -19+12.7 mm, 70% CS, Hi lifter. 

 

Screen Sizes Particle size distribution Breakage Function 

  (mm) Weight (kg) Ind. % Cum. %  Bi,1 bi,1 

3/4" 19.05 0.00 0.00 100.00 1 0 

1/2" 12.70 27.55 78.94 21.06 1 0.56 

3/8" 9.53 4.05 11.60 9.46 0.44 0.22 

4 # 4.76 1.60 4.58 4.87 0.22 0.05 

8# 2.38 0.40 1.15 3.72 0.17 0.06 

16# 1.19 0.45 1.29 2.44 0.11 0.03 

40# 0.43 0.20 0.57 1.86 0.08 0.08 

Pan -0.43 0.65 1.86 0.00   

Finish (kg) 
 

34.90     

Start (kg) 
 

36.90     

Loss (%) 
 

5.42     

 

Table B.19. Cumulative size distribution: 4 minutes, 25% charge, 70% CS, Hi lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 4.20 41.18 58.82 

3/8" 9.53 2.10 20.59 38.24 

4 # 4.76 1.75 17.16 21.08 

8# 2.38 0.60 5.88 15.20 

16# 1.19 0.40 3.92 11.27 

40# 0.43 0.35 3.43 7.84 
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Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

Pan -0.43 0.80 7.84 0.00 

Finish (kg) 
 

10.20   

Start (kg) 
 

10.35   

Loss (%) 
 

1.45   

 

Table B.20. Cumulative size distribution: 8 minutes, 25% charge, 70% CS, Hi lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 2.40 18.90 81.10 

3/8" 9.53 1.60 12.60 68.50 

4 # 4.76 2.70 21.26 47.24 

8# 2.38 1.40 11.02 36.22 

16# 1.19 1.05 8.27 27.95 

40# 0.43 1.25 9.84 18.11 

Pan -0.43 2.30 18.11 0.00 

Finish (kg) 
 

12.70   

Start (kg) 
 

12.80   

Loss (%) 
 

0.78   

 

Table B.21. Cumulative size distribution: 11 minutes, 25% charge, 70% CS, Hi lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.75 11.54 88.46 

3/8" 9.53 0.65 10.00 78.46 

4 # 4.76 1.30 20.00 58.46 

8# 2.38 0.85 13.08 45.38 

16# 1.19 0.75 11.54 33.85 

40# 0.43 0.60 9.23 24.62 

Pan -0.43 1.60 24.62 0.00 

Finish (kg) 
 

6.50   

Start (kg) 
 

6.65   

Loss (%) 
 

2.26   
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Table B.22. Cumulative size distribution: 15 minutes, 25% charge, 70% CS, Hi lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.50 7.30 92.70 

3/8" 9.53 0.50 7.30 85.40 

4 # 4.76 1.05 15.33 70.07 

8# 2.38 0.75 10.95 59.12 

16# 1.19 0.95 13.87 45.26 

40# 0.43 0.90 13.14 32.12 

Pan -0.43 2.20 32.12 0.00 

Finish (kg) 
 

6.85   

Start (kg) 
 

7.05   

Loss (%) 
 

2.84   

 

Table B.23. Cumulative size distribution: 1 minute, 25% -19+12.7 mm, 70% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution Breakage Function 

  (mm) Weight (kg) Ind. % Cum. %  Bi,1 bi,1 

3/4" 19.05 0.00 0.00 100.00 1.00 0.00 

1/2" 12.70 7.30 73.07 26.93 1.00 0.45 

3/8" 9.53 1.15 11.51 15.42 0.55 0.30 

4 # 4.76 0.80 8.01 7.41 0.25 0.07 

8# 2.38 0.20 2.00 5.41 0.18 0.03 

16# 1.19 0.10 1.00 4.40 0.15 0.07 

40# 0.43 0.20 2.00 2.40 0.08 0.08 

Pan -0.43 0.24 2.40 0.00   

Finish (kg) 
 

9.99     

Start (kg) 
 

10.00     

Loss (%) 
 

0.10     

 
 
Table B.24. Cumulative size distribution: 4 minutes, 25% charge, 70% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 3.80 31.40 68.60 

3/8" 9.53 2.05 16.94 51.65 

4 # 4.76 2.35 19.42 32.23 

8# 2.38 1.05 8.68 23.55 



170 
 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

16# 1.19 0.65 5.37 18.18 

40# 0.43 0.75 6.20 11.98 

Pan -0.43 1.45 11.98 0.00 

Finish (kg) 
 

12.10   

Start (kg) 
 

12.20   

Loss (%) 
 

0.82   

 

Table B.25. Cumulative size distribution: 8 minutes, 25% charge, 70% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 2.20 19.38 80.62 

3/8" 9.53 1.55 13.66 66.96 

4 # 4.76 2.30 20.26 46.70 

8# 2.38 1.15 10.13 36.56 

16# 1.19 0.95 8.37 28.19 

40# 0.43 1.35 11.89 16.30 

Pan -0.43 1.85 16.30 0.00 

Finish (kg) 
 

11.35   

Start (kg) 
 

11.50   

Loss (%) 
 

1.30   

 

Table B.26. Cumulative size distribution: 11 minutes, 25% charge, 70% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 1.65 14.93 85.07 

3/8" 9.53 1.50 13.57 71.49 

4 # 4.76 2.40 21.72 49.77 

8# 2.38 1.20 10.86 38.91 

16# 1.19 1.05 9.50 29.41 

40# 0.43 1.05 9.50 19.91 

Pan -0.43 2.20 19.91 0.00 

Finish (kg) 
 

11.05   

Start (kg) 
 

11.25   

Loss (%) 
 

1.78   
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Table B.27. Cumulative size distribution: 15 minutes, 25% charge, 70% CS, Hi-Lo lifter. 

Screen Sizes Particle size distribution 

  (mm) Weight (kg) Ind. % Cum. %  

3/4" 19.05 0.00 0.00 100.00 

1/2" 12.70 0.70 7.04 92.96 

3/8" 9.53 0.95 9.55 83.42 

4 # 4.76 1.70 17.09 66.33 

8# 2.38 1.10 11.06 55.28 

16# 1.19 1.30 13.07 42.21 

40# 0.43 1.25 12.56 29.65 

Pan -0.43 2.95 29.65 0.00 

Finish (kg) 
 

9.95   

Start (kg) 
 

10.25   

Loss (%) 
 

2.93   
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APPENDIX C OPERATING WORK INDEX 

 
 
Table C.1. The SMC Operating work index for different lifters, 31% mill charge (13% ball & 18% rock), 70% CS. 

Lifters 
F80 P80 F(x) Mill Capacity for 15 min. Power Wa Mia MOWI 

(µm) (µm) F80 (x1) P80 (x2) Mass (kg) t/h (W) (kWh/t) (kWh/t) (kWh/t) 

Rail 15569.64 8390.33 -0.311 -0.303 190.85 0.7634 628.52 0.8233 11.65 14.09 

Hi 15569.64 7411.40 -0.311 -0.303 190.85 0.7634 626.26 0.8204 11.65 12.00 

Hi-Lo 15569.64 6898.87 -0.311 -0.303 190.85 0.7634 623.89 0.8173 11.65 11.01 

 
 
 
Table C.2. The Bond Operating work index for different lifters, 31% mill charge (13% ball & 18% rock), 70% CS. 

Lifters 
F80 P80 Mill Capacity for 15 

min. 
Power W WI EF3 Corrected 

WI 
BOWI 

(µm) (µm) Mass (kg) t/h (W) (kWh/t) (kWh/t)  (kWh/t) (kWh/t) 

Rail 15569.64 8390.33 190.85 0.7634 628.52 0.8233 11.79 1.195 14.098 28.36 

Hi 15569.64 7411.40 190.85 0.7634 626.26 0.8204 11.79 1.195 14.098 28.36 

Hi-Lo 15569.64 6898.87 190.85 0.7634 623.89 0.8173 11.79 1.195 14.098 28.36 

 
 
 
Table C.3. The SMC Operating work index for different lifters, 25% mill charge (10% ball & 15% rock), 74% CS. 

Lifters 
F80 P80 F(x) Mill Capacity for 15 min. Power Wa Mia MOWI 

(µm) (µm) F80 (x1) P80 (x2) Mass (kg) t/h (W) (kWh/t) (kWh/t) (kWh/t) 

Rail 16300.17 5434.88 -0.311 -0.300 159.04 0.636 560.53 0.881 11.65 8.27 

Hi 16300.17 5058.82 -0.311 -0.300 159.04 0.636 555.89 0.874 11.65 7.72 

Hi-Lo 16300.17 5147.88 -0.311 -0.300 159.04 0.636 560.24 0.881 11.65 7.90 
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Table C.4. The Bond Operating work index for different lifters, 25% mill charge (10% ball & 15% rock), 74% CS. 

Lifters 

F80 P80 Mill Capacity for 15 
min. 

Power W WI EF3 Corrected 
WI 

BOWI 

(µm) (µm) Mass (kg) t/h (W) (kWh/t) (kWh/t)  (kWh/t) (kWh/t) 

Rail 16300.17 5434.88 159.04 0.636 560.53 0.881 11.79 1.195 14.098 15.37 

Hi 16300.17 5058.82 159.04 0.636 555.89 0.874 11.79 1.195 14.098 15.24 

Hi-Lo 16300.17 5147.88 159.04 0.636 560.24 0.881 11.79 1.195 14.098 15.36 

 

Examples of Calculation: 

A. The SMC Operating work index 

With given data for Rail lifter in Table C1: F80=15569.64 µm, 

P80= 8390.33 µm, W= 0.8233 kWh/t,  the operating work 

index is calculated using  Equation 2.15and Equation 2.17: 

 

  311.01000000/64.15569295.0)( 1 xf  

 

  303.01000000/33.8390295.0)( 2 xf  

 

 
tkWh

tkWh
MOWi /09.14

64.1556933.83904

/ 8233.0
303.0311.0







 

B. The Bond operating work index 

With given data for Rail lifter in Table C2, F80=15569.64 µm, P80= 

8390.33 µm, W= 0.8233 kWh/t, the operating work index is 

calculated using Equation 2.11: 

 

kWh/t 36.28 

64.15569

1

33.8390

1
10

kWh/t 0.8233
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