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Abstract: Optimizing power consumption in grinding, the most consumed stage in the mining industry, 

plays an influential role in reducing operating costs. Obtaining an efficient model to predict tumbling 

mills' power consumption accurately took the attention of researchers, mineral processing engineers, 

and tumbling mill manufacturers. This article comprehensively reviews the published mill power 

models and the most critical studies on this topic since 1919. Furthermore, the employed approaches for 

modelling the tumbling mills' power draw, the incorporated parameters into the developed models, the 

models' performances in predicting the industrial mills' power draw, and the potential gaps in the 

available literature are discussed. Moreover, based on the shortages identified in this review, some 

recommendations have been made to enhance the modelling mill power draw. 
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1. Introduction 

Millions of tons of different metals are produced annually worldwide, and tumbling mills are the heart 

of this production process. It is reported that grinding accounts for approximately 40% of the total 

mining energy consumption and more than 50 % of mineral processing plants' operating costs (U.S. 

DOE 2007). Besides, falling the average grade of ores in most mines worldwide causes dramatic 

increases in the cost of energy per unit of produced metal (Valery and Jankovic, 2002). Thus, optimizing 

and reducing power consumption are considered essential factors in milling operations' design to 

decrease grinding and related operations costs. To this end, a method capable of predicting the mills' 

power draw can be a practical and vital tool for researchers, designers, and plant managers (King, 2001). 

According to the existing theories, the description of the charge shape inside the tumbling mills and 

milling operation analyzing approach comprised of energy balance, torque-arm, friction force, and 

discrete element method are regarded as two vital parameters in modelling the power draw. Besides, 

the milling operation is an interactive system, as illustrated in Fig. 1. From Fig. 1, it is evident that milling 

operation is interrelated to mill operating parameters, ore characteristics, and mechanical components. 

Therefore, any change in these parameters affects the mill power draw. Accordingly, various 

parameters can play a role in how a capable model can predict power draw in a given operating 

condition. Although numerous models have been published to predict the mills' power draw, no 

equation incorporates all effective parameters. Therefore, power draw models have been gradually 

evolved to achieve the highest correlation with industrial data. This paper introduces developed models 

to predict the power draw of tumbling mills, explains the employed approaches in preparing them, and 

assesses their performances. Moreover, the affecting parameters incorporated into developed models 

are discussed to identify shortcomings and provide recommendations for future studies.  

 

Fig. 1. Grinding as an interactive system 
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2. Modelling approaches 

Various approaches have been utilized to develop models for power draw prediction of tumbling mills. 

Accordingly, developed models can be classified under two general categories: empirical and 

fundamental. Moreover, the fundamental models can be classified under four subsets: energy balance, 

torque-arm, friction approach, and discrete element method (DEM). Fig. 2 shows the classification of 

different approaches to modelling the tumbling mills' power draw (Morrell, 1993). It must be noted that 

recently the smoothed particle hydrodynamics (SPH) and computational fluid dynamics (CFD) have 

contributed to the DEM and understanding of the vague issues regarding the mill charge dynamic 

process. However, the mentioned classification is still valid because the SPH and CFD have been used 

as auxiliary tools for the DEM. 

 

Fig. 2. The general classification of developed models for power draw prediction of tumbling mills. 

2.1. Empirical models 

Despite recent advances in the fundamental models, some energy-consuming phenomena have not been 

incorporated because of the lack of complete understanding. These phenomena include heat generation 

due to friction, attrition and abrasion breakage of the rock charge, rotational motion of the grinding 

media during raising from toe to shoulder, and gearbox and bearings' friction (Morrell, 1993; Daniel et 

al., 2010). As a result, mill manufacturers and engineers often use empirical models for grinding circuit 

design. This section describes the empirical equations and then assesses their predictive capability. 

2.1.1. Models' description 

Several empirical models have been developed for predicting the tumbling mills’ power draw. Using 

the dimensional analysis method, Rose and Evans (1956) investigated the effect of a wide range of 

operating and design parameters and published the following equation: 
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where P is the power draw (kW), D and L are the ball mill internal diameter and length (m), respectively, 
ρ

b
 is the balls’ density (tonnes/m3), ρ

p
 is the slurry density (tonnes/m3), N is the rotational speed 

(revs/sec), Nc is the mill critical speed (revs/sec), and J
t
 is the fractional mill filling. 

Bond (1961) established a simple equation to predict the ball mills' power draw by considering the 

effect of the mill dimensions, rotating speed, fractional mill filling, and balls' bulk density. Besides, he 

implicitly modelled the impact of make-up balls diameter and discharge level on grate discharge mills' 

power. Bond published Equation 2 for overflow discharge ball mills. Furthermore, to calculate grate 

discharge mills’ power, he proposed the multiplying factor of 1.15. 
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where KWb is the power consumption per balls’ tonne (kW/ton), D is the mill diameter (m), Cs is the 
fraction of critical speed, Vp is the fractional mill filling and B is the make-up balls’ diameter (mm). Part 

(1-
0.1

2
(9-10Cs)) is the Bond’s speed function indicating the relationship between power and rotating speed. 

For determining the total power draw, the KWb value must be multiplied by the balls' total mass (W) 

as follow: 

W = Jπ
D2

4
L(1-φ)*ρ

b
                                                                  (3) 



3 Physicochem. Probl. Miner. Process., 58(4), 2022, 151600 

 

where J is the mill filling, D and L are the mill’s diameter and length (m), ρ
b
 is the balls’ density 

(tonnes/m3), and φ is the grinding media voidage.  

Moys (1993) stated that Bond's equation should be improved to predict accurately the power draw 

of ball mills running at high rotating speed. Based on observing balls' behaviour in a laboratory ball mill 

running at high rotating speeds, he classified the mill charge into two parts: a non-centrifuging portion 

that draws power and a centrifuging layer that draws no power. He found that the charge's tendency 

to centrifuge increases at high mill speeds, high lifter profiles, and high slurry viscosity, leading to 

increased centrifuging layer thickness and subsequently decreased the power draw. Accordingly, the 

following power equation was developed: 

P = KDeff
2.3Sinα ρ

L
((

J-4δC(1-δC)

(1-2δC)2 ) -β (
J-4δC(1-δC)

(1-2δC)2 )
2

)  Neff                                               (4) 

where P is the power draw (kW), Deff   is the mill effective diameter (m), α is the charge’s angle of repose 

(radians), ρ
L
 is the bulk density of the charge (kg/m3), J is the fractional mill filling, β is a parameter, 

Neff is the fractional speed at D=Deff, K is a constant, and δC is the centrifuging layer’s thickness (m) 

which is obtained through following equation: 

δC = J∆Je

−(N*−N)

∆N
                                                                            (5) 

where J is total fractional filling, N is the mill rotating speed (rpm), and ∆J, N*, and ∆N are functions of 

liner profile design and slurry viscosity.  

Morrell (1993) developed two significant models, including fundamental (C-model) and empirical 

(E-model). He provided an empirical model by applying an industrial database and considering the mill 

diameter, mill length, mill rotating speed, bulk density of the mill charge, and the fractional mill filling 

as parameters affecting the power draw (Eq. 6). Besides, the effect of the mill shell’s conical-end sections, 

the discharge mechanism, and energy losses relating to mechanical and electrical components have been 

encompassed in the Morrell E-model. Morrell divided the gross power into two parts: “no-load power,” 

indicating the required power to overcome losses in the mills’ motor, gearbox, and bearing (part 1 of 

Equation 6), and “net power,” demonstrating the power transmitted to the mill charge (part 2 of 

Equation 6). The Morrel E-model for determining the gross power draw is as follows: 

PG = {11×(rm
2.5LCs)

0.861
} + {k* (D2.5Lρ

c
Jt

((5.9726Cs- 4.4258Cs
2-0.98524)-Jt)

((5.9726Cs-4.4258Cs
2-0.98524))

2 ) ×[Cs(1-(0.046+0.135Jt)e-A(0.954-0.135Jt-Cs))]}   (6) 

where PG is the gross power (kW), L is the mill effective length (m), rm is the mill effective radius (m), 
Cs is the fraction of critical speed, D is the mill effective diameter (m), ρ

c
 is the bulk density of charge 

(tonnes/m3), A is a parameter and Jt is the total fractional mill filling. Moreover, the " k " parameter is 

the calibration factor for considering heat losses resulting from friction inside a mill (between balls or 

between balls and liners), breakage by abrasion mechanism, and rotating the grinding media. 

Van Nierop et al. (2001) attempted to enhance Moys' model's accuracy (Eq. 4) through a meticulous 

investigation of load behavior inside an industrial ball mill. To this end, they utilized different 

instruments, including conductivity probes to measure the load behavior aspect, a load cell to measure 

the load mass, and a power meter to determine the power draw. Accordingly, they concluded that the 

power draw decreases by overloading the mill due to forming a centrifuging layer whose thickness 

enhances by increasing the load mass. Besides, they found that the centrifuging layer's thickness is 

varied along the mill length and can be divided into three sections: the feed, the middle, and the 

discharge sections. The following equation gives each section centrifuging layer's thickness: 

δ'
c,i = δc + λdc,i                                                                        (7) 

where δc is the centrifuging layer’s thickness from Moys’ model (m), δ'
c,i is the adjusted thickness (m), λ 

is a function indicating the degree of centrifuging at probe i, dc,i is the maximum thickness of the 

centrifuging layer at probe i, and "i" is the embedded conductivity probe at each mill's section. 

Tsakalakis and Stamboltzis (2004), using a database from Denver ball mills and applying multiple linear 

regression method, established the following simple equation for predicting the ball mills’ power draw: 

P = 10.38fcD
2.5LρfL(1-fL)                                                                   (8) 
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where P is the power draw (kW), D is the mill effective diameter (m), L is the mill effective length (m), 

ρ is the balls’ bulk density (tonnes/m3), fL is the the total fractional filling, and fc is the fractional speed. 

According to the literature, the feed ore competence, including lithology, hardness and particle size 

distribution, is a remarkable parameter affecting tumbling mills' energy consumption (Bond, 1961; 

Morrell, 2009). The effect of feed size distribution has been reported more than the ore characteristics, 

especially in the SAG mills (Razani et al., 2018). Since the different feeds with different particle size 

distributions can have the same F80 (the 80% passing feed particle size), Silva and Casali (2015) stated 

that the F80 could not represent the size distribution appropriately. Consequently, by considering the 

fraction of -6+1 inch as the independent variable affecting SAG mills' power draw and utilizing the four 

industrial SAG mills' operating data, they developed the following power draw equation: 

P = D2.5L {0.0348(%-6”+1”)+26.4J
b
-6.7

N

Nc
+

4

S
}                                                (9) 

where P is the SAG mill’s power draw (kW), D and L are the mill internal diameter and length (m), 

respectively, J
b
 is the fractional mill filling by steel balls, 

N

Nc
 is the fraction of SAG mill critical speed, and 

S is the percent solids of the slurry. 

2.1.2. Assessing the empirical models' performances 

This section discusses the empirical models' performance, advantages, and disadvantages according to 

the available information. Morrell's thesis and subsequent papers discuss mill power models' 

performances, as discussed in more detail in this review. Of course, Morrell's studies have not covered 

some models including, Van Nierop et al., Tsakalakis and Stamboltzis, and Silva and Casali. In this 

work, we have tried to examine the reasons for the accuracy or inaccuracy of the mill power models 

more carefully and critically with aimed at providing solutions for the progress of models. 

Fig. 3 shows the performances of Rose and Evans' model, Bond's model, and the Morrell E-model, 

Tsakalakis and Stamboltzis’s model, and Silva and Casali’s model  in predicting the industrial tumbling 

mills' power draw. As shown in Fig. 3a and 3b, there is an apparent disagreement between predicted 

data by the Rose and Evans' model and actual ones for both ball and AG/SAG mills. Although Rose 

and Evans' model was developed for the ball mills, it tends to under-predict the power draw which 

could be due to the small scale of the ball mills used in this study (less than 3 inches), which has led to 

a defective implementation of actual conditions in the laboratory. Consequently, the effect of lifter 

specifications, balls' size, as well as the slurry properties on the ball mills' power have reported 

negligible in Rose and Evans' investigation. Furthermore, ignoring the motor and gearbox energy is 

another reason for the under-predicting of this model. 

The diagram of Fig. 3c demonstrates the suitable capability of Bond's model in predicting the ball 

mills' power draw; this is why engineers use Bond’s model for plants’ design. In contrast, the associated 

Fig. is inappropriate for AG/SAG mills which is comprehensible because Bond's model was not 

developed for AG/SAG mills. One of the remarkable shortcomings of Bond's model and all developed 

models is the considered value for grinding media's voidage (parameter of "φ" in Equation 3). The "φ" 

value is assumed to be 0.4 in all developed models, while documented studies on this parameter's 

determination are unavailable. On the other hand, based on published studies regarding the particles 

bed's voidage, the value of 0.4 is reported for a bed of the mono-sized spherical particles after exerting 

vibration to the bed (Yang, 2003). Since the grinding media includes multi-sized particles, its voidage 

can differ from 0.4. Hence, ignoring the precise voidage value is a fundamental shortcoming in all 

developed models. We believe that it is possible to make a relationship between balls' size distribution 

(by scaling down the actual size of balls) and balls' voidage through an empirical study which can be 

considered for future research. The prominent Bond's model disadvantage is the non-incorporation of 

rock charge and slurry specification. Determining the grinding media's voidage as mentioned and 

replacing the balls' bulk density with the bulk density of the mixture of grinding media and slurry in 

Equation 3 may improve the performance of Bond's model, which needs to be investigated. 

As shown in Figs. 3e and 3f, the Morrell E-model has good predictive capability in all cases. Of 

course, the standard deviation of the Morrell E-model's relative error is reported slightly higher than 

Bond's model in the ball mill data. The Morrell E-model's most crucial advantage in increasing its 

prediction accuracy is considering the motor and gearbox energy losses reported 4% and 3% for the 
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motor and gearbox, respectively (Morrell 1993). Generally, the resistance temperature detectors (RTDs) 

equipped with transmitters are installed on the mills' motor and gearbox to protect this equipment in 

abnormal operating conditions, using process control logic (Nietro and Ahrens 2007). We believe that 

researchers can use the data collected from these instruments in the plants’ supervisory control and data 

acquisition system (SCADA) to improve the power models from the heat loss point of view. Moreover, 

the technical data of heat losses in the main electrical and mechanical components are available from 

mills' manufacturers, which researchers can use to prepare an empirical heat loss model. 

 

Fig. 3. Performance of power draw models. (a) Ball mills’ predicted power by Rose and Evans’ equation,  

(b) AG/SAG mills’ predicted power by Rose and Evans’ equation, (c) Ball mills’ predicted power by Bond’s 

model, (d) AG/SAG mills’ predicted power by Bond’s model, (e) Ball mills’ predicted power by the Morrell E-

model, (f) AG/SAG mills’ predicted power by the Morrell E-model (Morrell, 1993). (g) The predicted power by 

Tsakalakis and Stamboltzis’s equation versus the Denver ball mills' data (Tsakalakis and Stamboltzis, 2004). (h) 

Observed and predicted power draw of four different industrial SAG mills by Silva and Casali’s equation (Silva 

and Casali, 2015) 

According to Eq. 4, the most crucial drawback of Moys' model and its modified version (by Van 

Nierop et al.) is the existence of parameters (β, ∆J, N* and ∆N) that must be determined based on 

laboratory studies, making it difficult to validate with industrial data. Hence, the only evaluation of 

these models' performance was conducted by Van Nierop et al. (2001). They found that the revised 

model can accurately estimate the power draw of a 4.3 diameter mill running at a high fraction of critical 

speed. However, its dependence on conductivity probe data makes it challenging to use in the industry. 

Although Moys' model has some limitations, its attempt to consider the effect of lifter design on mill 

power is its strength. No model can do this except for DEM. 

Fig. 3g shows good agreements between the predicted power by Tsakalakis and Stamboltzis' 

equation versus the Denver ball mills' data. Although this equation aligns with Denver mills’ data, no 

documentary report relating to applying it in the industrial mills. Like Bond's model, non-considering 

the ore and slurry characteristics is the most critical disadvantage of this model.  

Fig. 3h demonstrates that the performance of Silva and Casali's model for predicting the power draw 

of the SAG mills' with the medium and high-power is good. This model's most crucial advantage is that 

process engineers can use it to optimize the grinding circuit's power consumption by adjusting the feed 

particle size distribution. It can be implemented by optimizing the blasting pattern, changing the 

primary crusher's closed side setting, or employing the segregation phenomenon in the stockpile. For 

instance, the SAG mill feed rate can be increased by increasing the fractional mill filling of balls as 

grinding media and decreasing the intermediate size fraction (-6 "+1") without affecting the grinding 

circuit's power consumption. Given that the impact mechanism is dominant in SAG mills and the 

amount of power consumption is associated with ore's Bond work index, We believe that the 

intermediate size fraction (-6 "+1" in the original model) may vary for different minerals and SAG mills' 

dimensions. Hence, investigating it can lead to an increase in Silva and Casali's model's accuracy. 

Overall, the most significant advantage of empirical models is that they are supported by industrial and 

https://ieeexplore.ieee.org/author/37087786007
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laboratory databases. Thus, they can provide a plausible prediction of the power draw in tumbling mills' 

normal operating conditions. For this reason, Bond's model and Morrell's E-model have been used in 

the industry (Daniel et al., 2010). The common empirical models' disadvantage is that they are 

developed based on a particular range of operating conditions; therefore, they cannot accurately predict 

the power draw beyond a specific range of operational parameters. Besides, since the empirical models 

are not based on analysis of physical laws and statistical regression techniques are used to develop such 

models, these equations do not provide insight into tumbling mills' physical behaviour. 

2.2. Fundamental models 

A phenomenological relationship has been provided in the fundamental models between the power 

draw and affecting parameters through basic physics laws. Since the DEM is developed based on 

computer computing power progression, we have provided it separately from the other three 

approaches in one section. 

2.2.1. Developed models based on Energy balance, Torque-arm, and Friction Force approaches 

Most mathematical power models have been derived from the energy balance and torque-arm basic 

equations. In the energy balance approach, the calculation of potential and kinetic energy is used to 

model the mills' power draw based on the following basic equation (Morrell, 1993; Walker et al., 2001): 

P = 
E

t
                                                                                 (10) 

where P is the mechanical power (Nm/s), E is the kinetic or potential energy (Nm), and t is the time (s). 

The most straightforward equation, used to model the mills’ power, is the torque-arm equation, which 

is defined as follows (Walker et al., 2001; Morrell 2019): 

P = 2πτN                                                                                     (11) 

By supposing the mill charge as a locked mass (see Fig. 4a) and considering that weight is equal to mass 

× gravitational acceleration, the required power to rotate a mill is given by (Morrell, 2019): 

P = 2πWOG sin α N                                                                  (12) 

where W is the charge weight (N), part OG sin α is the lever arm distance (m), and N is the rotating speed 

(revs/sec). Various models have been developed based on Equation 12 (Harris et al., 1985; Liddell and 

Moys, 1988; Fuerstenau et al., 1990; Morrell, 1993). 

The friction force approach assumes that transferring energy from the mill to the charge is conducted 

by the friction forces between the mill shell and the moving charge. By supposing the constant value for 

the particle's tangential velocity (Vr) along a streamline at a radial distance (r), the tangential component 

of a supposed element’s weight shown in Fig. 4b must be equal to a friction force in the opposite 

direction (Morrell, 1993). Since power is the result of force and velocity, the following general equation 

can estimate the power draw (Walker et al., 2001): 

P= FV                                                                                        (13) 

where P is the power (Nm/s), F is the friction force (N), and V is the particle's tangential velocity (m/s). 

Considering the mill charge as a mass limited between toe angle (θT), shoulder angle (θS), mill inner 

radius (rm) and charge inner surface(ri), as shown in Fig. 4b, the net required power for moving the 

charge is given through friction force approach as follow (Morrell, 1993): 

P = 2πgLρ
c

∫ ∫ Vr r cos θ
θs

θT

rm

ri
dθ dr                                                                (14) 

where P is the power draw (kW), g is the gravitational acceleration (m/s2), and Vr is the particle's 

tangential velocity (m/s). Morrell is the only researcher who has used this approach (Morrell, 1993). 

2.2.1.1. Models’ description 

A description of charge motion must first be provided to develop a fundamental power equation (Van 

Nierop et al., 2001). Davis (1919) was the first person that establishes a relationship between charge 

motion and power draw using the energy balance approach. In his description, the particles move in a  
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Fig. 4. Schematics for the friction force and torque-arm approaches. (a) Charge shape used by the torque-arm 

approach (Morrell, 2019). (b) Charge shape used by the friction force approach (Morrell, 1993) 

locked manner in a circular path until a point where the gravitational and centrifugal forces balance. At 

this point, particles experience a parabolic free fall until they impact the bed, and afterward, they return 

to the circular path again (see Fig. 5a). Consequently, Davis developed the following equation: 

P  =Wr1.5 (0.0045
(1-K3)

(1+K2)
0.125 -0.0037

(1-K5)

(1+K2)
+0.00088

(1+K7)

(1+K2)
0.625)                                     (15) 

where P is the power draw (hp), r is the mill radius (ft.), W is the charge mass (pounds), and K is a 

function of mill volume occupied by a part of the charge that has no free flight. 

Hog and Fuerstenau (1972) remarked that Davis' description has two shortcomings: (1) the quantity 

of material (ball filling) has been ignored, and (2) the circular paths shown cannot cross each other, 

which it is an unrealistic assumption. Hence, they provided a new description in which the mill charge 

includes two parts: a 'static' part moved with the mill shell and a 'shear' region in which particles flow 

down on the charge's surface (see Fig. 5b). In this description, the mill motor supplies energy to raise 

balls in circular paths through the static part from the toe to the shoulder. Since the milling system is in 

the dynamic equilibrium condition, an assumed particle should have the same energy at the same 

location. Hence, the particles' potential energy (mgλt) in the bed's static part is completely lost in the 

shear zone. Based on this, the following equation was derived using the energy balance approach: 

P = 
2

3
ρ

bulk
g

3

2LNc (
D

2
)

2.5
sin3 θ0 sin α                                                    (16) 

where P is the power draw (kW), D is the mill effective diameter (ft.), L is the mill effective length (ft.), 
ρ

bulk
 is the mill charge’s bulk density (tonnes/m3), α is the charge’s angle of repose (typically in the 

range of 30° to 35°), Nc is the fractional speed, and θ0 is the filling angle (in radians). 

Harris et al. (1985), by employing a database from mill manufacturers and using Hog and Fuerstenau’s 

description of charge motion, improved the Hog and Fuerstenau’s equation and developed the 

following general equation using the torque-arm approach: 

P = KDnLρ
bulk

γNcJ(1-aJ)                                                             (17) 

where P is the power draw (kW), D is the mill diameter (m), L is the mill length (m), ρ
bulk

 is the mill 

charge’s bulk density (tonnes/m3), Nc is the fractional speed, J is the fractional mill filling, and K, γ and 

a are parameters. Many models (Bond, 1961; Hogg and Fuerstenau, 1972; Liddell and Moys, 1988 and 

Austin, 1990) can be derived by applying Equation 17.  

To improve Harris et al.'s model, Liddell and Moys (1988) conducted an experimental study using a 

glass-fronted laboratory mill and a high-speed camera on the mill charge behavior and divided the mill 

charge into four parts (see Fig. 5c). Based on this, they implicitly incorporated slurry rheology on the 

power draw by defining a speed function for the first time. They concluded that the power draw 

increases with a simultaneous increase in the slurry viscosity and rotating speed. Finally, using the 

torque-arm approach, the following power equation was developed: 

P = 9.69D2.5Lρ
bulk

δNcJ(1-1.06J)                                                         (18) 
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where P is the power draw (kW), D and L are the mill effective diameter and length (m), respectively, 
ρ

bulk
 is the mill charge’s bulk density (tonnes/m3), δ is the speed function, Nc is the fractional speed, 

and J is the fractional mill filling. 

The first explicit incorporation of slurry viscosity into the power equation has been accomplished by 

Fuerstenau et al. (1990). Accordingly, they provided a new description of charge motion supposed that 

the charge encompasses two different parts: a 'cataracting/centrifuging fraction,' which is affected by 

the slurry viscosity, and a 'cascading fraction' that is not influenced (see Fig. 5d). Subsequently, they 

divided the required mill power into Pcs and Pct associated with cascading and cataracting/centrifuging 

fractions, respectively. Moreover, they considered the energy losses by frictional components (Pf) and 

derived the following equation by using the torque-arm approach: 

P = Pcs+Pct+Pf= [
2NW1g(D-d)

3J1
∅(J

1
) sin α] +[2πNW2g s cos γ]+[Cexp(-Kt)]                             (19) 

where P is the power draw (kW), N is the rotational rate (revs/sec), W1 and W2 are the weight of 

cascading and cataracting/centrifuging fractions (N), respectively, D is the mill diameter (m), d is the 

ball diameter (m), J
1
 is the fractional filling by cascading fraction, ∅(J

1
) is the function of fractional filling 

by cascading fraction, α is the mill charge’s angle of repose, s is the lever-arm length (m), γ is an angle 

(in radians) which determines the tangential component of the W2 , t is the grinding time (s), and K and 

C are constants that should be obtained from experiments. 

Austin (1990) attempted to develop a particular equation for predicting the SAG mills' power draw 

using the energy balance approach and Hog and Fuerstenau's idealized description of charge motion. 

However, he expressed that Hog and Fuerstenau's model neglected the material's kinetic energy. Hence, 

he incorporated the supplied kinetic energy by the mill to move material into Hog and Fuerstenau's 

model and developed the following equation by employing the energy balance approach: 

P = 10.6D2.5L(1-1.03J)ρ
c

((1-
0.1

29-10Cs
))                                               (20) 

where P is the power draw (kW), D and L are the effective diameter and length of mill (m), Cs is the 
fractional speed, J is the fractional mill filling, and ρ

c
 is the charge bulk density (tonnes/m3). 

Morrell (1993) claimed that the power equations had been developed based on unrealistic 

descriptions of charge motion. Hence, using the photographic technique, he provided a graphic source 

of the charge shape in the various operating conditions comprising the fractional mill filling, rotating 

speed, and lifter shape. He found that the power draw results from a part of the charge with a crescent 

shape named active charge that exerts a force on the tumbling mills' shell. Fig. 5e illustrates the shape 

of the active charge inside a grate discharge mill in which the mill charge fills the grinding media's 

voidage. While in the overflow discharge mills, the surplus slurry forms a slurry pool besides grinding 

media (see Fig. 5f), causing a reduction in the power draw due to assisting in rotation by slurry in the 

toe region (Morrell, 2016). Thus, Morrell's description of the charge motion can justify the power 
draw differences between the grate and overflow discharge mills. Morrell applied all three 
approaches comprising torque, energy balance, and friction force and concluded that the 
equation derived from the energy balance approach is more comprehensive. Accordingly, the 
Morrell C-model was presented as follows: 

PGross=11 × (rm
2.5LCs)

0.861
+ 

πgLNmrm

3(rm-Zri)
{2rm

3 -3Zrm
2 ri+ri

3(3Z-2)}{ρ
c

(sin θS - sin θT)+ ρ
P

(sin θT -               

sin θTO)}+Lρ
c

{
Nmrmπ

3(rm-Zri)
}

3
{(rm-Zri)

4-ri
4(Z-1)4}                                            (21) 

where PGross is the gross power (kW), rm and L  are the mill effective radius and length, respectively (m), 

Cs is the fractional speed, ρ
c
 is total charge’s density (tonnes/m3), ρ

P
 is the slurry density (tonnes/m3), 

Nm is mill rotational rate (revs/sec), ri is the radial distance of the charge’s inner surface from the 

rotating axis (m), θT is the toe angle (radians), θS is the shoulder angle (radians), Z is a function of 

fractional mill filling and θTO is the slurry toe angle (see Fig. 5f). 

In the grate discharge mills, the parameters, including the grates' open area, the mill aspect ratio, 

feed flow rate, mill rotating speed, and the performance of pulp lifters affect the grate's performance, 

the mill's flow capacity and consequently the power draw (Powell and Valery, 2006; Morrell, 2016). For 

instance, by increasing the feed flow rate, the slurry hold-up occurs so that the slurry fills the grinding 

media voidage progressively, and a slurry pool is formed that declines the power draw (Morrell, 2016). 
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To consider the slurry pool's effect on the power draw, Latchireddi (2002) incorporated it into the 

Morrell C-model by estimating the fractional slurry hold-up leading to the designation of the slurry toe 

position (θTO) and more accurate prediction of power draw: 

J
S
=η γn1An2 J

t
n3 Cs

n4 Qn5 Dn6                                                                   (22) 

where J
S
 is the net fractional slurry hold-up, A is the fractional open area of the grate, J

t
 is the fractional 

volume of grinding media, Cs is the fractional speed, Q is the slurry discharge flow rate (m3/hr), D is 

the mill diameter (m), η is a function of slurry viscosity, γ is the mean relative radial position of the grate 

hole (m) and n1 to n6 are functions of pulp lifter. 

The net power draw is affected significantly by the charge density, which is directly proportional to 

the ore's specific gravity. The developed models have not considered the ore's hard components' 

building-up effect on the charge density inside the mills. This phenomenon is related to different 

parameters: feed blending, breakage function variability, breakage rate, retention time, and various 

minerals' specific gravity in the ore composition. Bueno et al. (2013) attempted to upgrade the Morrell 

C-model by considering ore's hard components building-up. To this end, they used the AG/SAG 

JKSimmet simulation package, which applies the Morrell C-model. Using this simulation package and 

analyzing the behaviour of both hard and soft components of ore by using the separate perfect mixing 

model, they made a balance between ore components and their relative specific gravities. Based on this, 

They boosted the JKSimmet package's ability by developing an AG/SAG multi-component. They 

concluded that the multi-component model has an excellent ability to describe ore's hard components 

building-up, leading to a decrease in charge density and SAG mills' power draw. 

 

Fig. 5. Schematic of descriptions of charge motion. (a) Davis’ description (Davis, 1919), (b) Hog and Fuerstenau’s 

description (Hogg and Fuerstenau, 1972), (c) Liddell and Moys’ description (Liddell and Moys, 1988), (d) 

Fuerstenau et al.’s description (Fuerstenau et al., 1990), (e) Morrell's description for Grate discharge mills, (f) 

Morrell's description for overflow discharge mills 

2.2.1.2. Assessing the fundamental equations' performance 

Morrell's thesis and subsequent papers discuss some mill power models' performances. The main point 

is that the original and modified Morrell C-model versions have not been reviewed accurately yet, 

which is considered in this work. Moreover, we believe that Hogg and Fuerstenau's model as an 

acceptable model in the industry needs progress and improvement. Hence, this section emphasizes the 

assessment of Hogg and Fuerstenau's model and the Morrell C-model and related developments. 
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Literature indicates that Austin's model tends to sharply over-predict for ball mills, which is 

understandable because it was not developed for ball mills (Morrell, 1993). Besides, the presented data 

regarding SAG mills in the literature shows an over prediction of Austin's model. Likewise, it is 

reported that Harris et al.'s model tends to over-predict for both ball mills and AG/SAG mills. These 

shortcomings can be related to the unrealistic ideal load shape used in developing these models. 

Figs. 6a and 6b indicate the performance of the Morrell C-model (Morrell, 1993). From these Figs., it 

is evident that the Morrell C-model's prediction results are marginally closest to actual data for both 

ball and AG/SAG mills. Similarly, other evaluation studies indicate that the Morrell C-model's 

prediction results have good agreement with wet and dry industrial ball mills data (Erdem et al., 

2004; Basirifar et al., 2018). Doll (2016) assessed the predictive capability of Austin's model and the 

Morrell C-model using a database including 49 AG/SAG mills from all over the world. He reported 

that both the mean and standard deviation of the Morrell C-model are considerably lower than Austin's 

model. The Morrell C-model's most notable advantage is the new description of the charge's behaviour 

in which the power draw associated with the slurry is considered separately from the grinding media. 

Furthermore, another advantage is that this model includes the energy loss in the mechanical and 

electrical components to estimate the motor's input power. It should be noted that the attempts made 

by Latchireddi (2002) in incorporating the slurry pool's effect, and Bueno et al. (2013) in considering 

ore's hard components building-up, has led to an increase in the Morrell –C-model's accuracy. Fig. 6c 

illustrates the actual and predicted power draw (estimated by the Morrell C-model) of SAG mills with 

slurry pools in which it is the assumption that there is no slurry pull. As can be seen, by assuming 

standard operating conditions without considering the slurry pool, the predicted power draw is 

considerably higher than the measured values. In contrast, by considering the slurry pool's effect, an 

acceptable and tangible agreement between the actual and modified predicted power draw of SAG mills 

can be observed, as shown in Fig. 6d (Morrell, 2016).  

Although the Morrell C-model can be considered a more comprehensive and accurate equation 

compared to others, its development has some drawbacks. For instance, the voidage of the active charge, 

which has a remarkable effect on the power, has been assumed to be equal to the static voidage of balls 

(0.4). While, the active charge is dynamic, and its voidage can change with changing operating 

conditions such as rotating speed, fractional mill filling, and balls' size distribution. On the other hand, 

the static voidage itself also needs further investigation.   Hence, we propose investigating the possibility 

of developing a comprehensive equation for determining the dynamic voidage that can increase the 

accuracy of the Morrell C-model. As mentioned, this issue can be examined through an empirical study 

by using scaled-down balls. Additionally, based on some consistent work (Soleimani et al., 2015; 

Soleimani et al., 2016), another shortcoming is that Morrell C-model may not precisely capture the effect 

of mill speed on the power draw. These works clearly show that power draw increase with the mill 

speeds faster than predicted by Morrell C-model. We believe that using the results of these studies and 

conducting future investigations, especially on industrial mills, the Morrell C-model can be modified 

by defining a speed correction factor. The shortcoming of the Morrell C-model related to the speed effect 

can be associated with the crescent-shaped load behavior. Indeed, Morrell assumed the crescent-shaped 

load has a locked state, which is unrealistic and has implications. This issue needs to be further 

investigated using the DEM coupled with computational fluid dynamics (CFD) and empirical studies 

by employing instruments such as conductivity probes to make load shape more realistic. Of course, 

some research has been done in this area. These researches' results demonstrate that the crescent shape 

of the active charge needs a bit of modification (Cleary et al., 2006; Mayank et al., 2015, Sinnott et al., 

2017, Jahani Chegeni, 2019; Lvov and Chitalov, 2021). In future studies, it is necessary to include the 

results of these studies in the Morrell C-model. Another significant Morrell C-model drawback is 

ignoring the lifter design's effect on the power draw. Indeed, through its impact on the trajectories of 

balls falling, mixing the grinding media and slurry, and the level of charge vibration, the lifter design 

has a significant effect on the charge's dynamic inside the mills and, consequently, power consumption. 

Using both empirical and DEM studies,  the effect of lifter design on the power draw can be examined. 

As a result, the lifter design's impact can be encompassed in the Morrell C-model by defining a lifter 

function. 
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Rajamani et al. (2019) used several industrial tumbling mills' net power data to assess the predictive 

capability of Hog and Fuerstenau's model. The results are shown in Fig. 6e. Although some errors are 

observed between the predicted and actual data, it can be concluded that there is a somehow acceptable 

agreement between them, particularly for ball mills. For this reason, the Moly-Cop tools, which have 

been provided to assess grinding media performance at a full industrial scale, use Hogg and 

Fuesrtanua's model to estimate the ball and SAG mills' net power draw (Molycop, 2021). However, it 

seems that this equation could be modified to predict SAG mills' net power consumption more 

precisely. For example, Doll (2016) found that, for calibrating Hog and Fuerstenau's model, the charge's 

angle of repose ("α") is affected by the aspect ratio of the mill and must be greater than the values 

supposed by Hog and Fuerstenau. Literature shows that the charge's angle of repose in cylindrical 

vessels is affected by various parameters, such as the angle of internal friction, particles' size and shape, 

density, moisture content, interface friction angle, and stratification (Hamzeh et al., 2018). However, 

there are no studies to determine the relationship of the charge's angle of repose with the mentioned 

parameters. The establishment of such a relationship through laboratory and simulation studies can 

lead to a more accurate charge's angle of repose and thus strengthen Hog and Fuerstenau's equation. 

Furthermore, like the Morrell C-model, the mentioned issues regarding lifter design and the grinding 

media dynamic voidage must be examined for the improvement of Hog and Fuerstenau's equation. 

Daniel et al. (2010) tested the performance of Hogg and Fuerstenau's model, Austin's model, the Morrell 

C-model, the Morrell E-model, and the JKSimmet SAG mill model in predicting the pinion power of an 

industrial SAG mill. The results are shown in Fig. 6f. As can be seen, the models' output is more similar 

under SAG mills' normal operating conditions (fractional speed of 74 to 80 % and fractional filling of 14 

to 18 %). But, the models' output deviation is visible in slower fractional speed or lower ball loads. As a 

result, it is suggested that the models' average results be used to determine power when non-standard 

mill operating conditions are specified. Given that in the actual conditions, the SAG mills' fractional 

filling by balls can be less than 14% (even about 7%), We believe it is necessary to calibrate the valid 

models such as Hog and Fuerstenau's equation and Morrell C-model by considering this issue. 

 

Fig. 6. Mill power equations’ Performance. (a) Ball mills’ predicted power by the Morrell C-model, (b) AG/SAG 

mills’ predicted power by the Morrell C-model (Morrell, 1993), (c) SAG mills’ predicted power by the Morrell C-

model by assuming there is no slurry pool (θTO= θT), (d) SAG mills’ predicted power by the Morrell C-mode by 

estimating θTO based on the progressive occupation of voidage by slurry (Morrell, 2016), (e) Performance of Hogg 

and Fuerstenau's model in predicting the mills' power draw (Rajamani et al., 2019), (f) Outputs of different power 

equations for a 40 × 22 ft. SAG mill (Daniel et al., 2010) 

Overall, it can be concluded that the most crucial advantage of fundamental models over empirical 

models is paying attention to the charge motion. Moreover, making a relationship between mills' power 

draw and the parameters affecting it using physics laws is another advantage that validates these 

models over a broader range of operating conditions than empirical models. Although the influence of 

pulp rheology, pulp lifter performance, feed size distribution, slurry pool, and ore's hard components 
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building-up has been considered in these models, there are still shortcomings relating to their accurate 

effects. Besides, these models have not included other parameters such as lifter geometry, the realistic 

grinding media voidage, the shape of grinding media and feed particles, and particle size distribution 

of feed and grinding media. Furthermore, the energy consumption resulting from the heat generation 

due to friction, attrition, and abrasion breakage of the rock charge and rotational motion of the grinding 

media have not been accurately incorporated in the models because they are not adequately understood. 

Researchers can use two investigations conducted by Marino-Salguero et al. (2017) and Bouchard et al. 

(2018) in this field to calibrate the models.  Indeed, the heat losses corresponding to the mentioned 

phenomena can be detected by tracing three heat flows: radiation and convention around mill shell, 

enthalpy flows with air, and enthalpy flows with slurry. We think that the enthalpy flows with slurry 

can be determined by tracing the mill's inlet and outlet pulp temperature difference through embedding 

temperature transmitters into the mill feed hopper and discharge sump. Accordingly, an empirical 

model can be derived to determine the slurry heat losses with respect to various conditions, including 

rotating speed, ore's abrasion, work index, and fractional filling. Moreover, thermography camera data 

can be used to trace radiation and convention around the mill shell.   

2.2.2. DEM 

In the last two decades, the discrete element method, has contributed to modelling the grinding and 

understanding the vague issues regarding this process. Indeed, there are some shortcomings in the 

other approaches in providing a realistic description of charge behaviour and predicting the power 

draw by changing the liner/lifer geometry, grinding media size distribution, feed size distribution, and 

pulp lifter geometry. This is where the DEM can be a facilitator through its superiority in modelling the 

individual motion of particles. While in other approaches, the whole mill charge is assumed as a locked 

mass. Fig. 7 demonstrates that the DEM has an outstanding ability to simulate the charge's shape inside 

mill at both subcritical and supercritical speeds (Govender et al., 2015). This section reviews the DEM's 

procedure in power draw prediction, the capabilities of both 2 and 3 dimensional DEM, the DEM's 

performance in predicting the full-scale mills' power draw, and DEM studies on the effects of 

mechanical components and operating parameters on power draw. 

 

Fig. 7. The DEM predicted vs. actual shape of the charge (a) For fractional mill filling of 0.25 and mill rotating 

speed N=70 % of critical speed, (b) For fractional mill filling of 0.35 and mill rotating speed N=160 % of critical 

speed (Govender et al., 2015) 

2.2.2.1. The DEM’s procedure in the power draw prediction 

Numerical modelling with taking advantage of the DEM was first used by Candall and Strack (1979) in 

soil mechanics. Mishra and Rajamani (1991) utilized the DEM to simulate the load behaviour in a ball 

mill and found that it can significantly influence designing and optimizing the milling process. The 

DEM uses two basic physics laws to model collisions of materials: force-displacement law and Newton's 

second law. A short contact between the particles leads to a collision causing the particles to overlap 

(see Fig. 8a), which DEM uses as particle's displacement. The DEM traces all displacements of discrete 

elements resulting from collisions and then models the forming new collisions for a period of t to t+∆t 

called cycle time step by using calculation cycles. After conducting every cycle, the new momentary 

forces for each particle are calculated through force-displacement law. Next, the linear movement and 

each particle's speed are determined using Newton's second law. This calculation process is repeated 

for each cycle time step (Misra and Cheung, 1999; Weerasekara et al., 2013; Harvig, 2017). 
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During particles collision, in addition to the acceleration of gravity, another acceleration is applied 

to particles because of contact force. Hence, the DEM calculates particles’ new velocity based on further 

acceleration. The contact force between two particles that causes them to overlap is defined by vertical 

and tangential components (see Fig. 8a). In the process of simplifying the calculation cycles, the contact 

force between two particles having a linear or non-linear relationship with the particles' overlap (∆x) is 

simulated based on the spring-slider-dashpot model (see Fig. 8b). The linear-spring dashpot model is 

the simplest type of contact model so that a constant value is considered for spring stiffness. By applying 

Hertz's theory, the linear model has been modified to incorporate the force deformation relation due to 

particles' body tending to deform; thus, the nonlinear-spring dashpot model has been developed 

(EDEM 2.6 User Guide, 2011). In the DEM calculation logic, the contact force and its tangential and 

normal components are calculated using the following equations (EDEM 2.6 User Guide, 2011): 

F=Fn+Ft                                                                            (23) 

Fn=-Kn∆xn+ CnVnrel
                                                                 (24) 

Ft=-Kt∆xt+ CtVtrel
     if    Ft   μ Fn then Ft= μFn                                          (25) 

where Fn and Ft are the normal and tangential components of contact force, respectively, C and K are 

the functions of damping and stiffness, respectively, Vrel is the relative impact velocity, ∆x is the 

particles' overlap, and μ is the friction coefficient. The subscripts n and t denote normal and shear 

direction at the contact point. 

In the DEM, in the light of calculating the relative velocity and the contact force in both normal and 

tangential direction through Equations 23 and 25, the four following methods are used to predict the 

power draw through calculation of energy or torque consumption of tumbling mills: 

A. Calculation of the energy lost (Datta et al., 1999): In the milling operation, the energy required for 

the charge motion is consumed in collisions and frictions. Some energy value is lost at each inelastic 

contact, represented by the dashpot in the spring-slider-dashpot model. Therefore, the energy lost at each 

contact is given by the integral of forces on the dashpot with respect to the displacement over a whole 

collision time as follow: (Datta et al., 1999; Tavares, 2017): 

E= Edn+Edn= ∫ Fdndxn
tcontact

0
+ ∫ Fdtdxt

tcontact

0
                                              (26) 

where Fdn and Fdt are the normal and tangential components of force on the dashpot (N), respectively, 

and dx is the particles overlap (m). 

B. Calculation of the produced collision kinetic energy (Kwan et al., 2005; Wang et al., 2020): Based 

on calculating the displacement and velocity of particles using Newton's second law, the total milling’s 

kinetic energy (E) can be given through total collision kinetic energy as follow: 

E= ∑
1

2
mVrel

2n
j=0                                                                          (27) 

where m is the reduced mass of two involved particles in a contact (
2mimj

(mi+mj)
) in kilograms, Vrel is the 

relative normal velocity of particles (m/s), and n is the total number of collision in each time step. 

C. Calculation of the maximum contact energy (Wang et al., 2012): The DEM has employed the 

maximum impact energy, which specifies the maximum experienced stress by the involved particles in a 

collision, to estimate the total collision energy. When the maximum stress occurs in contact between two 

particles, the overlap reaches its maximum, and thus the maximum impact energy (E) is given by the 

integral of normal force and displacement as follow: 

E= ∫ Fndxn
∆xn max

0
                                                                    (28) 

where Fdn is the contact force’s normal component (N) and dx is the particles’ overlap (m). 

By estimating the energy of all collisions during the total considered milling time in DEM simulation 

and using one of the methods mentioned above (Eq.s 26 to 28), the power draw is given by the basic 

power equation (Eq. 10). 

D. Calculation of torque (Nierop et al., 2001): Calculating the torque resulting from a collision between 

grinding media and mill liner/lifters is another method used by DEM to predict the power draw. For 

contact between any mill lifter or liner element and a particle, the created torque in contact can be assessed 

by estimating the normal and tangential components of contact force and the distance from the mill’s 
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center. Subsequently, the power draw is calculated through the torque-arm approach’s basic equation 

(Eq. 11). 

 

Fig. 8. The collision theory employed by DEM. (a) A simple illustration of the collision of particles (Johnson, 

1985), (b) the spring-slider-dashpot model for a collision of two particles (Zhu et al., 2019) 

In general, in the DEM calculation logic, after calculating the various possible contact forces inside a 

mill consisting of particle-particle, particle-lifter, and particle-liner forces, the particles' velocity and 

position are calculated through Newton’s second law. Subsequently, using one of the four above 

mentioned methods, the power draw is calculated. 

2.2.2.2. Comparison of 2 and 3 dimensional DEM in modeling of mill power draw 

Numerous studies have been published relating to analysing the power draw of tumbling mills using 

two and three-dimensional DEM. In the 2D codes, the mills are modelled as a 2D circular slice of a mill 

with a width equal to the largest particle's diameter, while in the 3D codes, the collisions can be 

modelled for the entire mills' length (Rajamani et al., 2019). Since the 3D method was developed later, 

most modelling of tumbling mills has been conducted using 2D codes. On the other hand, the 

computational time limitation is another crucial reason for much research on the 2D method.  

The literature shows that the performance of 3D codes in modelling the power draw of both 

industrial SAG and ball mills is more accurate than 2D codes (Venugopal and Rajamani, 2001; Kimura 

et al., 2007; Rajamani et al., 2019). This can be clearly seen in Table 1, which is the results of an evaluation 

study conducted by Rajamani et al. (2019). This prediction accuracy is attributed to the 3D codes’ 

capability to simulate millions of particles with millions of collisions and incorporate the effect of feed 

characteristics and discharge lifters in the power calculation. Furthermore, the 3D codes can precisely 

estimate the position of the shoulder and toe and the trajectory curves that can be different in the length 

direction of the mill. In contrast, in the 2D codes, only the behavior of a slice of the length that cannot 

represent the entire mill length is considered to calculate the power draw. However, the main 

disadvantage of the 3D codes is the computational time limitation. In such simulations, millions of 

particles' collisions are followed to calculate the system's collision energy, which requires intensive 

computational for the code execution. It should be mentioned that the advances in Graphical Processor 

Unit (GPU) computing codes have made it more facilitative to do such tasks. However, using this 

advanced GPU to predict the power draw increases the price of computer hardware considerably (Peng 

et al., 2016). 

Table 1. The DEM prediction results vs. actual power draw of industrial tumbling mills (Rajamani et al., 2019) 

Mine site 
Mill 

type 

Mill dimension 

(ft.) 
Fractional 

speed (%) 

Fractional 

mill filling 

(%) 

Net power (MW) 

Diameter Length Actual 

Predicted by 

the DEM (2D 

codes) 

Predicted by 

the DEM (3D 

codes) 

Constancia SAG 

mill 

36.00 26.50 72.00 26.00 13.7-

15.7 

14.1 14.3 

Constancia Ball 

mill 

26.00 40.50 74.00 32.00 13.4 12.9 13.1 

Tongon Ball 

mill 

20.00 32.00 75.00 33.00 8 7.2 7.5 
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2.2.2.3. DEM’s performance in predicting the full-scale mills’ power draw 

This section shows the DEM's capability in the prediction power of both ball mills and SAG mills. Fig. 

9 illustrates the proper predictive capability of DEM in predicting the net power draw of ball mills for 

a wide range of diameter (Detta et al., 1999). The presented data in Table 1 and Fig. 9 prove that 

summing the energy loss in the individual collisions during grinding, which is the basis of power 

calculation in the DEM, is a reliable approach to predicting the mills' net power draw. 

 

Fig. 9. DEM prediction results vs. actual power draw of ball mills (Datta et al., 1999; Mishra, 2003) 

Table 2 demonstrates a comparison between the Morrell C-model and the 3D DEM in predicting the 

gross power of an industrial SAG mill in two different scenarios. As can be seen, the prediction of both 

models is less than the actual value, although the Morrell C-model has predicted the power more 

accurately. Likewise, Fig. 10 illustrates an industrial AG mill's actual gross power draws versus 

predicted values by both the Morrell C-model and the 3D DEM (CMD consulting, 2021). As depicted, 

at high powers, the predicted powers by the DEM are significantly less than the Morrell C-model. The 

main shortcoming of DEM leading to the under-estimation of gross power is the neglect of energy losses 

in the motor, gearbox, and bearing. This issue should be considered in the DEM's future progression to 

make it applicable in designing, monitoring, and controlling tumbling mills' circuits compared to the 

Morrell C-model. Furthermore, the computational time limitation is another DEM's shortcoming that 

restricts this method for more realistic simulation of particles' collisions (Marrison et al., 2001; Govender 

et al., 2015). The challenge of modelling fine particles is another major shortcoming of DEM because the 

grinding environments include trillions of fine particles. It becomes computationally impossible to 

account for every individual real-sized particle. While, in real industrial mills, fine particles will cushion 

impacts between large ones, affecting the amount of impact force and, consequently, power draw. 

Table 3 presents a comparison between the DEM and the Morrell C-model in predicting the gross 

power of an AG mill in two different conditions, including with and without the slurry pool (CMD 

consulting 2021). As can be seen, the DEM could not consider the slurry pool’s effect. In comparison, 

the Morrel C-model determines the mill's power in the presence of the slurry pool correctly less than in 

its absence. It is important to note that to achieve a more realistic description of charge motion by 

considering  the  influence  of  the  slurry  medium,  investigators  have employed coupling of DEM and  

Table 2. Comparison of the DEM and the Morrell C-model in predicting the power draw of a SAG mill with a size 

of 5.26*10.86 m (Marrison et al., 2001) 

C
as

e 

Parameters Power draw (kW) 

Lifters’ 

number 

Ball top 

size (mm) 

Ball 

load 

(%) 

Total 

load 

(%) 

Fractional 

speed (%) 
Operating 

Predicted by 

Morrell C-model 

Predicted 

by DEM 

1 72 125 11 26 80.4 12711 11501 9842 

2 48 150 12 21 74 10800 10500 9563 
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Fig. 10. Comparison between the DEM and the Morrell C-model in predicting the power of a SAG mill with a size 

of 5.9*11.1 m. (a) For rotating speed N=62 % of critical speed, (b) For rotating speed N=75 % of critical speed 

(CMD consulting, 2021) 

other techniques such as smoothed particle hydrodynamics (SPH) or computational fluid dynamics 

(CFD). These researches’ results revealed that by employing the CFD or SPH methods coupled with the 

DEM, the energy consumption could be estimated more precisely because of accounting for the 

fluideffect (Cleary et al., 2006; Mayank et al., 2015, Sinnott et al., 2017, Jahani Chegeni, 2019; Lvov and 

Chitalov, 2021). However, some key challenges must be solved in the future DEM application coupled 

with CFD or SPH, including; the influence of fine particles between the colliding elements, the effect of 

slurry density and viscosity, modelling the grinding process continuously, and the impact of realistic 

particle shapes. 

With all of the above mentioned, the DEM modelling is a suitable platform for advancing 

understanding power draw in tumbling mills' operation. However, it still needs to evolve and progress 

for future milling equipment control and design. 

Table 3. Comparison between the DEM and the Morrell C-model in considering the effect of slurry pool in 

predicting the grate discharge mills’ power draw (CMD consulting, 2021) 

Model 

Parameters Power draw (kW) 

AG mill’s 

length 

(m) 

AG mill’s 

diameter (m) 

Total 

load 

(%) 

Fractiona

l speed 

(%) 

Ore specific 

gravity 

(tonnes/m3) 

With 

slurry pool 

Without 

slurry 

pool 

DEM 11 11.1 40 60 2.7 2800 2800 

Morrell C-

model 
5.9 11.1 40 60 2.7 2545 2059 

2.2.2.4. DEM investigations on factors affecting the power draw of tumbling mills 

Many vague issues regarding the effect of different parameters on the power draw have been 

investigated using the DEM. This section tries to provide a comprehensive review of DEM 

investigations on parameters affecting the tumbling mills' power draw. 

2.2.2.4.1. Mill diameter, rotating speed, and fractional mill filling 

The mill diameter, rotating speed, and fractional mill filling as the most prominent affecting parameters 

of the mill's power draw have been investigated by DEM in various studies. (Cleary, 2001; Datta et al., 

1999; Djordjevic, 2004; Kime, 2017; Yin et al., 2017; Maleki Moghaddam et al., 2018). As illustrated in 

Fig. 9, there is an acceptable agreement between DEM predicted, and actual power draws in the 

different diameters. Besides, the best-fit line's slope is equal to 2.53 and 2.24 for laboratory and industrial 

scale, respectively, around the Bond exponent of 2.3 (Bond, 1962). 
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Bond (1961) experimentally found that the maximum power draw occurs at 94% of critical speed. 

Yin et al., 2017, indicated that this phenomenon occurs because the number of collisions reaches its 

maximum at mentioned speed. Likewise, the DEM simulation results demonstrate that the maximum 

power draw occurs at about 90 % of critical speed (see Fig. 11a), close to Bond's proposed value (94%).  

Bond (1961) empirically found that the maximum power draw occurs when the fractional mill filling 

reaches 53 %. Fig. 11b illustrates that in the DEM simulation results, the maximum power consumption 

occurs at the same mill filling. According to Equation 12, the power draw functions the charge weight 

and the lever arm distance. Although the charge weight increases with increasing the fractional mill 

filling, the lever arm distance decreases, making the power draw's trend bell-shaped. 

2.2.2.4.2. Liner and lifter geometry 

Sacrificial liners equipped with lifters are mounted onto the mill shells, not only for protecting the mill 

shells from high wear rate but also for increasing the grinding efficiency by enhancing the fraction of 

cataract load for reaching the maximum impact breakage energy. Accordingly, the effect of the lifter's 

number and characteristics, including shape, height, and face angle on the mills' power draw, has been 

investigated using the DEM (Datta et al., 1999; Cleary, 2001; Djordjevic, 2003; Djordjevic et al., 

2004; Kime, 2017; Bian et al., 2017; Yin et al., 2017; Yin et al., 2018; Kolahi and Jahani Chegeni, 2020).  

Fig. 11c illustrates the lifter face angle’s effect on an industrial mill's power draw per charge tonne. 

As depicted, the power draw decreases gradually as the lifter face angle increases. This is attributed to 

the load behaviour so that more grinding media are projected into the cataract region by increasing the 

face angle. Likewise, the same results were reported by Hlungwani et al. (2003) and Kime (2017). 

The impact of lifter shape could be explained similarly to the presented reason for the lifter face 

angle. Datta et al. (1999) found that the power draw has the maximum value for the rectangular lifter 

(see Fig. 11d), attributed to the interaction of the bigger face angle of this lifter and the mill's rotation 

speed. Yin et al. (2018) investigated the ball mill's power draw with different lifter shapes, including 

rectangle, waveform, and trapezium, and concluded that the trapezium lifter draws the maximum 

power. In another research, Jahani Chegeni et al. (2020) examined an industrial SAG mill's energy 

consumption with three different liner geometry named Wave, Rib, and Osborn. They concluded that 

the energy consumption is maximum in using the Osborn liner, attributed to edged lifters. 

The lifters' height and number are other important parameters that have been examined by various 

researchers (Datta et al., 1999; Djordjevic et al., 2004; Kime, 2017; Bian et al., 2017; Kolahi and Jahani 

Chegeni, 2020). Fig. 11e  illustrates  the  DEM  results of the lifter height effect on a ball mill power draw.  

 

Fig. 11. The DEM simulation result regarding the effect of operating parameter on the mill power draw. (a) Effect 

of rotation speed, (b) Effect of fractional mill filling (Datta et al., 1999). (c) The impact of lifter face angle (Cleary, 

2001), (d) The effect of lifter shape (Datta et al., 1999), (e) The effect of lifter height (Yin et al., 2017), (f) The effect 

of lifter number (Datta et al., 1999) 
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As depicted, the maximum power occurs for the higher lifters at low mill speeds. Conversely, at high 

rates, the maximum power occurs for the shorter lifters, attributed to increasing movement and lifting 

the balls at low speeds and increasing the centrifuge layer thickness at the high rates (Kolahi and Jahani 

Chegeni 2020). The effect of lifters' number on the mill-power has been reported similar to lifter height's 

impact. The extent of cataract motion and, subsequently, power draw will be significantly enhanced as 

the lifter number increase to a specific limit, as shown in Fig. 11f (Datta et al. 1999). Therefore, the power 

draw passes through the maximum and decreases because of trapping grinding media between lifters, 

which behave like a mill with less volume (Yin et al. 2017). 

2.2.2.4.3. Pulp lifter Geometry 

With respect to Equation 22, the pulp lifter's performance has a remarkable effect on the power draw. 

Literature indicates that the pulp lifter mechanism leads to lower discharge than when the grate 

discharge system is used. This is due to the inherent defects in ordinary pulp lifter systems design, 

allowing a proportion of pulp flow back into the mill before discharge through mill trunnion, which 

may cause the formation of a slurry pool and thus reduce the power draw and grinding efficiency. 

Hence, the effect of pulp lifter characteristics, including depth, the vans' number, and the type of lifter 

assemblies consisting of straight, curved, or twin-chamber on the power draw, have been investigated 

using DEM (Royston, 2000; Royston, 2005; Latchireddi, 2002; Latchireddi and Morrell, 2003;  Chu, 2011; 

Gutiérrez et al,. 2019). However, the effect of pulp viscosity and PSD of mills’ product on the pulp lifter’s 

performance and power draw has not yet been examined, which needs to be investigated using DEM 

coupled with CFD or SPH in future investigations. 

2.2.2.4.4. The shape of grinding media and feed particles  

Since the particles' shape has a significant effect on the mill charge’s dynamics and achieving its data is 

difficult because of the milling's harsh environment, the DEM has been applied to analyze its effect on 

the power draw. Although some laboratory studies have been conducted on the effect of grinding 

media’s shape (Lameck, 2005; Simba, 2010; Khumalo et al., 2019; Shahbazi, 2020), it has not been 

incorporated in power equations.  

Kiangi et al. (2013) investigated the effect of different grinding media shapes on the power draw of a 

pilot-scale mill by application of the DEM and concluded that the power draw could be described in the 

following order for different media shapes: worn balls>spheres>cylpebs. The same results were 

reported in the emprical research conducted by Lameck et al. (2006). Weerasekara et al. (2016) 

employed round and clumped balls to study the total energy dissipation of ball mills and 
found that collision energy's tangential components using rounded balls are significantly less 
than clumped ones. In another research, Govender et al. (2018) examined the power draw of a 

laboratory-scale mill in different grinding media shapes and concluded the maximum and minimum 

value of power draw occurs for the truncated tetrahedron and sphere, respectively (see Fig. 12). 

Although grinding media shape's importance lies in three reasons, including their deformation during 

milling operation, the existence of various grinding media shapes,s and their remarkable effect on the 

mill charge’s dynamics, few articles have been published examining its effect on the mill power draw. 

Since the shape of the grinding media changes under the influence of factors including impact, attrition, 

corrosion, and chipping, we recommend that the effect of a realistic combination of grinding media's 

shapes on the power draw be studied. By draining the balls from inside a ball mill during a mineral 

processing plant overhaul, the actual shape distribution of grinding media can be determined and then 

modeled using the DEM.  

It is well known that the feed characteristics such as particle shape, angularity, and aspect ratio have 

notable influences on the AG/SAG mill's performance (Cleary and Owen 2019; Tavares et al. 2020). 

Hence the feed particles' shape effect on the power draw has been considered in DEM's investigations. 

Tavares et al. (2020) adopted a new breakage model in DEM modelling using the polyhedral 

particles, which are more similar to actual rock shapes. They found that the DEM using polyhedral 

particles could more accurately describe the ore's size distribution resulting from breakage in grinding 

and consequent energy consumption. Cleary and Owen (2019) investigated the impact of rock shape on 
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an industrial SAG mill's power draw by applying 3D DEM. They found that the power draw is 

persistently higher for the non-spherical particles, attributed to the higher shoulder and toe positions 

than spherical particles. Moreover, they observed that the difference in power draw for these two cases 

declines with increasing the mill rotating speed but enhances with decreasing the lifter height and 

increasing the fractional mill filling and the rock to ball ratio. 

 

Fig. 12. The DEM simulation result regarding the effect of grinding media shape on the power draw (Govender et 

al., 2018) 

2.2.2.4.5. The grinding media and feed particle size distributions 

A wide range of impact forces must be created inside a mill for optimum grinding, achieved by selecting 

the suitable ball size distribution (BSD). To this end, Bond’s method is used to determine an appropriate 

BSD for the mills' first filling (Bond, 1958). Many researchers have studied the BSD's effect on mills' 

power draw (Bond, 1961; Austin et al., 1976; Djordjevic, 2005; Katubilwa et al., 2009; Magdalinovic, 2012; 

Cho et al., 2013; Zhang et al., 2014; Kabezya et al., 2015). Since the BSD's effect has not been considered 

in the power equations, some attempts have been made to assess its impact by utilizing the DEM. 

Djordjevic (2005) investigated the impact of BSD on the net power of a 5 m diameter ball mill. He found 

that, for a given BSD, the power draw will be  decrease with a slight trends by replacing the smallest 

balls with bigger ones; and after passing through a certain size, a significant reduction in power draw 

is observed (see Fig. 13a). Panjipour and Barani (2018) examined the BSD's effect on the power draw of 

a laboratory ball mill in different fractional mill fillings and BSDs. This investigation's results 

demonstrate that for all values of fractional mill filling, the maximum power draw occurs when the 

percentage of small balls is between 30-40% (see Fig. 13b). Similarly, the same results have been reported 

by Amannejad and Barani (2020). Moreover, they reported that the rotating speed's effect on the power 

draw significantly depends on BSD. Although some attempts have been made to assess the BSD impact 

on the power draw by applying the DEM, there are still shortcomings in this regard. We recommend 

the Bond's proposed BSDs for ball mills' first filling at the commissioning stage be used to examine the 

BSD effect and find the optimum size of the make-up ball from the power draw point of view. Moreover, 

the realistic BSD, which can be obtained by discharging the balls during plants' overhaul, can be used 

as input data to more realistically trace BSD's effect on power draw.  

According to Silva and Casali's model (Eq. 9), the effect of feed size distribution on the mills' power 

draw, particularly SAG mills, is remarkable. Nevertheless, few papers have been published in this 

regard. For instance, the DEM can contribute to upgrading Silve and Casali’s model in terms of defining 

a function for intermediate size fraction (-6"+1" in the original model) based on operating and mill 

design parameters.  

Kwan et al. (2005) studied the effect of feed particle size distribution (PSD) on a laboratory ball mill's 

power draw using the DEM. They reported that the power draw has a linear relationship with the feed 

PSD, and its maximum value corresponds to the largest size fraction, as illustrated in Table 4. 
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In another research, Weerasekara et al. (2016) investigated the effects of feed particle size distribution 

and mill diameter on the power draw of three pilot-scale SAG mills with different diameters. This study 

demonstrated that the smaller particles consume higher energy leading to higher mill's power draw; in 

contrast, the biggest ones consume less energy. Besides, they found that the average particles' energy 

consumption increases with an increase in mill diameter. 

 

Fig. 13. The DEM simulation results.  (a) The BSD’s effect on the power of  5 m diameter ball mill (Djordjevic, 

2005), (b) The mutual effect of the BSD and fractional filling on the power of a 25 cm diameter ball mill (Panjipour 

and Barani, 2018) 

Table 4. The DEM result regarding the feed particle size’s effect on a laboratory ball mill’s power draw (Kwan et 

al. 2005) 

Feed Size Range (µm) Mean feed size (µm) Predicted Power (JS-1) 

500-600 550 83.93 

425-500 463 70.58 

355-425 390 59.51 

250-300 275 41.97 

212-250 231 35.25 

3. Power consumption’s optimization 

The US. Department of Energy has reported that the most significant potential for energy-saving in all 

mining-related operations is to optimize grinding processes; because the energy efficiency of tumbling 

mills is considerably low (U.S. DOE, 2007). Hence, the manufacturers have attempted to improve the 

tumbling mills’ components, such as the lubrication systems, the geared drives, and the electric motors. 

Furthermore, optimization of filling level and stability of rotating speed has been made by designers. 

One of the main dramatic problems resulting in the low energy efficiency of mills is that about 30 % of 

grinding bodies remain in a dead zone and are not involved in the dynamic process (Goralczyk et al., 

2020). Thus, utilizing instruments that can provide data on dynamic phenomena inside the mills can 

update power draw models to increase energy efficiency by choosing the optimum operating 

parameters. In other words, the optimal condition and related power draw can be extracted from such 

models in which the maximum live grinding zone is achieved.  

An investigated promising approach to utilizing the dynamic phenomena in increasing the grinding 

efficiency is making the oscillatory movement (resonance and synchronous) of the central part of 

material inside the mill against the mill shell so that the rest of the load is a passive part (Goralczyk et 

al., 2020). Since the electrical power draw of the largest mills is about 20 to 30 MW, even a tenth of a 

percent reduction of energy consumption provides a tremendous annual energy saving for mineral 

processing plants. Literature shows that by implementing the oscillation of material, which is occurred 

in a particular value of rotating speed and feed rate, the energy consumption can be decreased in the 

range of 8-10 % (Maryuta, 1993). The different instruments that nowadays are used by industrial 

technologists such as Mintek, Outotek, and FLSmith for the control of milling operation, can be utilized 

for implementing this approach as a suitable online process and condition monitoring tool. Most used 

measurements in industrial applications are based on electric motors’ power, mills’ rotating speed, 

acoustic emission, sliding bearing oil pressure, vibration, the torque of drives, vision, weightometer 
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(belt scale), particle size distribution analyzer, and slurry density meter (Maryuta, 1993; Outotec, 2020; 

FLSmidth, 2020). Based on this, the effect of the oscillatory phenomenon on the mill’s power draw can 

be realized by indirect measurement of load dynamics with different physical nature signals. Campbell 

et al. (2001) showed that the multi-sensor surface vibration monitoring system can can sufficiently trace 

the level of the oscillatory movement inside the mills.  

We believe that implementing a process control system in which the instrumentations' signals are 

collected and analyzed can upgrade the power draw models to optimize power consumption by 

considering the effect of oscillatory movement. We suggest the shown instruments in Fig. 14 for this 

program's future studies. The proposed control system utilizes a motor's signal for detecting the mill's 

gross power, a VFD's signal for detecting the rotating speed rate, a density meter's signal for detecting 

pulp density, a belt scale for detecting the ore's feed rate, a signal of PSD analyzer for determining 

product's particle size distribution, sliding bearing oil pressure transmitter signal for detecting the 

fractional mill filling, and vibration signal for detecting the level of oscillatory movement. From the 

results of the implementation of this program, the relationship between the level of oscillatory 

movement and power draw can de be determined in the various level of slurry density, mill rotating 

speed, fresh feed rate, and fractional mill filling. On the other hand, the PSD of the mill product can be 

traced. Since the optimum oscillatory increases the efficiency of the mill, it can be realized that at which 

level of vibration the feed rate can be increased so that the product's particle size distribution remains 

the same. In other words, such examination leads to an increase in the mill's capacity with lower specific 

energy consumption. Indeed, the efficient condition delivers the least specific energy to accomplish a 

particular size distribution of products. Based on this, an empirical model can be developed in which 

the power draw and value of operating parameters for achieving the optimum oscillatory level be 

derived.  Moreover, it is recommended that the DEM be coupled with the experimental results to assist 

the interpretation of the oscillatory level signature. 

 

Fig. 14. The proposed approach for updating the power draw models in terms of increasing the mills’ efficiency   

4. Conclusions 

A review article has been presented to examine the performance of tumbling mills' power models and 

the employed methods in their development, specify the effective parameters incorporated in them, 

identify their shortcomings, and suggest future studies. The literature demonstrates that researchers 

have made worthwhile efforts to integrate various parameters into the mils' power equations. 

Nevertheless, it seems that there still exists an array of gaps. In conclusion, the following issues were 

found which need to be investigated in future studies: 

1. In all models, the grinding media voidage, vital in estimating the charge bulk density, is assumed 

static and equal to 0.4. However, even the static voidage depends on the grinding media's size 

distribution and shape. On the other hand, the mill charge has a dynamic state and varies by 

changing the operating parameters. Therefore, two issues need to be investigated in future 

studies: 
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• preparing an equation to determine the static voidage based on the grinding media's shape 

and size distribution.  

• development of an equation to assess the impact of change in the fractional mill filling, 

grinding media's shape and size distribution,  and the fractional speed on the dynamic 

voidage. 

2. Since the shape of the grinding media changes under the influence of factors including impact, 

attrition, corrosion, and chipping, research on incorporating the effect of grinding media into the 

power equations by considering the realistic distribution of shape and size can be essential and 

efficient while was not yet investigated.  

3. To upgrade the Hog and Fuerstenau's model, especially for SAG mills, the possibility of the 

development of an empirical model to determine the mill charge angle of repose with respect to 

the angle of internal friction, particles' size and shape, charge density, moisture content, interface 

friction angle, and stratification must be investigated. 

4. There is little information on heat generation due to friction, attrition and abrasion breakage of 

the charge and its rotational motion. The heat losses during grinding can be detected by tracing 

radiation and convention around the mill's shell, enthalpy flows with air, and enthalpy flows 

with slurry. These can be determined using instruments such as temperature transmitters and 

thermography cameras. Accordingly, a mathematical model can be derived to determine the heat 

losses with respect to various conditions, including rotating speed, ore's abrasion and work index, 

fractional mill filling, etc. 

5. By applying DEM, the effect of different ball size distribution, proposed by Bond for mill’s first 

filling, on the power draw must be investigated to obtain the optimal ball size distribution. In this 

way, the optimal size of the largest ball charged to the mills can be achieved. Besides, the effect 

of BSD on the power draw can be included in models by defining an index like the mean absolute 

deviation of balls' diameter that can represent balls' BSD. 

6. The effect of the ore abrasion Index, which can affect the mills' power draw by deforming the 

grinding media shape, changing the voidage value, and increasing grinding media consumption, 

shall be investigated. 

7. There is lack of research about the effect of pulp viscosity and mills’ product PSD on the pulp 

lifter’s performance and power draw, which needs to be investigated using DEM coupled with 

CFD or SPH. 

8. Since the lifter design has a significant impact on the charge’s dynamic inside the mills and 

consequently power consumption, it is required the lifters desgin be incorporated into into the 

modified Morrell C-model by defining a lifter function using both empirical and DEM studies. 

9. The tumbling mills' power draw has not been studied using various feeds with the same size 

distribution but different F80 values, which the DEM can carefully examine. Such investigation 

can be very efficient and helpful in optimizing SAG mills' feed size distribution through adjusting 

the feed rate of apron or vibrating feeders installed in stockpiles. 

10. Silva and Casali's model applies the -6"+1" fraction of feed as the intermediate size fraction 

affecting SAG mill power. Given that the impact mechanism is dominant in SAG mills and the 

amount of power consumption is associated with ore's Bond work index, we think that the 

intermediate size fraction may vary for different minerals and SAG mill's diameters. Hence, this 

issue must be investigated to upgrade Silva and Casali's model.  

11. There is a lack of research regarding power draw optimization, which needs to be investigated 

through pilot-scale tests using a process control system comprised of different instruments, data 

acquisition, and analyzing systems. For instance, the effect of the oscillatory movement on the 

power draw optimization can be examined through the proposed control system in Fig. 14. 

12. The most critical work for the future is employing the DEM outputs for improving the valid 

power models. For instance, the lifter geometry and grinding media and particles' shape has not 

been included in the Morrell C-model,  which can be implemented by defining functions based 

on the DEM's outputs. 

Overall, it is concluded that the power models could be more efficient and applicable if the identified 

shortage items in this paper are investigated, and their effects are included in the models. 
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