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Abstract

In this paper, a methodology is presented to obtain average representative forces exerted by the load inside a
tumbling mill on the different faces of the lifters and liners, which are directly related to its power consumption.
The methodology is based on the use of virtual sensors included in DEM simulations combined with signal
processing and allows obtaining the magnitude of the forces based on the angular position of the lifters as the
mill rotates. The methodology is validated by comparing numerical and experimental results obtained from a
test bench mill. The variables considered are the power, movement of the load inside the mill, and average
forces. The latter are experimentally measured using instrumented lifters specially designed for this task. The
results obtained show differences in the magnitude of the average forces in specific angular positions,
depending on the operating conditions of the mill. These differences explain the behavior of power
consumption with respect to operating conditions reported in the literature.

1 Introduction

Tumbling mills are critical machines of the mining industry. They are used to reduce the size of mineral
particles, and their operation has associated high economic costs. The grinding of minerals requires high energy
consumption and represents the most expensive stage in the production of metals. The economies of scale and
the decrease in the grade of the ores, has led to the development of large grinding mills that currently reach
throughput of 80,000 - 100,000 ton/day with powers of up to 28 [MW] [1][2].

The main component of the mill is the horizontal hollow cylinder called drum, inside which the ore is
grinded (Figure 1a). The drum rotates on its axis and is delimited at its sides by two ends through which occurs
the entry and exit of the material, respectively. Fixed to the inner wall of the drum are the coatings, composed
by liners and lifters. The liners protect the drum from wear due to contact with the particles, while the lifters
transmit the energy associated with the rotation of the mill to the load, producing its movement inside the mill.
The comminution of the mineral occurs due to the contact forces that are generated between different particles
and between particles and the internal surfaces of the drum.

The liners and lifters wear out over time as a result of the continuous contact with the particles inside the
mill. The replacement of these elements constitute the primary maintenance operations and generate high costs
associated not only with the purchase of replacement parts and labor but also with production losses during
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maintenance works. In addition, the continuous wear of the coatings produces changes in the power
consumption and throughput of the mills.

While rotating, the drum lifts the grinding load along one side of the mill until reaching the point called
shoulder of the load, as shown in Figure 1b. In this position, the particles located near the lifters begin to move
independently of the movement of the drum and then fall describing free fall movements called cascade type
or cataract type. The particles that describe cascade movements from the shoulder characterize by falling
continuously, while those that describe cataract movements do so in the form of waves driven by the lifters. In
the movement that describes the load inside the mill, a set of relevant angular positions, measured with respect
to its axis of rotation, are identified: the position of the shoulder (6,), the position of the point of impact (¢,)
and the position of the toe (&,). The point of impact corresponds to the highest position at which the particles
fall from the shoulder on the opposite end of the mill ring. The position of the toe is where the lifters begin to
lift the load after it falls from the shoulder.

Figure 1b presents an example of the disposition of the particles inside the mills, showing the shape and
trajectory of the load, the position of the toe, of the shoulder, and the point of impact. The shape of the load
corresponds to the shape adopted by the set of particles that do not fall in free fall (cascading or cataracting)
while the mill rotates, which commonly compares to the shape of a kidney bounded at its ends by the toe and
the shoulder. Most of the particles fall from the areas near the shoulder on the internal surface of the shape of
the kidney, describing a cascade-type movement, as can be seen in Figure 1. The lifters lift a portion of the
particles in the shoulder to higher positions and then fall on the toe or the coatings of the drum near the toe
describing a cataract movement. The lifters that leave the position of the shoulder drag small portions of
particles that become independent from it gradually, forming waves of particles that are thrown into the free
space inside the drum. The formation of these waves then depends on the passage of the lifters out of the shape
of the load and, therefore, the impacts of the particles that describe a cataract movement on the area near the
toe are not continuous, but linked to the movement of lifters. The trajectory of the load corresponds to the free
fall movement that describes the particle that reaches the point of impact.

The Discrete Elements Method (DEM) is a numerical methodology that describes the behavior of granular
materials. It allows simulating the movement of each of the particles forming the grinding load inside the mill
by modeling the interactions between the different particles and between particles and surfaces, and solving
the equations of motion of each particle. DEM has been used by multiple researchers to study tumbling mills
focused on, for example, the analysis of the load movement [2][3][4][S1[61[71[8][9][10][11][12][13][14][15]
[16][21][23][26][27][28][32][33][34][45], the study of wear of coatings [2][14][15][30][43][44] and the
modeling of the comminution process [16][S][8][17][18][19][20][22][31][35][37]1[38][39][40][41][42]. This
paper focuses on analyzing the power requirements of the mills, a topic that has also been discussed in the
literature [13][14][45][49][21][24][25][26][29][33]. Different from other researches, this is done by
determining the average forces exerted by the particles on the lifters and liners as a function of the angular
position in which they are located. Some studies relate globally the behavior of the load with the contact forces
by using different methods [47][48][49][50][51][52][54][55][56]. The correlation between the average forces
and the power obtained in this work allows identifying the physical phenomena that explain the observed
power variations as a function of the operating conditions.

2 Test bench: SetupD100

The analyses are carried out based on a laboratory scale mill, called SetupD100, shown in Figure 2a. This
mill consists of three main components: the ring, a back cover, and a front cover. The ring is a hollow cylinder
representing the drum of the mill with lifters mounted on its inside. The ring and lifters are made of technyl.
The ring has an internal diameter of 945 [mm)], an internal length of 60 [mm] and is delimited at its ends by
the back and front cover, respectively. Both covers are made of acrylic. The back cover is gray, while the front
is transparent, which allows observing the movement of the load while the mill runs. The mill is connected to
the electric drive by a drive shaft in a cantilever arrangement. The drive includes a frequency converter that
allows controlling the speed of rotation.

2.1 Lifter geometry

The internal geometry of the mills is one of the main aspects to analyze in order to understand the behavior
of the load inside the mill. It is defined mainly by the number of lifters (N;;) and their geometry. Figure 2a

shows the dimensions of the lifters installed in the test bench mill.
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Figure 2: (a) Vie of the Setup D100. (b) Dimensions of the lifters.

2.2 Operating conditions

The rotating speed and fill level of the mill define its operating condition. The numerical and experimental
analyses presented in this paper consider 81 different combinations of speed and fill levels presented in Table
1.

The rotation speed of the mill is defined as a fraction of its critical speed (N). The critical speed of a mill
(N,) corresponds to the speed of rotation from which the load begins to centrifuge, adhering to the internal
surfaces of the drum. It is calculated as [47]:

42.3
¢ = /D (1)

The critical speed of the SetupD100 is 4.556 [rad/s], and the 9 speeds analyzed vary from 55% to 95% of
it.

The fill level (J,) is the fraction of the internal volume of the mill that is occupied by the grinding load.
The SetupD100 has an internal volume of 0.0396 [m’] and is filled with 11 [mm] diameter steel balls. The 9
fill levels analyzed range from 25% to 45% of the mill’s internal volume, with 2.5% jumps

N

3 Numerical modeling of the SetupD100

The numerical model of the test bench consists of two main components: a geometric model and a contact
model. The geometric model represents the surfaces of the mill with which the particles come into contact,
while the contact model describes the interactions between the particles located inside the mill and the
components of the geometric model, and between different particles.

3.1 Geometric model of the SetupD100

The geometric model used in this investigation is composed of 3 elements: the ring and the two covers. In
the geometric model, the ring and the lifters are considered as a single element. Figure 3a shows the three
components of the geometric model, and Figure 3b shows a view of the load inside the mill together with the
cartesian system used as a reference for the analyses.

Fraction of the Rotation speed, .
critical speed [rad/s] Fill level Mass, [ke]
55% 2.506 25% 46.25
60% 2.734 27.5% 50.87
65% 2.961 30% 55.49
70% 3.190 32.5% 60.12
75% 3.418 35% 64.74
80% 3.645 37.5% 69.37
85% 3.874 40% 73.99
90% 4.101 42.5% 78.61
95% 4.329 45% 83.24

Table 1: Operating conditions.
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Figure 3: (a) Components of the geometric model. (b) Cartesian reference system.
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3.2 Contact model

The particles inside the mill can contact other particles, the covers, or the ring. This means the existence
of three different contact types: steel-steel contact between the steel balls, steel-acrylic contact between the
steel balls and the acrylic covers, and steel-technyl contact between the steel balls and the ring. The contact
models used in DEM allow calculating the forces associated with the contacts to which all the particles are
subject, but for this, it is necessary to define the physical parameters that characterize all possible contacts.
These parameters are the static friction coefficient, the dynamic friction coefficient, the coefficient of
restitution, and the coefficient of rolling resistance. Table 2 shows the values of the contact parameters used
in the DEM simulations.

3.3 Power due to the movement of the load inside the mill

Considering the SetupD100 operating as shown in Figure 3b, it can be noted that in any instant of time,
not all particles are in contact with the internal surfaces of the mill. It is also noted that a particle can be in
contact with the internal surfaces of the mill in more than one point (maximum three) and that there is a given
number of contacts (1) between particles and internal surfaces of the mill.

Now, consider a particle that is in contact with one of the internal surfaces of the mill, and that this contact
i occurs in a position 7 with respect to the axis of rotation of the mill. Let F, be the force exerted by the particle
on the point of contact i, as shown in Figure 4a:

f; = rx,i£+ ry,ijA (2)
E=F,i+F,] 3)

T—7xF @)

Finally, taking into account the n existing contacts between particles and internal surfaces of the mill during
a time instant, the torque associated with the movement of the particles inside the mill is given by:

TMill = Z T; (5)
i1

The torque allows to calculate the power due to the operation of the mill at speed w:

Coefficient of Static friction Dynamic Coefficient of
Contact rolling coefficient friction restitution
resistance () (u) coefficient (x,) (cp)
0.01 - - -
Steel—Steel - 0.43 0.36 0.91
Steel-Acrylic - 0.42 0.38 0.44
Steel — Technyl - 0.23 0.22 0.69

Table 2: Contact parameters used in the DEM simulations.




Figure 4: (a) Contact forces of a single particle in contact with the ring. (b) All contact forces acting on
the ring with a close view of the contact forces.

Py = Tyu® (6)

Thus, the power associated with the movement of the mill originates from the contact between the particles
and their internal surfaces. The contacts between the particles contribute to the power indirectly by
action/reaction forces, and the Discrete Element Method (DEM) is based on calculating the forces associated
with the contacts between particles and between particles and surfaces.

3.3.1 Forces acting on the ring and covers

Figure 4b shows the components of the nodal forces acting on the ring at a given time instant, with a close
view of a section of the ring. The blue arrows represent the components of the forces on the x-axis; the red
arrows represent the components of the forces on the y-axis. There are also small purple arrows representing
the force components on the z-axis. The size of the arrows is scaled based on the magnitude of the forces they
represent. As observed, the components of the forces on the z-axis are much smaller than the other two
components, being so small that they are not recognizable in Figure 4b. The latter, added to the fact that these
forces do not contribute to the power, allows treating the analysis of the forces as bidimensional.

Consider the disposition of particles during a given time instant shown in Figure 5a and the forces excerted
by these particles on the ring, shown in Figure 5b. It can be seen that the magnitude of the forces exerted by
the particles impacting the ring before the toe has a low magnitude and that the amplitude of the forces grows
as they come into contact with the ring in the zone between the toe and the shoulder. Also, it is possible to
notice that the vertical components of the nodal forces act mainly in the negative direction while the forces in
the horizontal direction are positive or negative depending on the face of the lifter in which they act. The sense
of the horizontal forces determines the sense of the torque they generate.

Figure 6 shows the forces of Figure 5 decomposed in the ring tangential direction. These components are
those that contribute to the torque associated with the movement of the particles. It can be seen that the forces
acting on the back face of the lifters (purple arrows) generate torque in the same direction as the rotation of the
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lifters and liners at a given instant of time.



Figure 6: Decomposition of forces in tangential direction.

mill, while the forces acting on the front face of the lifters (green arrows) generate torque in the opposite
direction. It is also possible to notice that the components of the forces that contribute to the torque and that
act on the liners or the top faces of the lifters are of very low amplitude when compared with the components
that act on the front and back faces. Finally, it can be seen that the magnitude of the tangential forces varies
significantly with the angular position. In this work, the power associated with the forces exerted by the
particles on the ring and obtained using DEM is called Py, ;. -

The main consequence of this analysis is that, depending on the face of the lifter in which the forces act,
they can contribute or oppose the total torque exerted by the load, which determines the required driving torque.
The evolution of these forces, depending on the internal geometry of the mill and the operating conditions,
have a significant influence on the power consumption associated with its operation.

Figure 7a shows the components of the forces in x-axis and y-axis acting due to friction on one of the
acrylic covers of the mill. Figure 7b shows the tangential decomposition of these forces, where the size of the
arrows is according to their magnitude. As observed, the forces on the covers that generate torques are of
similar magnitude to those acting on the ring. The magnitude of the power associated with the back cover and
front cover is similar and, therefore, both covers are treated indistinctly in this work.

The power associated with the movement of both covers is defined as P, and is calculated by adding

‘M ,Covers
the powers associated with each cover.

3.3.2 Total power due to the movement of the load inside the mill

The total power associated with the operation of the mill obtained by modeling the SetupD100 using DEM
corresponds to the sum of the powers associated with each of its components:

PDEM,Mill = PDEM,Ring + PDEM,CDverl + PDEM,CaverZ (7)

Most of the power associated with the movement of particles inside industrial scale mills comes from the
contact forces acting on the liners and lifters. In the case of the power associated with the operation of the
SetupD100, both the power associated with the ring and the covers are of similar magnitude because the length
of the ring is too short for its diameter.

Figure 7: Forces acting on one cover (a) in x and y direction. (b) Tangential decomposition of the forces.
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Figure 8: Normal and parallel forces acting on the 3 faces of the lifter and adyacent liner.

4 Model of forces acting on the lifters

As explained in section 3.3.1, the magnitude of the forces exerted by the particles on the ring when the
mill rotates depends on the angular position of the liners and lifters, and on the lifter face on which they act.
Motivated by this, a force model is developed, based on DEM simulation results. The model allows obtaining
the magnitude of the average forces acting on the different faces of the lifters and liners as a function of its
angular position # while the mill operates. This model groups the contact forces exerted by the particles on the
liners and each face of the lifters of the mill. The internal geometry of the mill divides into four faces: the front
face (FF), the back face (BF), the top face (TF) and the adjacent liner (AL). The forces acting on the ring are
divided into 8 forces that act normal and tangential to each face, as shown in Figure 8.

4.1 Modification of the geometric model: implementation of virtual sensors

To obtain the magnitude of the average forces exerted by the particles on the 3 faces of the lifters and
adjacent liners as a function of their angular position, a set of three virtual sensors is incorporated in the
geometrical model of the DEM model of the SetupD100, as shown in Figure 9a. The virtual sensors (VS)
consist of 4 independent sheets (one for each face of the lifter plus the adjacent liner) fixed to the lifters they
cover. The fact that the sheets are independent geometries allows obtaining the resultant force exerted by the
particles on each sheet as a function of time separately.

Figure 9b shows an example of the forces acting on one of the sheets covering the front face (FF) of the
lifter of one of the virtual sensors, as directly obtained from the DEM software, that is, in terms of the xy-
coordinates. Since there are 3 virtual sensors with their respective 4 sheets, a total of 12 x and y force signals
as a function of time is obtained from each simulation.
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Figure 9: (a) Set of virtual sensors included in the geometric model. (b) Example of time history of force
signal in xy coordinate for the front face of one lifter.
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Figure 10: a) Starting position of the virtual lifters. b) Angles used to define the center position of the
lifter faces and adjacent liner. ¢) Projected width of lifter.

4.2 Transformation of forces into local coordinates

The first step in the processing of the forces is to transform the forces captured by the virtual sensors, based
on the global xy coordinates (Figure 9b), in terms of the local coordinates defined for each face according to
Figure 8. The global coordinates are fixed in space so that the mill rotates with respect to the xy plane. On the
other hand, the virtual sensors move with the lifters on which they are mounted and, consequently, rotate with
the mill. Because of this, all local coordinates, defined for each of the faces of the VS, also rotate with the mill.
Hence, to transform the forces from global to local coordinates, it is necessary to know the location of each of
the faces of the VS as a function of time, based on the rotation of the mill.

4.2.1 Angular displacement equations of virtual sensor faces

In order to know the location of the different faces of the virtual sensors with respect to the axis of the mill,
the equations describing the angular displacement of the centers of the 3 lifter faces and adjacent liner are
considered. Figure 10a shows the starting position of the three virtual sensors (VS), where the back face of

VS1 is located at 90° with respect to the horizontal, that is, 6, = % . The back face of the VS2 and VS3 are

located at 120° and 240° from the back face of the SV1, respectively. The angular position of the centers of
the other faces is defined relative to the back face of the respective virtual sensor, as shown in Figure 10b. The
angles shown in the figure are defined according to the geometry of the lifters and the ring. Due to how the
lifters are installed in the ring (Figure 10c) it is convenient to define a projected width of the lifter w, ,, which
represents the width of the base of the lifter if the curvature of the ring did not exist. Doing so allows defining
the angles between the centers of the faces with respect to the back face of the lifter as:

}/=tan1[wb’° —htan(a)j ®
D, —2h
. tan”! (ZWM - htan(a)j ©
D, —h
p=2(s-7) (10)
T
§=;E;+§- (11)

For the geometry and number of lifters of the SetupD100, the angles are y =1.836°, £ =4.762°, # = 5.853°
y £ =8.927°. After locating the different faces of the VS with respect to their corresponding back faces, it is
possible to describe the movement of each of the faces of the 3 VS as a function of time, based on the rotation
speed of the mill as follows:

HBF,i (t) = go,i + wt (12)
HTF,i(t)=eBF,i +y (13)
HFF,i (t) = 6’317,1' +é (14)
eAL,i(t)=93F,i +& (15)



Where w is the rotation speed of the mill, ¢ corresponds to time, the index i =1,2,3 refers to the virtual
sensor and 6§, ; represents the initial position of the back face of the virtual sensor i.

4.2.2 Transformation of forces into local coordinates

Once the location of the 4 faces of the 3 virtual sensors is known as a function of time, it is possible to
transform the forces obtained from the virtual sensors from global xy coordinates into local coordinates (normal
and parallel) by using the following equations:

For forces acting on the front face:

Fy i (t) =F (t)sin(a + O (t)) — Fy!FF,i (t)cos(a + O (t)) (16)
Fy i (t)=F, o, (t)cos(@ + 6Oy (£)) = F, g (t)sin(ar + 6y, (1)) (17)
For forces acting on the adjacent liner:
FN ALz( ) xALz(t) ( ALz( ))+Fy,AL,i(t)Sin(gAL,i(t)) (18)
PALz(t) xALz(t)Sln( ALz( ))+FyAL1( ) OS(GAL,i(t)) (19)
For forces acting on the back face:
Fy g (£)==F, yp (t)sin(Gpp, (£)) + F, ., (t)cos( Gy, (1)) (20)
Fp g (t) =F, g, (t)cos(QBF ; ( )) + Fy B ( )sin(HBF)i (t)) (21)
For forces acting on the top face:
Fy i () =F,pp; (t)cos(6p () + F, 1, (£)sin( 6y, (1)) (22)
P.TF,i (t) =F 1, (t)SIH(eTF i ( )) Fy,TF,i (t)COS(HTF,i (t)) (23)

Figure 11a shows the forces of Figure 9b, acting on the front face of one of the virtual sensors, after the
change of coordinates. After the change of coordinates, it is possible to notice that the magnitude of the normal
forces acting on the faces of the lifters is significantly larger than that of the parallel forces.

4.1 Separation in force pulses

As observed in Figure 11a, the magnitude of the forces changes from zero to non-zero in consecutive time
intervals, a situation that repeats with every rotation of the mill. This is because the VS is not in contact with
the particles when it is located between the shoulder and the toe or the point of impact (whatever occurs first)
and, therefore, is not subjected to forces during this time interval. Contrary, when the VS is in contact with
particles, the force is non-zero. This process of loading and unloading the VSs is approximately periodic so
that lifters and liners are subject to similar forces as they pass through the same angular position.

Based on the above, the forces are subjected to a process of pulse separation. A pulse corresponds to a set
of the 8 forces (two for each face, normal and parallel) exerted by the particles on one of the virtual sensors
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Figure 11: (a) Forces acting on the front face of a SV. Dotted lines mark the beginning and end of the force
pulses. (b) Path followed by a SV for pulse separation with reference position of 135°.
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Figure 12: Averaged (red) and individual (black) pulse forces acting on the front face of the lifter. (a)
Normal force. (b) Parallel force.

for a complete revolution of the mill around its axis of rotation. The pulse separation allows relating the
magnitude of the forces exerted by the particles on the virtual sensors as a function of the angular position
instead of time.

The pulse separation is carried out using an algorithm that defines a reference position (Qef) and identifies

the instants of time where the front face of the VS pass through said position. Figure 11b shows the path
followed by a VS during which one pulse is obtained, with respect to the reference position (135° in this case).
Thus, the pulses correspond to the set of forces exerted by the particles during one rotational period of the mill
based on a reference position. In Figure 11a, the vertical dotted lines represent the initial and final time instants
of the different pulses. The first pulse is not considered representative because the movement of the load
develops only after the first seconds of the simulation.

4.2 Averaging process of pulse forces

Once separated into pulses, the forces are subjected to a process of averaging for deterministic/random
separation. The process consists of averaging the magnitude of the pulse forces of the respective faces of the
SV when they are in corresponding angular positions. The result of the process is the set of § average pulse
forces that act on each of the faces of the lifters as a function of the angular position: F, .., F, . Fy 41» Fp 415
Fy e By pes Fy 1p Y Fp - Figure 12a and Figure 12b show, respectively, the average pulse forces F, ,, and F, ,,
superimposed on the individual pulses from which they are calculated. Figure 13 shows the forces of Figure
11 (in blue), along with the average force pulses (in red) and the random part of the forces (in yellow). In
general, the magnitude of the random part of the forces is low compared to the magnitude of the average forces,

especially for normal forces. The average forces represent the stationary forces acting on any of the lifters as
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Figure 13: Average/random decomposition of the forces acting on the front face of the lifter. a) Normal
force. b) Parallel force.
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a function of the angular position, being the random part responsible for deviating the magnitude of the average
forces until reaching the magnitude of the individual pulses.

4.3 Calculation of torques and power from the forces acting on the virtual sensors
4.3.1 Time delay of virtual sensor forces

The ring of the mill is composed of a set of liners and lifters, of identical geometry, located in different
angular positions. As the VS collect the forces that act on the 3 faces of a lifter and its adjacent liner, it is
possible to calculate the power associated with the movement of the ring from the forces they register,
assuming that the average forces acting on a lifter i is equal to the forces acting on the reference lifter, when
its located in the same angular position.

It is considered that the stationary force acting on each face of a lifter 7 is equal to the force of the respective
face of the reference lifter, including the time delay according to the difference between their angular positions.
That is:

E,(t)=F,(t=(i-1)T,) (24)
Where:
2w
Ty = oN (25)

Ift

Ny, is the number of lifters, j represents the force (i.e., face, normal or parallel), i represents the lifter for
which the force is being expressed based on the reference lifter on which the stationary force F ; acts, ¢ is time
and Tj; is the lifter pass period. Figure 14 illustrates the time delay process, where the forces acting on the rest

of the lifters are determined from the forces acting on the lifter 1. Figure 14a shows the result of the phase shift
process for 3 lifters. Figure 14b shows the forces acting on all lifters at a given instant, calculated from the
average forces acting on the reference lifter.

4.3.2 Calculation of the driving torque and power

Of the eight forces shown in Figure 8, five of them have tangential components and, therefore, exert torques
in the direction of rotation of the mill. This set of forces is determinant in the driving torque and, thus, in the
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Figure 14: Illustration of the time delay process for determining the forces acting on all lifters and liners.
(a) Time delay for three lifters. (b) Time delay for all lifters. (c) Global representation of the forces.
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power consumption. Of these five forces, four exert resistant torques, as shown in Figure 6. The force F, .,

acting on the back face of the lifter, exerts torque in the rotation direction, thus favoring the mill’s movement

and diminishing the required driving torque. As the forces are treated separately for each face, it is possible to

obtain the torque associated with the front face, top face, back face, and adjacent liner independently. These

torques consider the total number of lifters, due to the time delay process explained in the previous section.
The torques exerted by the different forces acting on any face of a single lifter are given by:

Tl_.:if}xEJ (26)

>

Where T, ; is the torque exerted by force F, ; acting on the face j of the lifter i, and 7, is the arm of this force.

Hence, the torques associated with the different forces acting on each of the faces of a lifter i are given by:
For normal and tangential forces acting on the front face of the lifter (FF):

Ty, = (FN)FF),, cos(a) +F, sin(a))(0.25DM (1 + cos(ﬂ)) - h) (27)

For the tangential force acting on the adjacent lifter (AL):

TAL,i =0.5F, ,; ;D (28)

For the normal force acting on the back face of the lifter (BF):
Tye; =—0.5F, 4. (D, —h) (29)
For the tangential force acting on the top face of the lifter (TF):
Tyz; =F, 17, (0.5D,, —h) (30)

And the total torque contribution per face is obtained by considering the respective torques of all N, lifters:

Ny Ny Ny Ny

Ty = ZTFF,i; T, = ZTAL,i; Ty = ZTBF,i; Ty = ZTTF,i (31)
im1 i=1 in1 i=1

The total torque per face of the lifter and adjacent liner includes the effect of the magnitude change of the
forces and its varying angular position as the mill rotates. The total torques associated with each face, obtained
from the set of forces acting on the ring, are shown in Figure 15 as a function of time. The figure also indicates
the average values.

Finally, the total power due to the movement of the load inside the mill is given by the sum of the average
torques associated to each face:

Prorees = (TFF + Ty + Ty + TTF) " (32)
b
) 120
90 [ 1 B
Ty = 97.5(Nm] T
E 60t — T,
z 30 = T
s T,y =7.22[Nm] T | T
- I S
g 0 7
4| Tu=2:96Nm] fp = —43.98[Nm]
-60 . .
0 02 04 06 08 1 12 14 16 18
Time [s]

Figure 15: (a) Illustration of the components of the total torque per face of the lifter and adjacent liner. (b)
Results of total torque per face as a function of time (average values indicated).
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Figure 16: (a) Power differences for different operating conditions. (b) Front view of the mill while
operating. (c) Strain gage for experimental measurement of driving torque.

4.3.3 Comparison between the power calculated from the forces and the power obtained from
DEM

In order to validate the methodology, the power P, which is obtained

directly from the DEM model of the SetupD100.
Figure 16a shows the difference between the two powers calculated as:

is compared to the power Py, 1.5

. PForces - PDEM,Rin
dl.[fForces,DEM = | P = (33)

DEM, Ring

As observed, the differences between the power obtained directly from the DEM software and the power
calculated from the forces are small (maximum 2.69%), thus validating the method to obtain the set of 8 forces
as a function of the angular position using the virtual sensors.

5 Instrumentation used in SetupD100

The instrumentation used in SetupD100 focuses on analyzing the movement of the load inside the mill,
analyzing the interaction between the lifters and the particles, and the experimental measurement of the power
associated with the operation of the mill.

5.1 High-speed camera

One of the main features of the SetupD100 is that it is possible to observe the movement of the particles
inside while operating, thanks to its transparent front cover. A high-speed camera (200 fps) is used to record
the movement of the load inside the mill. Figure 16b shows an example of the images captured by the camera.

5.2 Driving torque

The measurement of the driving torque is made by using strain gages in full-bridge configuration installed
on the mill shaft, between the mill and the bearing, Figure 16c.

The strain measurement in this position allows determining the torque due to the movement of the particles
only, eliminating the need to estimate losses in other elements of the powertrain such as couplings and gear
transmission. By multiplying the motor torque by the angular speed of the mill, the experimental power

associated with the movement of the mill p,  is obtained, which is equivalent to the power P, .-

5.3 Instrumented lifter and tachometer

In order to validate the average forces obtained numerically, instrumented lifters resembling the virtual
sensors are built. The instrumented lifters are capable of sensing the interaction between the particles and two
of the lifter faces: front face (FF) and back face (BF).

13



Figure 17: Instrumented lifter for measurement of front face interactions (LI FF). (a) and (b) Assembly.
(c) Actual lifter.
'

a) b)

Figure 18: Instrumented lifter for measurement of back face interactions (LI FF). (a) and (b) Assembly.
(c) Actual lifter.

The instrumented lifters are composed of two parts: a base block and a thin sensing plate. The sensing plate
is made of steel and is fixed to the base block using 4 bolts at its side ends, as shown in Figure 17a. When the
instrumented lifter contacts the particles, the sensing plates deflect. The deflection is measured by a pair of bi-
axial strain gauges in half bridge configuration installed in the back of the plate. Figure 17 shows the assembly
of the instrumented lifter for the measurement of front face interactions (LI-FF); whereas Figure 18 shows the
same for measurement of back face interactions (LI-BF).

Figure 19 shows the results of the measurements with the two instrumented lifters for a rotation speed of
75% of the critical speed and a fill level of 30%. As in the case of the forces measured with the VS, the strain
measured by the instrumented lifters are separated in pulses. The angular position of the instrumented lifters
is determined from the reference signal provided by a photo-tachometer. Subsequently, the experimental pulses
(EP) are averaged to obtain an estimator of the stationary component of the pulse forces, Figure 20.
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£ 30 .
5 20 |
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b) 30 T T T T T T T T T
25 i
20 4
=z
S5k -
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10| -
3
sE i
0
_5 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
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Figure 19: Strain waveform measured by the instrumented lifters. (a) Front face (LI-FF). (b) Back face
(LI-BF).
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Figure 20: Experimental average pulses obtained with the instrumented lifters. (a) Front face (LI-FF). (b)
Back face (LI-BF).

6 Results and discussion

The presented methodology allows a detailed analysis of the behavior of the load inside the mill, which in
turn defines the overall behavior of the machine. Of particular interest is the behavior of the power
consumption depending on the operating conditions. This behavior has been described in the literature based
on the observation of the phenomenon, but a physical explanation has not yet been presented.

This section presents experimental results that validate the proposed methodology. Afterwards, the
methodology is used to provide the physical explanation mentioned.

The average forces associated to each face as a function of the angular position, and the corresponding
torques they exert, allows analyzing the behavior of the power associated with the movement of the ring from
the viewpoint of the interaction of the particles with its internal surfaces.

6.1 Average forces

Figure 21 shows the average forces obtained after processing the forces from the virtual sensors included
in the DEM model of the SetupD100, for the mill operating at 75% of its critical speed and a fill level of 30%.
As can be observed, the magnitude of the parallel forces is much smaller than the magnitude of the normal
forces. Five of the forces acting on the lifter faces are tangential to the ring. From these, the normal forces
acting on the front face (FF) and back face (BF) are the most significant in the total torque associated with the
rotation of the ring. The 3 remaining forces are parallel forces of magnitude considerably lower than that of
normal forces. Based on this, the torque components T, and T,, are the most relevant in the total torque and
thus in the power consumption.

a) . . , ; ; : . b)
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Figure 21: Normal and parallel average forces from the virtual sensors. (a) Front face. (b) Adjacent lifter.
(c) Back face. (d) Top face.
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Figure 22: Difference between P, and Py, ., for each of the conditions analyzed.

6.2 Experimental validation

The numerical model of the SetupD100 is validated by comparing the numerical results obtained by
processing the data extracted from the DEM simulations against their experimental equivalents obtained using
the instrumentation of the test bench. The comparison is made first in terms of the power associated with the
movement of the mill obtained by DEM (P,,,, ,..) and the power obtained experimentally by the strain gauge

installed on the drive shaft of the mill (P,,,). As a second approach, the average forces obtained from the virtual

sensors and the average experimental pulses obtained with the instrumented lifters are considered. Finally, the
disposition of the particles inside the mill obtained by DEM and by the high-speed camera are contrasted.

Figure 22 shows the difference between P, and P, ., calculated as:

‘P DEm,Mill — P Exp

P

Exp

dl:ﬁcExp,DEM = (34)

The maximum difference is 10.5% for the mill operating at 95% of its critical speed and 42.5% fill level.
In mining industries, grinding mills typically operate with speeds ranging between 55% to 80% of the critical
speed and fill levels between 25% to 40% of the internal volume. Within this range of operating conditions,
the difference between the numerical and experimental power is less than 5%.

Figure 23 shows the comparison between the forces F, .. and F, ., and the experimental average pulses
obtained with the LI-FF and the LI-BF, for different operating conditions. The differences observed are due to
the fact that the instrumented lifters do not measure the contact forces directly, but the strain caused by these
forces. Even though the strain is a consequence of these forces, there is no direct relation to the resultant force
magnitude, because the force distribution has an influence too. It can also be seen that the magnitude of the
measurements made with the LI-BF is much lower than those obtained with the LI-FF. Despite this, there is a
clear agreement between the angular intervals in which the forces and the average experimental pulses are
non-zero. Also, the fact that the average experimental pulse obtained with LI-BF is mostly positive confirms
that the forces exerted by the particles on the BF compress it, generating torques in the sense of rotation of the
mill.

Figure 24 compares the disposition of particles inside the mill obtained numerically and experimentally
for 3 different operating conditions, showing good correlation.

Based on the similarities observed between the numerical and experimental results, it is reasonable to
assume that the numerical model of the SetupD100 and the proposed methodology are valid.

6.3 Effect of rotating speed on the power, torque, and forces

Figure 25a shows the behavior of the power P

oen ring S @ function of the speed, for the mill operating with

different fill levels. Figure 25b shows the same for the torque Ty, pine = Pogur, ring / o. This torque is equivalent
to the sum of the torques T,, T,;, T, and T,,.. It can be seen that the power increases steadily, for all fill levels,
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Figure 23: Comparison of numerical and experimental average pulses for the front face and back face, and
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Figure 24: Disposition of particles inside the mill (a),(c),(e) Numerical results. (b),(d),(f) Expermiental
results.
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Figure 25: (a) Power P, 4, as a function of speed. (b) Torque T}, ,,, as a function of speed. (c) Torque
T, as a function of speed. (d) Torque T}, as a function of speed. (¢) Force F, ,, as a function of the
angular position. (f) Force F, ,, as a function of the angular position.

from 55% to 80% of the critical speed. For higher speeds, the power decreases at a rate that becomes more

pronounced as the fill level increases. The torque Ty, r,,, increases up to 70% of the critical speed. From this

point on, it begins to decrease. This behavior has been reported in the literature [13][14][21][57], and in order

to explain it, the torques and the average forces associated with the different faces of the lifters are further
analyzed.

Figure 25¢ and Figure 25d show the behavior of the torques T, and T, as a function of the speed. It can
be seen that in the range between 55% and 70% of the critical speed, the increase rate in the magnitude of T,
is slightly higher than the increase rate in the magnitude of T,., which explains the increase in the magnitude
Of Ty ping Within this speed range. For speeds above 70% of the critical speed, it can be noted that the
magnitude of T, increases at a higher rate than the magnitude of T,,, and that this is more pronounced for
higher fill levels. This indicates that the drop in the torque T}, .., for speeds higher than 70% of the critical

speed observed in Figure 25b originates because the magnitude of the force F;
than the magnitude of the force F,

s InCreases more significantly
4 as the rotating speed increases.

Figure 25¢ and Figure 25f show, respectively, the magnitude of the forces F, .. and F, . as a function of
the angular position for the mill operating at 35% of fill level and speed from 55% to 95% of the critical speed
with 10% jumps. It can be noted that the magnitude of F, .. and the angular interval where this force is non-
zero increase slightly as a function of the speed of rotation, which produces the slight and sustained increase
in the magnitude of T, observed in Figure 25¢c. On the other hand, the force F, ,, remains approximately
constant between 55% and 65% of the critical speed but begins to increase in the angular range A& between
135° and 250° for fill levels above 75%. This behavior originates the increase suffered by the magnitude of
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Figure 26: Disposition of particles inside the mill operating with 35% fill level and rotating speed of (a) 65%,
(b) 75%, (c) 85% and (d) 95% of the critical speed.

T, between 70% and 95% of the critical speed, and that causes the decrease of T,y 4

The physical phenomenon that gives rise to the forces exerted by the particles in the angular interval between
135° and 250°, for speeds higher than 70% of the critical speed—and that is accentuated with speed--,
corresponds to the impact of the particles describing cataract movements and that fall over the toe position, as
shown in Figure 26. The particles impacting the internal surface of the mill over the position of the toe exert
forces on the back face of the lifters and not on the front face, due to their orientation relative to the path of
the particles. These forces exert torques in the sense of rotation of the mill, thus diminishing the total torque
requirement. This phenomenon becomes more significant as the rotation speed increases, because both the
number and speed of the particles falling on the back face of the lifters above the toe position, increase.

in this speed range.

6.4 Conclusions

A methodology is proposed to obtain the magnitude of the average forces exerted by the particles inside
the mill on the different faces of the lifters and liners of the ring as a function of their angular position, and the
torques associated with each of these faces for the complete set of lifters in the ring. The results obtained from
the numerical modeling are in agreement with the corresponding experimental measurements obtained in the
test bench, thus validating the methodology.

The forces and torques provide a useful tool to understand the behavior of the power consumed by the mill
depending on its geometry and operating conditions. These variables provide the link between the behavior of
the load inside the drum and the resulting behavior of the power consumption of the mill. This is especially
relevant considering that the energy costs associated with the operation of tumbling mills and the evolution of
their internal geometry due to wear, represent a significant fraction of the costs associated with the refinement
of minerals.

The results of the analyses carried out in this work show that the decrease in power consumption observed
when the speed of the mill increases is due to the impacts of the particles falling on the zone of the ring above
the toe of the load. These impacts exert forces on the back face of the lifters, thus increasing the torque
component associated with this face, which acts in the sense of rotation. At the same time, as the speed
increases, the torque associated with the front face of the lifters also increase, but its magnitude grows at a
lower rate. This difference in the growth rates of both torques provides the physical explanation of the power
consumption drop at higher speeds.

The methodology seems to be a promising tool in view of gaining further insight about the behavior of
tumbling mills and could be useful, for example, to develop strategies to reduce O&M costs and increase
efficiency.
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