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Ball mills have a low efficiency rate partially due to the lack of a proper method to monitor the mill filling level,
which makes it difficult to control the grinding process. The purpose of this paper is to explore the possibilities
that DEM offers to characterize the load torque of tumbling ball mills in the frequency domain and, from this
characterization, to establish the basis of a methodology capable of estimating the mill filling level. To achieve
this, a pilot scale ball mill was considered and a campaign of simulations and experimental tests was carried
out in dry grinding conditions, considering variables such as the rotation speed of the mill, the type of particle
to be grinded, and the mill filling level. For each simulation, spectral analysis of torque data generated by DEM
software was performed.
The results obtained from simulations and subsequent torque data processing show the possibility of character-
izing the load torque of ball mills in the frequency domain without the influence of components alien to the
grinding process. In this paper, it is shown that load torque signal in ball mills contains enough information to
characterize, unambiguously, the load level of the mill. Thus, a methodology to evaluate the mill filling level
based on torque spectral analysis is proposed.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Themining industry would save about 70% of the energy involved in
grinding processes if this energy was reduced to its practical minimum
energy consumption [1]. In this context, achieving a more efficient
grinding in ball mills is an important issue, since these devices have a
low efficiency rate partially due to the difficulty to monitor the mill
filling.

For a given amount of balls, if the fill level of ore is low, most of the
energy of the balls is lost in impacts between them, leading to low com-
minution ratios. On the other hand, if the mill is overloaded, the grind-
ing material causes a damping effect that decreases the comminution
ratio. In between these situations, optimum values of the fill level
allow operating the mill at maximum comminution ratios. For this rea-
son, a proper monitoring of the fill level would allow operating the mill
at maximum efficiency rates [2].

The difficulty to accurately determine the fill level of ball mills is re-
vealed by the complexity of the control of the grinding process, [3–7].
There are two factors that contribute largely to this. One of them is the
.V. This is an open access article und
difficulty to place sensors inside themill to provide halfway information
between the input and output of thematerial [3]. The other factor is the
complexity of the dynamical characteristics of the grinding process (the
movement of the material within the drum, the size distribution of the
ore particles, jams of material, the rotating speed of themill, etc.) which
makes it extremely difficult to obtain an accurate mathematical model
of the process [4–6], [8–10]. As a consequence, existing techniques to
estimate the filling level have been obtained experimentally and need
to combine several duty parameters of the mill, such as pressure
difference, outlet temperature, inlet negative pressure or drive current
among others. These variables can be affected by several operating con-
ditions apart from the load level; so, to estimate themill filling level it is
needed that the values of these parameters be divided into several
grades and then, the working conditions of themill be empirically eval-
uated by the combination of these grades [11].

Alternative methods to estimate the filling level based on vibration
measurement have been studied. Through successive analysis of the vi-
bration, this variable has been correlatedwith thefilling level on different
operating conditions [11–16]. Thismethod shows a high sensitivity to the
location of the accelerometers on the structure of themill [13], which can
condition the estimation of the filling level. Some attempts have been
made trying to circumvent this problem by combining vibration and
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a)

b)

Fig. 1. Time domain records of torque in the shaft of an electricmotor rated 2.2 kWdriving
a constant torque load (a) and a ball mill (b).

Fig. 2. Torque data obtained from DEM simulation.
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acoustic measurements [12,14,17]; however, the procedure becomes
more complex and the noisy operating conditions of this type of
machinery can make it difficult to draw firm conclusions [11]. Other
methods proposed for mill filling estimation have included techniques
based on X-rays [18], force [19] or inductivity [20,21]. In [22], a torque
basedmethod is presented, but the results do not show conclusive corre-
lation between the mill filling level and torque harmonics.

Over the last few decades, the discrete element method (DEM) has
played a very significant role in the study and characterization of
comminution processes, as it is summarized in [23]. This time, it has
been proven the ability of DEM to predict the behaviour of grinding de-
vices, such as ball mills. In some cases, this simulation method has been
used to extract information that would not be feasible to obtain exper-
imentally. This is the case of particle dynamics [24], particle mixing
[25–29] or energy estimation of the comminution process [30]. DEM
has also been used to predict the behaviour of torque and power draw
[31]. Thus, it has been possible to explore how these variables are af-
fected by: mill operating conditions and liner geometry [32], charge
composition and its size distribution [32,33] or lifter height [34]. There
can also be found applications of DEM in which the behaviour of the
mill at startup is studied [35] and comparative studies of power draw
between different mills [36].

The study presented in this paper tries to provide an appropriate re-
sponse to a real question, which is how to determine the load level of a
ball mill. For this purpose, the following hypothesis is formulated: if the
mill filling increases this effect will be noticed as a modification in the
spectrum of the torque signal of themill. Two facts support this hypoth-
esis. The first one is the dampening effect created on the grindingmedia
by the particles to be grinded [2,45]. The second one is that, according to
the valuable studies performed in [11–13], [15] the higher the mill fill-
ing level, the lower the vibration level. The collisions between particles
(both balls and grinding material) and the mill shell generate forces
which are directly related, not only with vibration, but also with the
mill load torque. As a consequence, it is reasonable to assume that the
dampening effect accompanying the variation on the mill filling level
give rise to a modification in the spectrum of the torque signal.

So far, neither the torque obtained from the simulation of ball mills
in the frequency domain nor its correlation with the filling level has
been studied. Thus, in this paper, the feasibility of detecting themill fill-
ing level through torquemeasurement is explored. Themeasurement of
such a variable in industrial environments is not always possible, since
very sensitive and expensive sensors are required. Nevertheless, this
magnitude is directly related with other electric magnitudes of the
motor driving the mill [37], so if the possibility of correlating torque
and filling level could be demonstrated that would open the door to
the estimation of the filling level through the electric magnitudes of
the motor (i.e. voltages and currents). For this reason, the results
presented in this paper, correlating torque and mill filling, should be
considered in the context of a wider research, the ultimate purpose of
which is the optimization of ball mills efficiency through the estimation
of the filling level by means of monitoring the electric variables of the
drive.

2. Torque in tumbling ball mills

For a specific load and operating conditions, the torque appearing in
a tumbling ball mill is a highly variable magnitude in the time domain.
This fact is due to the operating principle of ball mills, which is based
in the elevation process of balls and material from the toe region to
the shoulder region of the drum. Following the elevation process, the
consequent fall of the particles inside the mill generates impacts
among them and collisions against the drum, which are both inherent
to the comminution process. According to this operating principle, the
instantaneous value of torque, T(t), can be expressed as the sum of
two terms: Tc and Tf(t). The term Tc is a constant value which represents
the average torque and is mainly related to the elevation process of the
load and to the power drawn from the drive. The term Tf(t) is a fluctuat-
ing component with a zero mean value. It represents the oscillatory
component of the torque and is directly related to repetitive move-
ments of load and to impacts and collisions happening inside the mill
provoking sharp variations of the torque and, in turn, of the power
draw [31]. This is one of the reasons why ammeter readings of supply
current, in motors driving ball mills, show large oscillations. In practice,
Tc can be measured or estimated by means of proper instrumentation
(load cells and torque transducers) [35]. Tf(t) is more difficult to charac-
terize, since, leaving aside the large and sudden variations of this term
due to the grinding process, it always contains other oscillatory compo-
nents. These components are mainly due to two reasons. One of them is
that electric motors add harmonics to torque signal as a consequence of



Table 1
Mill dimensions.

Internal diameter, mm 880

Internal length, mm 315
Number of lifters 16
Lifter dimensions (l/w/h), mm 315/30/20
Ball density, kg/m3 7860
Average ball filling degree, % volume 19.3
Rotation speeds, % critical 62/71/80

Fig. 3. Flowchart for the study of DEM torque data.
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both their constructive characteristics and their principle of operation
[38]. Beside this, the other cause of oscillatory components is the
presence of mechanical devices in the torque transmission chain, such
as gears, pinions and crowns, which are used to increase the torque de-
livered by the electric drive [38]. Both components can be observed in
Fig. 1. This figure shows two time domain records of torque measured
in the shaft of an electric motor rated 2.2 kW. By means of a flange
type torque sensor, the torque signal is recorded when the motor is
driving a constant torque load, (Fig. 1(a)), and a ball mill, (Fig. 1(b)).
The presence of an oscillating component of around ±2 Nm,
superimposed to the average value, can be observed in the case of con-
stant torque load. In the case of the ball mill, much larger oscillations
arise. These oscillations are quite irregular in time and especially affect
the maximum value, which can reach 27 Nm, i.e. more than 100% of
the average value.

The issues exposed above contribute to smearing Tf(t), which, in
practice, appears as a combination of related and non-related grinding
components. This fact makes extremely difficult to correlate this com-
ponentwithmill charge dynamics, comminution process ormill operat-
ing conditions. Specifically, the characterization of Tf(t), which is strictly
created by the load of balls and material in a tumbling ball mill, is only
possible to be made by means of simulation tools.

3. DEM modelling and data processing

The methodology proposed in this study to characterize the load
torque of a ball mill is based on the use of torque data obtained from
Fig. 4.Mill geometry (left) and loaded mill (right).
DEM simulation (Fig. 2). These data are converted into the frequency
domain by applying the Fast Fourier Transform (FFT) and the spectra
are subsequently analyzed. The eventual application of a filtering stage
and the calculation of torque energy spectra will lead to conclusions
about the behaviour of torque as a function of the mill filling level
(Fig. 3).

3.1. DEM modelling

DEM is a suitable tool for the study and characterization of ball mill
behaviour, since it is a numerical technique especially intended to sim-
ulate interacting particles [39]. The DEM algorithm models the colli-
sional interactions of particles using a contact force law, and resolves
the particles motion using Newton's laws of motion. For the purpose
of this study, the collisional forces have been modelled by employing a
Hertz-Mindlin no slipmodel [40]. In thismodel, the normal and tangen-
tial forces resulting from the particle collisions are calculated by means
of theHertz's elastic contact theory andMindlin's improvement, respec-
tively. Both forces have damping components which are a measure of
the damping property of materials and are related to the coefficients
of restitution [41].

According to this model [40] the elastic force component in the nor-
mal direction is given by

Fne ¼ 4
3
E�

ffiffiffiffiffi
R�p
δ
3
2
n ð1Þ

Fne being the normal force, E⁎ the equivalent Young's modulus [40],
R⁎ the equivalent radius [40] and δn the normal overlap between collid-
ing particles.

The damping force component in the normal direction, Fnd, is given
by

Fnd ¼ −2

ffiffiffi
5
6

r
β
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where vreln is the normal component of the relative velocity, m⁎ is the
equivalent mass, β depends on the coefficient of restitution ε according
to

β ¼ lnεffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2ε þ π2

p ð3Þ

and the term Sn is the normal stiffness, given by.

Sn ¼ 2E�
ffiffiffiffiffiffiffiffiffiffi
R�δn

p
ð4Þ
Table 2
Material parameters.

Ceramic Steel

Density (kg/m3) 2800 7860
Shear modulus (GPa) 1.6 81
Poisson's ratio 0.22 0.3



Table 5
Load levels.

Load level identification #1 #2 #3 #4 #5 #6 #7

Number of particles 4062 8124 12,186 16,248 20,310 24,372 28,434
Particle filling, % 40 80 120 160 200 240 280
Fill level, % mill volume 3 6 10 13 16 19 23

Table 3
Coefficients of restitution and friction.

Ceramic Steel

Restitution Friction Restitution Friction

Ceramic 0.3 0.66 0.2 0.4
Steel 0.2 0.4 0.5 0.15
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The elastic component of the tangential force, Fte, is given by

Fte ¼ −Stδt ð5Þ

δt being the tangential overlap and St the tangential stiffness, which is
given by

St ¼ 8G� ffiffiffiffiffiffiffiffiffiffi
R�δn

p
ð6Þ

G⁎ being the equivalent shear modulus.
The tangential component of the damping force, Ftd, is given by

Ftd ¼ −2

ffiffiffi
5
6

r
β

ffiffiffiffiffiffiffiffiffiffiffi
Stm�

p
vrelt ð7Þ

where vrelt is the tangential component of the relative velocity. The total
tangential force, Ft, is limited by the Coulomb frictional criterion:

Ft ≤μs Fn ð8Þ

where μs is the coefficient of static friction and Fn the total normal force.

3.2. Data selection and processing

For each simulation timestep, DEM allows to obtain the instanta-
neous torque exerted on the mill, which is the result of adding the indi-
vidual torques caused by each particle forces and collisions. From these
values of instantaneous torque (time domain), a block of data over a
certain time window is chosen to perform the conversion into the fre-
quency domain. In order to make valid comparisons between cases
with different rotational speeds and different particle distributions,
the block of data should be selected in such a way that it is not affected
by any substantive segregation [32]. Beside this, there are two issues to
take into account when selecting the block of data. One of them is the
necessary time for the mill to reach the equilibrium at the start of the
simulation. This is the reason why the results obtained during the first
seconds of each simulation should be omitted [32]. The second issue is
the desired spectrum resolution, which affects the length of the block
of data according to

Δf ¼ 1
TR

ð9Þ

Δf being the spectrum resolution and TR the length of the block of data
(also known as time record).

For the purpose of this study, a resolution of 0.1 Hz is considered
enough, so a ten-second time record is required. Therefore, to take
into account all the above restrictions to select the block of data, the
time period is chosen to be between 4 and 14 s for almost all cases.
The data samples are equally spaced 10ms, which, according to Nyquist
criterion, allow to characterize the signal in the frequency domain up to
Table 4
Cases analyzed.

Rotation speed (%WC)

Particle density 80 71 62
High HDHS#X HDMS#X HDLS#X
Low LDHS#X LDMS#X LDLS#X
50 Hz. Before performing FFT analysis, a window function is applied to
the block of data to avoid spectral leakage effect. This means that the
FFT is applied on the result of multiplying every sample of the block of
data by the corresponding value of the window function. In this work,
a Hann window function,W(n) is used

W nð Þ ¼ sin2 π � n
N−1

� �
ð10Þ

whereN is the number of samples of the time record and n is comprised
between 0 and N-1.

4. DEM model and simulations

The DEM model of the ball mill used in this study has been devel-
oped using EDEM® software package. The ball mill used in simulations
is based on a laboratory unit composed of a cylindrical drumwith a set
of 16 uniformly distributed lifters (Fig. 4). To establish the dimensions
and ball load of this mill, the characteristics of other mills used in previ-
ous studies [13,21,43], have been taken into account. In these cases, de-
spite the fact that the mills do not have large dimensions, they have
been proven to deliver reliable and useful results in laboratory tests.
Themain dimensional data of themill used in thiswork are summarized
in Table 1. To act as a grinding media, the ball load is composed of a set
Fig. 5. Test rig scheme.



Fig. 6.Rear viewof the ballmill showing the electricmotor, the torque sensor and the gear.
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of 2466 steel balls which represent a 19.3% of the internal volume of the
mill. The simulations performed in this work combine two different
types of material to be grinded with three different rotation speeds.
The study of two materials with very different characteristics and den-
sities, such as ceramic-like (2800 kg/m3) and steel-like (7860 kg/m3)
particles, was considered of interest. The material parameters used in
simulations are specified in Table 2. In Table 3, the coefficients of resti-
tution and friction between each pair of materials are detailed. It is con-
sidered that themill is made of steel. The rotation speeds were selected
according to the criterion used in mineral processing plant design by
taking into account the internal diameter of the mill. As it is specified
in [42], for ball mills with internal diameter lower than 1.8 m, a maxi-
mum of 80% critical speed was chosen. Thus, this was the maximum
speed used in simulations. Beside this, 71% and 62% of the critical
speed were also simulated.

Table 4 shows the matrix of cases simulated with the nomenclature
which is referred to throughout this paper. Beside the four-letter code
identifying each case, the term #X represents a number in the range
of 1 to 7, which identifies the load level of the mill as it is shown in
Table 5. These load levels refer to the particle filling used during simula-
tions. Particle filling is defined as the fraction of void spaces within the
resting ball load that are filled with the particles to be grinded [21].
Fig. 7. Test rig overview. Left: Ball mill inside its soundproof room. Rig
5. Experimental tests

To validate the proposed methodology, a test rig based on a moni-
tored ball mill has been used. This ball mill mil has the same character-
istics and dimensions of the DEMmodel specified in Table 1. In Fig. 5, it
is shown a diagram including the main components of the rig. The mill
is driven by a three-phase, four-pole, 400 V, 50 Hz, 2.2 kW, induction
motor. As it is shown in Fig. 6, the motor shaft is coupled to a HBM™
flange type torque sensor which provides accurate torque measure-
ments. This device is coupled to themill through a three stage reduction
gear set with a total gear ratio of 36.27. Thus, the motor torque can be
increased up to the value needed to drive themill. Gears are universally
used in mills and they have an important effect on torque harmonics
[44]. For this reason, it is important for the test rig to include such signif-
icant devices in the sameway as they are used in industrial facilities. To
drive the mill at the selected speeds, the electric motor is fed by means
of an adjustable speed drive (ASD). Moreover, the test rig also includes
an autotransformer to feed the motor with voltages under its rated
value. This particular low voltage operation strategy is part of the test
procedure and takes place at the beginning of each test, as discussed
below. The data acquisition system monitors the following variables of
themotor: voltages, currents, torque, speed, vibration and temperature.
Fig. 7 shows an overview of the test rig.

Two important aspects concerning the test rig and the procedure
followed in the experimental tests need to be commented. One of
them is that the ball mill used in both simulations and lab tests has a
similar diameter to the one used by small industrial mills. This fact
makes the results comparable to those that can be obtained in industrial
facilities. The second aspect is that, in order to make the most reliable
comparisons among torque spectra for different filling levels, the influ-
ence of motor temperature on torque has been taken into account. As
depicted in Fig. 8, after the start-up of themotor, a thermal transient pe-
riod takes place until reaching a stabilized temperature. During this
transient period, the fluctuations of torque due to temperature drift
can be significant. Thus, in order to obtain comparable data, measure-
ments should be made only once the temperature has reached steady
state. However, if themill were running until reaching this temperature,
torque measurements could be affected by segregation of particles,
which would make the comparisons less reliable. To avoid the undesir-
able influence of both segregation and thermal transient, themotor was
warmedupbefore starting each test.With this aim, themotorwas fed at
reduced voltage by using an autotransformer until reaching the desired
temperature but without producing enough torque to start the mill.
ht: Control and measurement post next to the soundproof room.
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Fig. 9. Average torque (in per unit of the maximum value) vs. mill filling level for all the
case studies.
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Fig. 8. Evolution of motor temperature in a complete warming and cooling cycle. The box shows the zone in which measurements should be taken.
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6. Results and discussion

The cases exposed in Table 4 have been simulated and every set of
torque data has been analyzed according to the methodology proposed
in Fig. 3. The average torque has been calculated and spectral analysis in
the low frequency range (up to 50Hz, which is the limit imposed by the
sample frequency used in DEM simulations) has been performed in all
cases. The main results are discussed below.

6.1. Average torque

The power consumption of the electric motor driving a ball mill has
low sensitivity to detect variations in the quantity of material to be
grinded (i.e. mill filling) [14]. This lack of sensitivity is due to the fact
that the load of balls in these mills is so large that it is responsible for
most of the power demand. Thus, large variations cannot be found in
this variable from underfilling to overfilling conditions. Beside this be-
haviour, other reason contributing to the low sensitivity of power is
the saturation effect appearing in the power consumption when the
mill is overfilled [2,21]: for large filling levels a decreasing tendency
on power appears. Since a straightforward relationship exists between
the power consumption and the required torque, the same behaviour
as explained above for power can be expected for torque at constant
speed.

In Fig. 9, the average torque vs. mill filling level is plotted for all the
case studies. The values of torque are expressed in per unit of the max-
imum value of torque for every case. As expected, in all of them torque
increases from the lowest fill level, then a maximum value is reached
which is followed by a decreasing tendency of the torque for the highest
fill level. Themaximumvariation of torque observed for all the fill levels
is below 9% of themaximum torque. Thus, the results obtained from the
DEM model corroborate the expected lack of sensitivity of torque in
evaluating the fill level. The tendency to saturation of torque is also
the expected result.

6.2. Lifter torque harmonic

The effect of a lifter coming in and out in the bulk of balls and parti-
cles to be grinded can be assimilated to an alternating increase and
decrease of torque. So, from the point of view of torque, a lifter torque
harmonic (LTH) is expected to appear at frequency n·w, n being the
number of lifters inside the mill and w the rotation speed expressed in
Hz. This LTH can be clearly identified in the torque spectra as it can be
seen in Fig. 10. The spectra shown in this figure correspond to the sim-
ulations of HDMS filling levels and in these cases, LTH appears at 8.8 Hz,
which is the frequency corresponding to a rotation speed equal to 71%
of the critical speed. At the lowest load level, the spectrum is very
noisy and LTH is not much evident, but as the load level increases LTH
becomes more and more remarkable. This fact is in part due to the de-
creasing noise level for increasing loads, as it will be analysed in the
next section.

LTH appears in all the cases analyzed independently of rotation
speed, type of load or filling level. The analysis of all the spectra reveals
that the amplitude of this harmonic is variable but it does not show a
monotonic tendency or correlation with increasing filling levels. LTH
amplitude as a function of the filling level is shown in Fig. 11, where
the behaviour of this harmonic in all the case studies is summarized.
As it can be seen, LTHundergoes increasings anddecreasings apparently
not related to the mill filling. A possible explanation to this behaviour
can be based on the combination of the unsteady flow of charge in the



a) b)

c) d)

e) f)

g)

Fig. 10. HDMS torque spectra with arrows marking LTH: a) HDMS1, b) HDMS2, c) HDMS3, d) HDMS4, e) HDMS5, f) HDMS6, g) HDMS7.

439F. Pedrayes et al. / Powder Technology 323 (2018) 433–444



LDLS LDMS LDHS

HDLS HDMS HDHS

Fig. 11. Lifter torque harmonic evolution.
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mill, the nature of LTH, and the length of the time record. In the block of
data shown in Fig. 2, it can be observed that torque undergoes strong
variations which reveal the impulsive and unsteady features of the
charge flow. Beside this, LTH is only due to a small part of the bulk
present in themill, which is largely affected by that unsteady character-
istic of the charge flow. Both reasons justify that LTH presents fluctua-
tions non-dependent on the mill filling. It is possible that, if much
larger time records were used, this behaviour would not appear, since,
statiscally, the strong variations would be smoothed. Nevertheless,
this possibility is not very useful in practical terms, because, if much
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larger time records were necessary, the practical application of the
method would become unfeasible.
6.3. Spectrum noise

A major advantage of DEM simulation is that it makes possible to
perform a study of the torque due exclusively to the grinding phenom-
ena, i.e. the torque obtained from DEM is free of any influence from
gears and driving motor harmonics. For this reason, the level of noise
detected in torque spectra is mainly due to the grinding conditions.

In Fig. 10, it can be observed that the overall amplitude of torque
spectra show a clear tendency to decrease as the mill filling increases.
To provide amoremeaningful view of this behaviour, a 3-D representa-
tion of spectra is shown in Figs. 12 and 13. These figures give a graphical
portrayal of the spectra obtained in the cases presented in Table 4. For
each case, the spectrumobtained for every filling level is shown in an in-
creasing order, providing a waterfall-type representation of the spectra
evolution. These figures make explicit the erratic behaviour of LTH am-
plitude, which is always themore significant harmonic closest to 10 Hz.
Besides this, a confirmation of the decreasing tendency of the overall
amplitude of torque spectra as themill filling increases can be observed.
It can also be seen that the noise level of the torque spectra follows the
same pattern in all cases for each rotation speed and type of load: the
noise level decreases as the mill filling increases even for filling levels
much higher than those used in actual working conditions.
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This tendency of the noise level is justified by the buffer effect of
an increasing load on the interaction of particles. At low material
filling level, ball-to-ball impacts predominate. Since these interac-
tions have high restitution coefficients, then high force pulses will
be translated into high torque pulses on the mill geometry. As
a consequence, this fact will increase the noise level of torque
signal.
In the case ofmill overfilling, the situation is just the opposite since a
buffering effect appears affecting balls and material collisions. The ball-
to-material impacts and material-to-material impacts predominate in
this case and both interactions present restitution coefficients much
lower than ball-to-ball impacts. Then, lower force and torque pulses
are exerted on the mill geometry and the noise level of torque
decreases.



HDLS LDLS HDMS

LDMS HDHS LDHS

Fig. 14. Spectrum energy (in per unit of the maximum value) vs. filling level.

Table 6
Curve fitting equations.

Case Equation R2

HDLS y = −0.423ln(x) + 0.9279 0.9650
LDLS y = −0.451ln(x) + 1.0057 0.9881
HDMS y = −0.454ln(x) + 0.9987 0.9959
LDMS y = −0.408ln(x) + 0.8738 0.8982
HDHS y = −0.476ln(x) + 0.9868 0.9849
LDHS y = −0.429ln(x) + 0.9646 0.9882
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Between the above situations, all the intermediate cases can be jus-
tified in the same way: the different rates of balls andmaterial give rise
to combinations ofmore or less buffered impacts and to the subsequent
less or more noisy torque spectra.

6.4. Mill filling monitoring by means of torque

From the waterfall representation in Figs. 12 and 13, it can be de-
duced that a high correlation exists between the torque signal due to
the grinding process and thefill level of themill. Specifically, the pattern
shows a continuous decreasing of noise as the load increases; so, at this
point, a quantification of this feature will be done according to the flow-
chart proposed in Fig. 3.

A previous consideration to the evaluation of the noise is to perform
a filtering of torque signal. As it has been explained, neither the mean
value of the signal, nor LTH harmonic, contribute to characterize prop-
erly the mill filling level. Then, the purpose of the filtering task is the
elimination of both signal components.

Once the torque signal has been filtered, the quantification of the
noise level can be done in terms of the energy of the signal according
to the following expression:

Et ¼
Z t2

t1
X tð Þj j2dt ð11Þ

where Et is the total energy of the signal between the instants t1 and t2
and |X(t)| is the modulus of the signal to be evaluated. The calculation
of Et has been done for every case study in Table 4 and the results can
be observed in Fig. 14. In order to facilitate comparison, the energy
expressed in per unit of the maximum value (i.e. the energy obtained
for the minimum load level simulated) as a function of the load level
has been represented for every case. This graphical representation
HDLS LDLS HDMS LDMS HDHS LDHS

Fig. 15. Logarithmic curve fitting of energy vs. filling level.
confirms the tendency observed in the waterfall representation of the
spectra; since, as the load level increases, the energy of the signal clearly
decreases monotonously. This is a significant result, since through the
quantification of the energy of the torque signal, the load level of the
mill can unambiguously be identified. So, despite the apparently insen-
sitivity of torque to distinguish the filling level (when attention is paid
only to averaged torque) it can be concluded that torque signal contains
enough information to identify the load level and this information can
be obtained if a proper treatment of signal is done.

In all cases, the simulation results show a more accused drop of the
energy of the signal at the lowest load levels, which becomes smoother
for higher load levels. A good correlation between this behaviour and
logarithmic functions can be found (Fig. 15). In fact, very high correla-
tion coefficients are obtainedwhen a logarithmic curve fitting is applied
to the energy vs. filling level (Table 6).

6.5. Experimental results

From the point of view of the practical implementation of the
method, not all the simulated cases are of interest, such as those con-
ducted at very low rotational speeds or very high filling levels. Such sit-
uations are very useful from a theoretical perspective to extract
conclusions and to confirm tendencies of the studiedmagnitudes; how-
ever, they are impossible to find in practice since they are infeasible for
the real operation of the mill. For this reason, only the more realistic
cases have been considered in the experimental tests: the maximum
tested mill filling has been 200%, and the rotational speeds have been
approximately 80% and 71% of the critical speed. In these cases, the in-
duction motor was fed from the ASD at frequencies of 46 Hz and
41 Hz, respectively. Since the ASD drives the motor in open loop, the
mill speed slightly varies with the load, and thus, with the mill filling
level.

As it is shown in Fig. 16, the torque spectrum in the span 0 to 500Hz
shows oneprominent harmonic. This harmonic is always present on the
mill side at the mesh frequency of the pinion and crown. The mesh fre-
quency of a gear is the oscillation frequency due to torsional vibration
induced by the stiffness variation of the gear teeth contact [44], which
in this case is due to the pinion and crownwheels. This frequency is ob-
tained from the number of teeth of the pinion or the crown multiplied
Fig. 16. Torque spectrum from lab measurement showing the most prominent harmonic
at mesh frequency. Case LDHS#2.



Fig. 17. Torque spectrum showing the main harmonics in the frequency band of interest.
Case LDHS#2.
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Fig. 18. Spectrum energy of lab test (in per unit of the maximum value) vs. filling level.
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by its respective rotating frequency. In the case of the spectrum shown
in Fig. 16, themesh frequency appears at 63.93 Hz, which is the result of
18 teeth of the pinion turning at 3.55 Hz. This harmonic can hide the ef-
fect of grinding in the torque signal of actualmills, and thus, it should be
filtered in the case it appears in the frequency range of interest (0 to
50 Hz) when applying the proposed methodology. In the case of this
study, the mesh frequency is over 50 Hz, so it is out of such a range.
Thus, it is not necessary to perform any filtering task on this harmonic.

The relevant harmonics in the range of interest are shown in Fig. 17
and listed in Table 7. As it was predicted by DEM simulation, the LTH is
one of them. These harmonics are mainly related to the inherent eccen-
tricity of the rotating elements, and to the electric motor itself. As a con-
sequence, all of themvary their frequencieswith the rotating speed, and
therefore, with the mill filling level. As in the case of the mesh fre-
quency, these harmonics are either not related with the grinding effect
and they smear torque signal. Thus, in order to properly apply the ex-
posedmethodology, those harmonics should be filtered before the eval-
uation of the spectrum energy. Other harmonics not listed in Table 7 are
not included in the filtering process because of their small amplitude
and, consequently, their minor impact in the evaluation of the spectrum
energy of the torque signal.

On the basis of the above considerations, the energy of the torque
spectrum, Et, has been calculated for every experimental test. The re-
sults can be observed in Fig. 18, and they confirm the tendency observed
in DEM simulations: as the load level increases, the energy of the signal
decreases monotonically. These results prove the validity and applica-
bility of the method and demonstrate the ability of the technique to
be applied to an actual ball mill in dry grinding conditions. Further com-
ments can be done if the experimental results are compared with those
obtained fromsimulations in terms of specific values rather than on ten-
dencies. In such a case, Fig. 19 shows that the decreasing tendency ex-
hibited by the experimental results is less pronounced than the one
obtained from simulations. This is due to the influence of outliers
appearing in the simulated torque, which can be observed in Fig. 2.
These outliers are also explicit in other works [31,34], and they can
have a significant impact in the evaluation of the energy of the fluctuat-
ing component of the signal, due to the fact that they presentmore ten-
dency to appear when the simulation is run with less particles, thus,
increasing the energy of such a fluctuating component.
Table 7
Main harmonics in the 0 to 50 Hz range.

Mill turn frequency #1

×2 Mill turn frequency #2
Second stage gear output frequency #3
LTH #4
Electric motor turn frequency #5
Mesh-related frequency #6
7. Conclusions

There are two factorswhichmake extremely difficult to correlate ex-
perimentally torque and filling level in a ball mill. One of them is a sat-
uration effect appearing on torque as themill filling increases. The other
factor is the effect of the gears, always present to multiply the torque of
the electric drive, which smear torque signal with non-related grinding
components. In this paper, by means of DEM simulation and spectral
analysis, it has been shown that it is possible to characterize the load
torque of ball mills specifically due to the grinding process in dry condi-
tions. From this characterization, it can be observed that a harmonic re-
lated to the rotation speed and the number of lifters, LTH, is always
present. If a filtering stage is applied, to eliminate both the average
torque component and LTH from the torque data, and a quantification
of the energy of the resulting signal is done, a continuous decreasing
of the noise level in the torque signal is observed as the mill filling
increases.

This fact makes it possible to propose a methodology to evaluate the
mill filling level based on torque spectral analysis. Such a methodology
has been successfully applied to a pilot mill in lab tests. The results have
confirmed the tendency, previously observed in simulations, of the
noise level in the torque signal to decrease as the mill filling level in-
creases. Thus, the ability of this indicator to evaluate the mill filling
level in dry grinding conditions has been proven.

Acknowledgments

This study has been partially funded by the Spanish Ministry of
Economy and Competitiveness, under project MOLIMON DPI2011-
26535, the European Union's Horizon 2020 research and innovation
programme, under grant agreement OPTIMORE 642201, and by FICYT
co-financed with FEDER funds under the Research Project FC-15-
GRUPIN14-004.
LDMS sim

LDMS lab

HDMS sim

HDMS lab

Fig. 19. Comparison of spectra energies vs. filling level in simulations (sim) and lab tests
(lab).



444 F. Pedrayes et al. / Powder Technology 323 (2018) 433–444
Discrete Element Method (DEM) simulations and analysis were
conducted using EDEM® 2.7 particle simulation academic software
provided by DEM Solutions. Ltd., Edinburgh, Scotland, UK.
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