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Abstract: Energy consumption and pollution are current strategic issues that need to be addressed
in the mining industry. Both have an economic and environmental impact on production, so their
optimization, control, and mitigation are, at the very least, mandatory. Although rod milling has fallen
into disuse in recent decades, some companies still use it in their processing plants. This is due to the
ability of rod milling to reduce particle size while avoiding overgrinding. In this study, a material
that is particularly difficult to characterize was used to study how to control rod-milling particle
size distribution product: potash ore, which is deliquescent and soluble under certain conditions. A
laboratory-scale tumbling rod mill was designed for this study, and six operative parameters were
tested and analyzed in order to detect the main influences on the mill product, attending to material
requirements for further processes such as recirculation load or froth flotation for beneficiation.
Although the rotational speed of the mill is the parameter that shows the greatest reduction in energy
consumption, reaching almost 40% improvement in specific energy applied to the particles, it is not
possible to control particle size reduction ratio. However, when a low percentage of grinding media
is used, it reduces around 25% of the energy used and, in turn, reduces the amount of overgrinding
(40% reduction in the F300 control parameter, for example), which is a strategic objective of this
study. In addition, by controlling other process parameters, such as slurry density or lifter geometry,
energy consumption and its subsequent saving and pollution can be controlled, depending on process
plant requirements.

Keywords: milling; numerical simulation; energy consumption; mineral processing

1. Introduction

Commonly used in conventional processing plant flowsheets, tumbling mills are
predominant in mineral processing operations. They are responsible for achieving the
key objective in this field, which is to separate ore from gangue. In terms of breakage
mechanisms, while abrasion and impact prevail in ball mills, rod mills are used for their
type of preferential grinding over larger particles [1]. In general, in the milling stage, in
order to avoid the generation of finer particles, the most desirable effect should be impact
and compression, rather abrasion and shear, as occurs in ball mills [2]. In this respect, rod
mills generate relatively fewer of these finer particles compared to ball milling under exactly
the same operating conditions, i.e., to obtain the same particle size distribution product,
the operating conditions should be varied [3]. However, such mills have throughput and
scalability problems [1].
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In addition, it has been found that there is a distinct particle size on both the upper and
the lower boundary, where in a downstream beneficiation process, such as froth flotation
rate recovery, finer particles might behave differently than larger particles [4–7].

The third pillar addressed in this work is related to energy consumption. Comminution
consumes nearly 50% of a mine site’s overall energy costs [8]. In grinding operations, most
of the energy applied to particle size reduction is dissipated as heat in the rock, inelastic
strain, the motion of any load, mechanical transmission, and other losses [9,10]. Thus,
it is absolutely necessary to control the operating parameters of the grinding process to
optimize the size reduction in order to achieve minimum energy consumption. It has
been proven that by varying the grinding media (balls or rods), the same particle size
results can be obtained with optimum net energy applied [11]. Some current mathematical
approaches could be an interesting tool in this regard [12]. The population balance model
(PBM) gathers all the operative data plus some ore characteristics, and uses them to predict
the tumbling mill product in terms of particle size and mass balance [13,14].

Therefore, this study aims to identify which parameters can be used to control rod
milling operations in order to obtain a material with a certain size characteristic at a lower
energy consumption. The material under study is comminuted in rod mills, but for further
processing, a relatively larger particle size distribution is sufficient to liberate the ore.
Reaching 50% of the product with a size above 650 µm is sufficient for efficient flotation
concentration. On the other hand, this flotation rate decreases with a particle population of
less than 300 µm. Finally, as a secondary target, the recirculation rate occurs with a particle
population of more than 1050 µm. Thus, for this case, it is understood that an optimal
process occurs under these considerations, within these size ranges, in addition to reducing
energy consumption.

The literature gives us some clues in this regard: one of the first conditions controlling
the rod mill product is precisely the feed size distribution, and it has been demonstrated
that a rod mill achieves the same level of fine particles at a lower energy consumption
level [15]. We also have throughput, which directly affects the residence time [16] and
impact on the material reduction rate [2]. There are several variations that affect throughput:
adding and/or decreasing the solids load or adding and/or decreasing the fluid volume.
All these actions also influence the solid/liquid ratio of the slurry or the so-called slurry
density. These changes also affect the breakage kinetic comportment [17]. In terms of
behavior within the process itself, if the percentage of solids in the slurry is low, it causes
the formation of a pool in the mill, increasing metal-to-metal contact, and involves intense
wear of the grinding media. In addition, a large volume of the mill filled with water reduces
the comminution efficiency. On the other hand, at a very high density and viscosity, the
suspension acts as a buffer and creates resistance from the movements of the grinding
medium [18].

In rod milling, the grinding media tends to produce a smaller amount of finer material,
a factor related to the contact point number between the ground material and the media
itself. This is because the feed propagates through the rods, producing cone-shaped arrays;
thus, grinding takes place by priority on the larger particles [3]. The media charge volume
is rod diameter dependent [2] and also affects mill power draft [1].

The rotation speed of the drum (expressed as a percentage of a certain critical speed,
Vc) also affects breakage kinetics. This percentage of the critical rotational speed on
tumbling mills normally varies from 65% to 72% [1]. It has been observed that the product
becomes finer as the rotational speed of the mill is increased, but only to a certain point.
After exceeding 75% of the critical speed, the product remains constant [19]. Above 80% of
the critical rotation speed, the performance drops, and the reduction ratio decreases [20],
with subsequent and unnecessary energy waste.

In terms of mill design, several relations are included between some geometrical
features of the mill, such as aspect ratio and dimensions [1,21,22]. However, the imple-
mentation of the mill design could have a serious impact on the investment cost and was
discarded for this case.
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As for the effect of the lifter bars, they were developed to optimize the use of energy,
loading efficiency and reduction of mill liner wear. As the height and angle of the lifter
bars increase, the mill’s rotational speed can be reduced, promoting a waterfall effect in the
grinding media, reducing energy consumption [23–27].

The importance of using mathematical models for the simulation of rod milling results
lies in the ease with which it is possible to observe trends in the behavior of a material
under this device without the need for actual in-plant testing [28]. These models are widely
used not only in the mining industry but also in other fields, such as food processing and
pharmaceuticals [29]. Potentially, it allows us to vary certain aspects that are difficult to
reproduce in the experimental phase, and for this reason its use is justified.

Some efforts have been made to identify the parameters that have the greatest impact
on the grinding of certain minerals, by comparing different equipment, with different
characteristics, while looking for an optimum result, i.e., the highest degree of size reduc-
tion [30,31]. Some of these attempts have related it to energy consumption [32,33], but not
simultaneously (taking into account all the grinding parameters), and above all when the
optimum is not necessarily the highest reduction ratio, but rather an average particle size,
avoiding overgrinding, which is the case in this study.

2. Materials and Methods
2.1. Materials and Particle Size Distribution Determination

The material in the study was obtained from a Spanish potash mine. It mainly com-
prises sylvite, halite, and in minor traces, carnallite and clays. All of them are chloride
salts (excepting clays) and are deliquescent and soluble under certain conditions [29,34].
Added to this is the fact that the material’s properties change when it dries, undergoing
instant crystallization and agglomeration. These characteristics represent several challenges
to determining particle size distribution (PSD): when drying the material, it should be
necessary to disaggregate it, but this process may induce comminution, and the results
could be ambiguous. Before this happens, sieving should be performed under wet con-
ditions using brine instead of water, and mass balances should be taken by drying the
samples but considering salt precipitation due to brine evaporation. In addition to the
described issues, it has been considered that brine saturation may vary with temperature,
when composed of KCl or NaCl. For this reason, PSD has been achieved under controlled
atmospheric conditions.

The mesh sizes used for PSD correspond to ASTM standard sieves [35], where the
top-size detected was about 22.5 mm, and the minimum size was set to 160 µm. For the
selection of the mesh size, several key points were considered which are necessary to
control the grinding and the evaluation of the results. Firstly, the amount of material below
300 µm represents a problem for subsequent concentration process, so this mesh size was
selected. In the processing plant, the screening cut-off point is 1050 µm. Close to this value
is the 1180 µm mesh, which was also selected for PSD.

Full PSD could lead to a general comparison between different process stages. How-
ever, other key parameters are normally used to indicate trends and performance of a
processing plant. There are three main size constants extracted from the PSD commonly
used for this purpose: D10, D50, and D80, representing the sizes that are under 10%, 50%,
and 80%, respectively, of the particle population (Table 1).

Table 1. Particle size control parameters denomination.

Parameter Meaning

D10 10% of the particles are under this size
D50 50% of the particles are under this size
D80 80% of the particles are under this size
F300 Percentage of particles less than 300 µm

C1050 Percentage of particles larger than 1050 µm
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The parameters D10, D50, and D80 were obtained by linear regression at the target
percentage limits, using Excel solver calculation. The F300 is the simple sum of all differential
masses below 300 µm mesh size. The same applies to parameter C1050, but using the
population of particles above 1050 µm mesh size (Figure 1).
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2.2. Experimental Design

All lab-work tests were conducted in the Polytechnic University of Catalonia mineral
processing laboratory, using a rod mill that was designed and manufactured exclusively for
this study (Figure 2). The mill had a tumbling 1.3 L/D aspect ratio (Table 2). The geometry
of two interchangeable lifters was included in the design of the mill liner: 35 mm and
23 mm in height (Figure 2B,C). The critical rotational speed (Vc) was calculated according
to [2] and the energy consumption was the product of intensity (I) measured during all the
experiments, and related to engine power, material flow, and residence time.
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Figure 2. Laboratory tumbling rod mill design. (A) Profile view, (B) 35 mm lifter height configuration,
(C) 23 mm lifter height configuration.

Table 2. Main features of the laboratory tumbling rod mill.

Feature Value Units

Internal diameter 388 mm
Internal length 506 mm

Rod media charge 40, 33, 27, and 20 %
Rod diameter 30 and 40 mm

Critical speed (Vc) 71.2 rpm
Engine power 4 kW

As the objective of this study was to reduce product overgrinding in rod milling, dif-
ferent experiments were designed to evaluate the effect of varying the operative conditions
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governing milling performance. Based on the described literature, the selected parameters
were rod media charge, rod dimensions, rotation speed, slurry density, feed flow rate, and
lifter design.

According to this, first, four experimental sessions were developed to mathematically
model calibration and check the viability of the experiment. Each session tries to keep some
operating conditions constant (%Vc and media charge) but varies a third one, that is, slurry
density. Therefore, 16 tests were performed overall (Table 3). After these four sessions, 16
more experiments were performed to evaluate the effect of the six operative parameters
mentioned before. The applied strategy was to keep all conditions constant, except that
one which had to be evaluated (Table 4). The parameters of the numerical model were
obtained independently with the modeling test series. Thus, with these values, the model
was run, adding the operating conditions of the control tests. The study was conducted by
comparing the experimental results, the energy consumed, and the simulated values of the
control tests (Figure 3).

Table 3. Experimental design of the rod mill experiments for modeling purposes. Vc is the critical
rotational speed of the mill, the solid feed is 3 kg/min, rod diameter 30 mm, and lifter height 23 mm.

Tests
Vc Media Charge S/L

(%) (%) (%)

A 50 40 50–55–60–65
B 60 40 50–55–60–65
C 70 40 50–55–60–65
D 80 40 35–55–60–65

Table 4. Experimental design of the rod mill experiments for product control study. Vc is the critical
rotational speed of the mill. The tests are grouped into six categories, where V changes Vc, M changes
media charge percentage, S changes solid/liquid ratio, F changes solid feed flow, R changes rod
diameter, and L changes lifter height.

Test
Vc Media Charge S/L Solid Feed Flow Rod Dimensions Lifter Dimensions

(%) (%) (%) (g/min) (mm) (mm)

V1 50

40 60 3000 30 23
V2 60
V3 70
V4 80

M1

60

40

60 3000 30 23
M2 33
M3 27
M4 20

S1

60 40

30

3000 30 23
S2 55
S3 60
S4 70

F1
60 40 60

1500
30 23F2 3000

R 60 40 60 3000 40 23

L 60 40 60 3000 40 35
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2.3. Mathematical Modeling for Optimization

A mathematical approach is presented to use modeling as a tool to predict particle size
distribution when a material is processed in a tumbling mill, and its consequent prediction.
In this regard, the widely used population balance model (PBM) is applied, considering
the evolution of the comminution inside the drum, which is described by piston flow
phenomena, combined with the perfect mixed mill theory [19]. This model also takes into
account the water drag effect on the finer particles’ product (Figure 4).
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The complex formulation of this approach is very well described in [19]. It is based on
two main equations: (1) the kinetic function for the specific rate of breakage of the model
as a first-order law, which has been simplified in the form of Equation (1) [36], and (2) the
breakage distribution function (Equation (2)), which is modelled by the standard form
presented by [37].

k
(
dp
)
= S1dα

pi (1)

B(dpi, Dp) = k
(

dpi
Dp

)n1
+ (1 − k)

(
dpi
Dp

)n2
(2)
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Two mathematical expressions discriminate between those particles that enter into
the piston flow and those that are not affected (Equation (3)) and the recirculation rate by
water dragging (Equation (4)):

Sa(dp) =
{

Si = ω1eβ1dpi S < 1
S = 1 S ≥ 1

(3)

Sb(dp) =
{

Si = ω2eβ2dpi S < 1
S = 1 S ≥ 1

(4)

where dpi represents each element of the progeny particle diameter vector; thus, all these
equations are dependent on material size. Dp is the parent particle for each breakage
interval. Constant S1 is the breakage rate per minute. The parameters α, k, n1, n2 correspond
to the breakage distribution functions, and they are related to material properties such as
mineralogy, texture, or in some cases, fracture mechanisms [38,39]. ω1, β1, ω2, and β2 are
process model parameters.

The perfect mixed mill uses the breakage function and the kinetic function as a discrete
solution in Equation (5) [40]:

pP
i =

pF
i + ∑i−1

j=1 bijk jτpP
j

1 + kiτ
(5)

where pP
i is the product of the mill in differential mass, pF

i is the feed in differential mass,
bij is the breakage function, k j is the specific rate of breakage, τ is the residence time, and
pP

j is the product inside the mill that will generate smaller particles until leaving the drum.
The piston flow mill uses Reid’s solution [41] by means of Equations (6) and (7):

pP
i = ∑i

j=1 Ailexp

−
k j

4 W
ρ Jπ D2

L

 (6)

Aij =


0 i < j

∑i−1
l=j

bilkl
ki−kj

Al j i > j

pF
i − ∑i−1

l=1 Ail i = j

(7)

where ρ is the density of the mineral, J is the fraction of the mill filled by mineral, and D is
the diameter of the mill, W is the mass flow through the mill, and L is the mill length.

The calibration experiments are useful to establish the model parameters by means
of back-calculation techniques, in this case using MATLAB® script (R2017a). After that,
the model was run to obtain simulations of the different experiments, varying the studied
parameters for optimization. They were compared with the experimental values to evaluate
the model robustness, by means of RMSE (root-mean-square error) [42].

3. Results
3.1. Particle Size Distribution and Energy Consumption Determination

Brine presents salt saturation values from 33% to 37%, with a 1.6% standard deviation
(Figure 5A). The average 36% value was used for PSD determination using brine. As
has been explained, the first four experimental sessions were performed to calibrate the
model and to evaluate the correct operation of the rod mill with potash ore. Each batch of
experiments was carried out under the same operating conditions, except slurry density,
which was varied from 50% to 65%. The measured flows were similar to the expected ones,
showing a decrease in slurry flow and the water flow and an increase in the solid/water
rate. The solid mass flow was strategically kept constant to check the consistency of the
experiment, demonstrated by the parallelism of the curves when the flows were changed
(Figure 5B).
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The PSD results of all tests related to the product control study (from Table 4) are
shown in Figure 6. In line with the purposes of this study, the percentage of the critical
rotational speed between 50% and 60% generates less fine particle generation. In the range
of 70–80% of this operating condition, a coarser generation is equally reached (Figure 6A).
A large variability is observed when the media charge is varied (Figure 6B). This behavior
could be related to the impact energy on the particles [2], and is precisely the main factor
that affects milling performance, showing less coarse particle generation when the media
charge is about 20%. These differences were not observed with small variations in rod
media charge (Figure 6B, curves with 33.3% and 26.7%), and could only be affected after a
long residence time [31]. On the other hand, when the solid/liquid ratio of slurry density
is increased to 70%, there is a large gap between the remaining ratios, producing fewer
coarse particles (Figure 6C). This behavior is also observed, in accordance with [43,44],
when the solid/liquid ratio of slurry density is maintained but solid mass flow is increased,
with notable differences between these two product curves [2] (Figure 6D). When some
design features of the mill are changed, such as rod diameter (Figure 6E) and lifter height
(Figure 6F), there are no noticeable differences between their PSD product curves. Prob-
ably, the sizes of the lifters are not sufficient to make noticeable differences between the
movement caused by this factor [23].

On this basis, the characterization parameters for this study are presented in Table 5
and shown graphically in Figure 7, compared to the energy consumption for each variation
run in the experiments. In the first five experiments, media charge (40%), solid/water rate
(60%), solid flow rate (3000 gr/min), rod dimensions (30 mm), and lifter height (23 mm)
were kept constant while varying the mill rotational speed. The energy consumption is
quite evident when the Vc percentage is increased, and generates a high F300 percentage,
reaching undesirable values above 30% in all cases, being critical when the Vc is above
70%, with about 45% of the particle population below 300 µm arising. On the other hand,
when the energy consumption is lower, the C1050 parameters become poor, resulting in
an insufficient amount of ore being liberated, which is detrimental in terms of material
recirculated to the mill (Figure 7A).
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Figure 6. Results of the particle size distribution feed and product of all tests, divided by category,
where (A) represents V, changing the critical rotation speed, (B) represents M, where the media charge
was changed, (C) represents the curves of S, varying the solid/liquid ratio, (D) represents changes in
the solid feed flow, (E) represents two tests where the rod diameters were changed, and (F) represents
the lifter heights that were varied.

Table 5. Evaluated parameters of experiments with rod mill.

Evaluated Parameter Energy Consumption (kWh/t) D50 (µm) F300 (%) C1050 (%)

Critical
rotational
speed [%]

50 8.0 395 31 9
60 10.7 360 35 5
70 11.7 325 46 5
80 13.3 320 47 5

Media charge
[%]

20 7.8 645 24 21
27 8.7 500 31 13
33 9.3 443 31 11
40 10.6 377 40 6

Solid/water
rate S/L

[%]

30 9.0 315 47 5
55 9.4 350 40 5
60 8.1 368 38 6
70 9.3 643 20 24

Feed flow
[g/min]

1500 9.1 205 66 1
3000 8.8 368 38 4

Rod size
[mm]

30 8.1 368 33 6
40 9.8 390 32 4

Lifter size
[mm]

23 9.8 390 32 4
35 9.1 405 31 5
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Figure 7. Experimental results, where energy consumption and D50 parameter are on the left axis,
while F300 and C1050 parameters are on the right axis, when (A) critical rotational speed is varied,
(B) media charge is varied, (C) solid/water ratio is varied, (D) feed flow rate is varied, (E) rod size is
varied, and (F) lifter geometry is varied.

The same behavior is observed when the media charge is changed. A lower percentage
in this respect results in lower energy consumption and a lower F300 parameter, but the
C1050 is still high (Figure 7B). All these observations agree with [45], which presents an
energy model based on the grinding media charge and rotational speed of a mill, also
affecting mill power draft [1].

As partially explained in [46], a particular case occurs when the solid/water rate of
slurry density is varied (Figure 7C). No major variation in energy consumption is observed.
However, the differences between F300 and C1050 are striking. The objectives are to reduce
both values, which is not achieved simultaneously when this variation is applied: The F300
reaches the 20% target, but the C1050 is 15% above the expected value, while in all the other
cases, the opposite is the case.

Two broad ranges of feed flow were selected to demonstrate changes in the key
parameters studied (Figure 7D). Energy consumption varied slightly from 8.8 to 9.1 kWh/t,
but the main impact of this assessment lies in the C1050 parameter, reaching about 1%, at
the cost of excess grinding, demonstrated by lower D50 and F300 values.

Although [2] suggests that there should be an increase in energy consumption when
rod sizes are varied, in this work, and according to [11], no significant variation in energy
consumption or parameters studied was observed when rod sizes and lifter height were
modified (Figure 7E,F). Perhaps a suitable recommendation in this respect would be to use
a combination of a higher lifter and smaller rod diameter: it could mean obtaining a similar
particle size product with reduced energy consumption, as described in [24,26].
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3.2. Numerical Simulation

The model simulates the PSD of the product when processed in a rod tumbling mill. To
do this, it is necessary to find the model’s parameters. The first experimental sessions were
designed to obtain these parameters, using MATLAB script back-calculation techniques
(Table 6). The K parameter of the breakage function (Equation (2)) should range between
0 and 1, which is consistent with the results obtained in this study. Reference [39] has
determined some relationships of the parameter k with mineral composition and the
tendency of the material to generate finer or coarser particles. A 0.5 k value indicates that
the material itself tends to be neutral in this respect, and the generation of fines will be due
more to an operational component than reasons of mineralogical composition. n1 normally
ranges between 0 and 1.5, but it must necessarily be below the value n2, which is achieved
in this case, reaching average values of 1 and 1.5, respectively. The resulting specific kinetic
values vary depending on milling dynamics, and are presented in Figure 8F. The constants
ω1, β1, ω2, and β2 are useful for calculating the probability that the particles are under the
milling mechanical action, or to be classified by the drag effect of water.

Table 6. Parameters of the mathematical approach to predict particle size distribution. All parameters
are dimensionless.

Parameter Value

k 0.500
n1 1.022
n2 1.500
S1 -
α 3.204

ω1 0.005
β1 2.970
ω2 0.005
β2 4.372

With the back-calculated parameters, predictive simulations were run. The best view
of the robustness of the model can be seen in Figure 8E. When the tumbling mill is operated
at different solid feed rates, two differentiated curves are plotted against the same simulated
tests. The dotted lines almost overlap the points, showing great compatibility. However,
the key point is to verify the performance of the model when varying a wide range of
inputs. This is the case for the same experiments that change the percentage of rod media
charge. For better representation, the experimental values are presented in Figure 8A
and the simulated values under the same graph (Figure 8C). Three zones are observed
in these tests: the first, when the media charge is 40% of the mill; the second, with two
undifferentiated curves when the tests were carried out with 33% and 27% of the rod media
charge; the third, a test with 20% of the grinding media charge. The mathematical approach
makes a good simulation of this phenomenon. The displacement observed in curve of the
product PSD (only predicted) is remarkable, especially with those 20% and 40% grinding
media variation.

The same simulation patterns occur when solid/liquid ratio tests are plotted and
compared to experimental values (Figure 8B,D). The kinetic constant S1 represents the
dynamics under a specific condition. It can be seen how it is inversely proportional to the
slurry solid/liquid ratio (Figure 8F), as it affects the simulation of product particles, shown
by the displacement of the product curves in Figure 8B. The breakage kinetics were clearly
affected by slurry density [17].

From Figure 6 and Table 6 data, the control parameters can be extracted and analyzed.
For a comparison of the model simulation with the experimental data, see Table 7. Good
model performance is observed, as there is less than 5% RMSE in the determination of the
F300 overgrinding and less than 2% in the parameters of the coarsest generation C1050, and
the differences in the D50 values reach 26.6 µm RMSE (Table 7).
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Figure 8. Partial results of the numerical simulation compared with experimental particle size distribu-
tion, where (A) experimental values of the tests varying the grinding media charge, (B) experimental
values of the tests varying the slurry solid/liquid ratio, (C) simulated values of the tests varying
the grinding media charge, (D) simulated values of the tests varying the slurry solid/liquid ratio,
(E) simulated and experimental values of the tests when the solid flow is varied, and (F) behavior of
the kinetic function S.

Table 7. Comparison between experimental key values and simulated parameters using particle size
distribution prediction model.

Experimental Simulated

Parameter F300 (%) C1050 (%) D50 (µm) F300 (%) C1050 (%) D50 (µm)

Critical
rotational

speed

31 9 395 34 8.5 410
35 5 360 39 5.0 365
46 5 325 47 4.0 320
47 5 320 46 4.0 325

Media
charge [%]

40 6 377 41 4.0 340
30 11 443 31 9.0 420
31 13 500 30 9.0 425
24 21 645 21 17.0 580

Solid/water
Rate S/L

[%]

20 24 643 20 21.0 640
38 6 368 41 5.0 360
40 5 350 49 3.0 340
47 5 315 48 3.0 316
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Table 7. Cont.

Experimental Simulated

Parameter F300 (%) C1050 (%) D50 (µm) F300 (%) C1050 (%) D50 (µm)

Feed flow
[g/min]

66 1 205 72 1.0 210
38 4 368 40 4.5 355

Rod size
[mm]

32 4 390 37 6.0 380
33 6 368 40 4.5 360

Lifter size
[mm]

32 4 390 39 4.5 380
31 5 405 35 5.5 400

RMSE 4.1 1.9 26.6

4. Discussion

To assess which operating conditions could meet the objective of reducing energy
consumption, a graph showing the relative reduction ratio for all cases studied is pre-
sented in Figure 9A. As shown in this figure, the rotational speed of the mill has a major
influence, with nearly 40% of energy saving when this operating condition is varied, from
13.3 kWh/t to 8 kWh/t, while the rotational speed is reduced from 80% to 50% of the Vc
(Table 5). The same pattern is observed when the media charge is varied, from 10.6 kWh/t
to 7.8 kWh/t, which is a 25% reduction in energy, followed with less intensity by rod size,
slurry density (solid/liquid ratio), lifter height, and feed flow (all of them with less than
15% energy reduction).

On the other hand, slurry density is the best operating condition for controlling particle
size distribution, observed in the finer generation control by means of the 60% reduction
for the F300 parameter (Figure 9B), from 47% to 20% (Table 5), but with a relatively low 10%
energy reduction ratio (Figure 9A). After that, at the same level, feed flow, media charge,
and critical rotation speed have an important impact on this issue, with reduction in F300
parameters, from 35% to 45%.

However, the target values are not simultaneously accomplished in any of them.
To evaluate which variations are the most effective in rod milling, the lowest energy
consumption of each experiment has been illustrated in Figure 9C. By prioritizing the level
of overgrinding above the other parameters, the experiment with the lowest percentage of
media charge (20% of rod media) coincides with the lowest energy consumption (7.8 kWh/t)
and achieves the goal of having just over 24% of F300, the parameter related to finer particle
generation. What is also noteworthy is the D50 value (with 20% media charge) being close to
650 µm, far exceeding the 600 µm limit that is considered a well-controlled milling product
for this particular material. The fact that in this experiment, the C1050 value was above
the target of this study, recommended to be less than 5%, with recirculation to the mill at
around 20% of the mass, is not considered a negative option, as recirculation is a common
action in ore processing. Considering that the ground material cannot be reprocessed, while
coarser particles and overgrinding can be controlled in subsequent recirculation, this case
does not represent a crucial problem in this process control study, as the main objective,
which is to reduce energy consumption costs, is achieved.

Another interesting situation occurred in the experiment using 70% of the solid/water
ratio (Table 5). It shows an improvement of the target in almost all cases, reaching 643 µm
at the D50 value, and 20% at F300, the only failure being at 24% in the C1050 parameter. The
energy consumption result is not the lowest in this study.

From an economic point of view, the reduction in energy consumption translates
directly into savings for the processing plant. For example, if we start from an initial
configuration of 40% grinding load, reducing the energy consumption found in this study
could translate to a 26.8% decrease in the electricity bill of a single mill, which would be an
unprecedented milestone in the field of mineral processing (Table 8).
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Figure 9. (A) Evaluation of the energy consumption reduction ratio when an operating condition
is varied, (B) evaluation of the reduction ratio of the parameter F300 when an operating condition
is varied, (C) best energy performance of each item studied, compared with the control parameters
using rod milling. The selected experiments are Vc (50%), media charge (20%), S/L (60%), feed flow
rate (3000 g/min), rod size (30 mm), and lifter height (35 mm).

Table 8. Energy reduction ratio when the media charge is reduced and the starting point is 40%
media charge.

% Media Charge Energy (kWh/t) Energy Red. (%)

40 10.6 0
33 9.3 12.1
27 8.7 18.1
20 7.8 26.8
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With all these bases, the main recommendations to control rod milling may be varied
depending on a company’s priorities: If energy consumption needs to be reduced to a
minimum, the mill speed should be reduced; do not overgrind, and increase the pulp
density. If you need to reduce the amount of particles below 300 microns and reduce energy
consumption, but not necessarily to a minimum, reduce the percentage of grinding media.
However, any planned variations could lead to at least 10% of the energy consumed, which
could mean remarkable savings for the processing plant.

For a hypothetical situation where a maximum grinding ratio is needed, i.e., to obtain
as many fines as possible, the flow rate should be reduced, or the pulp density should
be decreased.

5. Conclusions

It is important to mention the uniqueness of this study, which has tried to control the
size reduction of the material, not in terms of obtaining the highest degree of comminution,
but to avoid excess fines, and at the same time to observe what action can affect the reduc-
tion of energy consumption. In this respect, there are many ways to control the generation
of particle size distribution in rod milling, all depending on company requirements or ore
processing needs. The conclusions drawn from this work can be summarized as follows

- It was shown that by varying the percentage of critical mill speed or grinding media
charge, the impact on reducing energy consumption becomes noticeable.

- This work will take on more significance when it is necessary to reach mineral libera-
tion while preventing overgrinding phenomena. In this sense, varying the solid/water
ratio may well control excessive fine particle generation. Without being the best action
to reduce energy consumption, some improvement in this respect can be observed.

- It was also demonstrated how it is possible to control the particle size of the product
by varying the feed rate, and lifter and rod geometry, while keeping energy utilization
constant. By applying one or a combination of these criteria, it is possible to achieve
both objectives, to control grinding without excessive energy consumption.

- In the overall process, considering comminution as the most expensive module, an
improvement in energy consumption efficiency could lead to subsequent savings for
companies. A 20% reduction in media charge could lead to a 12% reduction in energy
bill, which would be a remarkable milestone. Modeling and prediction approaches
can also be used to manage production and energy issues, as simulation could express
the product size, considering the parameters that affect the milling process.

However, as this is a particular material, it is not possible to generalize or extrapolate
to all types of rod milling. However, patterns can be observed that have been demonstrated
in previous studies; therefore, this work represents a guide to the different possibilities for
controlling grinding in this type of machinery.
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