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Abstract: The mechanistic approach has proven so far to be flexible and successful for simulation
of the grinding process. The basic idea underlying mechanistic models, namely the matrix and
population balance models, is based on the identification of natural events during grinding. Since each
model has its own capabilities and limitations, their combined use may offer additional advantages
on this aspect. In this study, the matrix model and the selection function, namely the probability of
breakage of the population balance model, were combined through a MATLAB code to predict the size
distribution of the grinding products of quartz, marble, quartzite and metasandstone. The modeling
results were in very good agreement with the particle size distributions obtained after grinding the
feeds in a ball mill.
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1. Introduction

Comminution is one of the most important processes of the mining industry and, more specifically,
of the materials processing industry. However, it is an energy intensive process, especially at the
stage of grinding, and consumes 3-4% of the electricity generated worldwide [1]. In addition, a large
share of this energy is absorbed by the device and only a small fraction, given that the efficiency
of Semi-Autogenous Grinding (SAG) mill is about 15%, is used for comminution [2]. Considering
these factors, it is deduced that a slight increase in process efficiency may have a large impact on the
operating cost of the mill, the environment and the conservation of resources.

Scientific research, which resulted in an increase of the grinding efficiency, started with the
empirical relationships of Rittinger [3], Kick [4], Bond [5] and Walker and Show [6], which described
the energy-particle size relationship. Then, theories which incorporated the concept of particle size
distribution were developed [7,8], while in recent years research focused on the use of the mechanistic
approach that was based on the recognition of physical events taking place during grinding [9].
The mechanistic approach includes the matrix model, which considers grinding as a series of breakage
events and the kinetic model, namely the population balance model, which considers grinding as a
continuous process. Other researchers focused their efforts on the advantages of the Attainable Region
(AR) approach [10-12], while recently Shi and Xie used the to procedure to simulate batch [13] and
continuous [14] grinding in a ball mill.

Mechanistic models consider that breakage of particles in a machine is a complex process, which
cannot be analyzed by a single breakage event. Thus, it is necessary to split the process of comminution
into individual sections and define the operations involved in each one. First, Epstein [15] considered
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that the process involves repetitive steps and each step can be described by a probability function,
namely a selection or breakage rate function and a distribution function. Based on the concept of
Epstein, first Broadbent and Callcott [16] considered the process of comminution in matrix form. In
the matrix model, comminution involves a series of single breakage events, where the feed to each
event is the product of the previous one [17]. The longer the period of grinding, the greater the number
of breakage events. The particle size distributions of the feed and products of such a process can be
determined by dividing the material into predetermined # size classes. The particles in all size classes
have a probability of being broken and this probability may change as the size of the particle changes.
With this model, after a number of 1 breakage events, the comminution process can be described by
the following Equation (1),

p=(B-S+I1-8)"f 1)

where p and f are the product and the feed size distributions (1 X N vectors), B is the breakage function
(N x N lower triangular matrix), S is the selection function (N x N diagonal matrix) and I is the
identity matrix. The notation of the breakage function, the selection function and the identity matrix is
shown in Figure 1, where b; ; is the mass fraction of the breakage product of size j that reports to a finer
size i [18,19].
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Figure 1. Notation of the breakage function, the selection function and the identity matrix.

Broadbent and Callcott proposed a modified form of the Rosin-Rammler (RR) distribution [20]
which can be used to describe the particle size distribution of the comminution products (Equation (2)),

Bij=(1—e)/(1—e") ¢)

where B; ; is the mass fraction of the breakage product of size j which falls below size i.

The perfect mixing model, which can be considered as a special case of the population balance
model, has also been used to optimize and scale up several different grinding circuits [21,22]. The basic
concept of this model was developed by Whiten [23] and is the simplest case of multi-segment models,
which consider only one segment [17]. The Julius Kruttschnitt Mineral Center (JKMRC) used this
model to simulate industrial autogenous (AG) and semi-autogenous (SAG) mills for over 30 years
and attempts were made to empirically correlate the breakage rate with the operating conditions and
design characteristics of the mills [24].

In recent decades, emphasis was given to the optimization of energy consumption in
grinding mills using phenomenological kinetic models based on population balance considerations.
The population balance model is a discrete-size, continuous-time model which is based on first
order kinetics and uses two functions, namely the breakage rate (or selection function) S; and the
breakage function bl-,]- [18,25]. These functions define the fundamental size-mass balance equation for
fully mixed batch grinding operations. Many researchers have underlined the advantages of these
functions [26-28], while the scale-up from laboratory to industrial mills has also been discussed in a
number of recent studies [1,29-32]. Furthermore, several studies investigated the effect of the variation
of kinetic model parameters, when different mill operating conditions were used. These conditions
include ball size [33-36], media shape [37,38], mill speed [28,39] and powder loading [40].
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As far as the breakage rate S; (min~!) is concerned, Austin et al. [13] have proposed an empirical
relationship (Equation (3)), which has been widely accepted [41-43],
o
x:
Si:"‘T‘< l) Qi @)
X0

where x; (mm) is the upper size of class i, x is the standard size (1 mm), at is a parameter depending
on milling conditions and « is a characteristic parameter depending on the material properties. More
specifically, at is the breakage rate for size x; = 1 mm and has the same units as S; (min~1). Q;isa
correction factor, which is 1 for small particles (normal breakage) and less than 1 for large particles
that need to be nipped and fractured by the grinding media (abnormal breakage). Q; is calculated by

Equation (4),
1
o= (5 ?

where y is a parameter that depends on milling conditions and denotes the particle size when the
correction factor is 0.5. A is a positive number that depends on the material type and shows how
rapidly the breakage rate decreases as size increases (A > 0). In addition, the particle size x,;, for which
the breakage rate takes the maximum value is related with the parameter y as follows [34,44],

xm—u-(A‘fa)l/A )

Equation (5) states that x;, is directly proportional to y# considering that, for the same material, A
and « are constants.

Kinetic and perfect mixing models received much more attention than the matrix model for
simulating purposes. A noteworthy exception is the study of Deniz [45], in which a computer
simulation of a matrix notation of the Broadbent and Callcott model was carried out and the obtained
particle size distributions were compared with the experimental ones. Unlike the matrix model, the
population balance model takes into consideration the abnormal breakage of large particles. In a
kinetic model of this type there is an optimum size for which the breakage rate takes the maximum
value, while above this size it decreases sharply (Equations (3) and (4)). Furthermore, it is mentioned
that the matrix model is not directly related to the material type and the operating conditions (e.g.,
mill diameter, ball filling volume and mill speed). Thus, it is believed that the combined use of the
matrix and population balance models will overcome a number of limitations of the traditional matrix
model and result in a more realistic simulation of the grinding process.

The present study, through batch grinding experiments using quartz, marble, quartzite and
metasandstone as test materials, aims to predict the particle size distributions of the products under
different operating conditions. A MATLAB code was used to determine the kinetic parameters that
minimize the error between the experimental Rosin-Rammler (RR) distributions and the model, for
three different grinding times. Then, the same parameters were used to estimate the size distributions
of different feed sizes.

2. Materials and Methods

The materials used in the present experimental study obtained from three different Greek sites,
namely quartz from Assiros, near Thessaloniki, marble from west Crete, Chania area, and quartzite
and metasandstone from west Crete, Kissamos area. The mineralogical analysis shows that marble
mainly consists of calcite, while quartzite and metasandstone of quartz and some mica. Therefore,
the chemical analysis shows that marble mainly consists of CaO present in calcite and dolomite, while
quartzite and metasandstone of SiO, present in quartz. The quartz samples used were of high purity
white quartz. Porosity measurements of the raw materials, obtained with the use of Archimedes
method [46], indicated that quartz has near zero porosity, marble and quartzite less than 1%, and
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metasandstone almost 8%. Also, the density of metasandstone is significantly lower than that of the
other materials (Table 1).

Table 1. Porosity and density of the raw materials used.

Material Porosity (%) Density (g/cm?)
quartz 0.02 2.65
marble 0.3 2.7

quartzite 0.9 2.6

metasandstone 8.0 2.1

The experiments were performed in a laboratory ball mill with a constant speed of n = 66 rpm
(1.1 Hz) which is 70% of its critical speed. The mill charge consisted of stainless steel balls with
density pj = 7.85 g/cm?. The parameters that describe the mass of grinding media | and material f;,
respectively, are calculated from Equations (6) and (7). | is the ball filling ratio, which is the fraction of
the mill filled by the media bed, while f is the filling ratio of the material fed in the mill.

= Volume of solid balls\ 1 ©)
N mill volume 1-o
_ (Volumeof solid material 1 @
fe= mill volume 1-®

where @ is the bed porosity of balls and material (assumed to be 40%) [18].
The fraction of space between the balls at rest, U, that is filled with material bed (interstitial filling)
can be calculated from Equation (8),

__fe
U= 04-] ®

The effect of two operating conditions, namely the interstitial filling U and the ball diameter d,
were investigated by carrying out two series of tests (Table 2). In the first series three different U values
(50%, 100% or 150%) were investigated, with f. constant at 4%, corresponding to 345 g of quartz or
351 g of marble. In the second series, balls with constant weight of almost 5.1 kg and three different
diameters (40 mm, 25.4 mm or 12.7 mm) were used independently.

Table 2. Grinding conditions used in the first and second series of tests.

Item Description First Series Second Series
diameter, D (cm) 204 204
length, L (cm) 16.6 16.6
mill volume, V (cm®) 5423 5423
operational speed, N (rpm) 66 66
critical speed, N (rpm) 93.7 93.7
diameter, d (mm) 254 40,25.4,12.7
number 77,38, 26 20,77, 613
balls weight (g) 5149, 2540, 1738 5298, 5149, 5149
density (g/cm?) 7.85 7.85
porosity (%) 40 40
ball filling volume, | (%) 20, 10, 6.7 20
quartz (2.65) marble (2.7)
density (g/ cm®) marble (2.7) quartzite (2.6)
material - metasandstone (2.61)
material filling volume, f; (%) 4 4
interstitial filling, U (%) 50, 100, 150 50

The samples were homogenized by the cone and quarter method and 6 kg of each material type
was used for the tests. Each material was crushed with the use of a jaw crusher to a size of —4 mm.
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The product of the crusher was wet screened at 150 pm, while the +150 pm fraction was dried and
screened using a series of screens, with an aperture ratio V/2 to obtain the feed fractions. As a result,
five mono-sized fractions for each material (—3.35 + 2.36 mm, —1.7 + 1.18 mm, —0.850 + 0.600 mm,
—0.425 + 0.300 mm and —0.212 + 0.150 mm) were obtained, while the natural products obtained after
0.5 min of grinding were considered as initial feed. Then, grinding tests were performed at various
grinding times ¢ (0.5, 1.5, and 3.5 min) corresponding to three different grinding events (1, 3 and
7), with a step of 0.5 min. The obtained products were wet sieved using a series of screens with an
aperture ratio of v/2 for the determination of particle size distributions.

For the determination of the kinetic parameters and for modeling the process, a MATLAB code
was developed using the following steps:

e  Determination of the capacity at each grinding event (1, 3 and 7), assuming that the product (mill
feed rate) x (number of grinding steps) is a constant.

e  Determination of the breakage function proposed by Broadbent and Callcott (Equation (2)), after
dividing the material into predetermined size classes with an aperture ratio v/2.

e  Determination of the (B - S + I — S) matrix. S is the selection function (N x N diagonal matrix),
which is related to the feed size since its elements are expressed by the kinetic model (Equations (3)
and (4)). Given that the selection function elements of the matrix model are pure numbers,
the determined S; (min~!) values multiplied by the time interval dt of each individual event are
assumed to be 0.5 min.

e  Determination of the product p size distribution after u breakage events, with the use of
Equation (1).

e Non-linear optimization of the objective function F through the “fmincon” function of the
MATLAB software, and determination of the optimum at, &, ¢ and A values that minimize
the error between experimental size distributions RR and the model, for three different grinding
times. The objective function F is defined with the use of Equation (9),

(QMod _ QFxpy )

™=

3
F=).
u=1

1

Il
—_

where Q = loglog(100/(100 — P)) and P is the cumulative mass % finer than size x, as defined
by the RR distribution [15]. The exponents Mod and Exp refer to the experimental data and the
estimated results of the model, respectively, while u and 7 are indicators that refer to the grinding
steps and sizes classes, respectively. A flowchart of the MATLAB code is shown in Figure 2.

o  After the estimation of the optimal kinetic parameters for a given feed size of a raw material,
the next steps are (i) to verify whether these parameters can be used for different feeds of the
same material; and (ii) to assess the fits between the experimental and estimated size distributions.
The same MATLAB code was used to evaluate the effects of the material type and different
milling conditions on the estimated parameters. Screen views of the code and optimization results
(experimental and estimated RR size distributions) are presented in Figures 3 and 4.



Minerals 2017, 7, 67 60f17

[ h<ar<ub
Bradub
b < ety

beAcub

Optimam ay, a, p, A
1

“’““.;;"‘;"“’ fehitesyhpion I—J‘ Som ot scuregeror

<

(o)

Figure 2. Flowchart of the MATLAB code.
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5 % %l is the top size
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7 % raric is the apercure ratio of the series of screens

8 % PO is the mass & of the product

) % £ is the mass & of the feed

10 % MC is a comstanc

1

12 % Extract data from an excel spreadsheet

13 - [ p01 = xlsread('matrix matlab.xlsx','scagel’,'Lé:L18');

14 - | p03 = xlsread('matrix matlab.xlsx’, 'scagel’, 'ME:MIZ');

15 — | p07 = xlsread{'matrix matlab.xlsx','stagel', 'Ne:Wis'); -
= | £ = xlsread{'matrix matlab.xlsx','stagel', 'K6:K18'); -
17 |ae = xlsread('matrix matlab.xlsx','stagel’,'56');

- (= = xlsread('matrix matlab.xlsx’, 'stagel’, 'C6'); I
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Figure 3. Screen view of the MATLAB code.
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Figure 4. Screen view of experimental and estimated RR particle size distributions.
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3. Results and discussion

3.1. First Series of Tests — Effect of Different Interstitial Filling Values

The investigation of the effect of different interstitial fillings U on the simulation of the grinding
process focused on the study of marble and quartz as test materials under the conditions given in
Table 2. According to the experimental order, the —0.850 + 0.600 mm feed was used for the optimization
of the objective function F and the estimation of the kinetic parameters at, &, 4 and A of the selection
function. Then, the values of parameters were used for the estimation of the particle size distributions
of the —3.35 + 2.36 mm, —1.7 + 1.18 mm and —0.425 + 0.300 mm feed fractions. Figures 5-7 show, as
an example, the experimental and estimated size distributions of marble for each initial feed size and
different interstitial filling values U (50%, 100% and 150%). From the results obtained it is seen that a
very good agreement between experimental and estimated values, within the limits of experimental
error, can be observed. The accuracy of the estimated distributions was determined by using the
correlation coefficient R, as seen in Tables 3-6 for marble for each initial feed and U = 50%. The same
conclusions can be drawn for quartz using different U values.
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& @
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Figure 5. Experimental and estimated particle size distributions of marble for each initial feed (U = 50%).
Feed size (a) —3.35 + 2.36 mm; (b) —1.7 + 1.18 mm; (¢) —0.850 + 0.600 mm; (d) —0.425 + 0.300 mm.
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Figure 6. Experimental and estimated particle size distributions of marble for each initial feed (U = 100%).
Feed size (a) —3.35 + 2.36 mm; (b) —1.7 + 1.18 mm; (c) —0.850 + 0.600 mm; (d) —0.425 + 0.300 mm.

100
-3.35+2.36 mm

10

—1 step (model)

O 1 step (experimental)
—3 step (model)

* 3 step (experimental)
——7 step (model)

& 7 step (experimental)

0.01 0.1

1 10

Screen size, mm

(a)

Cumulative mass % finer

100

—
(=]

Figure 7. Cont.

-1.7+1.18 mm
—1 step (model)
0O 1 step (experimental)
—3 step (model)
X 3 step (experimental)
—7 step (model)
A 7 step (experimental)
0.01 0.1 1 10
Screen size, mm
(b)



Minerals 2017, 7, 67 90f17

100 100
= -0.850+0.600 mm E -0.425+0.300 mm
£ &
» w
& @
£ 10 £ 10
-a —1 step (model) 'E —1 step (model)
E O 1 step (experimental) ﬁ O 1 step (experimental)
= ——3 step (model) = 3 step (model)
E X 3 step (experimental ) E < 3 step (experimental )
5 —: step (modep 5 —i step ljmodd-}
A 7 step (experimental ) A 7 step (experimental)
1 1
0.01 0.1 1 0.01 0.1 1
Screensize, mm Screen size, mm
(c) (d)

Figure 7. Experimental and estimated particle size distributions of marble for each initial feed (U = 150%).
Feed size (a) —3.35 + 2.36 mm; (b) —1.7 + 1.18 mm; (¢) —0.850 + 0.600 mm; (d) —0.425 + 0.300 mm.

The estimated parameters at, a, 4 and A of the selection function for marble and quartz for
different U are shown in Table 7. These parameters enable the assessment of the relation of the matrix
model with the material type and the change of interstitial filling U value. As far as the parameter «r
(min~1) is concerned, it is seen that the corresponding values for marble are much higher than those
for quartz indicating that marble is ground with a higher rate. Also, from the same table, it is seen that
for the same material the value of xt increases when U decreases and this suggests that grinding is
more effective at lower U values. However, a recent study has shown that there is an optimum value
of U for which the breakage rate obtains the maximum value and grinding becomes more efficient [30].

Table 3. Cumulative mass % finer for —3.35 + 2.36 mm feed and U = 50% (marble).

Step 1 Step 3 Step 7
Screen Size (mm) Feed
Experimental =~ Model  Experimental = Model Experimental =~ Model
3.35 100 100 100 100 100 100 100
2.36 51.4 81.7 75.8 97.4 94.9 99.9 99.9
1.70 322 67.1 57.0 92.7 87.3 99.7 99.7
1.18 20.7 52.9 412 84.5 75.6 98.5 98.6
0.850 16.1 422 335 74.1 66.1 95.1 96.1
0.600 12.6 33.0 26.8 62.6 55.5 88.7 90.0
0.425 10.5 26.0 22.5 514 474 79.6 81.3
0.300 8.8 204 19.0 41.3 40.1 68.7 71.3
0.212 74 16.0 16.3 32.6 34.5 57.4 62.6
0.150 6.0 12.3 13.3 252 28.1 46.5 52.6
0.106 4.9 9.5 10.9 19.3 22.8 36.8 43.6
0.075 3.8 7.1 8.5 14.5 17.9 28.4 34.8
0.053 3.0 54 6.5 10.9 13.8 21.7 27.7
0.038 2.3 4.0 49 8.1 10.5 16.3 21.0
Correlation

Coefficient, R 0.990 0.995 0.999
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Table 4. Cumulative mass % finer for —1.7 + 1.18 mm feed and U = 50% (marble).

Step 1 Step 3 Step 7
Screen Size (mm) Feed
Experimental Model Experimental Model Experimental Model
1.70 100 100 100 100 100 100 100
1.18 49.7 75.6 74.7 94.2 94.4 99.7 99.8
0.850 34.0 60.4 574 85.6 85.3 98.0 98.9
0.600 23.7 47.1 42.7 742 71.2 93.7 94.8
0.425 18.0 37.0 333 62.4 59.1 86.2 86.7
0.300 14.1 28.9 263 51.0 48.6 76.3 76.1
0.212 11.5 22.6 21.6 40.9 40.9 65.1 67.7
0.150 8.9 17.3 16.8 31.9 325 53.6 56.7
0.106 7.1 13.3 13.4 24.6 25.8 43.0 47.2
0.075 54 10.0 10.2 18.6 20.0 33.7 38.2
0.053 41 7.4 7.8 13.9 15.5 25.8 30.7
0.038 3.0 5.5 5.8 10.3 11.6 19.5 23.7
Correlation

Coefficient, R 0.998 0.999 0.999

Table 5. Cumulative mass % finer for —0.850 + 0.600 mm feed and U = 50% (marble).

Step 1 Step 3 Step 7
Screen Size (mm) Feed
Experimental = Model Experimental Model Experimental Model
0.850 100 100 100 100 100 100 100
0.600 374 58.5 60.0 81.7 84.1 96.5 97.2
0.425 23.4 43.5 41.3 69.0 67.4 90.5 89.7
0.300 16.4 33.1 29.8 56.9 53.2 81.7 779
0.212 12.6 25.7 23.1 46.0 43.1 71.0 66.9
0.150 9.4 19.4 17.6 36.1 33.6 59.3 55.2
0.106 7.2 14.7 14.0 27.9 26.5 48.2 45.8
0.075 54 10.9 10.6 21.1 20.4 38.0 36.7
0.053 4.4 8.5 8.1 16.2 15.8 29.6 29.1
0.038 3.3 6.3 6.0 12.0 11.8 22.5 225
Correlation

Coefficient, R 0.999 0.998 0.998

Table 6. Cumulative mass % finer for —0.425 + 0.300 mm feed and U = 50% (marble).

Step 1 Step 3 Step 7
Screen Size (mm) Feed
Experimental Model Experimental Model Experimental Model
0.425 100 100 100 100 100 100 100
0.300 26.8 40.1 47.2 59.9 67.2 82.0 85.6
0.212 16.2 28.1 31.7 47.0 49.4 71.0 70.2
0.150 11.1 20.7 21.9 36.8 36.3 59.6 55.9
0.106 8.0 15.5 16.1 28.5 27.7 48.6 452
0.075 5.8 11.5 12.0 21.7 20.7 38.5 35.6
0.053 4.4 8.6 8.9 16.4 15.7 29.9 27.5
0.038 3.2 6.3 6.4 12.1 11.5 22.7 21.7
Correlation

Coefficient, R 0.997 0.996 0.998

Table 7. Selection function parameter values for different U.

U %) Marble Quartz
at (min~1) « () # (mm) A ) at (min~1) «C)  p(mm) A
50 0.87 0.90 3.72 3.36 0.46 1.13 2.11 3.15
100 0.46 0.92 3.69 3.35 0.23 1.15 2.11 3.15

150 0.32 0.92 3.69 3.35 0.15 1.15 2.11 3.15
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3.2. Second Series of Tests—Effect of Different Ball Diameter

The investigation of the effect of ball diameter on the simulation of the grinding process focused
on quartzite and metasandstone as test materials under the conditions given in Table 2. Following the
procedure described previously, the optimum values at, «, # and A of the —0.850 + 0.600 mm initial
feed fraction were used for the prediction of the particle size distributions of the —3.35 + 2.36 mm,
—1.7+1.18 mm and —0.425 + 0.300 mm initial feeds. Figures 8-10 present as an example,
the experimental and estimated size distributions of quartzite for each initial feed size and different
ball diameter d (12.7 mm, 25.4 mm and 40 mm). From the results obtained it is seen that in general a
very good agreement between experimental and estimated values, within the limits of experimental
error, can be observed. However, poorer fit of the experimental data can be seen when the coarse
size, —3.35 + 2.36 mm, was used as feed. This may be due to the abnormal grinding behavior of
large particles that need to be nipped and fractured by the grinding media, as also reported by other
researchers [18,26,47]. The experimental and estimated size distributions for quartzite at each step
are shown in Tables 8-11. The accuracy of the estimated distributions was determined by using the
correlation coefficient R. The same conclusions can be drawn for metasandstone when balls of different
diameter 4 are used.

100

g
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2
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Figure 8. Experimental and estimated particle size distributions of quartzite for each initial feed
(d =127 mm). Feed size (a) —3.35 + 2.36 mm; (b) —1.7 + 1.18 mm; (c¢) —0.850 + 0.600 mm;
(d) —0.425 + 0.300 mm.
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Figure 9. Experimental and estimated particle size distributions of quartzite for each initial feed

(d = 25.4 mm).
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Figure 10. Experimental and estimated particle size distributions of quartzite for each initial
feed (d =40 mm). Feed size (a) —3.35 + 2.36 mm; (b) —1.7 + 1.18 mm; (c) —0.850 + 0.600 mm;
(d) —0.425 + 0.300 mm.

The estimated parameters at, «, 4 and A of the selection function are shown in Table 12, for
quartzite and metasandstone and for different balls diameter d. As far as the parameter at (min~')
is concerned, it is seen that the corresponding values for metasandstone are much higher than the
ones for quartzite indicating that metasandstone is ground with a higher rate. Also, from Table 12 it
is seen that for the same material the value of a1 increases when d decreases and this suggests that
grinding becomes more effective when smaller balls are used. Regarding the effect of ball diameter d
on p parameter it is revealed that the value of y increases when d increases as well. Since y is directly
proportional to the optimum size x,, (Equation (4)), these findings indicate that small balls are more
effective for grinding fine particles, whereas large balls are required to break the coarser ones [18,35].

Table 8. Cumulative mass % finer for the —3.35 + 2.36 mm feed and 4 = 12.7 mm (quartzite).

Step 1 Step 3 Step 7
Screen Size (mm) Feed
Experimental =~ Model Experimental =~ Model Experimental =~ Model
3.35 100 100 100 100 100 100 100
2.36 17.5 242 28.2 35.9 432 54.3 63.8
1.70 79 14.6 13.7 26.7 249 46.4 44.6
1.18 4.6 10.5 8.7 21.8 17.6 41.5 35.4
0.850 34 8.1 6.8 18.1 14.8 371 312
0.600 2.6 6.3 5.6 14.8 12.7 327 28.0
0.425 2.1 5.0 4.8 11.9 114 28.0 25.8
0.300 1.8 4.0 4.3 9.5 10.4 234 23.8
0.212 1.6 32 3.9 7.5 9.6 19.0 223
0.150 1.4 2.6 3.5 5.8 8.7 15.1 20.3
0.106 1.2 2.1 3.0 4.5 7.7 11.9 18.0
0.075 1.0 1.6 25 34 6.3 9.1 14.7
0.053 0.7 1.2 1.9 2.5 4.6 6.8 11.3
0.038 0.5 0.8 14 1.8 34 5.0 8.8
Correlation

coefficient, R 0.999 0.993 0.981
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Table 9. Cumulative mass % finer for the —1.7 + 1.18 mm feed and d = 12.7 mm (quartzite).
Step 1 Step 3 Step 7
Screen Size (mm) Feed P P P
Experimental Model Experimental Model Experimental Model
1.70 100 100 100 100 100 100 100
1.18 34.2 48.6 51.3 68.7 74.6 88.3 92.2
0.850 19.3 343 33.1 56.9 56.7 81.9 82.2
0.600 12.0 25.2 22.1 46.9 423 74.5 67.7
0.425 8.5 19.2 16.3 38.2 334 65.8 57.2
0.300 6.5 14.7 12.8 30.5 27.2 56.2 48.3
0.212 5.3 115 10.7 24.0 23.2 46.7 419
0.150 4.3 8.9 8.7 18.7 19.1 37.7 35.2
0.106 3.5 6.9 7.1 14.3 15.8 29.8 29.2
0.075 2.7 5.2 5.5 10.8 12.3 23.0 23.1
0.053 2.0 3.8 4.0 7.9 9.1 17.4 17.5
0.038 1.2 2.5 2.7 5.6 6.2 129 11.7
Correlation
coefficient, R 0.998 0.995 0.992
Table 10. Cumulative mass % finer for the —0.850 + 0.600 mm feed and d = 12.7 mm (quartzite).
Step 1 Step 3 Step 7
Screen Size (mm) Feed P P P
Experimental = Model Experimental Model Experimental Model
0.850 100 100 100 100 100 100 100
0.600 334 49.3 55.1 70.7 79.3 90.2 95.2
0.425 19.5 34.8 35.6 57.4 59.4 82.0 84.3
0.300 12.7 25.6 249 46.1 45.0 72.1 70.8
0.212 9.4 19.6 19.2 36.8 36.0 61.5 60.0
0.150 7.0 14.7 14.7 28.7 28.3 50.7 49.0
0.106 5.3 11.1 115 22.0 22.4 40.7 39.6
0.075 3.6 7.9 8.5 16.3 16.2 31.7 30.2
0.053 2.3 5.5 5.9 11.8 11.3 24.0 22.1
0.038 1.1 3.5 3.7 8.2 7.2 17.7 14.4
Correlation
coefficient, R 0.998 0.996 0.999
Table 11. Cumulative mass % finer for the —0.425 + 0.300 mm feed and d = 12.7 mm (quartzite).
Step 1 Step 3 Step 7
Screen Size (mm) Feed P P P
Experimental Model Experimental Model Experimental Model
0.425 100 100 100 100 100 100 100
0.300 29.0 40.1 46.5 57.5 69.3 78.5 84.7
0.212 17.5 27.7 30.1 443 499 67.0 67.5
0.150 11.5 19.8 20.6 34.2 36.4 55.6 52.0
0.106 8.3 14.8 14.9 26.4 27.3 45.1 40.1
0.075 5.7 10.7 10.3 19.8 19.0 35.4 28.7
0.053 3.8 7.5 6.7 14.5 12.6 27.1 20.1
0.038 2.3 5.1 4.4 10.4 8.3 20.3 13.8
Correlation
coefficient, R 0.997 0.990 0.996
Table 12. Selection function parameter values for different ball diameter.
Quartzite Metasandstone
Balls Diameter (mm)
art (min~1) a () pmm) AC)  ar min7Y a () pmm) A)
40 0.50 0.84 3.84 3.15 0.82 1.12 4.21 3.46
25.4 0.67 0.84 2.76 3.15 091 1.12 2.88 3.46
12.7 0.73 0.84 141 3.15 1.04 1.12 1.64 3.46
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4. Conclusions

In this study, the grinding of quartz, marble, quartzite and metasandstone was simulated under
different operating conditions, through the combined use of Broadbent and Callcott matrix and
population balance models. Also, with the use of a MATLAB code, the breakage rate parameters
(at, &, 4, A) of an initial feed that minimize the error between the experimental Rosin-Rammler (RR)
and the model distributions were determined for three different grinding times. Then, the same
parameters were used to estimate the size distribution of other feed sizes under the same operating
conditions. The results showed a very good agreement between experimental and estimated particle
size distributions.

In light of the results obtained from the study of the breakage rate parameters for different
interstitial filling U values, it can be concluded that for different a1 values marble is ground with
a higher rate when compared with quartz. On the other hand, the value of y parameter seems to
remain constant when U changes and this suggests that the optimum size x,, at which the breakage
rate obtains the maximum value is independent of U. Regarding the study of the effect of different
ball diameter d on the grinding process simulation, it is shown that the value of at increases with
decreasing d and this suggests that grinding is more effective when smaller balls are used. Also,
the findings of this study support the general concept that small balls are more efficient for grinding
finer particles, whereas large balls are required to break coarser ones. Under the same grinding
conditions (U = 50% and d = 25.4 mm) the breakage rate of the examined raw minerals follows the
order: metasandstone > marble > quartzite > quartz.

Finally, it is deduced that the proposed approach offers the following advantages:

e  Reduces the number of tests required and therefore reduces the cost of grinding.

e  Predicts more accurately the distribution of grinding products by taking into account the effect of
the type of the feed and the grinding conditions used.

e It can be also applied to feeds with broader size distribution, in contrast with the population
balance model, which is mainly applied for mono-sized fractions.

e Can be easily applied to full-scale operations.

Author Contributions: Evangelos Petrakis conceived, designed and performed the experiments, analyzed the
data and wrote the paper; Konstantinos Komnitsas critically reviewed the experimental design, the analysis of the
results and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Deniz, V. Comparisons of dry grinding kinetics of lignite, bituminous coal and petroleum coke. Energy Sources
Part A 2013, 35, 913-920. [CrossRef]

2. Djordjevic, N. Improvement of energy efficiency of rock comminution through reduction of thermal losses.

Miner. Eng. 2010, 23, 1237-1244. [CrossRef]

Rittinger, PR. Lehrbuch der Aufbereitungskunde; Ernst and Korn: Berlin, Germany, 1867.

Kick, E. Das Gesetz der Proportionalen Widerstinde Und Seine Anwendungen; Felix: Leipzig, Germany, 1885.

Bond, E.C. The third theory of comminution. Trans. AIME 1952, 193, 484-494.

Walker, D.R.; Shaw, M.C. A physical explanation of the empirical laws of comminution. Trans. AIME 1954,

199, 313-320.

Charles, R.J. Energy—size reduction relationships in comminution. Trans. AIME 1957, 208, 80-88.

SRS

N

8.  Stamboliadis, E. A contribution to the relationship of energy and particle size in the comminution of brittle
particulate materials. Miner. Eng. 2002, 15, 707-713. [CrossRef]

9. Fuerstenau, D.W,; Phatak, P.B.; Kapur, P.C.; Abouzeid, A.-Z.M. Simulation of the grinding of coarse/fine
(heterogeneous) systems in a ball mill. Int. ]. Miner. Process. 2011, 99, 32-38. [CrossRef]

10. Khumalo, N.; Glasser, D.; Hildebrandt, D.; Hausberger, B. Improving comminution efficiency using
classification: An attainable region approach. Powder Technol. 2008, 187, 252-259. [CrossRef]


http://dx.doi.org/10.1080/15567036.2010.514591
http://dx.doi.org/10.1016/j.mineng.2010.08.019
http://dx.doi.org/10.1016/S0892-6875(02)00185-1
http://dx.doi.org/10.1016/j.minpro.2011.02.003
http://dx.doi.org/10.1016/j.powtec.2008.03.001

Minerals 2017, 7, 67 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Katubilwa, FM.; Moys, M.; Michael, H.; Glasser, D.; Hildebrandt, D. An attainable region analysis of the
effect of ball size on milling. Powder Technol. 2011, 210, 36-46. [CrossRef]

Danha, G.; Hildebrandt, D.; Glasser, D.; Bhondayi, C. A laboratory scale application of the attainable region
technique on a platinum ore. Powder Technol. 2015, 274, 14-19. [CrossRef]

Shi, E; Xie, W. A specific energy-based size reduction model for batch grinding ball mill. Miner. Eng. 2015,
70, 130-140. [CrossRef]

Shi, E; Xie, W. A specific energy-based ball mill model: From batch grinding to continuous operation.
Miner. Eng. 2016, 86, 66-74. [CrossRef]

Epstein, B. Logaritmico-normal distributions in breakage of solids. Ind. Eng. Chem. 1948, 40, 2289-2291.
[CrossRef]

Broadbent, S.R.; Callcott, T.G. A Matrix Analysis of Processes Involving Particle Assemblies. Philos. Trans. R.
Soc. A Math. Phys. Eng. Sci. 1956, 249, 99-123. [CrossRef]

Lynch, A.J. Mineral Crushing and Grinding Circuit—Their Simulation, Optimisation, Design and Control; Elsevier:
Amsterdam, The Netherlands, 1977.

Austin, L.G.; Klimpel, R.R.; Luckie, P.T. Process Engineering of Size Reduction: Ball Milling; SME/AIME:
New York, NY, USA, 1984.

Deniz, V. The effects of moisture content and coal mixtures on the grinding behavior of two different coals.
Energy Sources Part A 2014, 36, 292-300. [CrossRef]

Allen, T. Powder Sampling and Particle Size Determination; Elsevier: Amsterdam, The Netherlands, 2003.
Napier-Munn, T.J.; Morrell, S.; Morrison, R.D.; Kojovic, T. Mineral Comminution Circuits: Their Operation and
Optimization; Julius Kruttschnitt Mineral Research Centre: Indooroopilly, Australia, 1996.

Erdem, A.S.; Ergun, S.L. The effect of ball size on breakage rate parameter in a pilot scale ball mill. Miner. Eng.
2009, 22, 660-664. [CrossRef]

Whiten, W.J. A matrix theory of comminution machines. Chem. Eng. Sci. 1974, 29, 589-599. [CrossRef]
Delboni, H.J.; Morrell, S. A load-interactive model for predicting the performance of autogenous and
semi-autogenous mills. KONA Powder Part. ]. 2002, 20, 208-222. [CrossRef]

Herbst, J.A.; Fuerstenau, D.W. Scale-up procedure for continuous grinding mill design using population
balance models. Int. J. Miner. Process. 1980, 7, 1-31. [CrossRef]

Ipek, H.; Goktepe, F. Determination of grindability characteristics of zeolite. Physicochem. Probl. Miner. Process.
2011, 47, 183-192.

Wang, X.; Gui, W.; Yang, C.; Wang, Y. Wet grindability of an industrial ore and its breakage parameters
estimation using population balances. Int. |. Miner. Process. 2011, 98, 113-117. [CrossRef]

Gupta, VK.; Sharma, S. Analysis of ball mill grinding operation using mill power specific kinetic parameters.
Adv. Powder Technol. 2014, 25, 625-634. [CrossRef]

Fuerstenau, D.W.; Kapur, P.C.; De, A. Modelling Breakage Kinetics in Various Dry Comminution Systems.
KONA Powder Part. J. 2003, 21, 121-132. [CrossRef]

Petrakis, E.; Stamboliadis, E.; Komnitsas, K. Identification of Optimal Mill Operating Parameters during
Grinding of Quartz with the Use of Population Balance Modeling. KONA Powder Part. ]. 2017, 34, 213-223.
[CrossRef]

Mulenga, FX. Sensitivity analysis of Austin’s scale-up model for tumbling ball mills—Part 1. Effects of batch
grinding parameters. Powder Technol. 2017, 311, 398-407. [CrossRef]

Mulenga, EK. Sensitivity analysis of Austin’s scale-up model for tumbling ball mills—Part 2. Effects of
full-scale milling parameters. Powder Technol. 2017, 317, 6-12. [CrossRef]

Katubilwa, EM. Effect of Ball Size Distribution on Milling Parameters. Master of Science Dissertation,
University of the Witwatersrand, Johannesburg, South Africa, 2008.

Katubilwa, EM.; Moys, M.H. Effect of ball size distribution on milling rate. Miner. Eng. 2009, 22, 1283-1288.
[CrossRef]

Deniz, V. The effects of ball filling and ball diameter on kinetic breakage parameters of barite powder.
Adv. Powder Technol. 2012, 23, 640-646. [CrossRef]

Olejnik, T.P. Selected mineral materials grinding rate and its effect on product granulometric composition.
Physicochem. Probl. Miner. Process. 2013, 49, 407-418.

Qian, H.Y,; Kong, Q.G.; Zhang, B.L. The effects of grinding media shapes on the grinding kinetics of cement
clinker in ball mill. Powder Technol. 2013, 235, 422-425. [CrossRef]


http://dx.doi.org/10.1016/j.powtec.2011.02.009
http://dx.doi.org/10.1016/j.powtec.2014.12.048
http://dx.doi.org/10.1016/j.mineng.2014.09.006
http://dx.doi.org/10.1016/j.mineng.2015.12.004
http://dx.doi.org/10.1021/ie50468a014
http://dx.doi.org/10.1098/rsta.1956.0016
http://dx.doi.org/10.1080/15567036.2010.538811
http://dx.doi.org/10.1016/j.mineng.2009.01.015
http://dx.doi.org/10.1016/0009-2509(74)80070-9
http://dx.doi.org/10.14356/kona.2002023
http://dx.doi.org/10.1016/0301-7516(80)90034-4
http://dx.doi.org/10.1016/j.minpro.2010.11.008
http://dx.doi.org/10.1016/j.apt.2013.10.003
http://dx.doi.org/10.14356/kona.2003015
http://dx.doi.org/10.14356/kona.2017007
http://dx.doi.org/10.1016/j.powtec.2017.02.007
http://dx.doi.org/10.1016/j.powtec.2017.04.043
http://dx.doi.org/10.1016/j.mineng.2009.07.008
http://dx.doi.org/10.1016/j.apt.2011.07.006
http://dx.doi.org/10.1016/j.powtec.2012.10.057

Minerals 2017, 7, 67 17 of 17

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Umucuy, Y.; Altinigne, M.Y.; Deniz, V. The effects of ball types on breakage parameters of barite. J. Pol. Miner.
Eng. Soc. 2014, 15, 113-117.

Carvalho, R.M.; Tavares, M. Predicting the effect of operating and design variables on breakage rates using
the mechanistic ball mill model. Miner. Eng. 2013, 43—44, 91-101. [CrossRef]

Shin, H.; Lee, S.; Jung, H.S.; Kim, J.-B. Effect of ball size and powder loading on the milling efficiency of a
laboratory-scale wet ball mill. Ceram. Int. 2013, 39, 8963-8968. [CrossRef]

Mokokha, A.B.; Moys, M.H. Towards optimizing ball-milling capacity: Effect of lifter design. Miner. Eng.
2006, 19, 1439-1445. [CrossRef]

Ipek, H. The effects of grinding media shape on breakage rate. Miner. Eng. 2006, 19, 91-93. [CrossRef]
Samanli, S.; Cuhadaroglu, D.; Ipek, H.; Ucbas, Y. The investigation of grinding kinetics of power plant solid
fossil fuel in ball mill. Fuel 2010, 89, 703-707. [CrossRef]

Simba, K.P; Moys, M.H. Effects of mixtures of grinding media of different shapes on milling kinetics.
Miner. Eng. 2014, 61, 40-46. [CrossRef]

Deniz, V. Computer simulation of product size distribution of a laboratory ball mill. Part. Sci. Technol. 2011,
29, 541-553. [CrossRef]

British Standards Institution. Natural Stone Test Methods. Determination of Real Density and Apparent Density,
and of Total and Open Porosity. BS EN 1936:2006; British Standards Institution: London, UK, 2017.
Chimwani, N.; Glasser, D.; Hildebrandt, D.; Metzger, M.].; Mulenga, FK. Determination of the milling
parameters of a platinum group minerals ore to optimize product size distribution for flotation purposes.
Miner. Eng. 2013, 43—44, 67-78. [CrossRef]

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1016/j.mineng.2012.09.008
http://dx.doi.org/10.1016/j.ceramint.2013.04.093
http://dx.doi.org/10.1016/j.mineng.2006.03.002
http://dx.doi.org/10.1016/j.mineng.2005.05.009
http://dx.doi.org/10.1016/j.fuel.2009.09.004
http://dx.doi.org/10.1016/j.mineng.2014.03.006
http://dx.doi.org/10.1080/02726351.2010.536303
http://dx.doi.org/10.1016/j.mineng.2012.09.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and discussion 
	First Series of Tests – Effect of Different Interstitial Filling Values 
	Second Series of Tests—Effect of Different Ball Diameter 

	Conclusions 

