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Abstract

This research was conducted to investigate and optimize the comminution circuit of the Arak Company in which ben-
tonite micronized powder is produced. The criterion for evaluating was the optimal performance of grinding systems and
the efficiency of the devices, and simultaneous optimization was considered in feed and product sizes, capacity, and
energy. In addition to the Bond formula, Morrell and Austin relations, as an innovative approach, have also been em-
ployed to study the different parameters such as rotation speed and mill filling percent. In this unit, the main grinding
operation is performed by a tube ball mill that is located in a closed circuit with two air separators. The size of the final
product is finer than 75 microns, and 48 kilowatt-hours of energy are consumed to produce one ton of bentonite. About
59% of the total plant energy consumption was related to the grinding circuit of tube mill. The size of the tube mill feed
was 3500 microns (d, ), the percentage of charge and accumulation were 21 and 14% respectively, the average diameter of
the steel balls was 60 mm and the relative rotation speed of the mill was 79%. The results showed that the efficiency of
the grinding circuit is poor, and it was merely about 30%. By increasing the percentage of charge of the tube mill from 21
to 70%, increasing the size of the mill feed by 7000 microns, using balls with diameter of <40 mm, and reducing the
relative rotation to 60%, the efficiency of the grinding circuit can be increased by 50%. It would be noted that about 16%
of the coarse particles in tube mill’s product are agglomerated pieces. Therefore, reducing this phenomenon will have a

direct effect on the reducing energy consumption and increasing grinding efficiency, as well.
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1. Introduction

Bentonite is one of the important non-metallic miner-
als whose micronized powder is widely used in industry
(Kutli¢ et al., 2012; Vetyugov and Matveeva, 2024).
Bentonite refers to clay soil that is essentially composed
of montmorillonite (Kutli¢ et al., 2012; Ngcobo et al.,
2022). Its color is often white, pale green, pale blue
(fresh surface) to cream (weathered surface), gradually
tending to yellow, red and brown (Kutli¢ et al., 2012).
Feldspar, biotite and quartz minerals are usually found
together with bentonite (Grim and Guven, 2011). Ben-
tonites have exchangeable ions of sodium, calcium and
magnesium (Kutlié¢ et al., 2012), and after zeolites, they
show the highest ion exchange capacity among minerals
(Bentonite, 2005; Kutli¢ et al., 2012).

Each of the various applications of bentonite requires
specific properties, which are summarized below. For
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drilling mud, mud recovery (the amount of bentonite
mud with an apparent viscosity of 15 centipoise obtained
from one ton of clay), gel strength (the difference in
weight recovery over a 10-minute period after mixing),
wall-forming property (the amount of water loss through
a filter paper when a bentonite pulp with an apparent
viscosity of 15 centipoise is subjected to 100 psi), and
particle size (97.5% finer than 75 microns) are among
the important properties (Kutli¢ et al., 2012).

In the case of casting, the chemical composition of
bentonite is usually 92% montmorillonite, 3% quartz,
and 5% feldspar, 6-12% moisture, pH 8.3, green com-
pressive strength of 656 kPa, and a particle size of 65-
95% finer than 75 microns. In pelletizing, particle size is
a very significant issue, typically 70-90% finer than 45
microns, with moisture content of up to 10% being ap-
propriate (Bentonite, 2005; Stojiljkovi¢ and Stojilj-
kovié, 2017). In the case of using bentonite to make a
floor or wall impermeable, clay with 80-90% bentonite
with particle size of 840 to 300 microns is required
(Kutli¢ et al., 2012). The use of bentonite as an adsor-
bent for removing heavy metals from wastewater also
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depends on pH, contact time, temperature, and amount
of adsorbent used (Alsaeed et al., 2022; Rockson-Itiveh
et al.,, 2023; Lamrani et al., 2025). Bentonite clay is
known for its exceptional water absorption and swelling
properties, primarily due to its composition of the clay
mineral montmorillonite. This clay can absorb signifi-
cant amounts of water, expanding its volume considera-
bly, and also exhibits high cation exchange capacity and
low permeability. Specific gravity: 2-8 + 0-03, Room
water content: 6—8%, Montmorillonite content: 53%,
Main accessory minerals: quartz, feldspar, plagioclase,
calcite, Content of particles of size<5 um: 73%, Liquid
limit: 505%; Plastic limit: 45%, and Cation exchange
capacity: 719 meq/100 g are necessary for water ab-
sorption and swelling properties (Wang et al., 2024).
Due to the abundance of bentonite in nature and the
extensiveness of its reserves in most countries of the
world, high-quality reserves are usually extracted. As a
result, bentonite processing is in most cases limited to
crushing and grinding, which only includes drying and
breakage, using various mills. Therefore, bentonite must
be of good initial quality, because no separation opera-
tions are performed on it (Kutlié¢ et al., 2012). The pro-
duction of bentonite powder is often used by steelmak-
ing industries and drilling companies and is purchased in
bulk. The characteristics of the product desired by the
two steel and drilling companies are given in Table 1.

Table 1. Product characteristics

Employer Steel Company - Drilling Company
: o - :
Size distribution Max1mum 3% remaining on 45 microns
sieve
Montmorillonite
content by XRD |92%
analysis
22 (one ton of bentonite powder has the
Mud recove ability to produce 22 cubic meters of
Yy drilling mud with a viscosity of 15
centipoise)
Water absorption |600%
Moisture 8-12%

In general, comminution including crushing and
grinding system is the most important and fundamental
stage of processing various ores, because it is at the be-
ginning of the mineral processing stages and accounts
for the highest fixed and operating/current costs (50-
70% of energy consumption) (Bogdanov et al., 2022;
Li, 2024). Therefore, optimizing energy consumption in
comminution systems will have a great impact on reduc-
ing energy consumption in all mineral processing plants
(Khurmamatov and Mukhamedbaev, 2023). Consid-
ering the above, implementing optimization systems in
mining units and related industries is inevitable (Asa’d
and Levesque, 2024; Elbendari and Ibrahim, 2025;
Khan et al., 2025; Yildirim et al., 2025).

The main purpose of this research is to study and inves-
tigate the performance of the devices in the Arak micro-
nized powder production plant and, based on the results,
to provide necessary optimization solutions, with an in-
novation in employing Austin and Morrell equations.

1.1. Research Objectives

* The process of producing bentonite powder is usu-
ally carried out using a ball mill, and in this re-
search, the use of a tube mill instead of a ball mill
was investigated and an attempt was made to opti-
mize it.

* One of the properties of bentonite, like other clays,
is its re-adhesion after the micronized process. This
issue was observed and investigated in this re-
search.

e The comminution of material, and classification in
air classifier was evident in this research and was
addressed.

* Providing a scientific and operational method for
examining the performance of the production line.

* Providing solutions and suggestions for further
comparative studies.

1.2. Description of the production process

First, the ore is supplied from the mines with initial
sizes up to 30 cm and is deposited, and is reported for
further size reduction process. Then, these materials are
conducted into a jaw crusher with an opening of 15 cm.
Of course, particles larger than 15 cm are crushed on
site. It should be noted that due to the smaller dimen-
sions of bentonite than the outlet opening of the jaw
crusher, they do not usually tolerate the breakage, and
merely pass the jaw crusher with no changes to their
size. However, jaw crusher product is then fed into the
dryer, by a conveyor belt until their moisture content
reaches the permissible limit (Kutli¢ et al., 2012). Then,
the materials enter the hammer mill and, after being
crushed to a size finer than 12 mm, are transferred to the
material storage bin, by a bucket elevator. From the bin,
they are directed to a tube mill by a feeder to be micro-
nized into particles finer than 75 microns. The milled
product is forwarded to two air classifiers, and after sep-
aration, the coarse particles are transported by screws to
the beginning of the mill inlet (circulating load), and the
fine particles (final product) are directed to the product
bunker.

1.2.1. Tube mill

In most micronized powder plants, a jaw crusher,
hammer mill, and ball or roller mills are normally used,
respectively. This plant has two independent micronized
powder production lines. In this production unit, the ma-
terials crushed by the hammer mill enter a 15-ton bin
and from there, they enter to the tube mill along with the
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Table 2. Specifications of the tube mill

Type of mill Tube mill (ball-ball)
Discharge type full screen

Internal mill diameter 1.54 m

Internal length of the mill 52m

Internal volume 9.3 m’

Length of each chamber 2.6 m

Middle screen opening S mm

End screen opening 3 mm

Grinding load ng;%agsr;“ sizes 85, 55
Specific mass of balls 7.5 g/lem?

Liner type Steel type

Driven force type electric motor and gearbox
Nominal motor power 250 kW

Rotation speed 26 rpm

circulating load. The amount of materials entering the
tube mill from the bin is adjusted manually by the valve.
One of the characteristics of tube mills is the presence of
a diaphragm between the two chambers or compart-
ments, which performs the particles classification. The
diaphragm separates the two chambers of the mill from
each other, and prevents the passage of coarse particles
to the next one. The diaphragms could control the mate-
rial level inside the chambers and therefore prevent dead
space in the breakage areas, by using the material flow
mechanism.

This tube mill consists of two chambers with a length
of 2.6 meters. The materials in the first chamber are
ground due to the presence of a middle screen with an
opening of 5 to 15 millimeters and enter the second
chamber for the grinding and micronized stage. The
opening of the final screen is 3 mm. The materials were
ground in the first chamber pass through the screen by
the air flow and the pressure of the load inside the mill.
At the end of the mill, a fan with a cyclone is installed to
accelerate the movement of the materials to the mill and
the dust and particles resulting from this process are col-
lected and directed to the cyclones as well. The fan mo-
tor rotation speed is 1300 rpm and at the end of each
8-hour work shift and/or for every 20 tons of products,
about 400 kg of fine particles are collected which are
transferred to the classifier inlet again. Considering that
the main burden of the grinding operation is mostly re-
lated to the tube mill and the highest energy consump-
tion is accordingly by this device, the focus of this re-
search is on examining the tube mill grinding circuit.
The specifications of the tube mill are given in Table 2.

1.3. Mechanism and relevant parameters in
comminution circuit

One of the most important and fundamental units of
mineral processing is comminution system which con-

sists of crushing and grinding stages (Matsanga et al.,
2023; Upadhyay, 2025). The goals of comminution in-
clude releasing valuable minerals, producing particles
with specific dimensions and shapes, and increasing the
specific surface area for various reactions (Khan et al.,
2025; Yildirim et al., 2025). With the optimal perfor-
mance of the comminution circuit, in addition to signifi-
cant energy saving, the optimization of subsequent pro-
cessing stages is also facilitated (Chimwani and
Bwalya, 2021; Shields et al., 2024; Elbendari and
Ibrahim, 2025; Wan et al., 2024).

In order to optimize each size reduction line, four
main criteria (feed and product sizes, capacity, and en-
ergy) are needed to be in their optimal state (Lowrison,
1974; Prasher, 1987; Mular et al., 2002). The relation-
ships and interactions between these four criteria are ex-
pressed by Bond’s equation. Bond’s equation is the most
common approach to estimate the required energy by
crushers and mills. Of course, this method also has some
shortcomings, for example, the critical speed, the filling
amount and the particles residence time in the mill, and
the portion percentage of feed particles which are finer
than the product are not considered. If the kinetics and
the mode of breakage, as well as the time of grinding are
known, in fact, all aspects of grinding are accordingly
considered. The kinetics of grinding and the mode of
breakage are called the selection and breakage func-
tions, respectively, and the grinding time is also de-
scribed by the residence time distribution. The breakage
function parameter does not change with variation of the
grinding conditions, and therefore is not involved in the
optimization criteria. However, the selection function
depends on the grinding conditions such as mill diame-
ter, volume and diameter of balls used, mill rotation
speed and the filling percentage the mill by powder
(Bond, 1961a; Bond, 1961b; Lowrison, 1974; Austin
et al., 1984; Prasher, 1987; Mular et al., 2002). There-
fore, in addition to the Bond relation, which is based on
the main parameters of the comminution circuit such as
the feed and product sizes, the formulas and relations of
Morrell and Austin have also been employed which is an
innovation in order to calculate and investigate the effect
of secondary parameters such as the rotation speed and
the degree of filling of the mill (Morrell, 2019b; Austin,
1990; Golpayegani and Rezai, 2022).

In this research, after presenting the circuit grinding
mechanisms, the effective parameters in optimizing the
grinding circuit were investigated, for which the applied
procedure is shown in Figure 1.

1.3.1. Ball trajectory tracking with image
processing system

Usually, optimization and design of milling circuits is
based on laboratory and semi-industrial studies. One of
the methods of validating the experiments is tracking the
ball trajectory and monitoring the mill power draw on a
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Sampling and measurement in the plant

¢
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Figure 1. Summary of operations for calculating efficiency and optimizing the grinding line

laboratory scale (Li et al., 2022). The balls trajectory
tracking and velocity monitoring are also performed
with an image processing system (Maleki-Moghaddam
et al., 2013; Makgoale, 2019; Bian et al., 2017). The
results of a series of image processing experiments using
a camera to record the motion of the charge under differ-
ent operating conditions with a high-intensity light
source and a laboratory-scale ball mill, with a constant
rotation speed of 52.75% of the critical speed (37.31
rpm) and varying the liner type and percentage of charge
(0.5, 20, 40 and 60) and measuring the shoulder and heel
angle parameters, which indicate the following (Mori et
al., 2004):
 The liner type has a significant effect on the charge
profile and the improvement of the cascade motion
is a function of the load level in the mill.
* Increasing the load level from 20-40% reduces the
cascade. The velocity of balls is balanced, the dis-

tance between the load surface and the heel is re-
duced and the ball impact velocity at the heel is also
reduced. Therefore, its effect also reduces the kinet-
ics energy resulting from the impact of the balls,
accordingly.

* As shown in Figure 2, increasing the load level by
60% reduces the cascade effect. The type of liner
has a significant effect and under these operating
conditions the mill product becomes finer.

1.3.2. Bond Work Index

The relationship between the ore breaking ability and
the energy required for the grinding device is expressed
by Bond’s equation. The energy required for the size of
ore from the feed size dg,  to the product size dg , is
given by Bond’s equation, which is defined in Equation
1 with P in terms of (kWh/t) (Bond, 1961a; Bond,
1961b).
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oad shoulder]

cascade motion |
I3

q‘ '
-

Load heel

Figure 2. Charge movement profile and mechanism in mill
at 60% occupancy (Fuerstenau and Han, 2003)
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The work index (w,) is defined as the reference energy
required to reduce hypothetically one short ton (907 kg)
of material from very large size (theoretically infinite/
extreme size) to reach to product size of 100 microns.
This index is normally used to determine the energy re-
quired for equipment design, such as crushers and some
tumbling grinding mills (rod and ball mills), optimiza-
tion of an active circuit to reduce energy consumption
and increase efficiency. The control of the energy re-
quired for the process and the determination and selec-
tion of mills are also evaluated with this parameter. The
larger this index, the more resistant the ore is to be
ground, 7-10 kWh/t for soft ores, 10-15 kWh/t for me-
dium to hard ores, and up to 25 kWh/t for relatively very
hard materials as well (Morrell, 2019b).

In Equation 1, feed and product d, are in microns
and the sizes are conventionally the screen sizes which
have 80% of the particles passing through it. The ores
work index value is determined by a standard laboratory
method. Based on the definition of Bond, there are stand-
ard studies to measure the value of the Bond work index
to accurately obtain the power required for a wet ball
mill. In this method, an overflow type ball mill with 2.44
m diameter has been specified, operating in a closed cir-
cuit with a classifier at 250% of circulating load. The ore
used is of very coarse size which has to be reached 80%
finer than 100 microns, and the amount of energy con-
sumed will accordingly be equal to the work index of the
used ore being tested. Given the difficulty of this method
for determining the work index, the standard Bond
method was experimentally defined (Bond, 1961a;

Bond, 1961b). It should be noted that the work index of
a specific ore, as measured using the standard laboratory
method, is usually not directly comparable to its grind-
ing conditions in an industrial environment and some
relevant correction factors must be applied. In addition,
to evaluate a ball or rod mill power that is to grind W t/h
of material, it is necessary to calculate the power re-
quired for grinding from Equation 2 (Lowrison, 1974):

P=PyxW )

1.3.2.1. Bond Laboratory and Operational Work
Index

In order to determine the laboratory work index, the
Bond standard ball mill method is usually used. In this
test, the grinding and classification operations are car-
ried out in a dry manner to achieve equilibrium condi-
tions. The dimensions of the required mill are 305x305
mm (diameter x length) rotating at a speed of 70 rpm. Its
balls load is 285 steel balls weighing 22.311 kg. Using
the Bond formula (Equation 3), the laboratory work in-
dex is obtained using the Bond standard ball mill proce-
dure (Bond, 1961a; Bond, 1961b).

44.5 ><(10 10 >‘1 X
Wilab = 023 } -
S U R G0 MWy

Where w, is the work index (kWh), F_ and P, are the
sizes which 80% of the feed and final product are finer,
respectively. P is the control screen (microns) and G, is
the weight of particles finer than the control screen in
grams produced from one mill cycle (rotation).

The operational work index w,_ is calculated by
measuring the net power consumed by the mill in a giv-
en time interval to grind a given tonnage of mineral ma-
terial and by substituting it into the bond formula (Equa-
tions 1 and 2), based on Equation 4.

w

(4)

Wi(op) = 11

[Q (m F)]
Where:

Wj(op) — operating work index (kWh/t),
Q — mill input tonnage (t/h),

— Mill product size (microns),
Fgo— Mill feed size (microns),
W —net power (KW).

1.3.2.2. Energy consumption and efficiency

In general, the energy consumption in the mineral
comminution line is very high and directly affects the
consumption costs of the plant as well. Therefore, peri-
odic monitoring of the operation and efficiency of the
devices is accordingly inevitable (Golpayegani and
Rezai, 2022). In order to determine the grinding effi-
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Table 3. Efficiency classification based on the ratio
of the bond work index (Lowrison, 1974)

Efficiency Wian Wiopn
Ideal 1

Good 0.9
Acceptable 0.7
Poor Less than 0.7

ciency, based on Table 3, the ratio of the laboratory and
operational work index is used (Bond, 1961a; Bond,
1961b).

Two types of mill inefficiency could happen within
the grinding process: indirect and direct inefficiency
(Austin et al., 1984; Kelly and Spottiswood, 1989;
Morrell, 2009). Indirect inefficiency takes place when
the mill can break ores efficiently, but energy is wasted
in the overgrinding of materials which are fine enough,
and consequently more fines are produced. This state is
mostly observed when the circulating load is not adjust-
ed. The second type is direct inefficiency, which occurs
when the mill conditions cause poor breakage. The rea-
sons for poor breakage could stem from overfilling of
the load and powder inside the mill, and therefore the
ball-powder-ball is weak because of the thick mass cush-
ion. Another issue is underfilling of the load and powder
inside mill, which causes energy to be used for ball-ball-
liner action, and is not efficiently applied on particles
(Austin et al., 1984; Kelly and Spottiswood, 1989;
Morrell, 2009).

It is worth mentioning that one more type of ineffi-
ciency could happen, which is related to defects in the
energy supply and transmission system (dynamo, shaft,
gearbox, etc.), and this is not due to process conditions.

1.3.3. Morrell and Austin relationships

In order to predict the tensile strength of ball, autog-
enous (AG) and semi-autogenous (SAG) mills, valid
equations and models have been presented by Morrell
and Austin (Austin, 1990; Morrell, 1993; Morrell,
2016; Morrell, 2019a; Morrell, 2019b; Golpayegani
and Rezai, 2022). These relations have been used to cal-
culate the net power of the tube mill and to select the
optimization parameters (Equations 5, 6 and 7) (Mor-
rison and Morrel, 1997; Morrell, 1996; Morrell,
2004).

Gross power = net draw power by load +

+ power at no load ®)
P, = KD, **Lepcad (6)
P, = 1.68D,,*°[¢.(0.667Lq + L)]°82 (7)

Where:
P, — Gross power (kWh),
P. —No-load power (kWh),

D, — Internal diameter of the mill (m),

L. — Effective length of the mill, including the coni-
cal end (m),

Pc — Specific gravity of the total load of materials in-
side the mill (including the crushed load and
pulp inside the mill),

K — Calibration constant that varies with the type of
discharge (for mills with overflow discharge it is
7.98 and for mill with grate discharge it is 9.1),

La — Average length of the two conical ends and is
calculated from half the difference between the
central length of the mill and the length of its
cylindrical section.

Austin also proposed the following relations for cal-
culating o and & (Austin, 1990):

o =Ji(1 - 1.03]) (8)

S PRV I

@ — Mill speed relative to critical speed,

Jt — Part of the mill occupied by the total load,

a — Factor related to the relative degree of filling,
& — Factor related to the rotation speed.

1.3.4. Circulating Load

In many industries, the milled product must be finer
than a certain size, but the presence of excess fines is
also undesirable. The presence of less fines in product,
results in a steeper size distribution curve, which means
the product distribution would be a narrow size. There-
fore, an important and general principle in grinding is to
prevent excess fine production. It is therefore essential
for materials that have been sufficiently fined are re-
moved from the circuit quickly, in order to prevent the
overgrinding of particles. In an open circuit where there
is no size classification device (classifier) in the circuit,
sufficiently fine particles move through the mill and be-
come finer, while at the same time coarse particles are
ground as well. The presence of a classifier or a closed
circuit means that the mill operates at a higher flow rate
(fresh feed plus circulating load), resulting in the parti-
cles having a shorter residence time. If the initial flow
rate is Q t/h and the circulating load is T t/h, the whole
feed of mill is Q+T. This flow rate, higher than Q, causes
the material to exit the mill more quickly. Therefore, the
fines are separated inside the classifier and the coarse
particles return to the mill for further breakage. The final
effect would be that the size distribution particles inside
the mill would shift to the presence of coarser particles
and the finer particles have a shorter residence time. Ac-
cordingly, less over-grinding of fine particles and reduc-
ing the amount of very fine particles production occurs.
Therefore, circulating load in grinding circuits would
play a key role in order to control the amount of fines
production (Wills, 1997).
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2. Materials and Methods
2.1. Evaluation of the comminution circuit

In this study, the comminution circuit of Arak benton-
ite Micronized Powder Company was evaluated. In or-
der to evaluate the comminution circuit, it the current
line should be reviewed and parameters which are effec-
tive in optimization should be calculated and compared
with the initial design values (if any). To evaluate the
current line, the following seven steps were considered:

» Sampling from different points of circuit;

* Measuring the input and output tonnage of different
parts of the production line, the input load to the
plant, the input and output of the mills and classifiers;
Measuring the electric currency of each device
from the electrical panel to calculate the power con-
sumption;

Running sieve analysis tests and determining the
particle size, and also determining the laboratory
bond index;

Calculations related to energy consumption and de-
termining the devices efficiencies;

Material and energy balance of the comminution
circuit;

Calculations related to other parameters effective in
optimization.

Table 4. Sampling location and amount

2.2. Equipment used for testing

The equipment used in this research is divided into
two parts:
* Required and handmade sieves for granulating the
incoming load from the mine in the production unit;
* Standard laboratory equipment including:
— ASTM standard laboratory sieves;
Digital scale with an accuracy of one hundredth
of a gram;
Bond ball mill;
— Sample divider.

2.3. Sampling

In order to control the operations in a mineral pro-
cessing plant and adjust it, to achieve appropriate condi-
tions, it is necessary to examine the load of different
plant streams, in terms of quality and quantity. This re-
quires having samples that represent the load of those
streams. Sampling may be manual or automatic, and
measurement of the desired parameters in each stream
was carried out on the samples taken. It was obvious that
the desired tests must also be carried out with sufficient
accuracy, otherwise subsequent analyses would be dis-
rupted (Wills, 1997).

According to Table 4, the minimum sample weight
required from the initial load of the plant, and the ham-
mer mill output was calculated as 3768 and 3 kg, respec-
tively (based on Gy’s equation), and in the implementa-
tion, the weight of the tested samples was considered
close to the calculated weights. The results of the calcu-
lations to determine the minimum sample weight of the
tube mill and classifier output (9, 21 and 0.05 g) were
very low and not applicable. Therefore, by modelling
and reviewing similar research studies (Dehghani et al.,
2016; Dehghan et al., 2008), samples with an approxi-
mate weight of 350 and 90 g were supplied.

Row | Sampling location Number of samples

1 Initial material Heap 1

2 Hammer mill outlet four 5 kg samples

3 Tube mill outlet four 3 kg samples

4 Coarse grain of classifier | four 3 kg samples

5 Fine grain of classifier four 3 kg samples
Separator 15-ton silo

OX!
©

oR sl

Tube mill (ball-ball)

Circulating load

O

Final
product

30-ton silo

Hammer mill

_-

Initial feed

Dryer ’G

Sieve with 15 cm opemng

Conveyor belt 10 meters long

F aw crusher

Figure 3. Flowsheet of the micronized powder production line, and sampling points
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2.3.1. Sampling from the plant’s feed
(run-off-mine)

To supply from the plant’s feed, 4 trucks were un-
loaded in a cone shape with about 72 tons. Using a large
loader, a quarter of the load weighing approximately 18
tons was separated and placed in a cone, at another loca-
tion, and from this load, another quarter weighing ap-
proximately 4 tons was transferred by a small loader as
a representative sample. Initially, large pieces of mineral
material with dimensions greater than 15 cm were
crushed. After running a sieve analysis test, the particle
size distribution was determined by sieves with open-
ings of 10, 7.5, 4.5, 3.2, 2.5 and 1.1 c¢m, and a graph of
cumulative percentage passing through the sieve was
drawn to determine relevant d.

2.3.2. Sampling from the production line

Initially, flow rates were measured and samples were
taken from different points of the plant, numbers 2 to 5
according to the flow sheet in Figure 3, twice per shift
(at 4-hour intervals) over 2 consecutive days. Sampling

Table 5. Results of Sieve Analysis Tests

d,, plant’s feed 73 mm
d,, hammer mill product 8.5 mm
d,, tube mill feed 3350 pm
d,, classifier feed 380 um
d,, classifier coarse part (circulating load) 380 um
d,, classifier fine part (product) 48 um

Table 6. Electricity consumption and product tonnage
at the Arak Company in two months

; ) Electrlclfzy Product Elfergy
Time period | consumption tonnage required for
(kWh) € | one ton (kWh)
First month 21600 440 49
Second month 14500 305 47
Total 36100 745 48

was performed manually from the flanges of the connec-
tion pipes of the grinding circuit.

3. Results and discussions

Based on sampling and sieve analysis tests, the results
of the particle size distribution of each stage of commi-
nution circuit were determined, including the plant in-
put, from the hammer mill output, the tube mill input,
the classifiers input, from circulating load, and finally
from plant’s output. A summary of the performed tests
results which are required for further and subsequent
calculations is given in Table 5.

Using the information in Table 5 and assuming a con-
trol screen of 150 microns, the work index value was cal-
culated, according to Equation 3, which is equal to 5.9
kWh/st, or 6.37 kWh/t by applying a coefficient of 1.1
(converting short to metric ton). According to the classifi-
cation presented in the energy consumption and efficiency
section, the calculated work index was lower than 7
kWh/t, and it therefore is classified as a very soft material.

3.1. Material and energy balance

Since most of the energy required for the comminu-
tion circuit is supplied by electrical energy, so by exam-
ining the average consumption in two months, and the
tonnage of the product for each month, the average en-
ergy needed for bentonite breakage to a size of 75 mi-
crons was determined, which is presented in Table 6.

The results in Table 6 indicate that the average energy
required to produce one ton of bentonite product (finer
than 75 microns) was calculated to be 48 kWh. In order
to measure the tonnage of material flow rate and energy
in different parts of plant, it was measured during 4 times
with 4-hour intervals, and its average was recorded as
the material flow rate. Then, by referring to the control
room and electrical panels, and measuring the frequen-
cies (ampere) consumption values for each device dur-
ing 4 times, the average electrical ampere was deter-
mined to calculate the power consumption in kilowatts.
Then, the material and energy balance in the comminu-

Table 7. Material and energy balance of different parts of the production line

Energy consumption | Material flow | Energy consumption| Percentage share
(kWh) rate (t/h) for 1 ton (kWh) of total consumption

Hammer mill 25.2 9 2.8 5.9
Tube mill 102 5.5 18.5 38.5
classifiers 5.5
Fine-grained part of classifiers 22

- 54 9.8 20.4
Coarse-grained 33
part of classifiers :
Other parts (fans, cyclones, L L 16.9 350
conveyors, elevators, etc.)
The whole set of grinding line -—-- - 48 100
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tion circuit was examined. A summary of the results is
presented in Table 7.

3.2. Net power of the mill using Morrell and Austin
models

Since it is not possible to measure the net power of the
mill on site, therefore, using Equations 5 to 9 and also
Equations 10 to 14 (Austin, 1990), first some parame-
ters of Table 8 were determined and then the values of o,
pe, P and P, were obtained as 0.167, 3.8 t/m?, 66.3 kW
and 15.8 kW, respectively. Finally, the net power of the
tube mill was calculated as 50.5 kW. Therefore, the ratio
of net power (50.5) to gross power (66.3) was obtained
as 76%, which will be applied in calculations related to
the operational work index.

Table 8. Parameters required in Morrell and Austin relations

Inside diameter of the mill (m) D_|1.54
Effective length of the mill (m) L, |52
Specific weight of the load (t/m?) p, |38
Calibration constant K |9.1
Length of the cylindrical section of the mill (m)|L, |5.2
Speed of the mill relative to the critical speed | ¢, |0.79
Part of the mill occupied by the total load J. 10214
Factor related to the relative degree of filling |A |0.167
Factor related to the speed of rotation A 10.75
a=J(1-1.03]) (10)
8= [1 - (0'1/29—10<pc)] (11)
(1 - @) (§) +06Ja (P — 1%)
Mg Mg
Pc = ] (12)
t
P, = KD, > Lep.ad kW (13)
P, = 1.68D,,%° [ (0.667Lq + L)]*82 (14)

In order to determine the maximum value of a, the
derivative of Equation 10 with respect to J, is set equal
to zero (Equation 15).

0=0-1-206,=0-], =0485  (15)

The value of a4, by using J, = 0.485, is 0.243.

3.3. Efficiency of the comminution circuit

In order to optimize the comminution circuit, the entire
circuit must be evaluated and the criterion for this evalua-
tion is the calculation of the efficiency of each device.
Therefore, this decision was made that at the beginning,
with the efficiency of tube mill to be calculated. Next, the

efficiency of the closed grinding circuit (tube mill and
classifier) was investigated and finally, the efficiency of
the hammer mill (primary crushing) was studied.

3.3.1. Efficiency of the tube mill

By referring to the plant electrical and control panel,
the average frequency consumption (ampere) of the tube
mill was measured over 4 days which was 170 amperes.
According to the phi in Equation 16, the power con-
sumption of the mill’s dynamo was calculated to be 102
kW (0.6 kW of energy is consumed per ampere) (Ab-
dulkareem et al., 2021).

p = V3VIcos @ (16)
Where:
p — the power consumption (kW),
V  —the 3-phase electrical voltage in volts which is
approximately 380 v,
I — the current consumption of the device in am-

peres,
cos @ — considered to be 0.9 according to the technical
specifications of the dynamo.

Table 9. Parameters required to calculate
the ball mill operating work index

Mill feed size 3350 pm
Mill product size 380 um
Mill feed Tonnage 5.5th
Measured power 102 kW
* Pure power 77.5 kW

* The net power is achieved by multiplying the measured power
by the factor 0.76 (net power/measured power=0.76).

According to the data in Table 9 and the power con-
sumption of the tube mill (102 kW), the operational
work index was obtained from Equation 17 as 37.7
kWh/t.

w

Wiow =" 1y
(7 7)
P80 F80
Where:

Wj(op) — operating work index (kWh/t),

Q —mill feed flow rate (t/h),

Pgo  — Mill product size (microns),

Fgo —Mill feed size (microns),

W —net power (kW).

In order to calculate the efficiency of the mill, the ra-
tio of the laboratory work index wi(ap) to the operational
work index wjcp) should be used (Equation 18) (Wi-
kedzi, 2020).

(17

Wiqab)

EF =
Wi(Op)

(18)
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The calculated operational work index cannot be di-
rectly included in the efficiency equation because it is
not comparable with the laboratory work index. For this
purpose, some coefficients must first be applied to
achieve the normalized work index value. These coeffi-
cients include the circuit dryness coefficient (1.3), the
ball mill closed circuit coefficient (1), the circulating
load coefficient (1.05), the mill diameter coefficient
(1.1), the particle fineness coefficient (1.06), the crush-
ing ratio coefficient (1), and the coefficient related to en-
ergy losses (1.2). By applying these coefficients, the op-
erational work index was obtained as 19.7 kWh/t. Fi-
nally, the efficiency value (the ratio of the laboratory
work index to the operational work index) was calculat-
ed as 32%.

3.3.2. Efficiency of the grinding Circuit

The efficiency of the grinding circuit depends on two
factors: the efficiency of the grinding operation and the
efficiency of the classification system. In other words, a
greater match between the grinding product and the clas-
sifier separation limit indicates a greater efficiency of the
operation. Given that the grinding circuit consists of
mills and classifiers, the sum of the measured powers of
the mills and classifiers was used as the circuit consumed
power in the Bond relation.

3.3.2.1. Consumed power of the classifier

By referring to the control room, the power consump-
tion of each classifier was measured 4 times at 4-hour
intervals and the average was 45 amperes. According to
Equation 16, the consumed power of the device was ob-
tained as 27 kWh. The solid flow rate of 2.75 t/h was
considered for the classifier, therefore the share of ener-
gy consumed by all classifiers to produce one ton of
product was calculated as 9.8 kWh. Moreover, the ener-
gy consumption of the classifier in the no-load state was
obtained as 15.8 kWh by Equation 7.

Table 10. Parameters required to calculate the operating
work index of the tube mill

Feed size 8500 um
Product size 48 um
mill Circuit Capacity 2.2t/
*Pure Power of mill 77.5 kWh
consumed Power of classifiers 54 kWh

* Net power is obtained by multiplying the measured power
by a factor of 0.76.

According to Table 10 and Equation 16, the operat-
ing work index of the tube mill circuit was calculated to
be 40.7 kWh/t, and by applying the relevant coefficients,
it was calculated to be 21.3 kWh/t, and finally its effi-
ciency coefficient was 30%.

3.3.3. Efficiency of the hammer mill

According to the size distribution tests, the d , of the
feed and product of the hammer mill were estimated as
72 and 8.5 mm, respectively. By referring to the electri-
cal panel of the machine and measuring the amount of
consumed electricity, the power consumption of the ma-
chine was calculated as 42 amperes, equal to 25.2 kWh.
Using the empirical formula of the Bond and the tonnage
of the hammer mill feed (9 t/h), the operational work
index at this stage was estimated as 35.8 kWh/t. In this
regard, the correction factor for the dryness of the mill
circuit was considered as 1.3 and the correction factor
related to energy losses (same as impact crusher) (Wills,
1997) was considered as 1.6. Therefore, the operational
index was calculated as 17.2 kWh/t. As a result, in the
next stage, the hammer mill efficiency coefficient, which
is the ratio of the laboratory to the operational work in-
dex, was obtained as 37.03%.

3.4. Circulating load and its effect on the circuit

3.4.1. Circulating load measurement

In order to measure the circulating load, the sliding
door under the classifier screw was opened for 10 min-
utes and the coarse part of the classifiers was collected,
which was 550 kg. Therefore, the circulating load ton-
nage was obtained as 3300 kg/h and equal to 150%, or a
coefficient of 1.5.

3.5. Classifier Efficiency

The efficiency of the classifier was obtained using
Equation 19 and considering parameters values, was
equal to 66.3%. Also, based on the results of the classifi-
cation of coarse and fine parts of classifier samples, the
values of the distribution coefficient in different classifi-
cation ranges were calculated, which are presented in
Table 11 and Figure 4. In addition, using Equation 20,
the calculated circulating load was equal to 300%.

B vif—uw (@ —uw)(v-»)

fv—w2(1—1 (19)
L = u—f
L=r— (20)

Where:
E - classifier efficiency (%),
CL — calculated circulating load (%),

f —percent of material coarser than the cut size in
the initial load, classifier feed (65.6),

v —percent of material coarser than the cut size in
the coarse part of the classifier (85.3),

u —percent of material coarser than the cut size in
the fine part of the classifier (6.6).

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 109-127, https://doi.org/10.17794/rgn.2026.1.9



119 An Innovative Approach to Optimize the Comminution Circuit of Micronized Powder Production Plant

Table 11. Determining the classifier distribution coefficient

Size Average VLT | NG Distribution
fraction size oflc)(;::‘se Olﬁfie coefficient
(pm) (pm) ) (@ (%)
+1180 - 9.9 - 100
+710-1180 945 17.3 - 100
+500-710 605 24.1 - 100
+355-500 427 22.9 - 100
+250-355 302 33.6 - 100
+177-250 213 48.9 - 100
+150-177 163 37.5 0.5 98.7
+105-150 127 77.8 7 91.7
+74-105 89 28.9 7.9 78.5
+44-74 59 36.6 37.7 49.3
-44 - 15.1 186.7 7.4

- - 352 236 -

100

80

(%)

60

40

Distribution coefficient

20

10 100 100¢

Particle size (pm)

Figure 4. Classifier distribution coefficient curve

It is worth noting that the main reason for the discrep-
ancy between the measured and calculated circulating
load is the segregation of particles which happens inside
the classifier. About 5% of the incoming load to the clas-
sifier, due to the agglomeration of fine particles to each
other, and the creation of particles in size fractions of
-1180 and +710 microns, which are broken again, and
therefore are transferred to finer fractions. According to
the distribution coefficient curve in Figure 4 and calcu-
lations related to the efficiency of the classifier, the oper-
ating parameters of the classifiers are given in Table 12.

3.6. Effect of agglomeration
on the grinding circuit

Agglomeration in bentonite is the process where indi-
vidual clay particles come together to form larger, loose-
ly bound clusters or aggregates. This phenomenon re-
duces the purity of the product and creates a wide parti-
cle size distribution (Zhang et al., 2024). At the outlet of
the tube mill and circulating load, the agglomerated par-
ticles of Figure 5 constitute about 90% of the fractions
coarser than 500 microns. This increases the weight of

Table 12. Operating parameters of classifiers at the Arak
micronized powder plant

Separation limit dso 60 pm
: d75 —dys

Defect coefficient Ixdy, 0.31

: dzs
Accuracy index -— 0.56

dzs

Fine part tonnage (product) - 2.2 t/h
Coarse part tonnage
(circulating load) ) s Ui
Measured circulating load - 150 %
Ideal circulating load - 190 %
Efficiency - 66.3 %

Figure 5. Comparison of agglomerated particles 0.5 to 3 mm
with normal particles

the particles with coarser sizes to the mill, reduces the
grinding efficiency, and causes regrinding, as well.
In these classifiers, the sizes of some particles are re-
duced due to the following reasons:
« Direct collision of particles with blades,
* Softness of minerals (bentonite),
» Looseness and softness of particles in the initial or
parent fractions of the particles that are formed due
to the agglomeration phenomenon.

The breakage which carried out in the classifier neu-
tralizes the agglomeration process and reduces the per-
centage of coarse particles in the circulation load and, as
a result, increases the efficiency of the grinding circuit.
This is clearly evident in the size fractions of +1180 and
+710-1180 of the tube mill product and the coarse part
of the classifiers. However, the d, of coarse part of the
classifier is almost equal to the d , of mill’s product, in-
stead of being coarser.

3.7. Effective parameters in optimization

According to the measurement and calculation of the
power and energy consumption of different devices, and
the determination of the grinding circuit efficiency, the
changeable parameters are examined below.
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Table 13. Effect of changes in the size of the tube mill’s feed on the efficiency of the grinding circuit
Efficiency | Corrected Operating Work Index | Operating work index | Average size of balls | Feed size
(%) (kWh/t) (kWh/t) (mm) (nm)

Row E D C B A

1 5.1 123.8 301.3 0.06 1000

2 14.6 43.8 106.5 0.06 2000

3 26.7 239 58.0 0.06 3000

4 41.1 15.5 37.7 0.06 4000

5 57.4 11.1 26.9 0.06 5000

6 75.8 8.4 20.5 0.06 6000

7 95.1 6.7 16.3 0.06 7000

8 115.8 5.5 13.3 0.06 8000

120
11538
100

80

60

Tube mill efficiency (%)

40

20

0 s
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Feed size in the mill (micron)

Figure 6. The effect of changes in the size of the mill feed on
the efficiency of the grinding circuit

3.7.1. Effect of mill feed size on the grinding
circuit efficiency

In this section, by applying changes to the size of tube
mill’s feed and referring to the Bond relation, and as-
suming that other parameters such as mill dimensions,
rotation speed, ore density and ball diameter remain con-
stant, the operational work index was directly calculat-
ed. Referring to Table 13 and Figure 6, the following
results were accordingly achieved:

» Under the current operating conditions of the tube
mill: 80 to 40 mm balls diameter, specific gravity of
1500 kg/m?, mill diameter of 1.54 m and relative
rotation speed of 79%, the conditions of comminu-
tion circuit would be convenient (work index of 20
kWh/t). Considering the work index, it could clear-
ly be postulated that this is in contrast to the charac-
teristics of bentonite, which is a soft material.
Therefore, by increasing the size of the feed enter-
ing to tube mill, the conditions for grinding soft ma-
terials (work index lower than 7 kWh/t) can be
changed.

* By increasing the size of the feed entering to tube
mill from 3000 microns to 7000 microns, the effi-
ciency of the mill increases linearly up to 60%.

According to Equation 21 (the equation for calculat-
ing the maximum diameter of the ball), the operating
work index was calculated by Equation 22 which was
301.3 kWh/t. Using the correction coefficients (F, F,,
F,, F, and F, described earlier) and their multiplication
(which was 1.91), the corrected operating work index
from Equation 23 (0.78A) was 123.8 kWh/t, and finally
the efficiency from Equation 24 was 0.0514 or 5.14%.

1
o X W; 3
) €2y

B=K><F°-5><<—
100 x Cs X VD

Where:
B — Ball diameter (m),
w, — Ore work index (6.37 kWh/st),
F — Input charge size (based on 80% passing) in me-
ters (0.0034 m),
o — Ore density in kg/m® (1500 kg/m?),
D — Mill internal diameter (1.45 m),
C, — Mill rotation in terms of critical speed (0.79),

K — Constant value (equal to 0.114 for dry grinding
and 0.111 for wet grinding).

100 x Cg x VD x B?

1= o X K3 X F15 (22)
D, =W, = Wi x4 23
17 Mie T F, x Fy X Fy X Fg X Fg (23)

637 o
1=, (24)

3.7.2. Effect of ball sizes on the tube mill
efficiency

To study on the effect of ball size on the tube mill ef-
ficiency, the optimal and necessary diameter of ball was
first calculated and then compared with the diameter of
the used balls. According to the Bond ball relation, by
changing the ball diameter and keeping the other physi-
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cal parameters of the mill constant, the changes in the
work index were examined. To calculate the maximum
diameter, Equation 21 was used and it was equal to
0.031 m.

Therefore, the maximum optimal diameter of the
mill’s balls was considered to be 40 mm. The mixture of
the proposed balls is given in Table 14.

Using Equation 25 and setting the value of 0.03 for
B, 0.0034 for F, 0.114 for K, and 0.79 for C_, the work
index value was estimated as 6.1 kWh/t. Similarly, by
including the various correction coefficients which was
1.91, the corrected work index was calculated 2.5, using
Equation 26 (A = 0.78). Finally, the efficiency coeffi-
cient was calculated 254.8%, using Equation 27.

~ 100 x C; x VD x B?

G =W 6 X K3 X F15 (25)

D, =W, = Wix 4 26

17 Mle T F X Fy x F, X Fg X Fg (26)
6.37

By~ =2548% (27)

Referring to Table 15 and Figure 7, it can be con-
cluded that by reducing the average size of the balls to
40 and 30 mm, the efficiency of the mill increases expo-
nentially by 55 and 107%, respectively. Therefore, it is
suggested to use balls with an average diameter of 40
mm instead of 60 mm, whereby the tube mill efficiency
will increase by 55%.

3.7.3. Effect of production capacity on the tube
mill efficiency
In this section, by placing the capacities in the Bond
relation, and assuming that the parameters of the feed

Table 14. Comparison of used and estimated balls

and product sizes and the work index remain constant,
the ideal power consumption was accordingly calculat-
ed. Then, using the scale conversion factor, the amount
of operational consumed power of the device in the real
state was estimated. Finally, the operating work index
was determined and the related efficiency was accord-
ingly calculated. The results of these changes are pre-
sented in Table 16 and Figure 8.

Considering that the tonnage of charge entering to the
mill is 2.5 times of the production capacity, the following
calculations are accordingly made (Equations 28-32):

B, =A+AX15=Ax25=1x25=25t/h (28)

11 11
¢, =B ><W-><< _ ):
TP T TAY380  v/3350
=2.5x% 6.37 X 0.374 = 5.9 kWh (29)
D, =C, x59 =348 kWh (30)
Dy
be (L— 11 >><F X Fa X F, X F, X F, -
'\y380 3350/ ‘TP enTs
~ 34.8 _195kWh .
P (L_ 11 )x191_ S O
“\V/380 /3350 '
6.37
Fio——=32.6% (32)

1

Based on the results in Table 16, it can be postulated
that changing the production capacity, while keeping
other parameters constant, does not have a significant
effect on the grinding system efficiency.

3.7.4. Effect of filling on the tube mill efficiency

According to the measurements inside the tube mill,
the material height and the balls surface are 112 and 121

Diameter of used Estimated balls | Estimated balls
balls (mm) diameter (mm) weight % centimeters, respectively. Therefore, using Equation
85 ___ 33, the percentage of filling of the materials and the balls
55 20 51% were estimatqd as 21.4 and 14% for the materials and t.he
balls, respectively. In Equation 33, D and H are the in-
40 25 9% side diameter of the mill, and the distance between the
Table 15. Effect of changing ball dimensions on tube mill efficiency
Efficiency | Corrected Operating work index | Operating work index | Feed size | Average diameter of balls
(%) (KWh/t) (KWh/t) (nm) (m)
Row E D C B A
1 254.8 2.5 6.1 3350 0.03
2 107.9 5.9 14.2 3350 0.04
3 55.4 11.5 27.8 3350 0.05
4 322 19.8 48.1 3350 0.06
5 20.3 314 76.3 3350 0.07
6 13.6 46.8 113.9 3350 0.08
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300 B =8 =¢, [1 - (0'1/29-104;5)] =
2548
250
=0.79 [1 - (0-1/29_7_9)] = 0.75 (34)
-
E’ 150 Ci=a=],(1-103];) =
= =A; x (1 —1.03%xA4;) =0.09 kW (35)
=

100

50

20 30 40 50 60 70 80 9C

Ball size (cm)

Figure 7. Effect of changing the size of the balls on the
efficiency of the tube mill

D, = P, = KD,,**L.p.ad =
= 9.1x 154 *5x52x3.8 x0.09x0.75 =357k (36)
P, = 1.68 x 1.54 25[0.79 x 5.2 ]°82 = 15.8 kW (37)

E, =D, —15.8 = 19.9 kW (38)

Table 16. The effect of changes in production capacity on mill’s efficiency

Figure 8. Impact curve of changes in production capacity on
mill’s efficiency

surface of the balls and to the upper point of the mill,
respectively.

H
113~ 1265 (33)

Therefore, the percentage of the mill charge, based on
the measurement of the material bed height, is 21.4% for
each of the mill chambers.

Efficiency | Operating work index OEes::g?lted:;ter Ideal power | Incoming tonnage | Production capacity
(%) (KWh/t) P (k‘%)p (kW) to mill (t/h) (t/h)
Row F E D C B A
1 32.6 19.5 34.8 5.9 2.5 1
2 32.6 19.5 52.7 8.1 3.75 1.5
3 32.6 19.5 70.2 10.8 5 2
4 32.6 19.5 87.8 13.5 6.25 2.5
5 32.6 19.5 105.3 16.2 7.5 3
6 32.6 19.5 122.9 18.9 8.75 3.5
7 32.6 19.5 140.5 21.6 10 4
" F,=E x15 =299 kW (39)
" F; kWh
_ G1=55(11 T ) 91=7.6 T (40)
< S5 ([==- x 1.
g V380 V3350
%
g @ 6.37 .
2 326 36 326 326 326 326 326 H, = G =83.8% 41
ﬁ 20 ' ‘ ' 1
. According to the Austin relations, the effect of chang-
L ! i 2 22 2 % ¢ 4 es in the mill filling from 10 to 85% on the efficiency
Production capacity (t/) were calculated, using Equations 34-41 and are given in

Table 17 and the calculated values of efficiencies versus
mill filling are presented in Figure 9. According to Fig-
ure 9 and Table 17, the following results were achieved:

+ With increasing mill filling, the efficiency decreases
and reaches to its minimum level at 48.5% and in-
creases thereafter, as well.

* The rate of change in efficiency at low filling (10-
15%) or high filling (75-80%) is much higher than
at medium filling.

* By comparing rows 3 and 9 in Table 17, it can be
postulated that the amount of energy consumed at
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Table 17. Effect of changes in ball and powder loading on mill efficiency
. . Estimated net
Eﬂi(i}f)n <y v?ol:fl:(rzi‘;ldnegx operagg%) power Ne(tk[;;\;ver Gro(sli\[;](;wer Coefficient a | Coefficient o Ps;;e;r;iilgge
Row H G F E D C B A
1 83.8 7.6 29.9 19.9 35.7 0.09 0.75 10
2 48.3 13.2 51.8 34.5 50.4 0.127 0.75 15
3 354 18 71 47.3 63.1 0.159 0.75 20
4 24.8 25.7 101.3 67.5 83.3 0.21 0.75 30
5 21.5 29.6 116.4 77.6 93.4 0.235 0.75 40
6 20.7 30.7 120.5 80.3 96.1 0.242 0.75 50
7 222 28.7 112.8 75.2 91 0.229 0.75 60
8 27.0 23.6 92.6 61.7 77.5 0.195 0.75 70
9 32.2 19.8 77.9 51.9 67.7 0.171 0.75 75
10 41.6 153 60.2 40.1 55.9 0.141 0.75 80
11 63.7 10 393 26.2 42 0.106 0.75 85
100 The ideal consumed energy value is considered in
Austin relation, and assuming that other parameters are
& %0 constant, the ideal filling rate of the tube mill was ac-
z cordingly calculated as follows, using Equations 44-46:
;:;_’ 60
= Pe=Ph—-PF (44)
= KD, % P.Lep.ad — 15.8 = 25.1 (45)
20 U8 215 g0y 22
. a=0.103 =J.(1—1.03]) - J, = 88% & 12% (46)
0 10 20 30 4 50 6 70 8 9%
T Thus, referring to whole calgulated values, it can be
seen that theoretically, by applying 12 and 88 percent of

Figure 9. Tube mill efficiency variation curve based on
percentage of filling

20% and 75% filling is almost equal (35.4% and
32.2%). Therefore, by increasing the ball and mate-
rials filling to 75% and assuming that the particles
residence time inside the mill remains constant, the
capacity and ultimately the efficiency (indirectly)
increases by up to 3 times (by 60%) without the
need for more energy consumption.

3.7.5. Calculation of the ideal tube mill filling

By considering the laboratory Bond work index as the
ideal value and the capacity of 5.5 t/h and assuming that
the sizes of feed and product are constant, the ideal en-
ergy consumption of the tube mill was achieved using
Equations 42 and 43.

P=55 [6.37 (\/%—\/313%)] = 13.1 (g) (42)

kWh
P.=Px13%x1.05x 1.1 x 1.06 x 1.2 = 25.1 (T) (43)

charge and ball filling, the ideal consumed energy can be
achieved.

3.7.6. Effect of relative rotation speed on the tube
mill efficiency

The measured tube mill rotation speed was 26 rpm.
The inside mill diameter is 1.54 m, and as a result, the
critical speed is 34.1 rpm (Equation 47). If the ratio of
the mill rotation speed to the critical speed is considered
79% (Wills, 1997), the rotation speed was calculated to
be 27 rpm, which is almost equal to the measured one
(26 rpm).

42.3

N, = —— = 34.1
¢ V154

(47)

Using Austin's equation, the effect of relative percent-
age changes in mill rotation speed from 40 to 100% on
consumed power and mill efficiency were calculated us-
ing Equations 48-55, which are presented in Table 18
and the graph in Figure 10.

Bi=5=0c[1- (%0100, )| =04 (48)
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Table 18. Effect of rotation speed on mill efficiency
Efficiency Oper'fltmg Estlmate.d net Net No-load Gross a 5 Circulation
(%) work index operating power power power value | value el ()
(kWh/t) power (kW) (kW) (kW) (kW) @
Row I H G F E D C B A
1 63.1 10.1 29.3 26.4 9.0 35.4 0.167 0.4 40
2 49.8 12.8 50.1 33.4 10.8 442 0.167 0.5 50
3 41.4 15.4 60.6 40.4 12.6 53.0 0.167 0.6 60
4 35.0 18.2 71.4 47.6 14.3 61.9 0.167 0.7 70
5 322 19.8 77.8 51.9 15.3 67.2 0.167 0.76 80
6 30.1 21.2 83.3 55.5 16.1 71.6 0.167 0.81 90
7 30.5 20.9 82.2 54.8 15.9 70.7 0.167 0.8 100
Ci=a=](1-1.03]) = i
=0.214 x (1 —1.03x 0.214) = 0.167 kW (49) ~ 9
2 )
2.5 g 70
D; = P, = KD, “”P.Lepcad = 5
£ 60
=9.1x1.54 25x52x 3.8 x0.167 x 04 = 354 kW (50) g 50
E 40
E, =P, = 1.68 x 1.54 25[0.4 x 521982 = 9.0 kW (51) 30
20
10
F, =D; —E; =264 kW (52) 9
30 40 50 60 70 80 90 100 110
Gy = E; X 1.5=39.6 kW (53) Relative speed of rotation of the mill (%)
F, kWh Figure 10. Curve of the effect of rotation speed on the
H, = 11 11 =10.1 T(54) efficiency of the mill

5.5 (— _ ) % 1.91
V380 V3350

[=
=7q,

=573% (55)

According to Figure 10 and Table 18, the following

results were achieved:

* By reducing the relative rotation speed of the mill
from 100 to 80%, there is no significant change in
energy consumption.

* By reducing the relative rotation speed of the mill
from 80 to 40%, the energy consumption decreases
exponentially with a slow slope, and as a result, the
efficiency increases by increasing the abrasion
mechanism in the mill.

* By changing the relative rotation speed of the mill
from the current 79% to 60 to 50%, the mill effi-
ciency increases by 15%.

3.7.7. Average residence time

In order to measure the particles average residency
time in the mill, the volume of material inside the mill
was divided by the capacity of the mill. By measuring
the height of the material and the balls, the volume of the

sum of these two was calculated, and considering the
tonnage and density of the balls, the volume of the balls
was subtracted from this value and the volume of mate-
rial inside the mill was adjusted accordingly. Therefore,
the apparent volume of the balls and the sum of the pow-
der and balls were calculated, using Equation 33 as 1.3
and 2 m’, respectively. If the volume of the empty space
between the balls is considered to be 40% (Arjmand et
al., 2012), the actual volume of the powder inside the
mill is 1.22 m? and the volume of powder flow in the mill
(is the ratio of the capacity to the apparent density of the
ore), is 4.4 m*h. Therefore, the particle residence time
was calculated as the result of dividing the actual vol-
ume of powder inside the mill (1.22) by the volume of
powder flow in the mill (4.4), which would be 0.28 h
(16.6 min). Given that reducing the residence time indi-
rectly reduces energy consumption, mill efficiency can
accordingly increase by reducing the residence time.

4. Conclusions

According to the measurements, tests and calcula-
tions carried out on the Arak Company’s comminution
circuit using bentonite, the following results and sugges-
tions are presented:

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 109-127, https://doi.org/10.17794/rgn.2026.1.9



125 An Innovative Approach to Optimize the Comminution Circuit of Micronized Powder Production Plant

* The efficiency of the comminution system was de-
termined to be about 30%, which is very low and
urgently needs troubleshooting and optimization.

* 48 kWh of energy is consumed to break one ton of
feed with product size finer than 75 pm. 59% of this
amount is related to the tube mill.

» The average diameter of the steel balls used is 60
mm, which is larger than the optimal and calculated
ball diameter, and it is better to use smaller balls
with a maximum diameter of 50 mm in the first
chamber and 30 mm in the second chamber. In this
case, the mill efficiency will increase by 50%.

* Changing the production capacity, keeping other
parameters constant, will not effect on the efficien-
cy of the grinding system.

* By reducing the relative rotation speed of the mill
from the current 79% to 50-60%, the energy con-
sumption is reduced exponentially with a slow
slope, and as a result, by increasing the abrasion
mechanism in the mill, the efficiency increases by
15%.

* By increasing the filling amount of the first and sec-
ond chambers in tube mill, by 60 and 70%, respec-
tively, the abrasion mechanism will increase. As a
result, the capacity increases with no more energy,
and the efficiency increases by 60%.

* By increasing the tube mill size from 3000 to 7000
um, the mill efficiency increases linearly by 60%.

* The tube mill circulating load was 150%, which
suggests an increase to the ideal circulating load
(190%).

» About 16% of the coarse particles, in tube mill
product, are agglomerated pieces. Therefore, reduc-
ing this phenomenon will have a direct impact on
reducing energy consumption and increasing effi-
ciency.

* In order to reduce agglomeration, additives can be
used to prevent materials from sticking to each oth-
er and thus increase mill efficiency. Among the ad-
ditives, and for further study, cellophane, calcium
stearate, polyphenol, alcohol, acetate, glycol, amine
and even water would be tested.

Therefore, the changes in tube mill circulating load,
the filling amount of the first and second chambers, the
tube mill size, energy consumption of the tube mill, av-
erage diameter of the steel balls of the first and second
chambers, respectively have the greatest impact on im-
proving the efficiency of the grinding process.
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SAZETAK

Inovativni pristup optimizaciji kruga mljevenja u postrojenju
za proizvodnju mikroniziranoga praha

Istrazivanje je provedeno s ciljem analize i optimizacije kruga mljevenja u proizvodnome postrojenju tvrtke Arak, speci-
jaliziranome za proizvodnju mikroniziranoga bentonitnog praha. Kriteriji vrednovanja obuhvacali su optimalne perfor-
manse sustava mljevenja, energetsku uc¢inkovitost opreme te istodobnu optimizaciju ulazne i izlazne granulacije, kapa-
citeta i specificne potro$nje energije. Uz Bondovu formulu u analizi su kao inovativan pristup primijenjene i Morrellove
te Austinove jednadzbe s naglaskom na utjecaj radnih parametara poput brzine vrtnje i stupnja ispunjenosti mlina.
Glavna operacija usitnjavanja u predmetnome postrojenju odvija se u cilindri¢cnome mlinu s kuglama, koji je konfiguri-
ran u zatvorenome krugu s dvama zra¢nim separatorima. Kona¢ni proizvod dostiZe fino¢u manju od 75 pm, uz specifié-
nu potro$nju energije od 48 kWh po toni bentonita. Analiza je pokazala da se priblizno 59 % ukupne potro$nje energije
postrojenja odnosi na krug mljevenja mlina s kuglama. Ulazna veli¢ina Cestica (dg,) iznosila je 3500 pm, stupanj popu-
njenosti i akumulacije materijala bili su 21 % i 14 %, prosje¢ni promjer kugli iznosio je 60 mm, a relativna brzina vrtnje
mlina 79 %. Rezultati su uputili na nisku u¢inkovitost kruga mljevenja, tek oko 30 %. Provedene simulacije i prijedlozi
optimizacije pokazuju da bi se povecanjem stupnja popunjenosti mlina s kuglama od 21 % na 70 %, pove¢anjem ulazne
granulacije na 7000 pm, uporabom kugli promjera manjega od 40 mm te smanjenjem relativne brzine vrtnje na 60 %
mogla ostvariti pove¢ana uc¢inkovitost kruga mljevenja i do 50 %. Dodatno je utvrdeno kako se priblizno 16 % krupnih
Cestica u proizvodu javlja u obliku aglomerata, pri ¢emu njihovo smanjenje ima izravan utjecaj na smanjenje specificne
potro$nje energije i povecanje ukupne uc¢inkovitosti procesa mljevenja.

Kljucne rijeci:
mikronizirani prah, energetska uc¢inkovitost, cilindri¢ni mlin s kuglama, bentonit, Morrellove i Austinove jednadzbe

Author’s contribution

Alireza Ghorbanifar (Master’s degree, Department of Mining Engineering, Islamic Azad University) gathered samples,
characterized the samples, and contributed to the crushing, grinding and separation processes and described the cha-
racterization and evaluation of the final products. Marzieh Hosseini Nasab (Associate Professor, Faculty of Mining
Engineering, University of Sistan and Baluchestan) also contributed to the crushing, grinding and separation processes.
Supervision, validation, visualization, writing - original draft and writing - review & editing were her other responsibi-
lities for this research. Javad Alibabaii ‘Master’s degree, School of Mining Engineering Tehran) and Mohammad Noa-
parast (Professor of Mineral Processing, Faculty of Mining Engineering, Department of mineral processing, University
of Tehran) evaluated the results, reviewed the draft manuscript, and provided technical suggestions.

All authors have read and agreed to the published version of the manuscript.

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 109-127, https://doi.org/10.17794/rgn.2026.1.9


http://dx.doi.org/10.1680/jgeot.21.00312
http://dx.doi.org/10.52339/tjet.v39i2.702
http://dx.doi.org/10.52339/tjet.v39i2.702
http://dx.doi.org/10.1080/01496395.2025.2458620
http://dx.doi.org/10.1080/01496395.2025.2458620

