¢ ¢ |SSN 2564-7024

BILIMSEL MADENCILIK DERGIS| -2
SCIENTIFIC MINING JOURNAL =

TMMOB Maden Mithendisleri Odast Yayint / The Publication of the Chamber of Mining Engineers of Turkey 2 0 2 2

Yicong Zeng Original Research / Orijinal Arastirma

Hailiang Xu Studies on the effects of vessel nozzle parameters on the ore
Bo Wu transportation efficiency in deep-sea mining
Tamer S6zbir Original Research / Orijinal Arastirma
Mustafa Cigekler A study on effects of modified calcite on filler retention and

mechanical properties of fluting papers
Modifiye kalsitin dolgu tutunumu ve fluting kagitlarin mekanik ézellikleri
lizerine etkileri

Mustafa Onder Original Research / Orijinal Arastirma

Burcu Demir Iroz Investigation of factors affecting hearing loss of open pit coal mine
Seyhan Onder employees with categorical data analyses

Acik ocak kémiir madeni calisanlarinin isitme kaybini etkileyen faktorlerin
kategorik veri analizleri ile arastirilmasit

Mahmut Camalan Original Research / Orijinal Arastirma
Predicting screening/classification products via the pseudorandom
number selection routine
Eleme ve siniflandirma ltirtinlerinin sézde rastgele say! iiretme rutiniyle

tahmini
Tekin Yilmaz Original Research / Orijinal Arastirma
Bayram Er¢ikdi Kalsitik ve dolomitik kirectaslarinin cimentolu macun dolgunun

cevresel davranisina etkisi
Effect of calcitic and dolomitic limestones on environmental behavior of
cemented paste backfill

Kemal Bilir Original Research / Orijinal Arastirma
Quantifying the effect of the grinding aids in a batch stirred mill by
a modelling approach
Modelleme yaklasimiyla kesikli karistirmali bir degirmende dgtitme
yardimcilarinin etkisinin 6l¢tilmesi

TMMOB MADEN MUHENDISLERI ODASI
UCTEA CHAMBER OF MINING ENGINEERS




BILIMSEL MADENCILIK DERGISI
Scientific Mining Journal

Cilt / Vol: 61, Say1 / No: 1, Mart / March, 2022

TMMOB Maden Miihendisleri Odasi’nin hakemli dergisidir.
A peer-reviewed quarterly journal of the Chamber of Mining Engineers of Turkey

Bas Editor / Editor-in-Chief
Dr. Nejat Tamzok, Tiirkiye Kémiir isletmeleri / Turkish Coal Enterprises

Editorler / Editors
Dr. Biilent Toka, Maden Tetkik ve Arama Genel Midiirliigti / General Directorate of Mineral Research and Exploration
Dr. ilkay Bengii Can, Hacettepe Universitesi / Hacettepe University
Dr. Umit Ozer, Istanbul Universitesi - Cerrahpasa / Istanbul University - Cerrahpasa

Dr. Mehtap Giilsiin Kili¢, Nadir Toprak Elementleri Arastirma Enstitiisti/ Rare Earth Elements Research Institute

Editoér Yardimcilar: / Editor Assistants
Dr. Emre Yilmazkaya, Hacettepe Universitesi / Hacettepe University

Dr. Ece Kundak, Eskisehir Osmangazi Universitesi / Eskisehir Osmangazi University

Dizgi-Tasarim Editorii / Layout-Design Editér
Sena Naz Gokdemir




AMAC VE KAPSAM

Bilimsel Madencilik Dergisi TMMOB Maden Miihendisleri Odasi’'nin agik erisimli elektronik ortamda ve basili olarak
yaylimlanan siireli bilimsel yayinidir. Dergi 1960 yilindan itibaren yayimlanmaktadir. Derginin ismi 2016 yi1l1 Haziran
sayisina kadar “Madencilik” seklindeyken, benzer isimli popiiler dergilerle karistirilabilmesi nedeniyle 2016 y1l1 Eyliil
sayisindan itibaren “Bilimsel Madencilik Dergisi” olarak degistirilmis ve o tarihe kadar 0024-9416 olan ISSN numarasi
da 2564-7024 olarak gilincellenmistir.

Yilda 4 kez (Mart-Haziran-Eyliil-Aralik) yayimlanan Bilimsel Madencilik Dergisi (ISSN: 2564-7024), maden miihendisligi
ve mineral endiistrisi alaninda ulusal ve uluslararasi diizeyde yapilan, bilimsel normlara ve yayin etigine uygun, 6zgiin
bilimsel ¢alismalar: bilim insanlarina, maden miihendislerine ve kamuoyuna duyurmay1 ve bu yolla bilimsel bilgiyi
toplumla paylasmay1 amaglamaktadir. Derginin yayin dili Tiirkge ve Ingilizce'dir.

Dergi, maden miihendisligi alaninda 6zgiin bir arastirmay: bulgu ve sonuglari ile yansitan kuramsal, deneysel ve
uygulamali arastirma makalelerine; yeterli sayida bilimsel makaleyi tarayip konuyu bugiinki bilgi ve teknoloji
diizeyinde 6zetleyen, degerlendirme yapan ve bu bulgulari karsilastirarak yorumlayan tarama makalelerine; 6zgiin bir
yontem veya teknigi tarif eden kisa makale olarak tanimlanabilecek teknik notlara; ve gercek ya da kuramsal bir mesleki
uygulamay1 temel alan, sistematik veri toplama ve veri analizi iceren vaka ¢alismalarina yer vermektedir.

Dergide, yenilenemeyen maden kaynaklarin siirdiiriilebilir madencilik ilkeleri dogrultusunda insanligin hizmetine
sunulmasi icin gereken mevcut bilginin gelistirilmesini saglayacak konularda eserlere oncelik verilmektedir. Bu
kapsamda; maden arama, maden yatagi modelleme, topografya, maden ekonomisi, jeoistatistik, kaya mekanigi ve
jeoteknik, kazilabilirlik etiidii, yer alt1 ve agcik maden isletme, maden tasarimi, madenlerde ve tiinellerde tahkimat
sistemleri, delme-patlatma tasarimi, madenlerde iiretim planlamasi ve optimizasyon, madenlerde is saglig1 ve giivenligi
yonetimi, maden havalandirma, yeralt: komiir madenlerinde metan gazi emisyonu ve metan drenaji, cevher hazirlama
ve zenginlestirme, proses mineralojisi, analitik teknikler, 6glitme, siniflandirma ve ayirma, flotasyon/flokiilasyon, kati/
swv1 ayirimyi, fiziksel zenginlestirme yontemleri, hidro ve biyometalurji, tiretim metalurjisi, modelleme ve simiilasyon,
enstriimantasyon ve proses kontrol, geri doniisiim ve atiklarin islenmesi, maden hukuku, madenlerde gevre saghgi
ve yonetimi, madenlerde nakliyat, makina ve ekipman se¢imi ve planlamasi, komiir gazlastirma, mermer teknolojisi,
endiistriyel hammaddeler, uzay madenciligi, denizalt1 madenciligi ve mekanizasyon ile ilgili konular dergi iceriginde yer
almaktadir.

Gonderilen yazilar editorler kurulu ve konusunda uzman hakemler tarafindan bagimsiz ve akademik yayincilikta en
iyi uygulamalarla uyumlu sekilde degerlendirilmekte olup, degerlendirme siireci sonunda yayinlanmasi uygun goriilen
yazilarin yayin haklari yazarlar tarafindan telif sozlesmesi ile TMMOB Maden Miihendisleri Odasi'na devredilir.

AIMS AND SCOPE

Scientific Mining Journal, which is published in open access electronic environment and in printed, is a periodical scientific
journal of Union of Chambers of Turkish Engineers and Architects Chamber of Mining Engineers. The name of the journal
was “Mining” until June 2016 and it has been changed to “Scientific Mining Journal” since September 2016 because it can be
confused with popular journals with similar names and the ISSN number has been updated from 0024-9416 to 2564-7024.

Scientific Mining Journal, published four times a year (March-june-September-December), aims to disseminate original
scientific studies which are conducted according to the scientific norms and publication ethics at national and international
scale, to scientists, mining engineers, the public; and thus to share scientific knowledge with society. The journal is in both
Turkish and English.

The journal covers theoretical, experimental, and applied research articles, which reflects the findings and results of an
original research in the field of mining engineering; review articles, which assess, evaluates, and interprets the findings of a
comprehensive review of sufficient number of scientific articles and summarize them at present information and technology
level; technical notes, which may be defined as a short article that describes a novel methodology or technique; a case studies,
which are based on the theoretical or real professional practice and involves systematic data collection and analysis.

The journal gives priority to works that will enable the advancement of current available information necessary to serve
humanity with nonrenewable mineral resources with the perspective of sustainable mining principles. In this context,
mine exploration, mineral resource modeling, surveying, mine economics and feasibility, geostatistics, rock mechanics
and geotechnics, diggability studies, underground and surface mining, mine design, support design in underground mines
and tunnels, rock penetration and rock fragmentation, mine production planning and pit optimization, mine health and
safety management, mine ventilation, methane emission and drainage in underground coal mines, mineral processing
and beneficiation, process mineralogy, analytical techniques, mineral comminution, mineral classification and separation,
flotation/flocculation, solid/liquid separation, physical enrichment methods, hydro and biometallurgy, production metallurgy,
modeling and simulation, instrumentation and process control, recycling and waste processing, mining law, environmental
health and management, transportation, machinery and equipment selection and planning, coal gasification, marble
technology, industrial minerals, space mining, submarine mining and mechanization are included in the journal content.

Submitted manuscripts are evaluated by the editorial board and expert referees independently in accordance with the
best practices in academic publishing. The publishing rights of the manuscripts, approved for publication at the end of the
evaluation process, are transferred to the Chamber of Mining Engineers by the authors.
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ABSTRACT

As it is difficult to control the ore volume concentration of pump-vessel combined ore transporting equipment for deep-sea mining during the ore pulp
conveying process and it can’t remain continuous, stable and reliable in the process, the SIMPLE algorithm is adopted to calculate and analyze the rules
of the vessel nozzle parameters effects on the ore transportation concentration and conveying efficiency based on the Euler-Euler model and standard
K — & turbulence model, and the conclusion is experimentally verified that ore transportation volume concentrations can be controlled and adjusted
by controlling vessel nozzle parameters. Simulation results are drawn as follows: with the vessel nozzle diameter bigger, the ore transportation volume
concentration becomes bigger and the water jet impacting force on ores becomes weaker so that the transporting process gets more stable. With the nozzle
outlet height from the vessel bottom greater, the ore transportation volume concentration also becomes bigger, but the transporting process gets less
stable. When the nozzle outlet height from the vessel bottom equals to 800 millimeters or 900 millimeters, it can ensure that the ore transportation volume
concentration get bigger and the transporting process gets stable simultaneously.

Keywords: Deep-sea mining, Ore transportation, Vessel nozzle, Volume concentration, Solid-liquid two-phase flow.

Introduction

Manganese nodules lie widely on seabed deep about from
3000 meters to 6000 meters (Yang et al,, 2020). One of key links in
deep-sea mining research recently is how to transport ores from
6000 meters sea floor to the mining ship at sea level continuously,
stably and efficiently and simultaneously ensure its transmission
process reliable, economic and advance (Li et al.,, 2016). At the
beginning of 20th century main developed countries in the world
have all carried out much theoretical and experimental research
(Cao et al,, 2020). And it is widely recognized that the hydraulic
transporting system has great potential for industrial appliance
(Pang, 2020).

In the pump-vessel combined ore lifting equipment, as shown
in Figure 1, the new ore lifting system is invented according to the
hydraulic transportation principle, which has many advantages
such as high transmission efficiency, long service life, safe and
reliable transmission (Takano et al, 2020; Slade et al.,, 2020). It
consists of a water pump, two vessels, transportation pipes and

seven control valves. Each vessel is equipped with a nozzle. Before
the mining system begins to work, the Valve 3 and 7 is turned on,
whilst the other valves are turned off. When the water pump is
turned on, sea water will be transported to sea level through the
transportation pipe by the pump. After the mining crawler starts
working, ores will flow into vessel 1 through valve 3, and some
sea water in vessel 1 will be drained away through valve 3. When
vessel 1 is filled with ores, turn off valve 3 and turn on valve 1, 2
and 6. Then ores in vessel 1 will flow into the flexible hose, and
be transported to the mining ship. Since valve 3 is turned off, ores
will flow into vessel 2 through valve 6. When ores in vessel 1 are
carried over and vessel 2 is filled with ores, turning off valve 1, 2
and 6, meanwhile turning on valve 3, 4 and 5, ores in vessel 2 will
flow into the transportation pipe and be transported to the mining
ship, while ores flow into vessel 1 through valve 3. Repeating the
above working steps, through turning on or off valves, ores in two
vessels will be transported to the transportation pipes alternately,
and then ores in the pipes will be lifted to the sealevel continuously
by the water pump (Xu et al,, 2020; Leal Filho et al,, 2021).
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Figure 1. Schematic diagram of pump-vessel combined ore lifting equipment

In transporting ores, if the ore transportation concentration
is too low, it may reduce conveying efficiency and economic
benefits. If the concentration is too high, it may also affect the
transmission reliability. So the ore transportation concentration
should be controlled in a reasonable degree to make the whole
transporting process efficient and reliable (Kotoky et al., 2018a;
Hu et al, 2020). When the lifting equipment is working, ores in
the vessel will flow from the vessel bottom into the transportation
pipe under its own gravity and the pressure of the water jet out of
a nozzle, and then it will be lifted to the mining ship at sea level.
The vessel nozzle and the water jet out of the nozzle will affect
the flow of ores in the vessel to the transportation pipe directly,
and then the ore transportation volume concentration. So the
key to raise ore conveying efficiency is to study the vessel nozzle
parameters effects on the ore transportation concentration for
deep-sea mining (McLoone and Quinlan, 2020).

For above problems, with a pump-vessel combined ore lifting
equipment for a study object, with seawater for conveying medias,
with manganese nodules for conveying materials, the SIMPLE
algorithm will be used in this paper to calculate and analyze
the vessel nozzle parameters effects on the ore transportation
concentration when manganese nodules are lifted by the pump-
vessel combined ore lifting equipment based on the Euler-Euler
model of the Fluent software and the standard turbulence
model. The mathematical model, calculation results and analysis,
experimental study and conclusions are explained in the next
section.

1. Mathematical model
1.1. Fundamental assumptions

In order to ensure calculations feasible and results reliable,
some assumptions are made for the model as follows (Kotoky et
al, 2018b):

The temperature of the flow field is equally distributed.

The solid-liquid two-phase flow is continuous and
incompressible, whose physical property values are constant.
The main phase flow is sea water. The second phase flow is ore
particles of manganese nodules.

The particles of the particle phase are spherical and
homogeneous. Take no account of the phase change of the flow.
The maximum filling volume fraction of ore accumulation is 0.67.

There is dual-phase coupling between the particles and sea
water. But the particle collision problem is ignored.

The mass of particles in the transportation pipe is
conservational. The deposition effects of particles on the pipe wall
are ignored.

1.2. Control equation

Because the volume percentage of the particle phase is
greater than 10% and there is a strong interactive solid-liquid
flow between the solid and liquid, the Dual-Euler model is used
to perform simulation combined with particles dynamics theory.
And also because the speeds of solid-liquid two phases are
different and the initial ore particles in the vessel are stacked, the
Euler-Euler model of the Fluent software is selected to perform
calculations. Assuming the solid phase flow and liquid one are
continuous filled with the whole flow field, their continuity
equation and momentum equation can be obtained separately as
follows (Eshghinejadfard et al., 2019; Jebakumar et al., 2018).

In the solid phase flow condition, a continuity equation and a
momentum equation will be obtained as follows;

aC, N ICu, _ 0 o)
ot 0x

d 1 1 M

—(Cu)+V (Cuu)=-—V (C,P)+—V (C,1,)+C, F +— (2)

a o Py Oy ‘ S

In the liquid phase flow condition, a continuity equation and a
momentum equation will be obtained as follows;

001-G)  3[0-Cm] (3)
ot 0x
i[(1 -G 1+ V [A-Cuy, ] = Ly [A-C)Pl+
ot o
(4)

Lvia-chri+a-cr + M
o o

1 1

Here C, is the solid-phase volume concentration, u, is the
velocity of the liquid phase, u, is the velocity of the solid phase,
r, is the density of the liquid phase, r, is the density of the solid
phase, P is the average pressure, ¢, is the stress tensor sustained by
the liquid phase, ¢ is the stress tensor sustained by the solid phase,
F, is the external force per unit mass sustained by the liquid phase,
Fis the external force per unit mass sustained by the solid phase,
M, and M, are the interaction forces between the two phases. In
the two-phase flow of solid-liquid, the interaction forces belong to
the internal forces, so

M, +M_=0 5)

The two phases of the Dual-Euler model are coupled by
Equation 5, and then they can be solved.

1.3. Control equation Vessel computational model and grid of vessel
model

Ore conveying equipments that work on seabed about 5000
meters deep are under very high pressure, so the vessel is
designed into a container made up of a cylinder barrel, an upper
hemisphere shell and a lower hemisphere shell, to improve its
loading conditions. The vessel volume V and inside diameter D;
can be obtained by the formula as follow:

v=2p +Zp (6)
6 1 4 1

Here Vis the vessel volume, D; is the vessel inside diameter
and % is the vessel barrel height.

Among ore conveying equipments, an ore relay warehouse
connected between hard pipe and hose is joined at the bottom of the
lift hard pipe, whose weight and volume have much effect on the lift
pipe’s loading conditions. The vessel is fixed in the relay warehouse,
which occupies the largest proportion of weight and volume, so the
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suitable vessel volume should be selected. According to Chinese
sea general design requirements v5.0, the discharging capacity of
the ore relay warehouse is the collection capacity of the collector
for 10 minutes so the ore warehouse’s volume is designed to 6m
3. The vessel inside diameter is designed to 1800mm. According to
Equation 6, the vessel height can be calculated. So basic parameters
of the vessel shown in Table 1 can be obtained.

Table 1. Basic parameters of vessel

Name Volume(m?) Inside diamete (mm)  Height(mm)
Parameter V D; h
Value 6 1800 1158

In order to improve transmission efficiency, the ore conveying
equipments adopt two vessels to transport ores alternately, so
the two vessels have absolutely same structure and transmission
way. So as to save computer resources, this paper only considers
the effects of single vessel nozzle diameter and the height of the
nozzle outlet from the vessel bottom on the ore transportation
concentration. The ore particles outlet at the vessel bottom is
designed into a venturi tube to strengthen roll suction and impact
forces when the fluid flows in high speed so that ores in the vessel
flow towards the transport pipe more smoothly. Simplifying
the loading hopper and inlet valve, the computational model is
obtained as shown in Figure 2. The computational model mainly
consists of a vessel, a nozzle and transportation pipe. According
to the computational model characteristic, the model is meshed
into five parts using the Gambit software, which the grid unit size
is size 8 or size 10. The vessel model grid is shown in Figure 3. The
five parts are the vessel cavity, the vessel outlet part, the nozzle,
the inlet and outlet part of transportation pipe.

intletl

intlet2 outlet

Figure 2. Vessel computational model Figure 3. Vessel model grid

As different transmission condition parameters have much
effect on the volume concentration of ore transportation, other
main parameters of conveying equipments take fixed values so that
it can prevent them from affecting calculation and analysis results
of the vessel nozzle parameters (Dai et al., 2021). According to
calculation and analysis results of the solid-liquid two-phase flow
in the vessel, transmission condition parameters of ore conveying
equipments are taken as shown in Table 2.

Table 2. Vessel transmission condition parameters

Parameters(Units) Values
Stack height of ores(mm) 900
Grain size of ores(mm) 8
Diameter of transportation pipe’s outlet(mm) 200
Diameter of transportation pipe’s inlet2(mm) 160
Inlet velocity of nozzle’s inlet1(m/s) 2.0
Inlet velocity of transportation pipe’s inlet2 (m/s) 5.0

1.4. Operating environment and boundary conditions setting Define
the velocity entrance as an inlet boundary.

By using aninletboundary thatis homogeneous, stationary and
has a given velocity along the axial direction, the entrance velocity
is set according to different transmission working conditions such
as valve openings, flow rates and etc.

Give the estimates of the turbulent kinetic energy and the
dissipation rate.

Define the slurry outlet as a free flow boundary.

2. Calculation results and analysis

2.1. Analysis on vessel nozzle diameter effects on ore transportation
concentration

When vessel basic parameters and transmission condition
parameters are constant, with a nozzle diameter increment of
25mm, six sets of parameters are selected from 25mm to 150mm
for simulation calculations. Then the simulation results are
obtained as shown in Figure 4.
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Figure 4. Ore volume fraction curves in different nozzle diameters

As shown in Figure 4-a, Figure 4-b and Figure 4-c, the ore
transportation volume concentration will present a zigzag wave
along with the conveying time when the nozzle diameter is less
than 75mm. And the smaller the nozzle diameter, the bigger the
fluctuation amplitude is and the longer the fluctuation time is. It
follows that when the nozzle diameter is smaller, the flow rates and
impact forces become weaker and the ore outflow is not easy to
control so that the ore volume concentration has an extraordinary
change. As shown in Figure 4-d, Figure 4-e and Figure 4-f, when
the nozzle diameter is bigger, the flow rates and impact forces
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become larger, the stress area of the ore layer also increases, and
the force condition of ore is relatively more balanced so that ores
flow into the transportation pipe smoothly under the gravity and
suction. So the ore transportation volume concentration has very
small fluctuation or even no fluctuation.

2.2. Analysis on effects of height of nozzle outlet from vessel bottom
on ore transportation concentration

According to the vessel nozzle diameter effects on the ore
transportation concentration, as known, the bigger the nozzle
diameter, the higher the ore conveying efficiency is, and the more
stable the transportation process is. When the nozzle diameter takes
100mm, effects of the nozzle outlet height from the vessel bottom
on the ore transportation concentration has been analyzed, which
the height changes from 200mm to 1200mm with an increment of
200mm. By monitoring results of ore volume fraction in the outlet,
ore volume fraction curves are obtained as shown in Figure 5.
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Figure 5. Ore volume fraction curves in different heights from nozzle to
vessel bottom

Based on analysis on Figure 5-a and Figure 5-b, when the nozzle
outlet height from the vessel bottom is less than 600mm, the ore
volume fraction in the outlet of transportation pipes will be in a
higher state withinashorttime after the beginning oftransportation,
then decline dramatically, and finally in a stable stage of slow rise.
By analysis on the ore volume fraction contour when h is equal to
200mm and 400mm shown in Figure 6, it is obtained that ores in
the vessel almost doesn’t change after conveying 2.0s. But from the
impact situation of the nozzle jet on the ores, the greater the nozzle
outlet height from the vessel bottom, the larger the impact area of
the nozzle jet on the ores is, and the longer the time of ores in a
highly efficient transporting state is.
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a(h=200mm, t=2.0s)

b(h=400mm, t=2.0s)

Figure 6. Ore volume fraction contour of two different device parameters
in the same flow time

When the height of the nozzle outlet from the vessel bottom
is equal to 600mm, as shown in Figure 5-c, the ore volume
concentration in conveying will change in a hump shape with
time, which it will increase firstly, decline dramatically again, and
then also suddenly increase. This will affect the stability of the
ore conveying seriously.

As shown in Figure 5-d, the ore conveying process is stable and
highly efficient when the height of the nozzle outlet from the vessel
bottom is equal to 800mm, which can be basically completed from
0.25s to 6.5s. The ore volume fraction curve looks smooth without
fluctuations. The ore volume fraction basically keeps in a certain
range and has a slightly declining trend.

When the height of the nozzle outlet from the vessel bottom is
equal to1000mm or 1200mm, as shown in Figure 5-e and Figure
5-f, the whole ore conveying process looks fluent. The two ore
volume fraction curves in the outlet keep good similarity, but the
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ore transportation volume concentration in conveying will have a
violent fluctuation that presents a zigzag wave, which shows that
feeding is not uniform and the conveying process is not stable. The
ore volume concentration fluctuation is of randomness and its rule
is very difficult to control, so it is difficult to adopt an automatic
way to control the transportation concentration consistency. This
transmission scheme does not meet requirements that the ore
conveying process keeps stable in the deep-sea mining.

All above analysis shows that the ore conveying process will be
stable and highly efficient when the nozzle outlet height from the
vessel bottom is 800mm or from 800mm to 900mm.

3. Experimental study

A single vessel lifting system as shown in Fig.ure 7a is
designed according to the lifting principle of the equipment. A test
equipment of ore lifting system as shown in Figure 7b is built in
accordance with the experimental schematic (Figure 7a).

K |

Figure 7. Notation of experimental study

When other parameters of the test equipment are kept
constant, the equipment is installed with different diameter
nozzles. When the required time of ore stable conveying process
is taken as ore transmission time, the average volume fraction in
stable ore transportation is taken as the ore transportation volume
concentration, results can be obtained as shown in Table 3.
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Table 3. Ore volume concentration and transmission time in different nozzle
diameters

Nozzle diameter (mm) 25 50 75 100 125 150

18 11 8 7 5
Ore volume concentration (%) 5.5 9.2 11.2 13.1 14.8 16.9

Transmission time (s) 4.2

As shown in Table 3, when the nozzle diameter takes the
minimum value of 25mm, the ore transportation volume
concentration is smallest and only 5.5%, and the transmission
time is longest and equal to 18s. When the nozzle diameter takes
the maximum value of 150mm, the ore transportation volume
concentration is equal to the maximum value of 16.9%, and the
transmission time is relatively shortest and the whole process
takes only 4.2s. So it can be seen that the nozzle diameter can affect
the ore conveying efficiency when other conditions are same. The
bigger the nozzle diameter, the higher the ore conveying efficiency
is, the weaker the water jet impact force on ores becomes, and the
more stable the transportation process is.

When other parameters of the test equipment are kept
constant, the equipment is installed nozzles with different heights
from the vessel bottom. When the required time of ore stable
conveying process is taken as ore transmission time, the average
volume fraction in stable ore transportation is taken as the ore
transportation volume concentration, results can be obtained as
shown in table 4. As shown in Table 4, the test results show that
the ore volume concentration of the equipment increases with the
height of the nozzle outlet increases.

Table 4. Ore volume concentration and transmission time in different nozzle
heights

Nozzle height (mm) 200 400 600 800 1000 1200
Transmission time (s) 3 4 9 8 7 8
Ore volume concentration (%) 4.8 53 72 125 132 135

The lifting test shows that the bigger the nozzle diameter, the
higher the ore conveying efficiency is. Similarly the ore lifting
system is tested by adjusting the nozzle outlet height from the
vessel bottom when other parameters of the equipment are kept
constant. Test results show that the transport capacity of the
equipment increases with the nozzle outlet height increases. The
results are consistent with the above analysis, which also verifies
the correctness of the simulation results. It further proves that
it is feasible to control the ore transportation concentration by
changing the nozzle diameter and the nozzle outlet height from
the vessel bottom.

Conclusions

After numerical simulation analysis on the vessel nozzle
diameter and the nozzle outlet height from the vessel bottom
in this paper, which shows how they affect the ore conveying
efficiency, some conclusions are obtained as follows:

The bigger the nozzle diameter when other vessel parameters
are kept constant, the higher the ore conveying efficiency is, the
weaker the water jet impact on ores becomes, and the more stable
the transportation process is.

When the nozzle diameter takes 100mm and the nozzle outlet
height from the vessel bottom is less than 600mm, the ore volume
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fraction in the transportation pipes outlet will be in a higher state
within a short time after the beginning of transportation, and
then drop dramatically. When the height is more than or equal to
800mm, the ore conveying process is stable and highly efficient,
at which ore volume fraction basically keeps in high range and
has a slightly declining trend. But when the height is more than
1000mm, the ore volume fraction in conveying will has a violent
fluctuation that presents a zigzag wave, which shows that feeding
is not uniform and the conveying process is not stable. So the ore
conveying process is stable and highly efficient when the height
takes 800mm.

A single vessel lifting test equipment has been designed in
accordance with the experimental schematic. The experiment
verifies effects of the nozzle diameter and the nozzle outlet height
from the vessel bottom on the ore conveying efficiency for deep-
sea mining.

There are many factors affecting the ore conveying efficiency
for deep-sea mining. The next step is to explore the optimal
working parameters of conveying equipment such as conveying
concentration, conveying speed, head, flow, etc. The influence on
sensitivity of these parameters will be also studied in the future.

Acknowledgement

We express our gratitude to State Key Laboratory of High
Performance Complex Manufacturing of Central South University
for providing research condition and thanks to all members who
help our field studies. This work is supported by a grant from the
National Natural Science Foundation of China (No. 51375498).

References

Cao, Y, Du, X.G., Song, H.E, Lin, Q., Yang, B. 2020. Overall strength analysis
and assessment of underwater buffer station in deep sea mining .Ship
& Ocean Engineering, 49(3), 136-139.

Daj, Y, Li, XY, Yin, WW, Huang, Z.H,, Xie, Y. 2021. Dynamics analysis of
deep-sea mining pipeline system considering both internal and
external flow. Marine Georesources & Geotechnology, 39(4), 408-418.
https://doi.org/10.1080/1064119X.2019.1708517

Eshghinejadfard, A., Hosseini, S.A., Thévenin, D. 2019. Effect of particle
density in turbulent channel flows with resolved oblate spheroids.
Computers and Fluids, 184, 29-39. https://doi.org/10.1016/j.
compfluid.2019.01.027

Hu, Q, Zou, L., Lv, T, Guan, Y.J,, Sun, T.Z. 2020. Experimental and Numerical

12

Investigation on the Transport Characteristics of Particle-Fluid
Mixture in Y-Shaped Elbow. Journal of Marine Science and Engineering,
8(9), 675. https://doi.org/10.3390/jmse8090675

Jebakumar, A.S., Magi, V., Abraham, J. 2018. Lattice-Boltzmann simulations
of particle transport in a turbulent channel flow. International Journal
of Heat and Mass Transfer, 127, 339-348. https://doi.org/10.1016/j.
ijheatmasstransfer.2018.06.107

Kotoky, S., Dalal, A., Natarajan, G. 2018a. Effects of specularity and particle-
particle restitution coefficients on the hydrodynamic behavior of
dispersed gas-particle flows through horizontal channels. Advanced
Powder Technology, 29(4), 874-889. https://doi.org/10.1016/j.
apt.2018.01.004

Kotoky, S., Dalal, A., Natarajan, G. 2018b. A parametric study of dispersed
laminar gas-particle flows through vertical and horizontal channels.
Advanced Powder Technology, 29(5), 1072-1084. https://doi.
org/10.1016/j.apt.2018.01.024

Leal Filho, W,, Abubakar, I.R., Nunes, C., Platje, ].J., Ozuyar, P.G., Will, M., Nagy,
G.J., Al-Amin, A.Q., Hunt, J.D,, Li, C.L. 2021. Deep Seabed Mining: A Note
on Some Potentials and Risks to the Sustainable Mineral Extraction
from the Oceans. Journal of Marine Science and Engineering, 9(5), 521.
https://doi.org/10.3390/jmse9050521

Li, J.H,, Song, ].C,, Luo, Y. 2016. Research progress and prospect of deep sea
polymetallic sulfide mining. Ocean Development and Management,
36(11), 29-37.

McLoone, M., Quinlan, N.J. 2020. Particle transport velocity correction
for the finite volume particle method for multi-resolution particle
distributions and exact geometric boundaries. Engineering Analysis
with Boundary Elements, 114, 114-126. https://doi.org/10.1016/j.
enganabound.2020.02.003

Pang, ].P. (2020): Development of research on deep-sea polymetallic nodule
mining vehicle in China. Mining & Processing Equipment, 48(3), 8-11.
DOI: 10.16816/j.cnki.ksjx.2020.03.002

Slade, WH., Peacock, T.,, Alford, M. 2020. Monitoring Deep-Sea Mining’s
Effects. Sea Technology, 61(9), 13-16.

Takano, S., ONO, M., Masanobu, S. 2020. Evaluation method of pipe wear for
development of seafloor massive sulfides. Journal of JSCE, 8(1), 288-
302.DOI: 10.2208/JOURNALOFJSCE.8.1_288

Xu, H.L,, Peng, N, Yang, F.Q. 2020. Effect of slurry flow rate on cavitation
characteristics of deep-sea mining pump. Journal of Drainage and
Irrigation Machinery Engineering, 38(3), 217-223.

Yang, ].M,, Liu L., Lyu, H.N,, Lin, Z.Q. 2020. Deep-Sea Mining Equipment in
China: Current Status and Prospect. Strategic Study of CAE, 22(6), 1-9.



Madencilik - Mining, 2022, 61(1), 13-18

BILIMSEL MADENCILIK DERGISI
SCIENTIFIC MINING JOURNRAL

TMMOB Maden Miihendisleri Odasi Yayini / The Publication of the Chamber of Mining Engineers of Turkey

www.mining.org.tr
Original Research / Orijinal Aragtirma

A study on effects of modified calcite on filler retention and mechanical properties of fluting
papers

Modifiye kalsitin dolgu tutunumu ve fluting kagitlarin mekanik ézellikleri iizerine etkileri

Tamer Sozbir®”, Mustafa Cicekler®'

@ Kahramanmaras Paper Industry Incorp., Kahramanmarags, TURKEY
b Kahramanmaras Stitgti Imam University, Faculty of Forestry, Kahramanmaras, TURKEY

Gelis-Received: 16 Eyliil-September 2021 ® Kabul-Accepted: 12 Kasim-November 2021

ABSTRACT

In this study, the use of modified calcite as a filler in fluting paper production was investigated and its effects on retention and some mechanical properties
of the papers were determined. Ground calcium carbonate (GCC/calcite) and cationic starch were used for modification. Filler modification with alum
effect of CPAM resulted in starch-calcite encapsulation. Produced modified calcite (MC) was used in fluting paper production at certain dosages as filler.
Simultaneously, paper was made with unmodified calcite (UC), and the effects of modified calcite on the paper properties and filler retention were studied.
The results of this study indicated that the use of 10% MC improved filler retention and provided approximately 23% more retention than the use of
10% UC. In addition, mechanical properties and air permeability values of MC-filled papers were higher than those of UC-filled papers. With the use of
MC in fluting papers production, better filler retention was achieved, while the reduction in mechanical properties caused by the addition of filler can be

minimized. Besides, impurities in white water can be minimized by reducing the filler dosage given during paper production.

Keywords: Calcite, Starch, Modification, Fluting paper, Retention, Mechanical properties

Introduction

Paper, which is one of the most produced and consumed sub-
stances in the world, and that the development in production and
consumption in the countries affects other countries instantly,
has an important strategic position. There is an increasing fiber
deficit in the world and it is stated that cellulose investment is re-
quired in various sources and large pine forests are needed. How-
ever, high capital cost is required in cellulose production (Laftah
and Wan Abdul Rahman, 2016).

Cellulose is not produced in Turkey and imported cellulose
costs are overmuch (Cicekler and Tutus, 2021). Paper makers are
seeking for alternative solutions to minimize cellulose-related
costs, whether in paper or paper packaging. The fillers used to
improve the paper properties are therefore of great importance.
(Lourenco et al., 2019; Nikkhah Dafchahi et al., 2021; Tutus et al,,
2020; Zhang et al., 2013). Since these non-fiber inorganic materi-
als are much cheaper compared to fiber materials, they are highly
preferred because they reduce production costs and provide fast-
er drying compared to fiber raw materials, thus increasing pro-
duction (Karademir et al., 2013; Lee et al,, 2021).

Many industrial raw materials are evaluated in paper produc-
tion and used for two different purposes as filling and coating.
Some minerals are used only in filling or coating, while others can
be used in both areas (Beazley, 1991). According to the type of
paper produced, approximately 25% filling mineral is used. Fill-
ers improve some paper properties such as opacity, whiteness,
ink absorption, surface smoothness, dimensional stability, print-
ing quality, softness and durability properties. Features required
from an ideal filler; high whiteness, proper refractive index and
grain distribution, high degree of retention, insolubility in water,
or very little dissolution, low density, chemically reactive, low
abrasion and cheap (Gigac et al.,, 1995; Kim et al,, 2011; Tutus et
al.,, 2018).

While the market share of calcite (CaCO,) was less than 1% in
the European paper industry 25 years ago, it now has more than
40% of the market. The use of calcite has increased in the past
decade and has been approved in alkali papermaking process, es-
pecially in Europe (Hubbe and Gill, 2016; Shen et al., 2009). It has
an important position in the filling and white pigment markets.
Calcite can be prepared with lower cost, preserves the mechanical
characteristics of the paper, provides to use more filler in paper
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structure and improves whiteness, opacity and air permeability
of papers without losing the brightness (Shen et al., 2010; Tutus
et al,, 2020). Calcite filled papers can keep their whiteness longer
than filler-free papers. Because it is used in alkaline environment,
it provides an advantage in terms of preventing environmental
pollution (Geng et al.,, 2021; Shen et al., 2009).

Loss of binding due to increased mineral fillers leads to reten-
tion problems, as the fillers are more difficult to retention and more
retention aids is required; this leads to formation and printing prob-
lems such as sheet delamination, picking, linting, dusting (Cadotte
etal, 2007; Yang et al,, 2013; Yoon and Deng, 2006). Therefore, the
filler content in paper is rarely limited to values higher than 30%
(Hubbe and Gill, 2016; Shen et al., 2009). For a paper mill produc-
ing 1800 tons/day;, if it was possible to increase the filler content of
a paper with an average of 30% filler content by 5%, a significant
amount of fiber (90 tons/day) gain could be achieved.

Quality papers imported from foreign markets are at high-
er price and these prices reduce purchasing power and limit the
use of quality papers such as carbonless paper, printing paper,
copy paper, special thin papers. Although enough industrial raw
materials are available for quality paper production in Turkey, it
is still expected to be implemented. The technology required for
the use of industrial raw materials has not been provided yet in
paper industry. High-cost strength-enhancing chemicals are used
to achieve high strength properties, which increases production
costs (Strand et al., 2017). Considering the waste paper and cel-
lulose costs, the use of low-cost fillers has gained importance. Be-
side, fillers are not fibrous, so they can cause decreases in strength
properties of the papers. Some authors have investigated the mod-
ification of filler particles by starch or its derivatives or by filler
particle encapsulation with a starch gel. Both techniques are very
effective in improving the mechanical properties of the paper, such
as the tensile, burst, and tear indices, without sacrificing optical
properties (Cao et al., 2011; Kuusisto and Maloney, 2016; Shen et
al.,, 2009; Xie et al,, 2019). The purpose of the current study was
to increase the filler retention and to prevent the decrease in me-
chanical properties due to the increase in the filler rate.

1. Materials and methods
1.1. Materials

Calcite (D50=2,8 um) as filler taken from OMYA Mining Inc.
was modified and used in this study. Technical properties of the
calcite were given in Table 1.

Table 1. Calcite properties used in the study

Calcite Properties Values
45 mesh screen (ISO 787-7), % 0.01
Top cut (D98, Malvern Mastersizer 2000), pm 13.0
< 2 um (Malvern Mastersizer 2000), % 37.1
Average (D50, Malvern Mastersizer 2000), pm 2.8
Brightness CIELAB (ISO 11664-4), L*, a*, b* 98.5,-0.03, 0.8
Brightness RY (C/2¢, DIN 53163), Ry 96.2
Moisture content, % 0.1
CaCo,, % 98
MgCO,, % 1.7
F 20, % 0.05
HCl insoluble content, % 0.2
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Starch, retention aids and cationic polyacrylamide (cPAM)
were purchased from the market. Fluting papers were produced
by recycling old corrugated cardboards (OCC).

1.2. Calcite modification

Modified calcite production was carried out with the prepa-
ration steps of starch and calcite shown in Figure 1. Calcite was
transferred to a beaker with distilled water to be 8% dry matter
and mixed continuously to provide homogeneous slurry at 50 2C.
The starch was cooked in 5% dry matter at 92 2C and cooled to 72
C for 30 minutes. Prepared calcite and starch slurries (w/w) with
adding 0.03% CPAM by weight of dry fiber were transferred into a
reactor and mixed for ten minutes (Figure 1).

Figure 1. Schematic view of calcite modification in this study.

Starch-calcite encapsulation occurs in filler modification with
alum effect of cPAM. In addition to the encapsulation of a single
filler particle as shown in Figure 2, it is thought that it is possible
to encapsulate several particles simultaneously to bind each other
(Nelson and Deng, 2008; Shen et al., 2009; Yan et al,, 2005; Zhao
etal, 2008).

Figure 2. Encapsulation structures of filler and starch

1.3. Paper production and tests

Recycled OCC pulps were beaten to 40+2 Schopper-Riegler
(°SR) freeness level by using a Hollander beater. Beaten pulps
were blended with modified (MC) and unmodified (UC) calcites
and fluting papers with 90 grammages (g.m) were produced with
Rapid Kothen paper machine according to ISO 5269-2 standard.
Starch (5%) was used only with UC filler in the paper production.
Since calcite was modified with starch, no starch was added to
the process with MC. Base papers (filler-free) were manufactured
from the OCC pulps without the use of fillers in order to determine
the effects of UC and MC on some mechanical properties.

The papers were incinerated in a crematorium at 575 2C and
resulting ash was weighed. The filler retention rates were calculat-
ed by the Equation 1 given below.

Ash weight
Paper weight (Oven — dried)

Retention Rate (%) = X100 (1)
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After being conditioned for 24 hours in a conditioning room
at 231 9C and 50+2% relative humidity according to the TAPPI
T402 standard, the fluting papers were subjected to tests accord-
ing to relative standards given in Table 2.

Table 2. The tests and standards applied to the fluting papers

Tests Standards
Breaking length (km) TSENISO 13121
Burst strength (kg.cm?) TS EN ISO 2758

TS EN 1SO 9895
TS EN 1SO 9895
TAPPI T569
TAPPI T460
TS ENISO 1683

SCT (short span compression) (kN/m)
CMT (corrugating medium test) (N)
Scott bond (j.m?)

Air permeability (s)

Filler rate (%)

Ten fluting papers produced from each experiment were sub-
jected to the tests specified in Table 2. To evaluate the effects of
UC and MC on the fluting paper properties, the mean values of
the properties were used. SEM images of produced papers were
obtained using a ZEIZZ (Germany) microscope at an accelerating
voltage of 0-30 kV.

2. Results and discussion
2.1. Findings on filler retention

Table 3 shows the measured filler doses and retention values
in the manufacturing of fluting paper using UC and MC. The filler
content of the base (filler-free) paper was determined as 10.4%.
The filler rate is realized as 13.4% with using of 10% UC, while the
increase in filler retention was 28.5%. Accordingly, the remaining
part of the calcite was deposited onto the paper during sheet for-
mation and the starch was effective for the filler retention. With
the addition 10% MC during paper production, the filler retention
increased about 58.7%.

Table 3. Filler dosages and retention values in the fluting paper production
using UC and MC

Paper type Filler Dosages Filler Retention
pertyp (%) Retention (%) Increase (%)

Base paper - 10.4 -
Paper filled UC 10* 13.4 28.5

5 14.2 36.4

10 16.5 58.7
Paper filled MC

15 21.4 105

20 19.6 88.3

*Generally 10% filler is used in fluting paper production.

When UC and MC were compared, it is clear that the use of MC
significantly increases filler retention compared to UC (Figure 3).
However, as the MC usage rate rises above 15%, its effect on the
retention decreased from 105% to 88.3%. The advantages of using
carbohydrate polymers in filler modifications can include low cost,
ease of availability and environmental ease of modifiers, improved
paper strength, enhanced filler retention or higher filling loading
levels and successful marketing of the corresponding technology
based on existing scientific papers (Fahmy and Mobarak, 2008;
Fan et al,, 2017; Fatehi et al., 2013; Shen et al,, 2010).

15
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Figure 3. Filler retention in the fluting paper production

The amount of filler used in the system can be reduced if the
filler particles are deposited into paper structure. Approximate-
ly 60% of the calcite filler used in paper production could be re-
tained, with the remainder lost in circulation and cleaning water.
By using less calcite in paper production, the recirculating water
under the wire (white water) is less polluted. As a result, calcite
damage in the treatment plant will be minimized by reducing the
treatment load.

2.2. Mechanical properties of the fluting papers

The mechanical test results of the fluting papers containing
no-filler, UC and MC were shown in Table 4. It is generally accepted
that it has a negative effect on the strength-mechanical properties
of papers with the increase of the filler content in the literature.
Strength values of the papers used starch increased significantly
compared to the filler-free paper due to the internal bonding prop-
erty of starch.

Table 4. Some mechanical properties of the fluting papers

Filler Burst CMT Scott Breaking Densi Air per-
Papers Dosage (kN.m") Strength Bond length (grcm?] meabili-
(%) ~ " (kgem?) (N) (bm?®)  (km) ™7 ty (s)
Fill-
- 1.05 099 532 801 213 0.32 21
er-free
Starch 10 1.26 1.05 722 978 2.31 0.29 2.8
uc 10 1.20 1.00 650 89.5 2.04 0.29 2.6
5 1.29 1.09 663 884 213 0.29 29
c 10 1.33 119 689 856 212 0.31 33
M
15 1.28 1.21 70.6 910 2.34 0.30 4.1
20 1.44 131 720 978 245 0.29 5.4

In accordance with the general studies, the filler addition
showed a significant decrease in values such as CMT and breaking
length (Bajpai, 2018). Nevertheless, it is thought to be higher than
the filler-free paper values, which is due to the internal bonding
effect of starch. As the modified filler add-on increased, the gener-
ally expected strength values did not decrease, but an increase in
non-significant values was observed (Figure 4). As the reason for
the increases, it is seen that the effect of starch internal adhesion
was realized, and with the increase in MC dosage, calcite grains
encapsulated with cPAM support increased the retention by mak-
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ing wet-end bonding to the fibers and also preserved the strength
(Chen et al,, 2020; Mousavipazhouh et al., 2018) carboxymethyl
cellulose (CMC.
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Figure 4. The effects of the fillers on some fluting paper mechanical prop-
erties

While the air permeability of the filler-free samples was mea-
sured as 2.1 s, the values increased as the MC dosage increases.
Based on this, it can be said that the pores of the fluting paper
were closed and the filler retention increased (Wu et al., 2016).
SCT and CMT values of the fluting papers were increased by using
10% MC compared to 10% UC and filler-free papers. The respec-
tive values increased by 10.8% and 6% as a result of the use of
MC. Filler addition often has effect of reducing stiffness (Hubbe
and Gill, 2016). The CMT values are also high parallel to good pa-
per stiffness values (Kiaei et al., 2016). The MC used in this study
provided better stiffness than UC, and therefore the CMT values of
MC-filled fluting papers were higher. Due to the buckling stability
provided by short length tests compared to traditional test meth-
od, the material feature “compressive strength” can be measured
with high accuracy using SCT. Starch use directly affects SCT, and
an increase in the amount of starch used also positively affects
SCT values (Andersson et al., 2013)therefore, is postulated to pro-
vide an added tool to support the necessary absorption control
of the starch in respect to the packing density/permeability of
the sheet as well as surface charge. To illustrate this behaviour,
unfilled and filled laboratory-formed sheets without internal size
are initially used, in which the starch is either cationically or an-
ionically charged. The ground calcium carbonate (GCC. Scott Bond
test is widely used method for determining paper and board de-
lamination resistance. Scott Bond is a kind of indicator of inter
fiber bond strength (Fellers et al,, 2012). As mentioned before,
the use of filler in paper production negatively affects the number
of fiber-fiber bonds, and the MC used in this study minimized this
negativity. As with other mechanical properties, breaking length
and bursting strength of MC-filled fluting papers were better than
UC-filled papers.

2.3. SEM images of the fluting papers

Figure 5 depicts scanning electron microscopy (SEM) images
of the UC- and MC-filled fluting papers. It was discovered that the
surface morphology of modified filler differed from that of unmod-
ified filler, implying that surface encapsulation occurred during
the modification process.
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MC-filled paper

Figure 5. SEM images of the fluting papers (2000x)

The morphology of the paper sheet was changed when fillers
were included, and the filler particles stored in the fiber-based ma-
trices onto the fiber surfaces. In compared to UC particles, the MC
particles were noticeably more strongly and effectively attached to
and bonded to the fiber surfaces.

Conclusion

The present study was designed to determine the effects of us-
ing MC as filler on filler retention and some mechanical properties
of the fluting papers. The findings clearly indicate that the filler
retention rate increased from 13.4% to 21.4% use of MC in flut-
ing paper production. In this circumstance, the excess filler dos-
age given to the process could be decreased. Besides, the amount
of calcite transferred to the white water could be decreased, and
the load required for the treatment of the process water could be
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reduced. The results of this investigation show that the strength
losses caused by filler addition of fluting papers production could
also be minimized with use of MC. The breaking length (2.34 km)
and burstindex (1.21 kg.cm-2) of the MC-filled fluting papers were
higher than those of filler-free fluting papers. The insights gained
from this study may be of assistance to new researches about the
calcite modification and its effects.
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ABSTRACT

One of the most important occupational diseases encountered in mining is the noise induced hearing loss (NIHL). In this study, analyses were carried out
to examine the NIHL in the open pit lignite mine in Turkey. The NIHL was evaluated in accordance with the miners’ age, experience, occupation, exposure
value (L_), and maximum noise level (Lpeak]. Noise levels exposed the employees were measured with noise dosimeters and a hearing test was applied to the
employees by a special hearing center. To determine the parameters that could be effective in NIHL, all of the obtained data were evaluated by the logistic
regression analysis (LRA) and hierarchical log-linear analysis (HLA) methods. It was determined that the NIHL probability of field staff is approximately
6 times higher than operators and drivers. According to the 21-29 age group, it was found that the probability of NIHL in the 57-65 and in the 48-56 age
group was 11.4 and 4.41 times higher, respectively. Experience and maximum noise levels were found to be the most important parameters in hearing
loss. Besides these, it was determined that the interactions of agexexperience, occupationxmaximum noise levels, and occupationxaverage noise exposure
levels increased the likelihood of NIHL. A logistic regression model has been developed for the NIHL estimation of employees and hearing loss was found
to be a problem mostly for those working in the field. It was determined that hearing loss increased with age and experience, and varied according to
occupational groups. In order to prevent NIHL, it is a priority to consider the noise levels to which occupational groups are exposed and to apply technical
or personal precautions for all employees of the relevant occupational group.

Keywords: Hierarchical log-linear analysis, Logistic regression, Mining, Noise induced hearing loss, Occupational disease.

Introduction

Excessive noise, in addition to its negative social and physi-
ological effects, is an occupational health hazard, particularly
NIHL. The World Health Organization reports that 16% of adult
hearing loss occurs as a result of exposure to occupational noise
(Nelson et al,, 2005). Since the 18th century, the NIHL has been
considered an occupational disease for copper employees who
suffered hearing loss from hammering metal (Hong el al., 2013) .

In the studies of Kovalchik et al., they emphasized that hea-
ring loss was classified in the category of “all other illnesses” by
the Bureau of Labor Statistics before 2004, it was categorized as a
separate illness among work-related diseases in 2004. They exp-
ress that occurred from hearing loss 11% of work-related disea-

ses in 2004 and 2005 (Kovalchik et al., 2008). Picard et al., found
that hearing loss may occur at noise levels exceeding 89 dBA and
also that high noise levels increase occupational accidents (Picard
etal., 2008).

One of the industries with the highest NIHL risk is mining
(Concha-Barrientos et al,, 2004; Vipperman et al., 2007). Noise
in mining is one of the most important factors damaging emplo-
yee health. The possibility of hearing loss increases as a result of
exposure due to noise. In coal mining, noise exposure is higher
than the specified limit levels and high noise levels are generated
by the operation of powerful machines (Kovalchik et al., 2008).
Almost all equipment used in open pit mine is a source of noise it-
self. Mean noise level of some machines used in open cast mining
given in Table 1 (Sharma et al., 1998).
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Table 1. Mean noise levels of machines (dB)

Source Idling Fully accelerated
Shovel 80 97
Dumper 75 92
Bulldozer 84 100
Pay loder 82 100
Drill 85 90
Scraper 85 101
Air compresssor - 96

Continuous exposure of employees to high noise levels may ca-
use hearing loss due to noise (Sharma et al.,, 1998; Sensogut and
Cinar, 2007). For NIHL, exposure of employees to noise levels of
82 dB (A) poses a risk, while levels above 90 dB (A) pose a high
risk (Phillips et al, 2007). The NIHL is currently not curable and
irreversible, but it can certainly be avoided, so it is important to
implement adequate preventive programs (Goelzer, 2001).

Kursunoglu and Gogebakan (2021) used multinomial logistic
regression to predict spontaneous combustion tendencies of coal
mines. Iwasaki et al (2021) studied the changes in element concent-
rations of approximately 100 untreated discharges from old mines
in Japan by a hierarchical-linear model. Since there are few studies
aimed at preventing occupational hearing loss in mining (Bauer et
al, 2006), in this study, a statistical investigation by the LRA and
HLA methods was conducted and the parameters that could be effe-
ctive in the formation of NIHL were tried to be determined.

1. Materials and methods

LRA is used to determine the probability of an event occur-
ring, while HLA is used to evaluate the interaction between para-
meters that affect the occurrence of the event. In this study, since
the variables are suitable for categorical data analysis and these
methods are mostly used in the medical sciences to study disea-
se occurrences, a logistic regression model was created first and
the relationships between risk factors and NIHL formation were
quantitatively evaluated. Then, the HLA was used to examine the
interaction between parameters that affect the formation of NIHL
(Onder etal.,, 2021; Onder, 2013). The common results obtained by
using LRA and HLA methods together were tried to be interpreted.
Detailed explanations about LRA and HLA are available in the cate-
gorical data analysis book prepared by Agresti (2002).

1.1. Measurement methodology

The study was achieved in the open pit lignite mine belonging
to Turkish Coal Enterprises in Turkey. The location map of the
open pit lignite mine is given in Figure 1.

Figure 1. Location map of the open pit lignite mine
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The open pit mine carries out its production with 100 emp-
loyees. For excavating and loading are used excavators, and for
transportation are used trucks. Within the scope of the occupatio-
nal health and safety law in Turkey, in accordance with the regula-
tion on protection of employees from noise related risks, the maxi-
mum action value for noise in the workplace is 85 dB (A) and the
exposure limit value is 87 dB (A). Employers in Turkey, due to legal
requirements, are obliged to have it made noise measurements in
the workplaces. In addition, hearing loss is examined within the
scope of health checks of employees (Official Gazette, 2013). After
the enterprise management and employees approved the measu-
rements, the personal noise exposure levels and hearing loss of all
employees in the open pit lignite mine were determined. The data
required for the study were compiled with special permission.

Noise measurements were recorded with noise dosimeter in
order to measure the noise level of 100 employees working in dif-
ferent positions in open pit lignite mine. For dosimetric measure-
ments, the CIRRUS CR-110 A personal dosimeter was used. Noise
dosimeters have been developed to determine the noise that emp-
loyees are exposed to during normal working days. This is a small,
light, and compact piece of equipment that should be worn by the
employees. It measures the total A-weighted sound energy recei-
ved and expresses this as a ratio of the maximum A-weighted ener-
gy that can be received per day. This device is very useful when
there are significant changes in exposure during the working day.
A view showing the catalog and application of the measuring inst-
rument used is given in Figure 2. Noise measurements were made
with respect to TS 2607 ISO 1999 (2005).

Figure 2. CIRRUS CR-110 A personal dosimeter

The noise dosimeter can be worn without disrupting work. It
is attached to the clothes of employees the microphone close to the
ear. The noise values recorded by the instrument are transferred
to the computer program and the data are evaluated, analysis and
reports are generated. The dosimetric measurement results for an
employee are shown in Figure 3.

Figure 3. Dosimetric measurement results for an employee

1.2. Examination of NIHL

After this measurements it was made pure tone odyometri test
for all employees. Dosimetric noise measurements and hearing
loss tests were performed for 100 employees in the enterprise and
occupation categories were determined with a single group code
for those working in similar fields.
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In this study, audiogram results of the employees were interp-
reted together with the workplace doctor. Also, the NIHL was eva-
luated to the occupation, miners’ age, experience, L., and Lpeak. In
the study, NIHL was accepted as the dependent variable because
it caused by the noise in the working environment. It was cate-
gorized as no disease (No) and disease (Yes). Factors affecting
the occurrence of NIHL were categorized into five groups in the
study, such as occupation, age, experience, exposure value, and
maximum noise, which are independent variables. Main catego-
ries determined as independent variables were divided into their
subcategories. The coding plan and employees’ distributions for
the NIHL were given in Table 2.

Table 2. Coding plan and distributions for NIHL

(48%), age distributions are close to homogeneity, and the number
of employees with less experience (66%) is high. Employees are
often exposed to noise of 78.26-85.10 dB(A) (58%). Employees are
often exposed to the maximum value of 138.6-143 dB(C) (84%).
As a result of the calculations made to examine the NIHL rates in
occupation sub-categories, because 8 out of 12 employees of the
field staff had hearing loss, the NIHL rate was 66%. When the rates
of the occupation sub-category among all employees with NIHL
were calculated, it was determined that the number of drivers with
hearing loss was 21 and the ratio was 47.73% in a total of 44 cases.
All NIHL rates given in Table 2 were calculated similarly.

Variable Categories Code Subcategories % NIHL  NIHL ratios in
subcategories Ratios by total NIHL
Y NIHL 0 No 56
1 Yes 44
1 Technical staff 15 6 40.00 13.64
Occupation 2 Operator 25 9 36.00 20.45
Occupation 3 Driver 48 21 43.75 47.73
4 Field staff 12 8 66.67 18.18
1 21-29 24 6 25.00 13.64
2 30-38 17 6 35.29 13.64
3 39-47 18 8 44.44 18.18
X, Age
8 4 48-56 21 10 47.62 22.73
5 57-65 16 10 62.50 22.73
6 66-74 4 4 100.00 9.09
1 1-8yrs 66 27 4091 61.36
2 9-16 yrs 13 7 53.85 15.91
3 17-24 yrs 3 2 66.67 455
Experience Experience
ert 4 25-32 yrs 12 4 33.33 9.09
5 33-40 yrs 6 4 66.67 9.09
1 71.4-78.25 dB(A) 42 17 40.48 38.64
X, Exposure Value
2 78.26-85.10 dB(A) 58 27 46.55 61.36
1 134.1-138.5 dB(C) 16 6 37.50 13.64
X, Maximum Value
P 2 138.6-143 dB(C) 84 38 45.24 86.36
The categories of the occupation variables are technical staff, 2. Results
operator, driver, and field staff. Employees in the technical staff :
p v ploy In the study, the variables X, . X, X, X andX .

group are engineers, topographers, and technicians. Its general
responsibilities are production, planning, supervision, and topog-
raphic measurements. Operators use large mining equipment such
as excavators, while drivers use trucks. The employees in the field
staff group are shunter, weigher, lubricator. The responsibilities of
these staff working in the open pit area are to guide the maneuvers
of the mining machinery, determine the weight of the shipped ore
and refuel the mining machinery. The age variable was divided into
six subcategories, the experience variable into five groups, and the
exposure to noise (L, ) and maximum noise variables (Lpeak) into
two groups. As shown in Table 2, 44% of all employees have NIHL.
It was determined that the majority of the employees are driver

21

are independent variables and the variable Y is the dependent va-
riable (Table 2). After this determination, the interactions of para-
meters in NIHL formation were evaluated with advanced statistical
techniques, and the important results obtained are given below.

LRA was carried out using SPSS package program to analyze
data. The results of LRA including all variables are given in Table 3
and it can be interpreted as follows.
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Table 3. Results of the logistic regression model for NIHL

Effect Variable B

Probability 95% C.Lfor EXP(B)
p Exp(p)

(1/Exp(B))  Lower Upper
Field staff .092
Technical staff -1.275 101 279 3.58 .061 1.281
Occupation Operator -1.842 .042* 159 6.29 .027 939
Driver -1.690 .040* .185 5.41 .037 925
21-29 291
30-38 .614 430 1.847 1.847 403 8.479
39-47 1.018 .184 2.769 2.769 616 12.434
Age 48-56 1.484 .062%* 4411 4411 931 20.907
57-65 2.434 .018* 11.409 11409 1.519 85.700
66-74 23.390 .999 14388002142 - .000
1-8yrs 511
9-16 yrs 412 .560 1.510 1.510 .378 6.035
Experience 17-24 yrs .558 .683 1.746 1.746 120 25.362
25-32yrs -1.292 142 275 3.64 .049 1.538
33-40 yrs -.602 .638 .548 1.82 .045 6.714
Exposure Value 78.26-85.10 dB(A) -414 .600 661 1.51 .140 3.112
Maximum Value 138.6-143 dB(C) 492 .540 1.636 1.636 .338 7.914

* Significant at 95% probability level
**Significant at 90% probability level

According to the field staff, being an operator and the the tru-
ck driver increases the possibility of not having NIHL 6.29 times,
5.41 times, respectively. Compared to being the 21-29 age group,
working in the 57-65 age group and 48-56 age group increases
the probability of NIHL by 11.41 times and 4.41 times respecti-
vely. Being experienced for 25-32 years increases the likelihood
of not having NIHL by 3.64 times compared to being experienced
for 1-8 years. Being the most experienced employee increases the
likelihood of not having NIHL by 1.82 times compared to being the
least experienced employee. According to the exposure value of
71.4-78.25 dB (A), the exposure value of 78.26-85.10 dB (A) inc-
reases the probability of employees not NIHL by 1.5 times. Being
the maximum value 138.6-143 dB (C) increases the probability of
having NIHL by 1.64 times compared to being the maximum noise
level of 134.1-138.5 dB (C).

According to the {3 coefficients (Table 3), the logistic regression
model for NIHL can be written as in Equation 1.

Y = —0.414X(7826-851 aB(ay — 1-275X (rechnical starf) —
1.842X (gperatory + 1.690X priver) +

0.614X (30_35) + 1.018X(50_47) + 1.484X (45_s) +

2.434X (57_s) + 23.390X (g6_74) + 0.412X o_1q) +

0.558X (17_34) — 1.292X (3532 — 0.602X (35_40) +
0.492X(138.6-143 aB(C)) (1)

While 56 of the 100 workers in the enterprise do not have the
NIHL, 44 of them have the NIHL. The rate of correct classification

employees without hearing loss in the developed logistic regressi-
on model is 82.1%, while the rate of predicting those with hearing
loss is 56.8%. The correct classification rate of the model created
for NIHL was determined as 71% and can be interpreted as a suc-
cessful model. It is appropriate to use the generated logistic reg-
ression model to estimate NIHL in this mine (Onder and Mutlu,
2017).

For employees with NIHL, a HLA model has been established
with the SPSS 17 version to specify which parameters cause the
disease. The hierarchical log-linear model was established from
five-way contingency table of occupation (0), age (A), experience
(E), average noise exposure (L_) and maximum noise level (Lpeak).
A five-way hxixjxkx] cross-classification of response variables O,
AE L, and Lok has several potential types of independence (Ag-
resti, 2002). The saturated model includes terms corresponding
to all possible main effects and interactions. In this study, the main
effects for NIHL considered as O, A, E, L, and L. In other words,
with the help of hierarchical log-linear models, the importance le-
vel of the main factors considered in the formation of the disease
and the different interactions of these factors can be determined.
The main effects and higher-order interaction terms of the hierar-
chical log-linear model were given in Table 4. The importance of
interaction terms was determined by the likelihood-ratio (x?) test
(Maiti et al., 2001).

The fourth and third order interaction terms were not evalu-
ated in the study because they were not statistically significant.
For more detailed data analysis, the statistically significant (p<.05)
parameters in Table 4 were examined. Main effects and interaction
parameters AgexExperience, OccupationxL, and Occupationx Lpe_
. were found to be statistically significant. When c2 values are ex-
amined, it is determined that the most important main effect is
experience. This is followed by L, L , occupation and age pa-

peak’ ex’

rameters according to the highest c2 value, respectively.



M. Onder vd. / Bilimsel Madencilik Dergisi, 2022, 61(1), 19-24

Table 4. Results of the HLA for NIHL

?netiizit(i)(in Interaction df X p
AgexExperience 30 67.146  .000
Occupationprealk 46.667 .000
OccupationxL, 37.390 .000
OccupationxAge 24 16.302 .877

) OccupationxExperience 20 13.776  .842
ExperienceXLpeak 10 12.596  .247
AgexL . 12 10.559 .567
AgexL 12 3.088 .995
ExperiencexL, 10 1.846 .997
Lo XL 4 .968 915

Main effects Experience 5 144.772 .000
Lok 2 131.788 .000
L, 2 83.664 .000
Occupation 4 74312  .000
Age 6 48.760  .000

In SPSS, one of the estimate parameters is the lambda coeffi-
cient. These parameters can be labeled as 3 coefficients and Exp
(B) is the odds ratio (OR). The odds ratio is the measure of the
effect size. The odds ratio of 1 indicates that there is no effect, a
variable greater than 1 indicates that the variable in question inc-
reases the probabilities, and a variable less than 1 indicates that
the variable decreases the rates. If the probability ratio is greater
than 1, it can be said that a factor considered constitutes a signifi-
cant risk for occupational diseases (Agresti, 2002). Second-order
interaction results are given in Table 5.

Table 5. Second-order interaction results for the log-linear model

Effect Variable B Exp(B)
OccupationxL, ~ Driverx78.26-85.10 119 1.126
Operatorx71.4-78.25 .064 1.066
Driverx71.4-78.25 -079 0.924
AgexExperience 21-29 agex1-8 years 192 1.212
57-65 agex33-40 years .070 1.073
30-38 agex1-8 years 069 1.071
OccupationXLpeak Driverx138.6-143 103 1.108
Technical 067  1.069
staffx134.1-138.5
Operatorx138.6-143 .040 1.041

When the 2nd order interactions in Table 5 were evaluated Oc-
cupationxL_interaction shows that drivers and operators have a
high possibility of NIHL in 71.4-78.25 and 78.26-85.10 dB(A) noi-
se levels. Similarly, when AgexExperience association is evaluated,
it can say that 21-29 age group with 1-8 years of experience has a
high possibility of NIHL. Additionally, 57- 65 age group with 33-40
years of experience is mostly exposed to NIHL. Moreover, it can
be said that, drivers and operators exposed to noise in 138.6-143
dB(C) have high risk. It is obvious that the higher the noise level
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exposed, the higher the possibility of hearing loss for drivers and
operators. It is seen that the youngest employee group with less
experience considered in this study has a high probability of he-
aring loss.

3. Discussion

Occupational diseases are among the most important risks to
which employees must be protected and can be prevented by ta-
king the necessary precautions in the working environment and
for the employees at an early stage. LRA and HLA methods used in
categorical data analysis can be used to evaluate the factors that
affect the occurrence of occupational diseases. While LRA evalu-
ates all employees with and without illness within a population,
HLA can only be used to evaluate employees with occupational
diseases. While the purpose of using LRA is to develop a predi-
ction model, the purpose of HLA is to examine the factors in the
occurrence of occupational disease and the interactions of these
factors. Standard ISO 1999 (2013) can be used to estimate the
risk of noise-induced hearing loss. With this standard, noise-rela-
ted hearing losses can be estimated for each employee, taking into
account age, noise, and experience periods.

When the presence of NIHL was examined with the logistic
regression model, according to the field staff, operator is 6.29 ti-
mes more likely to not have NIHL, and driver is 5.41 times more
likely to not have NIHL. In other words, it can be said that the NIHL
probability of field staff is approximately 6 times higher than the
probability of operators and drivers. The reduction in NIHL of ope-
rators and drivers is due to the adaptation of the work equipment
to technological developments. As the noise exposures of the field
staff working beside the high capacity mining equipment are ge-
nerally high, the probability of hearing loss increases. It was found
that the probability of NIHL was 11.4 times higher in the 57-65
age group and 4.41 times higher in the 48-56 age group according
to in the 21-29 age group. NIHL has been found to increase with
increasing age.

When the data of the employees with the presence of hearing
loss were examined by HLA; the factors affecting the likelihood of
having NIHL were found to be experience, maximum noise level,
average noise exposure level, occupation, and age respectively. It
was found that AgexExperience interaction had the highest effe-
ct on the probability of NIHL, followed by OccupationxLpeak and
OccupationxL_ interactions. Employees in the 21-29 age group
with 1-8 years of experience are likely to experience hearing loss.
It was determined that drivers were exposed to average exposure
levels of 78.26 - 85.10 dB (A) and were more likely to NIHL. It can
be said that drivers are exposed to maximum noise of 138.6-143
dB (C), which increases hearing loss. It can be said that if drivers
and operators are exposed to noise without personal protection
under normal working conditions, their possibility of hearing loss
will increase. The reason for this can be explained by the fact that
drivers and operators are more exposed to the noise generated by
mining machines when idling or fully accelerated, compared to ot-
her occupational groups. The majority of young workers and those
with less experience are field staff. Therefore, the possibility of he-
aring loss in this occupational group should not be overlooked in
the interaction of AgexExperience.

Conclusion

Noise-induced hearing loss is one of the most common occu-
pational diseases encountered in mining and various parameters
are effective in its formation. Within the scope of the study, these
parameters were determined as miners’ age, experience, occupati-
on, L, and Lpeak. It was found that the probability of NIHL for field
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personnel is approximately 6 times higher than that of operators
and drivers. It has been found that NIHL increases up to 11 times
with age. With the developed logistic regression model, NIHL can
be successfully predicted in this enterprise and similar studies can
be performed in other enterprise. Age x experience, occupation
x maximum noise levels and occupation x average noise exposu-
re levels are the interactions that has the highest impact on the
probability of NIHL. In order to prevent NIHL in enterprises, it is
necessary to follow the technological developments in equipment
selection, organize the working environment, provide training and
take personal precautions. In addition, the use of personal protec-
tive equipment must be supervised. To prevent occupational dise-
ases and to eliminate the risks that may be encountered, personal
exposure levels must be below the legal limits and the measure-
ments are carried out periodically.
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ABSTRACT

Screening/classification is performed for the separation of particles by their sizes. There are empirical, phenomenological, and numerical models for
predicting the size distributions of screening/classification products. This paper introduces a new algorithm for the same purpose, which partially mimics
phenomenological and numerical models. The algorithm iteratively selects the monosize fractions with pre-defined probabilities, then carries particle
masses from the selected fractions either to the oversize or undersize product. The applicability of the algorithm was validated against the product size
distributions from some industrial-scale screening/classification equipment - namely rake classifier, sieve bend (0.212 mm), vibrating screen (20 mm), and
hydrocyclone - which are provided in the literature. The results show that the algorithm is predictive if each particle has a selection probability proportional
to the mass of its monosize fraction and some power of its diameter. Results also suggest that vibrating screens can provide the sharpest size separation.

Keywords: Screening, Classification, Pseudorandom number generation, Particle selection, Algorithm

Introduction

Screening/classification operations include the separation
of minerals or other particulate materials based on their sizes.
Comprehensive reviews on the fundamentals of both operations
are provided in the relevant literature (Gupta and Yan, 2016; Mu-
lar, 2009; Wills and Finch, 2016): The separation in screening is
achieved by carrying the particles to screen apertures, which are
either retained over or pass through the apertures. Meanwhile,
the particles are classified under a moving fluid such that they are
separated by their velocities in the fluid. The choice for screen-
ing/classification generally depends on the size distribution of
the feed material: The latter is preferred over the former if the
feed particles are finer, which may cause blinding at screen ap-
ertures. However, some successful attempts have been made to
replace hydrocyclones with high-frequency vibration screens
(Dlindar, 2020; Frausto et al., 2021).

Three main approaches, namely empirical (Austin, et al,
1984; Coelho and Medronho, 1992; King, 2012; Mular, 2009;
Nageswararao et al., 2004; Napier-Munn and Lynch, 1992; Wills

and Finch, 2016), phenomenological (Elskamp and Kruggel-Em-
den, 2015; Heiskanen, 1996; King, 2012; Mufioz et al, 2017;
Nageswararao et al., 2004; Napier-Munn and Lynch, 1992; Wills
and Finch, 2016), and numerical (Elskamp and Kruggel-Emden,
2015; Heiskanen, 1996; Khoshdast et al.,, 2017; Mangadoddy et
al,, 2020; Narasimha et al,, 2007; Wills and Finch, 2016) models,
are adopted for predicting the coarse and fine product size dis-
tributions of screening/ classification process. Empirical mod-
els are the mathematical functions - e.g,, partition curves (Gupta
and Yan, 2016; Svarovsky and Svarovsky, 1992) - to predict the
process outputs although they cannot describe the separation
process. Phenomenological models - e.g,, first-order screening ki-
netics (Elskamp and Kruggel-Emden, 2015) and particle velocity
equations in hydrocyclone (Heiskanen, 1996) - are the semi-em-
pirical functions that are based on the fundamental aspects of
separation. Numerical models use the iterative computation rou-
tines - e.g,, (i) Discrete Element Model (Davoodi et al., 2019; Dong
and Yu, 2012; Elskamp and Kruggel-Emden, 2015; Kruggel-Em-
den and Elskamp, 2014; Zhao et al.,, 2016) for vibrating screens/
sieve bends, (ii) Computational Fluid Dynamics (Khoshdast et al.,
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2017; Mangadoddy et al., 2020; Narasimha et al., 2007) and their
coupling (Mangadoddy et al., 2020; Tang et al., 2018) for hydrocy-
clones/hydraulic classifiers - to predict the motion of particles in
the separation vessels.

This paper presents a computational algorithm to predict the
size distributions of oversize (coarse) and undersize (fine) prod-
ucts of different screening/classification operations. The algorithm
implements a pseudorandom number generator into a particle se-
lection routine, which iteratively distributes particles to the coarse
or fine product. The proposed algorithm mimics (i) the phenome-
nological models by taking account of the size-mass balance, and
(ii) the numerical models by iterative carriage of particles to the
coarse or fine product. However, the algorithm cannot predict the
percentage of water recovery from feed to undersize (or oversize)
at wet classification. The applicability of the algorithm was validat-
ed against the coarse and fine product size distributions of some
industrial-scale separations (Austin et al.,, 1984; Olson and Turn-
er, 2002) that were performed with the rake classifier, sieve bend
(0.212 mm), vibrating screen (20 mm), and hydrocyclone.

1. Experimental methodology

Figure 1 demonstrates the flowsheet for the simulation of

screening/classification. The algorithm started by selecting a
size fraction from the initial feed mass, using the pseudorandom
selection routine through the pre-defined selection probabil-
ities. The mass of the mean particle of the selected size fraction
was removed from the feed and further moved to the same size
fraction of the undersize product. Then, the masses and the size
distributions of the remaining feed and undersize product were
calculated. The mean particle masses were (i) successively select-
ed from the feed size fractions and (ii) moved to corresponding
undersize fractions until the simulated 80 % passing size (d,,) of
the remaining feed exceeded the experimental d, of oversize. The
remaining feed mass was then assigned to the oversize product.
Finally, the simulated masses and size distributions of the oversize
and undersize products were calculated. The simulated data were
compared with the corresponding data of experimental products.
During the successive particle selection stage, the masses of parti-
cles were calculated assuming that they were spherical. The mean
particle size of each size fraction, except the finest unbounded size
fraction (pan), was taken as the geometric mean of its lower and
upper screen sizes. Meanwhile, the mean particle size of the pan
was taken as the average between the aperture size of the finest
screen and zero.

Start

Input:
The feed size distribution
Initial mass of the feed
Density of the feed
Selection probabilities of each size fraction

End

Assign remaining feed to oversize product
Calculate the size distribution of oversize product.
Calculate the masses of oversize and undersize
Compare the simulated and experimental size
distributions of oversize and undersize products

Simulated dg( of the remaining feed

< Experimental dg( of the oversize product

Simulated dg( of the undersize product

> Experimental dg( of the undersize product

or

number selection routine J

1

Move the mass of the geometric mean particle

Select a size fraction by using pseudorandom

from feed to undersize. }

Move the mass of the selected
particle back from undersize to
feed.

4 N

Calculate:

The size distribution of remaining feed.
The size distribution of undersize product
The mass of remaining feed and undersize

product

he mass of any size)
fraction <0

. /

Figure 1. The flowsheet for the simulation of screening/classification by selecting and carrying feed particles to un-

dersize product
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Each particle selection event was simulated by using the
MATLAB’s built-in DATASAMPLE function. The routine used the
MATLAB’s built-in DATASAMPLE function to generate the integer
index of a size fraction for particle selection (Figure 1). The function
used the Mersenne Twister algorithm (Matsumoto and Nishimu-
ra, 1998) coupled with a binary search tree algorithm (Wong and
Easton, 1980) for the weighted sampling of the data. The size frac-
tions were selected with a probability (p,) being proportional to
their mass (m,) and a power (n) of its geometric mean diameter (x,):

m; x]
®
where i=1 is the top size fraction, and z is the sink size fraction of
the feed.

The algorithm was tested against the coarse and fine product
size distributions of some industrial-scale separations achieved at
(i) a rake classifier, (ii) a sieve bend (0.212 mm), (iii) a vibrating
screen (20 mm), and (iv) a hydrocyclone. The experimental feed and
product (oversize, undersize) size distributions at (i)-(ii)-(iii) were
taken from Austin et al. (1984). Meanwhile, the respective experi-
mental size distributions at (iv) were taken from Olson and Turner
(2002). However, it was not explicitly stated whether the experimen-
tal size distribution errors were reduced by performing mass bal-
ancing around (i)-(iv). For the purpose of simulation, the feeds for
(i) and (iii) were assumed as quartz (density = 2.75 g/cm?®) while the
feeds for (ii) and (iv) were coal (1.3 g/cm?®) and iron ore (3 g/cm?),
respectively. The top size fractions that had been unbounded in the
experimental feed size distributions were discarded from the sim-
ulation and evaluation. The total mass of oversize product after an
experimental screening/classification process was estimated by av-
eraging mass balances on the experimental size distribution curves:

pi =5 n) (Camalan, 2021)

Z
i=1(mi x;

Oversize or Coarse Mass (% Feed Mass) =
UjFj (2)

U;j-0;

Z] 100+*
J

where q is the total number of screens around which the mass bal-
ances are taken. F]., Uj, and O]. are the cumulative masses % of feed,
undersize, and oversize, respectively, which are passing through
the screen j.

2. Results and discussion

Table 1 showsthe simulated and experimental massesofoversize
(coarse) and undersize (fine) products of the different screening/
classification equipment. The results show that simulated masses
are comparable to experimental masses, indicating the algorithm’s
success in predicting the separation products. Meanwhile, Figure
2 demonstrates the experimental and simulated size distributions
of oversize and undersize products of the rake classifier (Figure 2a),
the sieve bend (Figure 2b), the vibrating screen (Figure 2c), and the
hydrocyclone (Figure 2d). The experimental feed size distributions
are also shown with symbols in the figure. Figure 2a-d shows that
the simulated size distributions of oversize and undersize products
shift downwards and upwards from their corresponding feed size
distributions, respectively. In other words, the simulated oversize
is qualitatively coarser than its feed, yet the simulated fine product
is finer. This suffices to prove that the algorithm can make logical
predictions on the separation products. Figure 2 also shows that all
simulated size distributions of undersize products agree quite well
with the respective experimental size distributions. However, the
simulated size distributions of coarse products may deviate from
the respective experimental curves at the fine size scale. Such devi-
ations are visible between the simulated and experimental curves
of the coarse products of rake classifier (Figure 2a), sieve bend
(Figure 2b), and vibrating screen (Figure 2c). A possible reason for
these deviations may be the misclassification of fines to the coarse
product in the screening/classification operations, which may not
be reflected in the particle selection routine (Section 2). Some op-
erational factors that may cause the fines’ misclassification can be
defined as (i) insufficient drainage and passage of fine particles to
the screen aperture (Dong et al., 2013), and (ii) bypassing of fines
with water flow in classifiers (Kelly, 1991).
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Table 1. The simulated and experimental masses of the oversize products of
the screening/classification equipment

Oversize Mass

Equipment (% of the Feed)
Simulated Experimental
Rake Classifier 55.49 62.16
Sieve Bend 50.55 55.45
Vibrating Screen 32.90 32.89
Hydrocyclone 66.06 59.97
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Figure 2. The experimental (symbols) and simulated (lines) size distribu-
tions of oversize and undersize products of (a) rake classifier, (b) sieve bend,
(c) vibrating screen, and (d) hydrocyclone. The experimental feed size distri-
butions are also included in the figure. The experimental size distributions in
(a)-(c) and (d) were taken from Austin et al. (1984), and Olson and Turner
(2002), respectively.
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Table 2 shows the ‘n’ values used to generate the probabilities
(Equation 1) for the selection of particles to undersize products
at different screening/classification equipment. The table shows
that the '’ values required to simulate the products at rake classi-
fier, sieve bend and hydrocyclone are similar to each other. How-
ever, the respective ‘n’ value for the vibrating screen are visibly
the lowest. Using lower ‘n’ values must provide more chance for
relatively finer particles to get selected into the undersize product,
as indicated by Equation 1. Therefore, this result strongly suggests
that the vibrating screens can outperform sharp separation of fine
particles from the coarse ones. Some additional evidences are also
available in the literature showing that the vibrating screens yield
sharper tromp curves as compared to hydrocyclones (Diindar,
2020; Wills and Finch, 2016).

Table 2. The ‘n’ values used to generate the probabilities (Equation 1) for
particle selection to undersize products of different screening/classification

equipment
Equipment “n” value (Equation 1)
Rake Classifier -4.5
Sieve Bend -4.25
Vibrating Screen -6.5
Hydrocyclone -4.2

The default form of the algorithm is to select and carry particles
from feed to undersize product till the simulated d,, of the remaining
feed is larger than the experimental d,, of oversize product (Figure
1). Also, the algorithm can be revised in a way that the feed particles
were selected and carried to the oversize product (Figure 3). In this
case, the algorithm is executed till the simulated d,, of the remaining
feed is lower than the experimental d, of the undersize product. The
applicability of this revised algorithm was also tested against the ex-
perimental product size distributions of the rake classifier, the sieve
bend, the vibrating screen, and the hydrocyclone (Section 2). Figure 4
shows that the simulated and experimental product size distributions
are in good agreement when the selection probability of feed parti-
cles to oversize product is calculated by the p, formulation (Equation
1). Table 3 also shows the simulated masses of oversize (coarse),
which are comparable to the experimental masses (Table 1).

Table 3. The simulated masses of the oversize products of the screening/clas-
sification equipment

Simulated Oversize Mass

Equipment (% of the Feed)
Rake Classifier 62.70
Sieve Bend 57.49
Vibrating Screen 33.18
Hydrocyclone 67.63

Start

Input:
The feed size distribution
Initial mass of the feed
Density of the feed
Selection probabilities of each size fraction

End

Assign remaining feed to undersize product
Calculate the size distribution of undersize product.

Calculate the masses of oversize and undersize
Compare the simulated and experimental size distributions
of oversize and undersize products

Simulated dg( of the remaining feed

= Experimental dg( of the undersize product

Simulated dg( of the remaining feed

< Experimental dg( of the oversize product

or

%

Select a size fraction by using
pseudorandom number selection routine
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Move the mass of the geometric mean
particle from feed to oversize.

Move the mass of the selected
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True

The mass of any size fraction

Calculate:
The size distribution of remaining feed.

False e N "
The size distribution of oversize product

The mass of remaining feed and oversize
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Figure 3. The flowsheet for the simulation of screening/classification by selecting and carrying feed particles to oversize product
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Table 4 shows the ‘n’ values used to generate the selection proba-
bilities (p,) of particles for the oversize products. These values are
quite higher than the respective ‘n’ values used to select particles
for the undersize products (Table 2). Therefore, that coarse and
fine particles in the feed have more chance to be carried to the
oversize and undersize products, respectively. More importantly,
if there is a large difference between the ps, congruently the n’
values, for oversize and undersize selection, a sharp size separa-
tion can be achieved. Referring to the ‘n’ exponents in Table 2 and
Table 4, the greatest differences in the p;s are possible at vibrating
screen, suggesting that it yields the sharpest size separation. When
a particle is to be separated by a vibrating screen either to oversize
or undersize fraction, its separation only depends on the particle
dimensions and the aperture size of the screen. Meanwhile, the
separation of a particle to oversize or undersize fraction is based
on its motion (trajectory) in a classifier. However, this trajectory
is not only affected by the particle size but also particle density
(Wills and Finch, 2016). Therefore, it is very likely that vibrating
screen should provide better size separation than the classifiers,
as supported by sharper partition curves in the former (Diindar,
2020).

Table 4. The “ values used to generate the (Equation 1) for the particle se-
lection to oversize products of different screening/classification equipment

“n” value (Equation 1)
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+2
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Figure 4. The experimental (symbols) and simulated (lines) size distribu-
tions of coarse and fine products of (a) the rake classifier, (b) the sieve bend,
(c) the vibrating screen, and (d) the hydrocyclone. The simulated size distri-
butions were produced by selecting and carrying feed particles to oversize
products. The experimental size distributions in (a)-(c) and (d) were taken
from Austin et al. (1984), and Olson and Turner (2002), respectively.
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Conclusions

An algorithm is presented to predict the size distributions of
oversize and undersize products of screening/classification op-
erations. The algorithm mimics (i) the phenomenological models
by taking account of the size-mass balance, and (ii) the numerical
models by iterative carriage of particles to coarse or fine products.
The algorithm iteratively (i) selects a monosize fraction, (ii) takes
a particle from the size fraction, and (iii) carries the particle ei-
ther to oversize or undersize product. The algorithm can predict
the size distributions of screening/classification products if each
particle has a selection probability proportional to the mass of its
monosize fraction and some power of its diameter. Results also
suggest that vibrating screens can provide the sharpest size sep-
aration.
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Cimentolu macun dolgunun (CMD) dayanim ve duraylihigini iyilestirmek icin CMD’de baglayici veya atik yerine alkali 6zellige sahip bir¢ok malzeme
ikame veya ilave olarak kullanilmaktadir. Fakat bu alkali malzemelerin CMD’nin yeralt1 suyu kirliligi tizerindeki etkisinin kapsaml bir sekilde
arastirilmasi gerekmektedir. Bu ¢alismada, CMD karisiminda siilfiirlit maden atig1 (S-MA) yerine ikame (agirlikca %10) olarak kalsitik ve dolomitik
kirectasi (KK ve DK) kullanilmasinin CMD’nin uzun dénem c¢evresel davranisina etkileri arastirilmistir. Bu amagla, CMD numuneleri 360 giine kadar
dinamik tank ligi testlerine tabi tutulmus ve elde edilen sizinti sular1 iizerinde pH, siilfat (S0,*) ve agir metal analizleri gergeklestirilmistir. Ayrica,
mineraloji ve mikroyap1 6zelliklerinin CMD’nin ¢evresel davranisina etkisi X-1sinlar1 difraktometre ve porozite testleri ile incelenmistir. Bulgular,
KK ve DK kullanimu ile sizint1 suyu pH'min alkali seviyelerde seyrettigini ve SO,* saliniminin énemli 6l¢iide azaltildigini gostermistir. Dahasi, KK
ve DK ikameli CMD numunelerindeki daha yogun mikroyap: CMD’den agir metallerin (Cu, Mo ve Pb hari¢) saliniminin engellenmesine veya biiyiik
Olciide azaltilmasina katki saglamistir. Sonuglar, CMD’nin mekanik 6zelliklerinin yanisira yeralti suyu kirliligi {izerindeki etkisinin de dikkatle
degerlendirilmesinin gerektigini ortaya koymaktadir.

Keywords: Kalsitik-dolomitik kirectasi, Cevresel davranis, Dinamik tank ligi, Agir metal

ABSTRACT

To enhance the strength and stability of cemented paste backfill (CPB), many alkaline materials are utilised as replacement or additive to
binder or tailings in CPB. However, the effect of these materials on groundwater pollution of CPB needs to be comprehensively investigated.
In this study, effects of the utilization of calcitic and dolomitic limestone (CL and DL) as replacement (10 wt.%) to sulphide mine tailings
(S-MT) in CPB mixture on the long-term environmental behaviour of CPB were investigated. For this purpose, CPB samples (CPBs) were
subjected to dynamic tank leaching tests over 360-days and the analyses of pH, sulphate (SO,*) and heavy metals (HMs) on the leachates
were carried out. The effects of mineralogy and microstructure on the environmental behavior of CPBs were also examined by X-ray
diffractometry and porosity tests. The findings showed that with the utilization of CL and DL, the pH of leachates remained at alkaline
levels and the release of SO,* was significantly reduced. Furthermore, the denser microstructure in CPBs of CL and DL contributed to be
prevented or be remarkably reduced the HMs-releases (except Cu, Mo and Pb). The results reveal that the mechanical properties of CPB
as well as its impact on the groundwater pollution should be carefully evaluated.

Keywords: Calcitic-dolomitic limestone, Environmental behaviour, Dynamic tank leaching, Heavy metal

Giris lii maden atig1 (S-MA) agiga cikmaktadir (Yilmaz vd., 2020). Avrupa
Birligi, cimentolu macun dolgu (CMD) teknolojisinin a¢iga ¢ikan bu
atiklarin yeraltinda giivenli bir sekilde depolanmasina imkan sunan
en uygun atik yonetim tekniklerinden birisi oldugunu belirtmistir
(European Commission, 2018). CMD, susuzlandirilmis tesis atigy,

Metal madencilik sektoriinde, degerli metallerin (Cu, Pb ve Zn
vb.) kazaniminda kullanilan flotasyon gibi cevher zenginlestirme is-
lemleri sirasinda biiyiik miktarda ince 6giitiilmiis (<100um) siilfiir-
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cimento (agirlik¢a %2-9) ve karisim suyundan olusan kompozit bir
mihendislik triiniidiir. CMD'nin ekonomik, teknik, operasyonel ve
cevresel faydalarindan dolayi, cevher iiretimi sonucu olusan yeralti
madeni agikliklarinin CMD ile doldurulmasi uygulamasi son yillarda
tlim diinyada artmustir (Yilmaz ve Ercikdi 2021). Sadece Avrupa’da
17 CMD tesisinin aktif ve 16’sinin insaat ve/veya kurulum asama-
sinda oldugunu belirten Yumlu (2020) bugiin diinya genelinde en
az 400 yeralti CMD tesisi oldugunu ve 100’e yakininin ise proje,
ingaat ve/veya kurulum asamasinda oldugunu bildirmistir. CMD,
maden atiklarinin yaklasik %50-55’inin yeralti maden agikliklarin-
da depolanmasina imkan verir ve bu sayede, 6zellikle siilfiir icerigi
yliksek olan sorunlu maden atiklarinin verimli bir sekilde bertaraf
edilmesi, komsu kaya¢ formasyonlarinin desteklenmesi, cevher
kayiplarinin ve seyrelmenin dnlenmesi ile cevher kazaniminin iyi-
lestirilmesi, yiizey ¢okmelerinin 6nlenmesi, yeriistii depolama ve
iyilestirme/onarma maliyetlerinin azaltilmasi veya ortadan kaldiril-
masl saglanir (Jiang vd., 2020; Koohestani vd., 2020; Yan ve Yilmaz,
2020; Cao vd., 2021). Ayrica, CMD karisimlarinda daha diisiik oranda
baglayici kullanilmasi ve bu teknoloji ile biiyiik boyutlu cevher to-
puklarinin iiretilmesinin saglanmasi isletme maliyetlerini azaltarak
ciddi oranda ekonomik fayda sunar (Pokharel ve Fall, 2013; Ercikdi
vd., 2017). Madeni alinmis iiretim bosluklarinin CMD ile doldurul-
masy, yeralti agikliklarinin durayliligini koruyarak zemin, yan duvar
ve tavan icin tahkimat goérevi gérmesinin yani sira isciler ve maden
ekipmanlari i¢in giivenli calisma platformlarinin olusturulmasi gibi
¢ok sayida teknik amaca hizmet eder. Dahasi, CMD teknolojisinin kul-
lanimu ile is¢ilik gereksinimlerinin azalmasi, maden iiretim dongiisii-
nlin hizlanmasi ve madencilik faaliyetlerinin iyilestirilmesi saglanir
(Yilmaz ve Yilmaz, 2018). Ekonomik, teknik ve operasyonel avantaj-
larimin yani sira, CMD, S-MA'nin ¢imentolu (alkali) ortamda giiven-
le depolanmasini saglayarak yeralti suyuna agir metallerin (As, Zn,
Cu, Pb, Cd, vb.) salinimini kolaylastiran asit maden drenajin1 (AMD)
azaltir. Ayrica, CMD icerisine eklenen baglayici ve asit notralize edici
malzemeler (mermer atigl: MA, ytiksek firin ciirufu: YFC, C-smufi ugu-
cu kiil: C-UK, insaat-yikint1 atig1: IYA vb.) CMD’nin porozite ve gecir-
genligini (10*-107 m/s) dustirerek CMD’nin i¢indeki ve etrafindaki
hava ve su akisin kisitlar (Coussy vd., 2011; Ercikdi vd., 2017; Yil-
maz ve Fall, 2017; Cihangir ve Akyol, 2018; Yang vd., 2020, Yilmaz
vd., 2018; Yilmaz vd., 2020; Yilmaz vd., 2021).

Maden ¢ikarma islemleri esnasinda yiizeyden ve/veya yeraltin-
dan gelen ve kirletici bilesenler igerebilen sular yeralti madeni ta-
banina goénderilir ve oradan disar1 desarj edilir. Bu yiizden, madeni
alinmis yeralt1 agikliklarinda depolanan CMD, uzun yillar (30 y1l vb.)
boyunca yeralti su seviyesinin (YSS) lizerinde kalabilir. Bu durumda,
ozellikle uzun dénemde, S-MA iceren ve YSS'nin lizerinde olan CMD
kiitlesinde atmosferik kosullara bagli oksidasyon meydana gelebilir
ve oksidasyon sonucu yeralti suyunu kirletme potansiyeline sahip
yliksek miktarda asit ve agir metal salinimi olusabilir. Dahasi, tesise
geri gonderilen proses suyunun tikinerlerde koyulastirilmasiyla bu
agir metallerin ¢ogunun geri kazanilmasina ragmen ¢ok sayida agir
metal tiirii igeren bir miktar proses suyu CMD kiitlesi tarafindan ye-
raltina génderilebilir. Fakat madendeki ¢alismalar sona erdikten ve
maden kapatma islemi basladiktan sonra, YSS ytikselebilir ve CMD
kiitlesi YSS'nin altinda kalabilir. Bu durumda ise, cevher tiretimi ve
dolgu uygulamasi siirecinde CMD kiitlesinde iiretilen ve depolanan
oksidasyon iiriinleri (asit, siilfat ve agir metaller) salinabilir ve yeral-
t1 suyunu kirletebilir. Ote yandan, CMD Kkiitlesi su altinda kaldiginda,
CMD icindeki yeterli su doygunlugu AMD olusumunun énlenmesi
veya azaltilmasi ile sonuglanan siilfir oksidasyonunu onleyebilir
veya azaltabilir. Béylelikle, oksijen, oksidasyon hiz1 agisindan suda
havaya gore daha az ¢oziiniir oldugundan dolay1 S-MA igeren
CMD’den kirletici bilesenlerin (stilfat, ¢éziiniir agir metaller, vb.) sa-
linimi 6nemli dlgiide sinirlandirilabilir (MEND, 2006; Schafer, 2016;
Hamberg vd., 2017; Hamberg vd., 2018; Bull ve Fall 2020; Yang vd.,
2020; Yilmaz vd., 2021).

Ekonomik, teknik, operasyonel ve ¢evresel agidan bir¢ok avan-
taja sahip olan CMD, yeralti madenlerinde uzun yillardan beri kul-

32

lanilmasina ragmen, CMD’den yeralti suyuna zararl Kirleticilerin
sizma riskinden dolay1 son yillarda CMD’nin ¢evresel davranisinin
titizlikle degerlendirilmesi biiyiik dnem kazanmigstir (Liu vd., 2020).
Bu yiizden, monolitik (yekpare) CMD numunelerinin laboratuvar
sartlarinda dinamik tank li¢i (DTL) testine tabi tutularak YSS altin-
da kalmis CMD kiitlesinin ¢cevresel davranisinin tahmin edilebilmesi
icin baz1 calismalar gercgeklestirilmistir (Coussy vd., 2011; Jiao vd.,
2011; Hamberg vd., 2015; Schafer, 2016; Hamberg vd., 2017; Seipel
vd., 2017; Hamberg vd., 2018). Arsenopirit atiklar1 iceren CMD’den
arsenik (As) salinimini inceleyen Coussy vd. (2011), 64 giine kadar
DTL testine tabi tuttuklar1 CMD numunelerinin bulundugu sula-
rin oldukea alkali (pH=10,4) oldugunu ve yiiksek pH'in arsenik
(As) salinimim hizlandirdigini rapor etmislerdir. Jiao vd. (2011),
CMD’nin yeralt1 sularina etkisini belirlemek icin en dogru yonte-
min, biitiin haldeki CMD numunelerinin dogal olarak saf su igeri-
sinde uzun siire bekletilerek jeokimyasal analizlerinin yapilmasi
oldugunu belirtmistir. Arastirmacilar, hazirladiklar1 kiibik CMD
numunelerini 8-75 giin arasinda saf su icerisinde bekleterek agir
metal (As, Pb, Cd ve Zn) salinimi miktarlarindaki degisimi incele-
mislerdir. Sonuclardan, CMD’nin yeralti madenlerinde kullanimi-
nin yeralti sular1 agisindan problem olusturmadig: bildirilmistir
(Jiao vd., 2011). Bagka bir ¢alismada, Hamberg vd. (2015) siyaniir-
lii maden atig1 ve bu atik ile tiretilen CMD numunelerinin (Portland
cimentosu: PC ve PC-Ucgucu kiil: PC-UK) cevresel davranisini (pH
ve agir metal salinimi (As, Ca, Fe, S, vb.)) arastirmak icin 64 giine
kadar DTL testleri yapmistir. Atik ile karsilastirildiginda, CMD nu-
munelerinde silfiir (S) saliniminin azaldig1 ve numunelerin (PC
ve PC-UK) alkali pH seviyelerinde (7,9-10,4>3,9-6,0) seyrettigi
gozlenirken, atik ve PC-UK’ya kiyasla PC ile iiretilen numuneler-
den daha yiiksek As salindig1 belirlenmistir. Schafer (2016) yliksek
As icerikli altin atiklar1 (S*= %0,22, pH= 7,71) kullanarak %3-12
arasinda degisen baglayic1 oranlarinda CMD numuneleri hazir-
lamis ve DTL testini kullanarak CMD’nin jeokimyasal davranisini
incelemistir. Arastirmaci, baglayici oraninin %3’ten %12’ye art-
tirllmasinin toplam As salinimini énemli derecede (0,076<0,423
mg/1) azalttigini belirlemistir. Ayrica, geleneksel test yontemleri
(statik ve kinetik testler) ile karsilastirildiginda, monolitik CMD
numuneleri ile gerceklestirilen DTL testinin CMD’nin uzun dé-
nem ¢evresel davranisini degerlendirmek icin daha temsili kim-
yasal salinim sonuglari sagladigi rapor edilmistir (Schafer, 2016).
Diger calismalarda (Hamberg vd., 2017; Hamberg vd., 2018), ya-
zarlar diisiik dayanimlh (0,2 MPa) CMD numunelerini 31 (normal
su altinda birakma) ve 446 (ge¢ su altinda birakma) giinliik kir
stiresi sonunda DTL testine tabi tutmuslardir. Sonuglar, diisiik da-
yanima sahip CMD’nin AMD olusumunu engelleme veya azaltma
konusunda yetersiz kalabildigini ve boylece ¢evresel problemlerin
(kirletici bilesenlerin saliniminda artis vb.) ortaya ¢ikabilecegini
gostermistir. Ayrica, oksidasyonun engellenmesi veya azaltilmasi
icin CMD kiitlesinin hizli bir sekilde su altinda kalmasinin gerek-
tigi vurgulanmistir. CMD’nin yeralt1 sularina etkisinin belirlenme-
sine yonelik gerceklestirilen deneysel ¢calismalarda (Coussy vd.,
2011; Jiao vd., 2011; Hamberg vd., 2015; Schafer, 2016; Hamberg
vd., 2017; Hamberg vd., 2018) kullanilan atik malzemelerin siil-
fiir icerigi oldukca diistiktiir (%0,22-2,0) ve jeokimyasal 6l¢iimler
75 giine kadar yapilmistir. Fakat Tirkiye'de, Cayeli Bakir (Rize) ve
Etibakir Kiire (Kastamonu) isletmelerinde CMD malzemesi olarak
kullanilan maden atiklarinin siilfiir icerikleri atik tipine baglh ola-
rak sirasiyla %34,68-37,40 ve %15,82-29,12 arasinda degismek-
tedir (Yilmaz vd., 2021). Onceki ¢aligsmalar ile kiyaslandiginda,
Yilmaz vd. (2021) DTL testini kullanarak S-MA (%15,82 S*) yerine
%10 oraninda endiistriyel atik malzeme (YFC ve C-UK) ikamesi-
nin CMD’nin uzun dénem (360 giine kadar) ¢evresel davranisina
etkisini incelemislerdir. Arastirmacilar alkali endiistriyel atik mal-
zeme ikamesinin CMD’den salinan siilfat ve agir metal (Mo ve Zn
hari¢) miktarlarini 6nemli oranda azalttigin1 ve CMD pH‘sim1 360
giine kadar alkali seviyelere (10,3’e kadar) dogru yiikselttigini ra-
por etmislerdir. CMD’nin ¢evresel davranisinin arastirildigi 6nceki
¢alismalarda karisim igerisinde kullanilan PC veya S-MA'ya YFC ve
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C-UK gibi endiistriyel atik malzemeler ikame veya ilave edilmistir.
Fakat puzolanik 6zelligi bulunmayan ve yiiksek CaO veya CaCO,
icerigine sahip dogal alkali malzemelerin (mermer atig), kirectasi
vb.) CMD’nin uzun dénem c¢evresel 6zelliklerine etkisinin incelen-
digi herhangi bir ¢alisma bulunmamaktadir.

Bu arastirmada, silfiirlit maden atig1 (S-MA= %15,82 S*) yeri-
ne %10 oraninda ikame edilen kalsitik kirectas1 (KK) ve dolomitik
kirectasinin (DK) CMD’nin ¢evresel davranisi lizerine etkisi de-
gerlendirilmistir. Bu amacla, %8,5 PC oraninda hazirlanan kontrol
numuneleri (%100 S-MA iceren) ve iki farkl kiregtas1 (KK ve DK)
ikameli CMD numuneleri 180 giinliik kiir siiresi sonunda 30-360
giin boyunca dinamik tank li¢i (DTL) testine tabi tutulmustur. Her
lig siiresi sonunda pH, siilfat (S0,%) ve agir metal (Cu, As, Pb, Cd,
Co, Ni, Cr, Mo) analizleri gergeklestirilmistir. Elde edilen agir metal
salinimlari yeralti suyu sinir degerleri (YS-SD) ile karsilagtirilmig-
tir (WHO, 2011). Ayrica, mineraloji (XRD) ve mikroyap1 (MIP) test-
leri yapilarak malzemelerin (S-MA, KK ve DK) CMD’nin cevresel
davranisi izerindeki etkisi detayli olarak incelenmistir.

1. Deneysel ¢alismalar
1.1. Siilfiirlii maden atigi ve baglayict

CMD karisiminda kullanilan stlfiirlii maden atig1 (S-MA) ve
baglayic1 (PC: CEMI 42,5R) sirasiyla Etibakir Isletmesi (Kasta-
monu-Kiire) ve Askale Cimento Fabrikasi’'ndan (Trabzon) temin
edilmistir. S-MA ve PC'nin tane boyut dagilimi (TBD), 6zgiil agirlik
(0A) ve 6zgiil yiizey alan1 (OYA) testleri icin Malvern Mastersizer,
piknometre ve yiizey alani 6lger cihazi kullanilmistir. S-MA'nin
slam (<20 um) malzeme miktari, OA ve OYA sirasiyla %48,41, 3,37
g/cm? ve 4440 cm?/g olarak 6l¢iilmiistiir (Sekil 1 ve Cizelge 1). Ay-
rica, yapilan OA ve OYA testlerinden, CMD karisiminda kullanilan
PC'nin 3,12 g/cm?® OA ve 4330 cm?/g OYA'ya sahip oldugu tespit
edilmigtir (Cizelge 1).

Malzemelerin kimyasal 6zelliklerinin belirlenmesi i¢in XRF ve
gravimetrik yontem kullanilmistir. Sonuglar, S-MA'nin biyiik bir
béliimiintin demir (I11) oksit (Fe,0,) ve silisyum dioksit (Si0,) mi-
nerallerinden olustugunu gosterirken, PC’de kalsiyum oksit (Ca0)
ve silisyum dioksit (Si0,) baskin minerallerdir (Cizelge 1). S-MA
ve PC’'nin mineralojik karakterizasyonlari X- 1sinlar1 difraktometre
(XRD) cihazi ile gergeklestirilmistir. Mineralojik karakterizasyona
gore, S-MA'da baskin mineralin pirit (FeS,= %29,66) oldugu ve do-
layisiyla %15,82 oraninda stilfiir (S?) icerigine sahip oldugu belir-
lenmistir (Cizelge 1).
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Sekil 1. S-MA, PC, KK ve DK’nin tane boyutu dagilimlari (Yilmaz vd., 2020)

Cizelge 1. Malzemelerin fiziksel, kimyasal ve mineralojik ézellikleri (Yilmaz
vd.,, 2020)

Malremeler Kimyasal Ozellikler
Si0, ALO, Fe0, Mg0 Ca0 S? FeS,
S-MA 31,89 897 33,09 4,08 3,48 15,82 29,66
KK 086 023 006 022 55,26 - -
DK 0,12 0,09 0,06 20,18 32,28 - -
PC 21,02 527 306 2,19 62,91 - -
Fiziksel Ozellikler
Malzemeler Ozgiill agirhk ~ Ozgiil yiizey Mineralojik Ozellikler
(g/cm?) alani (cm?/g)
5-MA 3,37 4440 o ars
KK 2,63 5665 Kalsit
DK 2,79 5020 Kalsit, Dolomit
PC 3,12 4335 -

1.2. Kalsitik ve dolomitik kiregtasi

CMD karisimi igerisinde S-MA yerine %10 oraninda ikame
edilecek olan kiregtaslar1 (KK ve DK) sirasiyla Arakli-Tagonii ham-
madde ocagindan (Askale Cimento A.S.) ve Antalya-Karadz bolge-
sinden temin edilmistir. Laboratuvara getirilen KK ve DK (Sekil
2a,b), ceneli kiric1 ile kirillarak -2 mm boyutlu malzemeler elde
edilmistir (Sekil 2c,d). Ardindan, 6glitme islemi 6ncesinde malze-
meler etiivde (50°C/36 saat) kurutularak KK ve DK'nin dogal nemi
uzaklastirilmistir. Sonra KK ve DK bilyali degirmen kullanilarak
-100 um boyutuna 6égutiilmistir (Sekil 2e,f) (Yilmaz vd., 2020).

Sekil 2. KK (a,c,e) ve DK’'nin (b,d,f) boyut kiictiltme siireci

KK ve DK’nin fiziksel karakterizasyonu (TBD, OA ve OYA) i¢in
S-MA ve baglayict malzemelerin analizlerinde belirtilen cihazlar
kullanilmistir. KK ve DK’nin slam (<20 um) malzeme miktari, OA
ve OYA degerleri Sekil 1 ve Cizelge 1'de gosterilmistir. XRF analiz-
leri, KK'nin ¢ogunlukla kalsiyum oksit (Ca0) i¢erdigini, DK’'nin ise
kalsiyum oksit (Ca0O) ve magnezyum oksit (MgO) bilesimlerinden
olustugunu gostermistir. XRD ile belirlenen mineralojik kompozis-
yonlarindan ise KK’'nin kalsit mineralinden, DK'nin ise kalsit ve do-
lomit minerallerinden olustugu tespit edilmistir (Cizelge 1).

1.3. Asit-baz hesaplama (A-BH) testi

Bu statik test yontemi ile S-MA ve kiregtaslarinin (KK ve DK)
asit potansiyelleri (AP) ve nétralizasyon potansiyelleri (NP) hesap-
lanarak S-MA'nin asit iiretme potansiyeline karsilik KK ve DK’'nin
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nétralizasyon potansiyelleri belirlenmistir. Bu kapsamda, standart
Sobek test metodu (Sobek vd., 1978) dogrultusunda S-MA'nin AP
degeri, Esitlik 1 yardimi ile hesaplanmistir (Cizelge 2). Ardindan,
S-MA, KK ve DK'nin NP degerlerinin hesaplanmasinda kullanilan
fisirdama siiflar1 belirlenmistir. Daha sonra, asit-baz titrasyon
testi yapilarak malzemelerin NP ve net notralizasyon potansiyeli
(NNP) degerleri Esitlik 2 ve 3 vasitasiyla hesaplanmistir (Cizelge
2). A-BH testi ile ilgili bilgiler Yilmaz vd. (2021)'nin ¢alismasinda
daha detayl olarak agiklanmistir.

AP=31,25x S* 1)
NP=((A,xA)-(B,xB,))/a )
NNP= NP - AP 3)

Burada, A, ve A; sirasiyla kullanilan asitin normalitesi (N) ve
hacmi (ml), B, ve B,; sirasiyla kullanilan bazin normalitesi (N) ve
hacmi (ml) ve a; numune agirhgidir (g).

1.4. CMD numunelerinin hazirlanmasi

Testlerde kullanilan tiim CMD numuneleri %8,5 PC oraninda
ve 19,05 cm akigkanhkta hazirlanmistir. Clinki, yapilan 6n test-
lerde CMD’nin dayanim ve durayliligini koruyabilmesi ve maden
liretim dongiisiinlin glivenli bir sekilde ytiriitiilebilmesi i¢in ma-
den operatorleri tarafindan 28 giinde istenen kritik basing daya-
nimi degeri (21,0 MPa) (Yumlu, 2001) bu baglayic1 oraninda ve
akiskanlikta saglanmistir. Kontrol numuneleri tamamen (%100)
S-MA ile tretilirken, diger CMD numunelerinin (10KK ve 10DK)
tiretiminde S-MA yerine %10 oraninda KK ve DK ikame edilmis-
tir. Diislik oranda KK ve DK ikamesinin sebebi; giris boliimiinde
aciklandigl tizere, CMD teknolojisi ile maden atiklarinin yaklasik

%>50-55’inin yeraltt maden agikliklarinda depolanabilmesinden
dolay1 CMD operatorlerinin yeraltinda depolanacak maden atig1
miktarinin miimkiin oldugunca azaltilmasini istememeleridir. iki
farkl kirectasi kullanilmasinin sebebi ise, farkl fiziksel, kimyasal
ve mineralojik 6zelliklere (Cizelge 1) sahip malzemelerin CMD’nin
cevresel oOzelliklerine etkisinin arastirilmak istenmesidir. CMD
karisim tasariminda kullanilan parametreler Cizelge 3’te detayh
olarak verilmistir.

Hazirlanan CMD karisimlari, 20,8 It hacimli karistiricida (105
devir/dk donme hiz1 ve 7 dk) karistirilmistir. Homojenlestirilen
CMD karisimlari, 5x10cm (¢ap x boy) boyutlu silindirik kaliplara
doldurulmus ve 24 saat boyunca drenaj masasinda bekletilerek
CMD karisimlar icerisindeki fazla suyun disar1 atilmasi saglan-
mistir (Sekil 3a). Daha sonra, kiir dolabinda (%85 nem ve 20°C
sicaklik) acik bir bicimde 180 giline kadar kiir islemi uygulanmistir
(Sekil 3b).

Sekil 3. Drenaj masast (a) ve kiir dolabindaki (b) (MD numunelerinin gérii-
niimii (Yilmaz ve Ercikdi, 2021)

Cizelge 2. Malzemelerin A-BH testi sonugclari (Yilmaz vd., 2020)

Ozellikler S-MA KK DK  Ozellikler SMA KK DK
S% icerigi(%) 15,82 - - Asithacmi (ml) 20 40 80
CaoO igerigi (%) 348 5526 32,28  AP* 4944 0 0
Fisirdama sinifi Yok Sert Orta NP* 8,6 987,6 741,3
Asit normalitesi (N) 0,1 0,5 0,5 NNP* -485,8 987,6 741,3

*: kg CaCO,/ton atik

Cizelge 3. CMD numunelerine ait karisim parametreleri

Parametreler Kontrol KK DK  Parametreler Kontrol KK DK
fkame oran1 (%) 0 10 Su/¢imento orani 4,20 4,20 4,13
Baglayici orani (%) 8,5 Slamp (cm) 19,05

Kat1 orani (%) 73,70 73,69 74,03 180 giinliik dayanim (MPa) 1,56 1,62 1,67

Cizelge 4. CMD’lerin metal analizi sonuglart ve WHO (2011)’ya gore yeralti suyu sinir degerleri

Ana elementler (%) Eser Elementler (ppm)
Karisim tipi

Fe Ca Al Mg Cu Co As Ni Pb Cr Mo Cd
Kontrol 16,88 4,99 2,84 1,79 1153 582 144 54 88 126 9,6 31
10KK 15,19 7,02 2,48 1,60 1023 522 130 46 80 109 8,6 2,8
10DK 14,76 5,89 2,44 2,41 1010 516 124 46 74 104 8,7 2,6
Yeralti suyu sinir degerleri (mg/L) 2,0 i 0,01 0,07 0,01 0,05 0,07 0,03
(mg/m?) 201 - 1,0 7,0 1,0 50 7,0 3,0

34
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1.5. Dinamik tank li¢i (DTL) testi

180 giinlik kiir islemi sonunda CMD numuneleri (Kontrol,
10KK ve 10DK) kaliplardan ¢ikarilarak yiizeyleri (alt ve iist) diizel-
tilmis ve uzunlugu (h) kumpas ile dl¢liilmiistiir. Numunelerin kap
(tank) icerisinde tamamen 1slanabilmesi amaciyla her bir numu-
nenin geometrik ytizey alani (GYA) ve buna bagl olarak saf su hac-
mi (Vs) Esitlik 4 ve 5 ile hesaplanmistir (ASTM C1308-08, 2017;
US-EPA 1315, 2013; Yilmaz vd., 2021).

GYA (cm?)= 2mirx(r+h)
Vs (cm®)= GYA x 9+1

(4)
()

Ug farkli karisim tipinde (Cizelge 3) 3’er tane olmak iizere top-
lam 9 adet CMD numunesi her analiz tanki igerisine 1 adet olacak
sekilde birakilmis ve tank, numunelerin iizeri tamamen kaplana-
cak sekilde saf su ile doldurulmustur. Numuneler, agz1 kapali bir
sekilde 30, 60, 90, 180, 270 ve 360 giinliik li¢ siireleri boyunca
tank icerisinde bekletilmis (Sekil 4a) ve her li¢ siiresi sonunda yeni
analiz tankina alinarak iizerine taze saf su eklenmistir (Yilmaz vd.,
2021).

()

(b) ()

Sekil 4. DTL testinin sematik gériintimii (a) (Yilmaz ve Ercikdi, 2021), pH (b)
ve SO 7 (c) analizleri

Her li¢ siiresi tamamlandiginda alinan su numunelerinin 0,45
um’lik vakum filtre ile filtrasyon islemi gerceklestirilmistir. Son-
rasinda, alinan su numunelerinin pH ve SO,* analizleri yapilirken
(Sekil 4b,c), ICP-MS cihazi kullanilarak agir metal (Cu, As, Pb, Cd,
Co, Ni, Cr ve Mo) analizleri gercgeklestirilmistir. Ayrica 180 giin
sonunda DTL testine tabi tutulan numuneler ile ayn1 karisim
ozelliklerinde hazirlanan CMD numuneleri DTL testi éncesinde
ogiutiilerek ICP-MS cihazi ile metal analizine tabi tutulmustur (Ci-
zelge 4).

1.6. MIP ve XRD testleri

CMD’nin gevresel davranisina etkisini incelemek icin DTL tes-
tinde kullanilan numuneler ile ayni karisim 6zelliklerinde hazirla-
nan 3 adet CMD numunesi (Kontrol, 10KK ve 10DK) 180 giinliik
kiir siiresi sonunda oncelikle etiivde (50°C ve 60 saat) kurutul-
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mustur. Ardindan, civali Porozimetre (Micromeritics Autopore IV
9410) cihaz1 kullanilarak mikroyapi (MIP) testine tabi tutulmus-
tur (ASTM D 4404-18. 2018). Test prosediirii hakkinda daha fazla
bilgiye Yilmaz vd. (2018)’nin ¢alismasindan ulasilabilir. Ayrica, mi-
neralojik 6zelliklerdeki degisimlerin CMD’nin ¢evresel davranisi
tizerindeki etkisinin belirlenmesi icin DTL testi dncesi ve sonra-
sinda toplam 6 adet CMD numunesinin Bruker D8 Discover model
cihaz vasitasiyla XRD analizleri yapilmistir (Sekil 6).

2. Bulgular ve tartisma
2.1. Asit (pH) ézellikleri

30-360 giinliik li¢ stiresi boyunca DTL testine tabi tutulan CMD
numunelerinden (Kontrol, 10KK ve 10DK) elde edilen sizint1 sula-
rindaki pH degisimleri Sekil 5’de gosterilmistir. Genel olarak tiim
CMD numunelerinden elde edilen sizint1 sularinin nétral seviyenin
tizerinde (6,57-8,21) pH degerlerine sahip oldugu belirlenmistir.
Kirectasi ikameli numunelerde (10KK ve 10DK) ilk li¢ siiresi (30
giin) sonunda daha diisiik pH degerleri 6l¢iilmesine ragmen, son-
raki li¢ siirelerinde (60-360 giin) kontrol numunelerine kiyasla
%11,55’e kadar daha ytiksek pH degerleri gozlemlenmistir. Ayrica,
kontrol CMD numunelerinin pH’1 180 giinliik li¢ siiresinden sonra
diisme egilimi géstermistir. Fakat kirectasi ikame edilen CMD nu-
munelerinden elde edilen sizint1 sularinin pH degerlerinde stirekli
olarak artis tespit edilmistir (Sekil 5). Kontrol CMD numuneleri
ile karsilastirildiginda, 10KK ve 10DK numunelerinde elde edilen
daha yiiksek pH'1n muhtemel sebebi, alkali malzemelerin olduk-
¢a yliksek notralizasyon potansiyeline (Cizelge 2) ve daha yiiksek
OYA'ya (Cizelge 1) sahip olmalaridir. Potgieter-Vermaak vd. (2006)
OYA'daki artisin malzemenin nétralizasyon potansiyelini arttirdi-
gin1 rapor etmistir. Bu olumlu katkilara ek olarak, alkali malzeme-
lerde bulunan kalsit ve dolomitin ¢éziinmesi 10KK ve 10DK nu-
munelerinin bazikligini arttirmistir (Sekil 6b,c) (Yilmaz vd., 2020).
Jones ve Cetin (2017) geri doniistiiriilmiis agrega icerisindeki
¢imentomsu bilesenlerin (kire¢: Ca0, kalsit: CaCO,, vb.) ¢oziinme-
sinin AMD’nin pH'in1 yiikselttigini bildirmislerdir. Onceki ¢alisma
ile uyumlu olarak, kirectaslarinin kimyasal analiz sonuglari, KK ve
DK’'nin 6nemli miktarda CaO igerdigini gostermektedir (Cizelge 1).
Gecmis ¢alismalarda gerceklestirilen 64 giinliik DTL testlerinde
oldukea diisiik asit olusumu (pHz 10,4) gézlemlenmistir (Coussy
vd., 2011; Taha vd., 2019) ve bu calismayla karsilastirildiginda,
diisiik asit olusumu beton ve CMD’de kullanilan atik kayag ve atik
malzemelerin olduk¢a diisiik oranda siilfiir (%0,5-0,8%<%15,8)
icermesine baglanabilir.
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’ —&— 10DK —=—3Saf su
8,0 A
7,5 -
. ]
Q.
7,0
65
60 1— . . : : :
30 60 90 180 270 360
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Sekil 5. CMD'nin s1zint1 sularindaki pH degisimleri
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CMD karisimlarina ikame edilen KK ve DK’'nin CMD numunele-
rinden elde edilen sizint1 sularinin pH degerlerine etkileri incelen-
diginde ise, malzemelerin pH degisimine katkilar1 olduk¢a benzer
seviyededir (Sekil 5). Bunun muhtemel sebepleri, malzemelerin
asit notralize etme giiciinii gdsteren NNP degerlerinin birbirine
oldukga yakin olmasi (Cizelge 2) ve porozite gelisimine katki sag-
layan benzer OYA degerleriyle (Cizelge 1) sonuclanan birbirine ol-
dukgca yakin miktarda daha ince boyutlu tane (Sekil 1) icermesidir.
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Sekil 6. Kontrol (a), 10KK (b) ve 10DK (c) numunelerinin XRD profilleri

2.2. Oksidasyon (50 7) ézellikleri

Sekil 7, DTL testine tabi tutulan CMD numunelerinden (Kont-
rol, 10KK ve 10DK) 30-360 giinliik li¢ siiresi boyunca pirit mine-
ralinin oksidasyonu sonucu iiretilen ve birincil oksidasyon iiriinti
olan siilfat (SO,*) salimmi sonuglarini géstermektedir. Tim lig
stireleri boyunca CMD numunelerinden salinan siilfat konsant-
rasyonu miktarlar1 57,90-96,33 g/m? arasinda 6l¢tiilmustiir. CMD
numunelerinden salinan siilfat iyonlarinin DTL testi sirasinda elde
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edilen s1zint1 sularinin pH degerleri ile baglantili oldugu belirlen-
mistir. Yani, sizint1 suyunun pH degeri ne kadar yiiksekse CMD
numunelerinden salinan SO,* iyonlar1 miktar1 o kadar diistiktiir
(Yilmaz vd., 2021). Bu baglamda, Kontrol numuneleri ile karsilasti-
rildiginda, 10KK ve 10DK numuneleri li¢ siiresinden bagimsiz ola-
rak %23,7’ye kadar daha diisiik SO,* salinimi Giretmiglerdir. DTL
testlerinden 6nce ve sonra CMD numuneleri iizerinde gercekles-
tirilen XRD analizlerinin sonuglari, Kontrol CMD numunelerinde
nispeten daha fazla pirit oksidasyonunun meydana geldigini gos-
termektedir. Ayrica, KK ve DK ikameli numunelerden daha diisiik
siilfat iyonu salinmasi, sirasiyla kalsitin ¢6ziinmesi ve pirit oksi-
dasyonu sonucu olusan serbest Ca** ve SO,* iyonlarinin jips mine-
rallerini olusturmasiyla iliskilendirilebilir (Sekil 6). Bu ¢alisma ile
uyumlu olarak Hakkou vd. (2008) jips minerallerinin ¢6zlinmesi-
nin stlfat iyonu salimimini arttirdigini belirtmistir. Kirectaslarinin
CMD’den si1zint1 suyuna 30-360 giinliik li¢ siireleri boyunca sali-
nan siilfat miktarina etkisi degerlendirildiginde ise, sizint1 sulari-
nin pH degerleri (Sekil 5) ile uyumlu olarak 10KK ve 10DK numu-
nelerinin stilfat iyonu salinimlarinin birbirine ¢ok yakin seyrettigi
gorilmektedir (Sekil 7).
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Sekil 7. CMD numunelerin siilfat (SO 7)) salintimi sonuglar

2.3. Agir metal salinimi sonuglari

30-360 giinliik li¢ siireleri boyunca DTL testlerine tabi tutulan
CMD numunelerinden (Kontrol, 10KK ve 10DK) sizint1 sularina
salinan agir metallerin (As, Cu, Co, Cd, Ni, Cr, Mo ve Pb) toplam
konsantrasyonlar1 Sekil 8’de gosterilmistir. CMD’lerden salinan
toplam Cu-iyonu miktarlari incelendiginde (Sekil 8a), kirectaslari
iceren CMD numunelerinden (10KK ve 10DK) Kontrol numunele-
rine kiyasla oldukga yiiksek miktarda Cu-iyonunun (38,4-62,9 mg/
m?>4,5 mg/m?) salindig1 gortilmektedir. 10KK ve 10DK numunele-
rinden daha yliksek miktarda Cu saliniminin muhtemel sebebi; KK
ve DK’nin oldukga yiiksek notralizasyon potansiyeline sahip olma-
sindan dolay1 (Cizelge 2), bu numunelerin nispeten daha ytliksek
pH seviyesine (8,15-8,21>7,62) sahip olmalaridir (Hamberg vd.,
2018; Yilmaz ve Ercikdi 2021). Bu ¢alismadaki bulgularla uyumlu
olarak, Dayioglu vd. (2018), Cu ¢6ziiniirliigiiniin en diisiik oldugu
pH degerinin 6,5-7,0 oldugunu, ancak daha yiiksek pH seviyele-
rinde (yani alkali) Cu ¢ozlinlirliigiiniin 6nemli 6lciide arttigini
bildirmistir. Karisim igerisindeki siilfiir miktarinin oldukea diistik
oldugu beton (Gwenzi ve Mupatsi 2016) ve CMD numunelerinde
(Hamberg vd., 2018) gerceklestirilen dnceki calismalarda, 64 giin-
liilk DTL testleri boyunca benzer Cu-iyonu salinimlar1 (50,0 mg/
m? ve 17,4 mg/kg’'a kadar) ol¢iilmiistir. Ayrica, tiim CMD’lerdeki
Cu-iyonu salinimlari (4,5-62,89<201 mg/m?), yeralti suyu sinir de-
gerlerinin (YS-SD) altinda kalmistir (Cizelge 4).
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Sekil 8. CMD numunelerinden salinan agir metal konsantrasyonu sonuglari

Sekil 8a’ya bakildiginda, tiim CMD numunelerinin siilfiir oksi-
dasyonu nedeniyle oldukga yiiksek As-iyonu salinimi (67,4-93,8
mg/m?) urettigi asikirdir. Bu ¢alismadaki bulgularla uyumlu ola-
rak, gecmis ¢alismalarda maden atiklarindan yeralt1 suyu ortami-
na As-iyonu transferinin kimyasal siireclerle (alkali desorpsiyon,
stilftirlii minerallerin oksidasyonu ve ferrik oksihidroksitlerin in-
dirgeyici ¢ozlinmesi, vb.) gii¢lii bir sekilde baglantili olabilecegi
rapor edilmistir (Salzsauler vd., 2005; Sracek vd., 2014). Ayrica
Sracek vd. (2014), nétr veya alkali pH seviyelerinin, stlfiirli mi-
nerallerin oksidasyonundan dolay1 kat1 partikiillerin yiizeyinden
desorbe edilen As-iyonlarinin transferini engelleyemedigini be-
lirtmistir. Bununla birlikte, CMD karisimlarinda S-MA yerine si1-
rasiyla agirlikca %10 oraninda KK ve DK ikamesinin, muhteme-
len devam eden daha fazla alkali pH'in faydali etkisinden dolay1
(Sekil 5) As-iyonu siizlilmesini 6nemli dl¢iide (%28,2’ye kadar)
azalttigl gorilmiistiir. Dahasi, 10KK ve 10DK’da gerceklesen daha
disiik As-iyonu salinimi, CMD gozenek yapisinin iyilestirilmesi ve
boylece stlfiir oksidasyonunun azaltilmasiyla sonuglanan yiiksek
baglayic1 dozaji (agirlikca %8,5) ve S-MA'ya kiyasla daha kiiglik
tane boyutlu KK ve DK (Sekil 1) kullanimu ile iligkilendirilebilir. Bu
baglamda, iri boyutlu S-MA taneleri arasindaki bosluklarin daha
ince boyutlu kirectas: taneleri ile doldurulmasi sayesinde 10KK
ve 10DK numunelerinin toplam porozitelerinin (pmp]am) Kontrol
numunesine kiyasla %3,8’e kadar azaldig1 belirlenmistir (Sekil 9).
Daha ince boyutlu KK ve DK tanelerinin iri boyutlu atik taneleri
arasini doldurmasiyla sonuglanan porozitedeki kismi iyilesme KK
ve DK ikameli CMD numunelerinin dayanimin hafif seviyede art-
tirmistir (Sekil 1 ve Cizelge 3). Porozite ve dayanim 6zelliklerinde-

37

ki iyilesmeye ek olarak, CMD’nin i¢sel dayanimini olumsuz etkile-
yen jips ¢oziinmesinin Kontrol numunelerinde daha fazla olusmasi
daha yliksek As-iyonu saliniminin bir diger muhtemel sebebi ola-
bilir (Sekil 6 ve Sekil 8a) (Yilmaz ve Ercikdi 2021). As-iyonunda
gozlemlenen bu salinim seviyeleri YS-SD’nin (1,0 mg/m?) olduk-
¢a lizerinde goriinmektedir (Sekil 8a ve Cizelge 4) (WHO, 2011).
Bundan dolayi, ytiksek zehirlilik 6zelligi goz oniine alindiginda,
CMD’lerden 6zellikle As-iyonu salinimi oldukga endise vericidir.
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Sekil 9. CMD numunelerinin toplam porozite (pmplam) sonuglari

CMD numunelerinden sizinti sularina gegen Co-iyonu konsant-
rasyonlar1 degerlendirildiginde, Co-iyonu salinimi degerlerinin
9,3-19 mg/m? arasinda degistigi ve S-MA yerine %10 oraninda KK
ve DK ikamesinin numunelerden salinan Co-iyonu konsantrasyon-
larii yaklasik %51’e kadar azalttig1 tespit edilmistir (Sekil 9a).
Co-iyonu salinimlarindaki dikkate deger kisitlama, KK ve DK’'nin
olduke¢a yiiksek miktarda CaO icermesi sebebiyle Co-iyonlarinin
hidrasyon triinleri (C-S-H, vb.) icindeki CaO baglarindaki Ca-i-
yonlari ile yer degistirmesi ve Co-iyonlarinin C-S-H kafes yapila-
rina zarar vermeden hidrasyon iiriinlerinin yiizeylerine tutunmasi
(yapismasi) ile agiklanabilir (Yang vd., 2020). YFC ve C-UK igeren
CMD (1,20 mg/m?kadar) ve geri doniisiim agregasi iceren betonda
(2 mg/m?) gergeklestirilen gecmis ¢alismalarda bu ¢alismaya ki-
yasla oldukgea diisiik miktarlarda Co-iyonu salinimlari 6l¢tilmiistiir
(Taha vd., 2019; Yilmaz vd., 2021). Bu sonuglarin nedenleri, YFC
ve C-UK’'nin daha diisiik CaO igermesine ragmen ilave baglayicilik
ve puzolanik 6zelliklerinin bulunmasindan dolay1 (Fall vd., 2009;
Ercikd1 ve Yilmaz, 2019; Yilmaz vd., 2020), CMD’nin mikroyapisi-
nin iyilestirilmesine daha fazla katk: saglamasi ve betonda olduk-
¢a yliksek miktarda (340 kg/m?) baglayici kullanilmasidir. Ayrica,
WHO (2011) tarafindan yeralti sularinda kobalt (Co) i¢in bir sinir
degeri belirlenmemistir. Diger taraftan, tiim CMD karisimlarindan
(Kontrol, 10KK ve 10DK) benzer seviyede (6,6-8,6 mg/m?) Mo-i-
yonu salinimlar1 meydana gelmistir. Ayrica, sizint1 suyuna benzer
miktarlarda Mo-iyonu salinmasina ragmen, sadece 10DK’nin Mo-i-
yonu salinim miktar1 YS-SD’nin hemen tzerinde (8,6>7,0 mg/m?)
gerceklesmistir (Sekil 8a ve Cizelge 4).

Sekil 8b, CMD karisimi icerisinde S-MA yerine 6zellikle %10
DK ikamesinin Ni-iyonu hareketliligini (0,5 mg/m?) neredeyse
Onledigini gostermektedir. 10KK numunesi ise, Kontrole kiyasla
Ni-iyonu hareketliligi konusunda nispeten daha basarili olmustur.
Bu da Chen vd. (2009) tarafindan o6nerildigi izere KK ve DK gibi
alkali malzemelerin eklenmesinin CMD’den Ni-iyonu saliniminin
engellenmesi veya azaltilmas1 yoniindeki faydal etkisini goster-
mektedir. Bu ¢alisma ile karsilastirildiginda, Hamberg vd. (2018)
agirlikca %1,0 ¢imento dozajinda hazirlanan ve 446 giinliik kiir
stiresine tabi tutulan CMD’lerden nispeten yiiksek bir Ni-iyonu sa-
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linimi (8,5 mg/m?) bildirmistir. Arastirmacilar, baglayic1 dozajini
%3’e cikarip kiir stiresini 31 giine diistirdiiklerinde Ni-iyonu sali-
niminda 6nemli bir azalma (3,3 mg/m?ye kadar) gozlemlemisler-
dir. Boylece, CMD kiitlesinin tamamen su altinda kalma stiresinin
uzamasinin Ni-iyonu saliniminda 6nemli miktarda artisa yol agti-
g1 belirlenmistir (Hamberg vd., 2018). Dahasi, bu calismada elde
edilen Ni-iyonu salinimlart WHO (2011) tarafindan belirlenen YS-
SD’nin epey altinda kalmistir (Sekil 8b ve Cizelge 4).

CMD numunelerinden 30-360 giinliik DTL testi boyunca sizin-
t1 suyuna gegen toplam Pb-iyonu konsantrasyonlari degerlendiril-
diginde, en disiik (0,5 mg/m?) salinim Kontrol numunelerinden
elde edilirken en yiiksek (4,0 mg/m?) salinim DK ikameli CMD
numunelerinde 6l¢lilmiistir. Kiregtas iceren numunelerden daha
ylksek Pb-iyonu salinmasi, sizinti suyunun pH degerinin alkali
seviyelere dogru ytikselmesiyle Pb-iyonu ¢6ziintirligiiniin artma-
siyla agiklanabilir (Yilmaz vd., 2021). Ek olarak, sadece 10DK’dan
Pb-iyonu saliniminin, yeralti suyu i¢in belirlenen sinir degeri (<1,0
mg/m?) astigini belirtmek yerinde olacaktir (Sekil 8b ve Cizelge
4). Bu ¢alismanin aksine, monolitik beton numunelerinin ¢evre-
sel davranisini arastirmak icin farkh karisim 6zelliklerinde beton
numuneleri iireten arastirmacilar (Taha vd., 2019; Gwenzi ve Mu-
patsi, 2016) DTL testlerindeki tiim betonlardan yiiksek miktarda
toplam Pb-iyonu salinimlari (sirasiyla 9,0 mg/m? ve 10,0-25,0
mg/kg) rapor etmislerdir.

CMD karisimi igerisinde tespit edilen diger bir agir metal olan
Cr-iyonu salinimi Sekil 8b’den incelendiginde, Kontrol numune-
lerinden sizint1 suyuna 6,5 mg/m? Cr-iyonu gecerken 10KK ve
10DK numunelerinde herhangi bir salinim tespit edilmemistir. Bu
faydali katkilar, Cr-elementinin C-S-H ile fiziko-kimyasal baginin
gelistirilmesine baglanabilir (Taha vd., 2019). Béylece, daha yiik-
sek dayanima (Cizelge 3) ve daha diisiik toplam poroziteye (Sekil
9) sahip CMD numunelerinde daha yogun olarak bulunan hidra-
tasyon triinleri (C-S-H, vb.) ile metal tasiyan fazlar kapsiillenmis
olabilir (Sekil 8b) (Zhengvd., 2016; Hamberg vd., 2018; Yilmaz vd.,
2020; Yilmaz vd., 2021). Ayrica, CMD numuneleri Cd-iyonu salini-
m1 konusunda benzer davranis sergilemislerdir. Kontrol CMD nu-
munelerinden sizinti suyuna 6,0 mg/m? Cd-iyonu salinirken, KK
ve DK igeren CMD numunelerinde salinim ya oldukga diisiik (0,05
mg/m?) olarak gerceklesmis ya da salinim olmamistir (Sekil 8b).
KK ve DK ikameli CMD numunelerinden Cd-iyonu hareketliliginin
neredeyse tamamen engellenmesinin nedenleri, nispeten daha al-
kali pH seviyelerinde (Sekil 5) Cd-¢6ziiniirliigiiniin diisiik olmasi
ve daha diisiik poroziteyle sonuglanan daha yogun CMD mikroya-
pisinin olmasidir (Sekil 9) (Yilmaz ve Ercikdi 2021). Dahasi, Yang
vd. (2020) Ca ve Cd iyonlarimin elektrik potansiyeli 6zellikleri ben-
zerlik gosterdiginden dolayi, CMD’lerden Cd-iyonu saliniminin, Ca
ve Cd arasindaki iyon degisiminden sonra Cd-iyonlarinin hidratas-
yon Uriinleri igerisine absorbe olmasiyla (emilmesiyle) azaltilmis/
engellenmis olabilecegini belirtmistir. Cr ve Cd iyonlarinin salinimi
miktarlart WHO (2011) tarafindan belirlenen YS-SD’ye gore ince-
lendiginde, sadece Kontrol numunelerinden salinan Cr ve Cd iyon-
larinin sinir degerleri astig1 belirlenmistir (Sekil 8b ve Cizelge 4).

Sonuglar

Bu calismada, laboratuvar o6lgekli DTL testleri uygulanarak
S-MA yerine ikame olarak agirlikca %10 oraninda KK ve DK kulla-
nilmasiin CMD’nin uzun dénem ¢evresel davranisi lizerine etki-
leri arastirilmisti. Bu amag kapsaminda, 180 giinliik kiir siiresinin
ardindan CMD numuneleri 30-360 giinliik li¢ periyotlar1 boyunca
DTL testlerine tabi tutulmus ve elde edilen sizint1 sularinin pH,
stilfat (SO,*) ve agir metal (Cu, As, Pb, Cd, Co, Ni, Cr ve Mo) ana-
lizleri yapilmistir. Ayrica, CMD numunelerinin XRD ve MIP testleri
yapilarak mineraloji ve mikroyapinin CMD’lerin ¢evresel davranisi
iizerindeKi etkileri incelenmistir.
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Sonuglar degerlendirildiginde, Kontrol numunelerinin sizinti
sularinda gézlemlenen pH artisi, 180 giinliik li¢ siiresinin ardindan
diigiis trendine girmistir. ilk li¢ stiresinde (30 giin) kontrole kiyasla
daha diisiik pH degerlerine sahip olan 10KK ve 10DK numuneleri
ilerleyen li¢ siireleri boyunca pH artisi trendini siirdiirmiis ve al-
kali seviyelerde kalmay1 basarmistir. Kontrol ile karsilastirildigin-
da, KK ve DK’'nin S-MAya ikame olarak kullanilmasinin, CMD’den
sizint1 suyuna gecen siilfat (SO,*) iyonu konsantrasyonunu lig
siiresinden bagimsiz olarak %23,7’ye kadar azalttig1 tespit edil-
mistir. Ayrica, KK ve DK ikameli CMD numunelerinde ortaya ¢ikan
daha diisiik poroziteli mikroyapi ile uyumlu olarak kirectasi iceren
CMD’den agir metallerin (Cu, Mo ve Pb hari¢) saliniminin engel-
lendigi veya biiylik 6l¢tide azaltildig1 gozlemlenmistir. Kontrolden
As, Cr ve Cd saliniminin WHO tarafindan belirlenen YS-SD’yi astig1
belirlenirken, DK igeren CMD’den Cr ve Cd saliniminin YS-SD’yi as-
i1 tespit edilmistir. Ote yandan, 10KK’dan yalnizca As-iyonu sali-
nim1, YS-SD'nin iizerinde gerceklesmistir.

Bu sonuglardan, CMD karisimlarinda alkali malzemelerin (KK,
DK, vb.) kullanilmasinin, CMD’nin kalitesini (mekanik, mikroyaps,
vb.) ve cevresel etkilerini 6nemli 6l¢ilide iyilestirebilecegi ¢ikari-
labilir. Fakat, bu bulgular, gelecekteki ¢alismalarin 6zellikle As
gibi yeralt1 suyu kirliligi bakimindan oldukga zararh kirleticilerin
saliniminin engellenmesi/kontrol altina alinmasi amaciyla daha
yiiksek kaliteli CMD tasarimlarinin gelistirilmesine odaklanmasi
6nem arz etmektedir.
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ABSTRACT

Grinding aids are commonly used in dry grinding to disperse the material in the system effectively and to improve grinding performance. Most of the
time, different grinding aids with varying dosages are tested in laboratory conditions by trial and error. A simple methodology is required to compare the
results of different grinding aids and dosages in batch milling. In this study, the utilization of the modelling approach in comparing the effect of grinding
aid types and dosages were aimed. In order to achieve this, an experimental program has been conducted using a laboratory-scale batch stirred ball mill.
The empirical model developed using the Farazdaghi-Harris model offers a new approach to determine the effect of grinding aids on grinding performance.

Keywords: Stirred ball mill, Fine grinding, Grinding aids, Modelling, Farazdaghi-Harris model

Introduction

Efficient fine grinding becomes increasingly essential due to
the increasing industrial demand for finely ground products. This
demand has led to the development of the new fine grinding mills,
i.e, stirred ball mills (Valery and Jankovig, 2002). Stirred ball mills
provide higher energy efficiency compared to conventional ball
mills in fine and ultrafine grinding operations due to their oper-
ational characteristics and particle breakage mechanisms. The
energy efficiency of the stirred mills is mainly ensured with the
use of smaller grinding media that is mixed at high stirrer speeds
and operated at high filling ratios. It can also produce fine-grained
products with narrow particle size distributions after the grind-
ing process by stirred mills (Gao and Forssberg, 1995, Zhengetal,,
1996, Kwade and Schwedes, 1997, Kwade, 1999). In recent years,
stirred ball mills are widely used for fine and ultrafine grinding
processing in the ceramics, chemical, food, cement, paint, phar-
maceutical, plastics and cosmetic industries

(Jankovic et al., 2004, Altun et al., 2013, Ouattara and Fran-
ces, 2014, Toprak et al.,, 2014, Gokcen et al., 2015). Demand
for stirred ball mills is increasing because of their ease of use,
simple construction, high size reduction ratio, low energy con-
sumption compared to other fine grinding machines and its
suitability for modelling studies (Gao and Forssberg, 1995,
Zheng et al.,, 1996).

Various mathematical models have been developed, aiming to
identify events occurring in the mill to assist in the design and
optimization of the ball mill operations. The developed models
also aim to describe the events occurring in the stirred ball mills.
These mathematical models can be used to estimate product size,
mill performance, and process simulation as well (Ferrara et al,,
1987, Gao and Forssberg, 1995).

Empirical modelling is one of the most widely used analytical
methods to produce practical solutions in engineering and indus-
trial studies and is extremely rich in terms of problem-solving
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potential. The empirical approach combines measurable process
variables, energy use and product size so that it can be used to
estimate a single size such as p,, 50 etc. or size distribution of
a mill discharge (Mannheim, 2007). Empirical models are gen-
erally developed using experimental data for a specific mill ap-
plication.

The empirical model developed in this study presents a new
approach for modelling the vertical stirred ball mill by employ-
ing the Farazdaghi-Harris model to determine the effect of grind-
ing aids on grinding performance.

Grinding aids (GAs) are generally organic compounds added
to the mill during the grinding, and their principal purposes are
to reduce the energy consumed in grinding and increase the effi-
ciency of the mill. During the grinding process, fine particles pro-
duced may agglomerate. The particles that agglomerated reduce
the fluidity of the material to be ground. Furthermore, the cush-
ioning effect caused by the coating of the grinding medium and
the liner with fine particles reduces the dry grinding efficiency
(Wang and Forssberg, 1995). Grinding aids commonly used in
dry milling significantly increase milling efficiency by prevent-
ing particle agglomeration, effectively dispersing particles, and
improving material fluidity (Paramasivam and Vedaraman, 1992,
Fuerstenau, 1995, Altun et al., 2015, Prziwara et al., 2018, Toprak
et al, 2018). In addition, they also increase grain liberation by
promoting breakage along grain boundaries. They are added to
the mill during the grinding in proportions calculated depend-
ing on the material weight to reduce particle agglomeration.
Grinding aids promote crack propagation when they enter the
existing crack in the particle, causing the particle to break more
easily (Choi et al., 2009). GAs are generally organic compounds
that contain glycols and amines. They are categorized into three
groups based on their structure: aliphatic amines-base, gly-
cols-base and phenol-base. The high polarity of their chemical
functioning groups reduces the surface energy forces, which
cause agglomeration of the newly produced particles (Jeknavori-
an et al,, 1998, Hashem et al., 2019)

Most of the time, different grinding aids with varying dosag-
es are tested in laboratory conditions by trial and error. A simple
methodology is required to compare the results of different grind-
ing aids and dosages in batch milling. In this study, the utilization
of the modelling approach in comparing the effect of grinding aid
types and dosages was aimed. For this purpose, an experimental
program was carried out using a stirred ball mill.

1. Material and methods
1.1. Material

Potassium feldspar, which was used as the test material in
grinding experiments, was supplied by Kiitahya Porcelain Com-
pany. After density analyses, the mean density of the test materi-
al was calculated as 2.65 g/cm?. The particle size distributions of
the feed and ground products were characterized using Malvern
Mastersizer 2000 Particle Size Analyzer. The average values of
three measurements were used for evaluating the experimental
results.

1.2. Method

The HD-01 model laboratory scale vertical stirred ball mill,
used in both dry and wet milling modes, was developed by Union
Process (USA) (Figure 1). This model ball mill is designed for using
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at stirring speeds ranging from 100 to 600 rpm. The HD-01 model
ball mills use alumina balls in diameters ranging from 3 to 6 mm as
grinding media. The typical feed size is less than 100 microns. The
HD-01 series mills have water-cooled jackets for cooling (or heat-
ing) the grinding tank. The grinding system has a data acquisition
software developed by the manufacturer company. The software
monitors the parameters used in the experiments and records the
observed experimental data in an Excel worksheet for future ref-
erences.

Figure 1. The Model HD-01 stirred ball mill used in the experiments

The grinding system consists of a grinding chamber and a cen-
trally positioned rotating stirrer. A constant gap of 6.35 mm was
left between the bottom end of the centrally positioned stirrer and
the bottom of the tank. The material to be ground is placed in the
tank with the grinding media and then is stirred by the shaft ro-
tating at high speed. When the stirrer starts to rotate, the experi-
mental parameters begin to be recorded with online data acquisi-
tion software. The high-speed stirring process causes the grinding
media to exert both shearing and impact forces on the material.
The ultimate result of the grinding process is an extremely fine-
grained product with narrow particle size distributions, measured
in micron or micron fractions. It is also possible to add chemicals
or additives to the mill at any time during milling or to take sam-
ples from the mill.

Table 1 shows the technical specifications of the stirred ball
mill used in the grinding experiments.
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Table 1. Technical data of the stirring ball mill

Mill Diameter, mm 80
Mill length, mm 120
The volume of the mill, cm? 592
The total weight of the ball, g 997.4
The diameters of alumina balls used as grinding media, mm 3and 5
The fraction of mill volume filled by the ball bed at rest (]) 0.72
The fraction of mill volume filled by powder bed (f) 0.216
The fraction of the spaces between the balls at rest which is 0.75
filled with powder (U)

Sample weight, g 203.3

2. Results and discussions
2.1. Grinding tests

The tests were initially conducted in conditions where no grind-
ing aids were used. As a result of breaking the ionic bonds of the
material due to a mechanical process, quite reactive positive and
negative charges are created on the newly broken surfaces (Assaad
etal, 2009). These charges enable the particles to agglomerate. As
a result, these particles adhere to the mill surface and balls more
easily. Following that, the tests were carried out at various dosages
with two different types of grinding aids. Grinding aids can be clas-
sified into three types based on their structure: aliphatic amine-
based, glycols-based and phenol-based (Hashem et al., 2019) The
amine group Triethanolamine (TEA) and glycol group Ethylene gly-
col (EG) are used in this study (as given in Table 2).

Ethylene glycol is absorbed by the particles and the mill sur-
face via hydroxyl groups, which neutralizes this electrostatic sur-
face charge. Furthermore, the alkyl part of EG shields the surface
charge of the particles, reducing adhesive forces and preventing
powder aggregation and coating. This effect increases the mill’s
ability to produce finer particles. The increase in grinding index
values caused by increasing EG dosage could be attributed to the
solid surface’s monolayer coverage. Unlike ethylene glycol, trieth-
anolamine causes the formation of multimolecular layers on rig-
id surfaces, chiefly when used in high doses. The absence of any
change in the grinding index values indicates the presence of this
formation. Grinding aids, which tend to form multimolecular lay-
ers, should be used with caution as they can create capillary forces
that favor agglomeration (Hashem et al., 2019).

The kinetic test program was implemented to observe the ef-
fect of grinding aids at different grinding times. Therefore, at each
grinding aid dosages, the grinding was carried out for 30, 60, 90,
and 120 minutes.

Table 2. Test conditions at different grinding aid dosages

Dosage (g/t) TEA EG
0 X
1000 X X
2000 X X
4000 X X

The size distributions of ground products with TEA and EG are
presented in Figures 2 and 3, respectively. Size distribution data
were utilized in the mathematical modelling of the mill.
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2.2. Mathematical Modelling of Batch Stirred Milling

The size reduction in a comminution system is achieved by
breaking the particles into smaller fragments. Reduction ratio in
each size class is given by (Pi/Fi) and defined as the cumulative
disappearance rate factor (Size vs In(Pi/Fi)) and this behaviour
can be mathematically expressed which can be used for modelling.
The data obtained from the batch grinding tests performed with-
out using grinding aids are used for modelling purposes. In order
to figure out the disappearance rate of particles in each grinding
test, the cumulative ratio change of the feed and product for each
size fraction was sketched by size (Figure 4). Especially at coarser
size ranges, the ratio was almost indicated similar behaviour for
varying grinding times. The major difference was in the fine parti-
cle sizes as it could be expected.

Rate vs Size-No Grinding Aid
0 9 RRERRERXAALL
aa&u“"a“
-1 .00000‘;’§§§a
— 0'.-'!-;)0‘9
ORI IR Frtie
g | 1
=34 *
= *x + 30 min
= 1 N ® 60 min
-5 - 490 min
x %120 min
-6 T T \
1 10 100 1000
Size(micron)

Figure 4. Particle disappearance rate when no grinding aid was used

The mathematical model of the batch grinding process is de-
fined by deriving the mathematical expression for particle size
versus the cumulative disappearance rate factor In(W (t)/W,(0)).
Farazdaghi-Harris approach (Eq.1) gave the best mathematical ex-
pression in terms of the data fitting (Farazdaghi and Harris, 1968).

N-1

1 (1)
y(x) - z a; + bl-xci

i=0

By using nonlinear Marquardt-Levenberg optimization tech-
nique or algorithm, the model parameters could be back-calcu-
lated (Marquardt, 1963). The model parameters a, b and c are
constants, which reflect the grinding conditions and material
properties. Specifically, b is related to the mill operating param-
eters such as ball size, tip speed and stirrer type and c is related
to material properties. Parameter a is reflecting the mill rheology
which is the grinding time (depending on fines generation), grind-
ing aid type and dosage.

Model fitting studies have been conducted for each grinding
time. As can be seen from the graphs given in Figure 5, there is a
good agreement between the fitted and experimental results indi-
cating that model structure represents the behaviour accurately.

For each data series, as mill operating conditions and the ma-
terial are kept constant the calculated values of the Parameters b
and c as constant numbers are -8.07E-04 and 2.362, respectively.
The effect of grinding time is reflected in the Parameter a, which
is presented in Figure 6. The change of Parameter a by grinding
time indicates that as the grinding time increases, the increase in
Parameter a reduces significantly. This behaviour is interpreted as
the slowing down effect of grinding by time. As a result, the ki-
netic behaviour of the grinding action can be reflected on a single
parameter while the other parameters are kept constant. These
parameters are thought to be the controlling parameters for the
grinding system and material properties. As the tests are conduct-
ed at the same system with the same material, no change has been
observed on the related parameters.
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2.3. Comparing the grinding aid types and dosages during batch
stirred milling

The structure of the model presented above can be used to
provide a quantitative comparison of grinding aid types and dos-
ages. The test results of TEA (Triethanolamine) and EG (ethylene
glycol) have been analysed with the suggested model structure in
order to prove this hypothesis.

The disappearance rate of material with varying dosages of
TEA and EG at different grinding times are presented in Figure 7
and 8, respectively.
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Figure 7. Disappearance rate of material with TEA at varying dosages
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As can be seen from the graphs, a similar trend could be followed
for varying grinding times, grinding aid types and dosages. In this
experimental study the findings indicated that below 10 micron
size the disappearance rate was increased. It is known that during
grinding the ground particles may agglomerate, for that reason the
dispersion effect of grinding aids on material is effective at very
fine size ranges. Normally in a continuous milling operation this
can be reflected on the discharge rate of the mill. But in a batch
milling environment there is no transport from the mill. Therefore,
at fixed milling operation conditions (ball size, ball load, tip speed)
the dispersed fine particles can be ground more effectively. At
shorter grinding times (in a batch grinding condition it is typically
below 30 minutes), the higher the aid dosage, the more effective
the grinding is. As the grinding times increase the fines generation
increases but the increased grinding aid dosages does not improve
the grinding efficiency. It can also be pointed out from the graphs
for extended grinding time that the effect of grinding aid dosages
on the grinding performance became stable.
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Figure 8. Disappearance rate of material with EG at varying dosages

The same model structure has been used in modelling studies for
each grinding aid dosage. Model fitting studies addressed high ac-
curacy in predictions as given in Figure 9. In order to simplify the
illustrations only two sets of data from TEA and EG are presented
as an example. In other test condition similar graphs have been
obtained.
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a: Results with TEA at 1000 ppm

Figure 9. Deviation of fitted data from experimental data set (a: TEA, b: EG
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Figure 10. Variation of Parameter a with TEA dosage

During the calculations, as explained above the effect of differ-
ent grinding aids and dosages could be reflected on the Parameter
a. The effects of operational conditions on the model Parameter a
were examined at different grinding times for TEA and EG at vary-
ing dosages, and the results are illustrated in Figures 10 and 11,
respectively.

Variation of Parameter a-EG
-0,5
) :
s -0,7 g %
E -0,9 . x ® no chemical
E *EG 1000
= -1l EG 2000
= y *xEG 4000
-1,3
20 40 60 80 100 120
Grinding Time (min)

Figure 11. Variation of Parameter a with EG dosage

As can be followed from the graphs in Figures 10 and 11, the
grinding rate seems to be slowing down as expected at increased
grinding times. This can be explained as a cushioning effect or in-
efficient grinding in the existing conditions. In order to address the
efficiency of grinding aid types, the comparison is given for differ-
ent grinding aids at the very shortest and longest grind time of the
tests. The data address that both TEA and EG are effective on grind-
ing performance of potassium feldspar while the EG has created
an adverse effect especially at higher dosages. The performance
improvement of the grinding operation is quantified by calculating
the A parameter. In this specific case, at higher dosages measured
for TEA, the Parameter a varies 15 % compared to without grind-
ing aid condition. A similar trend could be obtained for EG use as
well. But as the grinding aid dosage reduces the improvement on
grinding efficiency as reflected on Parameter a is limited to 8 %
change (as a comparison to no grinding aid condition). However,
high dosage use of EG indicates performance loss compared to the
conditions without using grinding aids. This behaviour points out
the critical concentration of grinding aids in the system and over-
dosing may end up in performance losses. This is related to the
re-agglomeration behaviour of dispersed particles. Therefore, for
each material type, grinding aid should be appropriately designed,
and the dosage use has to be optimised by quantified test data.
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According to the test results, the modelling approach is useful to
achieve this quantification process.

Conclusions

Batch vertical stirred mill can be modelled by relying on the
rate disappearance factor by size. The Farazdaghi-Harris equation
is well suited to express this situation mathematically.

The model parameters of the equation are thought to be rep-
resenting the grinding conditions, the design of the system, and
material properties. As the tests are conducted at the same system
with the same material, no change has been observed on the relat-
ed parameters. This allows reflecting the grind time and the effect
of grinding aids on a single parameter (Parameter a).

Additionally, the grinding aid type is important for each materi-
al used. This phenomenon has been reported in many studies sug-
gesting that GAs is solid-specific although there is no correlation
of global surface chemical properties (such as functional groups,
molar masses) with their effectiveness. From rheology studies,
the observations can be attributed to the varying degree of flow
properties such as flow index, bulk density, internal friction factor
and shearing cohesion (Chipakwe et al.,, 2020). The specific for-
mulation has to be implemented, and for each aid, an optimization
study should be run for determining the best dosage conditions.
Specifically, for comparative studies, the effect of the grinding aids
and dosage can be quantified by calculating Parameter a by using
the recommended model.
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