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1 Introduction

The aim of this chapter is to:
— Give a general introduction of refractory materials.
— Discuss thesis background and significance.

— Discuss thesis goal and objectives.

1.1 General

Refractories are materials having a withstanding functionality at large temperatures for a
sustainable period of time. It can sustain even in contact with corrosive gases and liquids.
The raw substance of refractory materials is naturally produced from synthetic materials
such as alumina, fireclays, bauxite, chromite, dolomite, etc [1]. Refractories were produced
on a worldwide scale of 36.9 million tonnes in 2014, with China alone producing about
two-thirds of this total. With 73% of the overall usage in 2013, the steel industry is by
far the largest end-user consumer of refractories globally [2][3].

1.2 Thesis Background

Refractory products are used in the inner linings of furnaces, ladles, kilns, etc, of all
elevated-temperature production processes such as cement, steel, and glass. The produc-
tion process of refractory raw material is quite energy-intensive and mostly has the highest
impact on the products’ carbon footprint. The development of efficient recycling processes
establishing circular economy routines for the refractory industry is therefore essential to
reduce CO5 emissions as well as preserve natural resources. In present practice, the fine
fraction (particle size < 5-10 mm) of the refractory waste is mostly used in landfilling
since it is challenging to recover elements/components for using as secondary raw ma-
terials and downcycling applications. Fine refractory waste is considered powders/bulk
solids, as their behavior is dominated by collective statistical characteristics rather than
the properties of individual particles. Due to the complexity of fine particle behavior
and strong particle-particle interactions, there are still many generic challenges in the
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field of powder sorting/classification/separation. The state-of-the-art of particle separ-
ation methods has not sufficiently developed to find efficient off-the-shelf solutions for
fine refractory wastes. This also makes a negative impact on the establishment of circu-
lar economy routes in many other industries, hampering efficient valorization of various
by-streams and wastes.

1.3 Thesis Signification

As already stated, refractory materials are discarded after serving their purpose. But
over the past 20 years, the refractory industry has preferred recycling, minimizing envir-
onmental harm and lowering operational costs [4]. In a steel plant, about 4,100 tons of
refractory refuse are produced each month. A part of refractory that is close to 40% can
be saved and used again in the industry with an effective recycling procedure [4]. Keeping
this in mind, the research will serve the following purposes:

e This research will help to reduce the harm that refractory waste does to the envir-
onment.

o This research will help to decrease the need to mine new raw resources for refractory
materials.

o This research will help to reduce production and operating costs.

1.4 Thesis Objectives

The main objectives of this thesis are as follows:
o Literature study to recognize the powder sorting and classifying technologies.

o Laboratory experimental trials using the sample materials to develop direct & cus-
tomized sorting methods.

e Draw conclusions based on the experiments.

18



1.5 Thesis Structure

This thesis has been structured as follows:
o Chapter 1 gives a general introduction and goals of this thesis.

o Chapter 2 gives an overview of the circular economy, studies related to refractory
materials, and state of art of related technologies.

o Chapter 3 sheds light on the experimental procedure of this thesis.
o Chapter 4 discusses the results and outcomes of this thesis.

o Chapter 5 focuses on final conclusion and future works.
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2 Literature Review

The aim of this chapter is to:
— Give an overview of the circular economy.
— Discuss why the Furopean Union takes the circular economy seriously.
— Discuss particle classification methods and technologies.

— Studies and research pertaining to materials sorting processes.

2.1 What is Circular Economy?

Circular economy (CE), a paradigm that encourages more responsible patterns of pro-
duction and consumption, has arisen during the past few decades. The over-exploitation
of natural resources is a result of the increased development in global good consumption.
Thus, the CE is a reaction to the need to integrate a system that emphasizes material
reduction, reuse, recycling, and recovery across the production, distribution, and consum-
ing processes in order to separate environmental pressure from economic development [5].
In actuality, it refers to minimizing waste. When a product reaches the end of its useful
life, its components are wherever possible preserved within the economy. These may be
productively applied repeatedly, adding more value [6]. Figure 2.1 shows an illustration
of the circular economy model.

2.2 Initiatives Taken by EU on Circular Economy

The European Union and China are currently well along in the adoption of the circular
economy model. In contrast, the European Union adopted its action plan for its imple-
mentation in 2015, while the latter passed a particular circular economy law in 2008 [5].

The circular economy action plan was unveiled by the European Commission in March
2020 with the goals of promoting more environmentally friendly product design, cutting
waste, and empowering consumers (for instance, by establishing a right to repair). The
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Reduce Environmental Footprint

Green Products
Recycle Waste, Rense Resources
Cleaner Production
Better Service
Minimize Waste
Reduce Resource Dependency Colleot at end-of-life Remanufacturs

Figure 2.1: Circular Economy

emphasis is on industries that use a lot of resources, such as electronics and technology,
plastics, textiles, and construction. A resolution on the new circular economy action
plan was adopted by the Parliament in February 2021. It called for additional steps to
be taken, such as stricter recycling regulations and binding targets for material use and
consumption by 2030, in order to achieve a carbon-neutral, environmentally sustainable,
toxic-free, and fully circular economy by 2050 [6].

2.3 Why Circular Economy is Important

Wastes are transformed into resources in a circular economy model so they may be re-
cycled and used again. Through deliberate and interconnected production chains, the
value of the resources that are created and exploited should be retained in circulation.
The final use of the material is considered part of the design process for functional systems
and products rather than a question of waste management [7].

The population of the globe is increasing along with the need for raw materials. Yet there
is a limited quantity of necessary raw resources. The ecosystem is significantly impacted
by the extraction and use of raw resources. Additionally, it raises COy emissions and
energy use. However, CO5 emissions can be reduced by using raw resources more wisely.
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Developing a more circular economy might positively affect the environment, increase
raw material supply security, promote competitiveness, encourage innovation, accelerate
economic growth, and generate employment. Additionally, consumers will receive items
that are more inventive and long-lasting, improving their quality of life and long-term
financial savings [6].

2.4 Concept of Recycling of Refractory Waste

Refractory industry products are essential for the manufacturing of heavy industrial goods
including cement, aluminum, and glass, as well as steel and iron [8]. A lack of refractory
materials, such as refractory bricks or refractory mixes, would make it impossible for
corresponding companies to create their goods using heat processes. Due to the poor
quality of the raw materials (regenerates) recovered from end-of-life materials, only a
tiny portion of the refractory materials now in use can be recycled. Considering this,
industrial recycling of refractory raw materials would decrease reliance, save resources,
and lower world CO4 emissions [8]. Refractory materials can be recycled using various
techniques, each of which requires a number of processes. Some of the most common
recycling process phases are sorting, sampling, spectrometer analysis, etc. The importance
of those phases, technologies, and certain scientific research and initiatives based on the
recycling of refractory materials waste are briefly reviewed in this literature review part
for better understanding.

2.4.1 Refractory Materials

Refractories are materials having a ceramic basis that is resistant to abrasion, corrosion
from acids and alkalis, exceptionally high heat, and other stresses [9].

These materials are employed in the linings of furnaces, kilns, incinerators, and reactors
and are frequently subjected to conditions exceeding 1,000 °F (811 K; 538 °C) [10].
There are different kinds of such materials used in industries. Neutral refractories are
employed in environments with either acidic or basic slag and atmosphere because they
are chemically stable to both acids and bases. Examples of these materials that are often
used include (i) Carbon graphite (most inert).(ii) Chromites (CryO3).(iii) Alumina [10].
Basic refractories are those that are resistant to alkaline slags, dust, and fumes at high
temperatures but vulnerable to acid slag damage. Such materials are: (i) Magnesia (MgO)
- caustic, sintered and fused magnesia. (ii) Dolomite (CaO*MgO) - sintered and fused
dolomite. (iii) Chromite - the main part of chrome ore [10].
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2.5 Theory

Materials sorting technologies have been discussed in this section.

2.5.1 Materials Sorting Techniques and Classifiers

There are a number of sorting and classification techniques that make use of various
material characteristics, such as the material’s surface’s hydrophobic or hydrophilic char-
acteristics or its electrical conductivity [11]. Traditionally two types of Classifiers are used
such as dry and wet classifiers and the main difference is the medium of suspension [12].
For wet classifiers liquid is sued as a medium of suspension and for dry classifiers air or gas
is used as a medium of suspension [12]. The majority of technological sorting techniques
rely on material preparation. Reducing the material’s size to a more appropriate shape is
typically the initial step in the sorting process. Shredding, milling, and other techniques
are used to achieve size reduction and fragmentation. Before the actual separation, the
material can also be cleaned if the procedure calls for it. Sieving might also come before
classification in a particular stage [11].

2.5.2 Automated Sorting

Direct sorting and indirect sorting are the two main categories of automated waste sorting
methods [13]. Direct sorting techniques use external forces like magnetic, eddy current,
and gravity to separate materials based on characteristics like electrical conductivity,
density, etc. On the other hand, indirect sorting makes use of sensors, and mechanical,
and automated devices to find recyclables in the waste and sort the items [13].

The REFRASORT European FP7 project seeks to provide an automated sorting tech-
nique to separate discarded refractory bricks into pure material fractions under industrial
circumstances. The REFRASORT system combines a cutting-edge identification method
based on LIBS (Laser Induced Breakdown Spectroscopy) with a mechanical handling
device capable of handling huge and heavy items[14].

2.5.3 Manual Sorting

It is the simplest hand-sorting process that may be seen where materials can be divided
into many groups. The simplest to arrange, although it is not the most productive or cost-
effective [11]. Manual sorting might not be a viable solution for large-capacity recycling
facilities [15].
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2.5.4 Screening Sorting

The most common and traditional way of grouping objects according to size is unques-
tionably screening [11]. Various screens and sieves can be used to separate waste and a
vibrating screen is the most typical screen used for screening dry bulk particles. Common
names for this sort of screen are gyratory separator and vibrating screening machine[16].

2.5.5 Air-Gravity based sorting

Different densities are needed for the sorted particles in this dry sorting method. The air
velocity is one of the most crucial operational factors for this sorting method. The fan’s
wind speed may be changed to alter the airflows. This method of sorting is utilized to
remove light or small particles from the stream during the operation [11].

Cross-Flow Classifier

Airflows in cross-flow classifiers are oriented to face perpendicularly to gravity. The gas is
pumped into the classifier horizontally from the intake on the left wall, as seen in Figure
2.2. The powders are fed downward into the classifier from the material input, which is
close to the gas nozzle. In the chamber, the particles are arranged in a fan-like pattern.
Due to fluid drag forces and gravity forces, the coarse and fine powders have distinct
trajectories in the separation zone, which causes the particles to be separated. More
quickly than fine particles, coarse powders settle. The separated particles are gathered
into fractions by positioning the various plates in relation to the gas entrance at certain
distances. They are frequently used to categorize particles by their densities rather than
their sizes [12].

Figure 2.2: Cross-flow classifier [12]
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Fluidized Bed Classifiers

In these systems, classification takes place above a fluidized bed where small particles are
removed by the airflow. The airspeed must be significantly higher than the maximum
fluidization speed of the fine fraction. Another advantage of this system is that coarse
particles can flow horizontally over the bed to the exit. Fluidized bed classifiers come in
both straight and elongating shapes. The latter, (Figure 2.3(a)) consists of a branch for a
coarse product, inlet and outflow pipes, and a conical chamber with a grid permeable for
particles fed from below. Because of the high air velocity in the openings, all the particles
go upward and into the cone, where the stream expands and the particles slow down.
The fine particles are transported away while the coarse material returns to the grid.
Crushing is removed in a subsequent generation of fluidized bed classifiers because the
feed is placed onto the grid from above (Figure 2.3(b), (c)). The formation of dead zones
inside the fluidized bed far from the axis, where the particles do not flow, is a drawback of
fluidized bed classifiers with cylindrical chambers of large diameters (above 1 m). These
zones are eliminated by FB classifiers’ oblong (oval) form chambers as in Figure 2.3(d)
[17].

4 Air+Fines 1 Air+Fines

Coarse Coarse-1

Air+Feed
(c) (d)

Figure 2.3: Fluidized bed classifiers [17]

Cascade Classifier

Shown in Figure 2.4, these devices often referred to as "zigzag classifiers,” are zigzag-
shaped vertical channels formed by cascades of numerous inclined branch pipes with
rectangular cross sections. Particles supplied from above are swept up by air moving
downward in a cross-current manner. There are vortices in the flow field inside the
chamber at the turn points, where the stream drags the fines and the coarse particles
cross it to flow down the opposite wall. When there is cross-flow, separation happens.

26



Multiple scavenging is made possible by the design of sequential pipes, which increases
separation effectiveness [17].

Airt+fines

Coarse

Figure 2.4: Cascade classifier [17]

Vortex Air Classifier

Centrifugal classifiers include vortex air classifiers in their category. Initially, this type
of classifier was thoroughly researched by Rumphf [12]. These classifiers are produced by
Alpine A-G based on Rumpf’s innovations. One of these devices (Figure 2.5) is made to
seem like a flat, horizontal cylinder with a vortex chamber within. Via inclined vanes,
particle-filled air is introduced into the chamber, where it travels in a spiral motion,
expelling the fines. The wall area is where coarse particles are pulled, and they depart
through a screw outlet. These classifiers are used to separate fine powders, such as
pigments, quartz, limestone, and others, with cut sizes ranging from 5 to 100 m. [17].

Air + Feed
.l ir

Coarse | @

' Vanes

Figure 2.5: Vortex air classifier [17]

2.5.6 Electro-Magnetic Sorting

The method of selective separation known as magnetic separation makes use of the various
driving forces that each particle is subjected to based on its magnetic properties. It
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is a potential technique to effectively separate magnetic particles. Conventionally, wet
magnetic separation systems are employed, but they have drawbacks, including the need
for drying after separation and trouble operating in cold climates. Therefore, magnetic
separation using a dry procedure is a potential alternative technique [18].

Electrodynamic Fragmentation

Figure 2.6 illustrates the process. This technique uses pulsed power discharges that sep-
arate compound materials individually. It uses a Marx generator to produce a higher rate
of high-voltage charges. Besides high voltage charges a high slew rate is important too
for the process. EF is an innovative method that helps to separate multi-phase materials
along grain boundaries. The discharge has to take place underwater to enable the pen-
etration of solid materials. This whole process is also called the "wet process” for that
reason |8].

- —

Electrical discharge ——— 7 ‘ . ‘
s 0w, 7 ot
; »eh,
Co
o —~

Composite materials between ‘ \ .
trodes under water

two electrodes unc

Figure 2.6: Electrodynamic fragmentation process

2.5.7 Particle Size Distribution (PSD)

The PSD is the abbreviation for particle size distribution. A sample of powder has a
variety of sized particles. It is required to determine the population size of the particles
and specify what percentage of the sample corresponds to each size in order to characterize
the solids for specific applications where size is an important characteristic [19].

Particle Size Distribution Curve

The outcome of the analysis of the particle size distribution is presented as a curve known
as the particle size distribution curve, where the cumulative percent of the material’s
finer portions—both coarse and fine-grained is expressed on the Y-axis and the size of a
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particle is expressed on the X-axis on a log scale.

There are two methods to display a PSD curve. Particle size rises from left to right in
one type of graph while decreasing from left to right in the other. Both representations
are employed for practical purposes. When observing the PSD curve, it is important to
pay close attention to the chosen horizontal scale [20].

Tromp Curve

The Tromp curve (Figure 2.7), also known as the separation curve is typically used to
assess a separator’s performance. Tromp curves are used to create a variety of features
that enable comparisons between one generation of separators and others[21].

Numerous features of the Tromp curve are crucial for assessing the separation process.
They are given numerical values by the Tromp curve: (Cut size value, Sharpness of
separation)[21]

The cut size dsg corresponds to 50% of the feed going into the coarse stream. This size
hence has an equal chance of crossing into coarse or fine streams [21].

The sharpness of separation is defined as follows [21]:

d7s
Sh=— 2.1
s (2.1)

Where, Tromp values of 25% and 75% for the particle size d»s and d75. An ideal separator
has Sh of 1 [21].

sharpness of cut

1,00
0.75 cut point'-
0,50
0,25
0 das dsg dzs

particle size (Jum)

Figure 2.7: Tromp Curve for Sharpness of separation [21]

2.5.8 Imperfection Factor

The imperfection factor provides a great understanding of separator behavior according
to the index shown in Figure 2.8. It can be used to compare different separators [21]. The
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formula is given below [21]:

= d1s — dps (2.2)
2% d5()
<02 0,4<I<06

Excellent separator Poor separator

0,2<I<03 0,6 <I<0,7

Good separator Bad separator

03<I<04 1>0,7
Normal separator Execrable separator

Figure 2.8: Imperfection Factor Index[21]

2.6 Literature Study on Refractory Waste Materials

In this section, research and experiments related to different classifying methods and their
performance analysis have been discussed. Some experiments related to the recycling of
refractory waste materials have also been put up to understand the art of state of the
powder technology processes.

2.6.1 Study related to the performance evaluation of classifiers

Q.Wang et al. [22] conducted an experimental investigation as well as a computational
analysis of cross-flow air classifier performance. Fluent, a package for computational fluid
dynamics (CFD), is utilized in the experiment. Using Laser Doppler anemometry (LDA),
the classifier’s flow fields were measured in a variety of setup scenarios and geometries.
The patterns of behavior of separation parameters, such as cut size and sharpness of
cut, have been examined under various boundary conditions using sieve analyses and the
HELOS-laser technique. The purpose of this study is to determine the causes of perform-
ance that fall short of expectations as well as measures to enhance cut sharpness using
computer simulation [22]. Glass spheres with a density of 2650 kg/ m> and a size range
of 50-1100 mm were utilized as the feed material. [22]. The findings showed that the
flow field in these classifiers largely depends on their shape and influences the sharpness
of the cut. The cut-size projections and the experimental data coincide quite well. The
key factors affecting the classifier’s performance are the vortex, particle-particle collisions,
turbulence, and variations in intake velocities [22].

Wei- Hsiang Lai et al. [23] conducted an experiment with gravitational classification cham-
bers to increase its accuracy and reduce drawbacks by coupling a high-quality closed-loop
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wind tunnel. Pb37 and Sn 63 were the testing materials for this experiment. After the
experiment, GCC was successful in classifying Pb-Sn particles smaller than 200 micro-
meters. There were some reasons that affected the performance of the classifier during
the experiment. One main reason was particle-particle collision due to the increase in feed
rate decreasing the performance of the classifier. The same reason was also mentioned in
the Q.wang et al experiment [22].

H. A Petit et al. [24] conducted an experiment to evaluate the effectiveness of a cross-
flow air classifier in lowering dust levels in produced sands. The washing method has
historically been used to address this issue. For this, air classification is being researched
as a possible replacement for washing that doesn’t include water. The evaluation was
conducted using discrete element modeling (DEM) and computational fluid dynamics
(CFD). Sand with a grain size of 0-3 and 0-6 were the two types chosen. 5, 10, and 15 m/s
were the three intake velocities that were examined. According to the results, sand that
meets the specifications for fine aggregates in concrete is produced when air classification
of 0-3 sand is done at 5 m/s. According to air classification, 0-3 sand production rates at
5 m/s, manufactured sand produced is equivalent to 75% of the material injected which
can be a further increase to 83%. If the classifier is redesigned to operate at speeds lower
than 5 m/s and to prevent recirculation zones, the performance may be enhanced. Sand
production is not within the acceptable ranges for fine aggregates when air classification
is performed at inlet speeds of 10 and 15 m/s.

2.6.2 Study related to the recycling of refractory materials

Seifert et al. [8] discussed the Electrodynamic Fragmentation method for the recycling
of ceramic waste materials. The method has been described briefly in Section 2.5.6. 3
different refractory wastes were investigated containing potential regenerates shown in
Table 2.1. For the recycling process, the regenerated ZAC and bauxite were used in
the refractory concrete(RC) and tabular alumina was used with tamped concrete(TC).
In parallel both mixtures were produced using primary raw materials to be used as a
reference sample for comparison. The result found that the workability of the freshly
produced mixture was comparable with the reference product [8].

Ji-gao Li et al. [25] proposed the shaking table gravity separator to separate and reuse of
refractory aggregate of zircon sand From shell waste. In this process, the zircon sand can
be used as surface sand material, but also be processed into powder and other products
[25]. The size of zircon sand in the used sand shell waste was found between the 80-120
mesh range. Two levels of magnetic separation were arranged during the gravity separa-
tion process to remove iron impurities[25]. After the experiment, it has been found that
using the gravity separation process, zircon sand was separated successfully from shell
waste[25]. The shape of the zircon sand was found good and Zr(ZrSiO4) content was
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Table 2.1: Sample material used [8]

Sample Material Potential Regenerates
Material 1 | Sintered brick for inlet | Bauxite, zirconia-alumina
chambers for rotary kilns fused grain (ZAC).
Material 2 | Corundum stone for alu- | White Corundum.
minum melting furnace
Material 3 | Functional refractory | Tabular alumina, white co-
ceramic from the steel | rundum
industry Bauxite, zirconia-
alumina fused grain (ZAC)
White corundum

found over 95wt% and FeyO3 content was found to be below 0.3wt%, which is considered
to be suitable for the production of castings and other applications|25].

Horckmans et al. [14] discussed an ongoing European FP7 project namely REFRASORT.
The aim of the project is to develop an automated sorting technology that will separate
waste refractory bricks into pure material fractions following industrial conditions. The
project emphasizes 8 type of refractories that covers 95% of the refractories used in the
steel industry [14]. The REFRASORT system combines a novel identification technique
based on LIBS (Laser-induced breakdown spectroscopy) with a mechanical handling sys-
tem able to deal with large and heavy objects [14]. Up to 8 different types of big, heavy
particles could be separated using the automatic sorting machinery that was developed.
The 8 types of refractories can be grouped into three main classes: magnesia-based,
doloma- based and alumina-based shown in Table 2.2 [14].

Simon et al. conducted an experiment on chromium oxide and chromium oxide corundum
refractories to enable the recycling of refractory materials by thermal treatment using arc
furnace technology [26]. By creating mixed CryO3 and Al,O3 crystals, chromium oxide
from used refractories was recycled (escolaite- corund). The CryOg rich wastes and clay
were melted in an arc furnace, and the resultant material was employed as a raw material
for new refractories with strong resistance against corrosion [26].

Most of the studies found are mainly based on computational simulation of the process
and analysis of the refractory waste classifying performance or chemical treatment of the
waste materials to enable the recycling opportunity to establish circular economy routes.
But nothing significant was found in lab-scale practical experiments to understand the
performance of the classifiers. That’s why this thesis focused on cross-flow air classifiers
for running lab-scale practical tests using steel and cement refractory waste materials.
The main focus of the thesis is to evaluate the performance of the classifiers in sorting
the waste particles to recover fine fractions of refractory waste enhancing the circularity
of the refractory industry.
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Table 2.2: Properties of 8 types of refractories studied in REFRASORT [14]

Group

Type

Composition

MgO-based

Fired MgO
MgO-C with antioxidant

MgO-C without antioxidant

High MgO, no C, low CaO
High MgO, 5 — 15 wt% C,
low CaO, antioxidant 3%
High MgO, 5 — 15 wt% C,
low CaO, no antioxidant

Doloma- based

Fired doloma
Doloma carbon

High MgO, high CaO, no C
High MgO, high CaO, 5-15
wt% C

Alumina- based

Fired bauxite

Fired andalusite

Fired chamotte

High Al, Al/Si 8/1, low
CaO/MgO/C
High Al Al/Si 2/1, low
CaO/MgO/C
High Al, Al/Si 1/1, low
CaO/MgO/C
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3 Experimental Procedure

The aim of this chapter is to:
— Give an overview of the experimental procedure.
— Discuss the material selection, quantities, and process specifications.

— Discuss classification processes and PSD.

3.1 Refractory Material Selection

For the experiment refractory materials from the cement and steel industry have been
used. The sample materials had five different particle size ranges such as 0-0.25mm, 0.25-
0.5mm, 0.5-1lmm, 1-3mm, and 3-5mm. The fixed amount of particles shown in Table
3.1 were collected from each size range and mixed together. A total of 500g of sample
particles from cement and steel were used for the classifying procedure to imitate the
industrial condition.

Table 3.1: Sample materials and proportions

Material | 0 - 0.25mm | 0.25 - 0.5mm | 0.5 - Imm | 1 - 3mm | 3 - Smm
Cement | 70g 2bg 75g 235¢g 95¢g
Steel 80g 80g 90g 210g 40g

3.2 Particle Classification

The sample particles were first classified into three different categories such as coarse,
mid, and fine particles using a cross-flow air classifier. A brief working process of the
classifier has been discussed in section 2.5.5. The classifier was operated at three different
air flowrate and velocities. The pressure of the system was kept at 1 bar and a barometer
was used to control and set the air feed rate of the system. The particles were fed via
a feeder at the top. They came across vertically with the airflow and get separated into
three different categories which are collected at the bottom with plastic bags. Figure 3.1
illustrates the classifier.

35



Figure 3.1: Crossflow Air Classifier

3.3 Classifier Air Speed

The sample materials were tested at 3 different air velocities 8 m/s, 12 m/s, and 14 m/s
respectively. The air feed rates were 40 m3/h, 60 m3/h, and 70 m3/h respectively for
the corresponding velocities. The nozzle had 14 cm? of inlet area. The Air velocity is
calculated as follows:

Q=AxV (3.1)

Where Q is denoted as mass flow rate, A is the inlet area of the nozzle and V is velocity.
Using Equation 3.1 the classifier air velocity can be calculated easily.

3.4 Sieving Process

By measuring the quantity of powder retained on a number of sieves with various-sized
holes, sieve analysis is used to determine the particle size distribution of a solid substance.
A sample is put on the top of a nest of sieves, which are organized from top to bottom
in decreasing size. The material is divided into various-sized sieves as they vibrate. The
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particle size distribution and average sample diameter are then calculated using the weight
of the sample retained on each sieve [27].

After separating the sample particles using a crossflow air classifier into 3 different size
ranges such as coarse, mid, and fine, they were further classified using Sieves for PSD. A
total of 14 different sizes of sieves including two bottom pans were used in this process.
Two different sieve towers were made for precise PSD analysis. The sizes of the sieves are
shown in Table 3.2.

Table 3.2: Sizes of sieves used for Sieve Towers

Sieve Tower 1 | 5.6mm Smm 4mm 2.8mm 2mm 1.4mm Imm

Pan

Sieve Tower 2 | 0.71lmm | 0.5mm | 0.355mm | 0.25mm | 0.18mm | 0.125mm | 0.09mm

Pan

The amplitude of the sieve machines was kept at 1.5 mm/g with a 10-sec interval. Sieve
machine 1 was sieved for 10 minutes and sieve machine 2 was sieved for 5 minutes. Figures
3.2 and 3.3 show the sieve machines used for the experiment.

3.5 Particle Size Distribution and Tromp Curve

The feed materials were classified into 3 samples: coarse, mid, and fine using the cross-flow
air classifier. To calculate and generate PSD and tromp curve, each sample was further
sieved in sieving towers. At first, the coarse particle sample was poured into sieving tower
1 and sieved for 10 minutes. After sieving, the remainder in the bottom pan of sieve tower
1 was again poured into sieve tower 2 for further sieving for 5 minutes. The weight of the
sieves was measured twice when they were empty and after they were sieved. The same
procedure was repeated for both mid and fine samples. Thus the values of particle size
distribution on each sieve were calculated and further PSD curves and tromp curves were
generated for the analysis of the performance of the classifier.
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Figure 3.2: Sieve Machine 1

| —

Figure 3.3: Sieve machine 2



4 Results & Discussion

The aim of this chapter is to:
— Discuss the results of the experiment for case 1 and case 2.

— Discuss the results of the parameters such as sharpness of separation and imperfec-
tion factor.

The experimental procedure was divided into two cases. In the first case, the classifying
test was done at a wider size range of particles. The sample materials (Cement & Steel)
of different class sizes were mixed together ranging from 0.25mm lowest to 5mm highest
and classified using 3 different velocities (8, 12, 14 m/s) and feed rates (40, 60, 80 m> /h).
In the second case, the classifying test was done at the same velocity and feed rate but
at a smaller size range of particles. Two different size ranges (0.5-1lmm & 1-3mm) were
chosen for both cement and steel samples to run the classifying test. The reason behind
choosing this two size ranges for case 2 is not to end up with too many coarse materials
or too many fine materials for the classifying procedure.

4.1 Case 1 Result for Cement

The test data table is given in Appendix A. The PSD curves and tromp curves are shown
in Figures 4.1, 4.2, and, 4.3 respectively. The cross-flow classifier classified the feed mater-
ials into coarse, mid, and fine portions. Based on that Two tromp curves have been drawn
to understand how much and what size of particles is going to the coarser and finer side.
Tromp 1 basically gives an understanding of the coarse to coarse-mid-range separation
performance of the classifier. Tromp 2 gives an understanding of the coarse-mid to finer
range separation performance of the classifier. Combined it is possible to understand the
whole separation process.

To determine the cut size value, dsp, and tromp parameters dps and d75, the linear inter-
polation method has been used to read the data from the graph. The calculated values
from the graphs are shown in Tables 4.1, 4.2, and 4.3. The sharpness of separation was
calculated using Equation 2.1.
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Figure 4.1: PSD and Tromp Curves at 8m/s
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Figure 4.2: PSD and Tromp Curves at 12m/s
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Figure 4.3: PSD and Tromp Curves at 14m/s

To have a perfect separation the value of sharpness of separation should be 1. In this case,
from Table 4.1, the value came relatively greater than 1 for all the tests. That means
particle size distribution is narrow.

dsp means that 50% of the total particles are smaller than this size or 50% of the particles
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Table 4.1: Sharpness of separation values

Cement 8m/s |12 m/s |14 m/s
SOS Tromp 1 | 1.54 1.63 1.63
SOS Tromp 2 | 1.68 1.73 1.71

Table 4.2: Tromp parameter values

Cement 8m/s |12 m/s | 14 m/s
d75 value Tromp 1 | 1080 2176 2190
d25 value Tromp 1 | 700 1334 1340
d75 value Tromp 2 | 420 973 870

d25 value Tromp 2 | 250 563 510

Table 4.3: Cut size values

Cement 8m/s |12 m/s | 14 m/s
d50 value Tromp 1 | 850 1750 1750
d50 value Tromp 2 | 340 740 690

are larger than this size. It is also known as median diameter. In this case for 8 m/s, the
dso value for tromp 1 is 850 microns from Table 4.3. That means 50% of particles are
above 850 microns in diameter on the coarser side or 50% of particles below 850 microns
in diameter on the coarse-mid side. dsy value obtained for tromp 2 is 340 microns. That
means 50% of particles are below the diameter of 340 microns on the fine side or 50%
above the diameter of 340 microns is in the coarse-mid side. For 12m/s and 14m/s the
cut size value for trompl is same but different for Tromp 2.

4.2 Case 1 Result for Steel

The test data table is given in Appendix B. The PSD curves and tromp curves are shown
in Figures 4.4, 4.5, and, 4.6 respectively.

The cut size value, dsg, and the tromp curve parameters, d»5, and dys, for steel particles in
this example were calculated using a methodology identical to that employed for cement
in case 1. In Tables 4.4, 4.5, and 4.6, the estimated values from the graphs are shown.
Using equation 2.1, the sharpness of separation was calculated.

In this case, the value came relatively greater than 1 for all the tests also. So particle size
distribution is narrow for this case also.

In this case for 8 m/s, the dsy value for tromp 1 is 860 microns. That means 50% of
particles are above 860 microns in diameter on the coarser side or 50% below to the
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coarse-mid side. dsy value obtained for tromp 2 is 340 microns. That means 50% of
particles are below the diameter of 360 microns on the fine side or 50% above the coarse-
mid side. For 12m/s and 14m/s the dsg value came higher as expected.

Particle Size Distibution Curve (8m/s)
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Figure 4.4: PSD and Tromp Curves at 8m/s
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Figure 4.5: PSD and Tromp Curves at 12m/s
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Figure 4.6: PSD and Tromp Curves at 14m/s
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Table 4.4: Sharpness of separation values

Steel 8m/s |12 m/s |14 m/s

SOS Tromp 1 | 1.64 1.70 1.82

SOS Tromp 2 | 1.81 1.73 1.74

Table 4.5: Tromp parameter values

Steel 8m/s |12 m/s |14 m/s
d75 value Tromp 1 | 1130 1820 2600
d25 value Tromp 1 | 690 1070 1430
d75 value Tromp 2 | 470 760 990
d25 value Tromp 2 | 260 440 570

Table 4.6: Cut size values

Steel 8m/s |12 m/s |14 m/s
d50 value Tromp 1 | 860 1400 1900
d50 value Tromp 2 | 360 590 750

4.3 Case 2 Result for Ceme

nt

For case 2, two different tests were done with two different size classes such as 1-3 mm
and 0.5-1mm of particles of cement. Each of the size classes was tested at the same air
velocity (8, 12, 14 m/s). Each of the size classes was tested for 500g of sample materials.
The test data has been shown in Appendix C. The PSD curves and tromp curves for the
size range 1-3mm are shown in Figures 4.7, 4.8, and 4.9 and the PSD curves and tromp

curves for the size range 0.5-1mm are shown in Figures 4.10, 4.11, and 4.12 respectively.

Figure 4.7: PSD and Tromp Curves 1-3mm at 8m/s

To determine the cut size value, dsg, and tromp curve parameters drs and d7s, the linear
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Figure 4.10: PSD and Tromp Curves 0.5-1lmm at 8m/s
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Figure 4.12: PSD and Tromp Curves 0.5-1lmm at 14m/s

interpolation method has been used to read the data. The calculated values from the
graphs are shown in Tables 4.7, 4.8, and 4.9 for the 1-3mm size range and Tables 4.10,
4.11, and 4.12 for the 0.5-1mm size range. The sharpness of separation was calculated
using equation 2.1.

Table 4.7: Sharpness of separation values for 1-3mm size range

Cement 8m/s |12 m/s | 14 m/s
SOS Tromp 1 | - 1.69 1.57
SOS Tromp 2 | - - -

In Table 4.7, For 8m/s, the sharpness of separation can not be obtained. That is because
93% (see Index C) of the materials ended at the coarser portion during the classifying
test. Rest was mid and fine particles. Due to that, there was no cut size (dsg) for this test
because most of the particles are coarse particles. At 12m/s, the sharpness of separation
is 1.69 for tromp 1 which indicates the narrow distribution of particles. For tromp 2 there
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was no sharpness of separation because for this run only 1.69% particles ended at a finer
portion. The cut size value dso for trompl at 12m/s is 1300 microns. That means 50%
of particles are above 1300 microns in diameter on the coarser side. dsy value obtained
for tromp 2 is 450 microns. That means 50% of particles are below the diameter of 450
microns on the finer side. For 14m/s, the sharpness of separation is 1.57 and dsq is 1700
microns for trompl. That means 50% of particles are above 1700 microns in diameter on
the coarser side. For tromp 2 cut size value can not be obtained because particles were

Table 4.8: Tromp parameter values for 1-3mm size range

Cement 8m/s |12 m/s |14 m/s
d75 value Tromp 1 | 1050 1650 2200
d25 value Tromp 1 | - 975 1400
d75 value Tromp 2 | - 650 960

d25 value Tromp 2

Table 4.9: Cut size values for 1-3mm size range

Cement 8m/s |12 m/s | 14 m/s
d50 value Tromp 1 | - 1300 1700
d50 value Tromp 2 | - 450 -

very less on the finer side and were above d»s.
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Table 4.10: Sharpness of separation values for 0.5-1mm size range

Cement 8m/s |12 m/s |14 m/s
SOS Tromp 1 | 1.66 - -
SOS Tromp 2 | - - 1.75

Table 4.11: Tromp parameter values for 0.5-1mm size range

Cement 8m/s |12 m/s |14 m/s
d75 value Tromp 1 | 1200 - -

d25 value Tromp 1 | 725 - -

d75 value Tromp 2 | - 740 890

d25 value Tromp 2 | - - 510

Table 4.12: Cut size values for 0.5-1mm size range

Cement 8m/s |12 m/s |14 m/s
d50 value Tromp 1 | 900 - -
d50 value Tromp 2 | - 540 700




For 8m/s, from Table 4.10, the sharpness of separation value for trompl is 1.66. For
tromp 2, it can not be obtained. Because from Index C it is seen most of the particles
went to coarse and mid portions. A very little portion is separated into fine portions. For
that reason, dsy value can not be obtained for tromp 2. For tromp 1, dso value is 900
microns. That means 50% of particles above the diameter of 900 microns are distributed
to the coarse side and 50% of particles lower than the diameter of 900 microns are dis-
tributed to the coarse-mid side. For 12m/s SOS can not be obtained because most of the
particles were in the middle side. dsg value of tromp 2 indicates that 50% of particles
lower than the diameter of 540 microns is distributed to the finer side and 50% above to
the mid-coarse side. For 14m/s, the sharpness of separation for tromp 2 is 1.75 and dsg
is 700. There were very few particles distributed to the coarse portions. That’s why the
sharpness of separation can not be obtained for tromp 1 .
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4.4 Case 2 Result for Steel

For case 2, two different tests were done with two different size classes such as 1-3 mm and
0.5-1mm of particles of steel. Each of the size classes was tested at the same air velocity
(8, 12, 14 m/s). Each of the size classes was tested for 500g of sample materials.

The test data has been shown in Appendix D. The PSD curves and tromp curves for the
size range 0.5-1mm are shown in Figures 4.13, 4.14, 4.15 and the PSD curves and tromp
curves for the size range 1-3mm are shown in Figures 4.16, 4.17, 4.18 respectively.

Figure 4.13: PSD and Tromp Curves 0.5-1mm at 8m/s
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Figure 4.14: PSD and Tromp Curves 0.5-1mm at 12m/s

To determine the cut size value dsp, and Tromp curve parameters dps and d7s, the linear
interpolation method has been used to read the data from the graph. The calculated val-
ues from the graphs are shown in Tables 4.13, 4.14, and 4.15 for the 0.5-1mm size range
and Tables 4.16, 4.17, and 4.18 for the 1-3mm size range. The sharpness of separation
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.....

Figure 4.18: PSD and Tromp Curves 1-3mm at 14m/s

was calculated using equation 2.1.

:::::

Table 4.13: Sharpness of separation values for 0.5-1mm size range

Steel 8m/s |12 m/s |14 m/s
SOS Tromp 1 | 1.78 - 1.37
SOS Tromp 2 | - - -

Table 4.14: Tromp parameter values for 0.5-1mm size range

Steel 8m/s |12 m/s | 14 m/s
d75 value Tromp 1 | 1200 - 1250
d25 value Tromp 1 | 675 - 910

d75 value Tromp 2 | - 800 650

d25 value Tromp 2 | - - -

Table 4.15: Cut size values for 0.5-1mm size range

Steel 8m/s |12 m/s |14 m/s
d50 value Tromp 1 | 850 - 1050
d50 value Tromp 2 | - 625 500

Table 4.16: Sharpness of separation values for 1-3mm size range

Steel 8m/s |12 m/s |14 m/s
SOS Tromp 1 | - 1.68 1.59
SOS Tromp 2 | - - -
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Table 4.17: Tromp parameter values for 1-3mm size range

Steel 8m/s |12 m/s |14 m/s
d75 value Tromp 1 | 1200 1850 2300
d25 value Tromp 1 | - 1100 1450
d75 value Tromp 2 | - 900 1100
d25 value Tromp 2 | - - -

Table 4.18: Cut size values for 1-3mm size range

Steel 8m/s |12 m/s | 14 m/s
d50 value Tromp 1 | 900 1500 1800
d50 value Tromp 2 | 0 0 0

In Table 4.13, For 8m/s, the sharpness of separation for tromp 1 is 1.78, and for tromp2
it can not be obtained because only 7% particles went to the finer portion (see Index D).
Due to that, no cut size was found for tromp2 and the cut size dsg for trompl is 850
microns. That means 50% of particles are above 850 microns in diameter and distributed
to the coarser side. At 12m/s, the sharpness of separation for both tromp 1 and tromp 2
can not be obtained. That is because only 3.5% particles ended at the coarser side. So d7s
and dys5 values could not be obtained for tromp 1. Hence no cut size value. For tromp 2
particle distributions were mainly at the coarser and middle portion. For this reason, dps
can not be obtained hence no SOS can not be calculated. The cut size value for tromp2
dso is 625 microns. That means 50% of particles are above 625 microns in diameter on
the coarser side. For 14m/s the SOS value came best in this case which is 1.37 relatively
closer to the ideal value of 1.

For 8m/s, from Table 4.16, the sharpness of separation trompl and tromp 2 can not be
obtained. That is because from Appendix D it is seen that about 87% particles went
to coarse portions. The very little portion is separated into fine and mid portions. For
tromp 1, dsp value is 900 microns. That means 50% of particles above the diameter of 900
microns are distributed to the coarse side and 50% of particles lower than the diameter
of 900 microns are distributed to the coarse-mid side. For 12m/s, SOS was found at 1.68
for tromp1 and could not be obtained for tromp 2 because most of the particles were in
the coarse-mid sides. d50 value of tromp 1 indicates that 50% of particles above 1500
microns are distributed to the coarser side and 50% below to the mid-coarser side. For
14m/s, the sharpness of separation for tromp 1 is 1.59 dsq is 1800.
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4.5 Imperfection Factor Result

The imperfection factor for both case 1 and case 2 has been shown in tables 4.19 and 4.20

Table 4.19: Imperfection Factors for the Cement case 1

Cement 8m/s |12 m/s | 14 m/s

Imperfection factor for Tromp 1 | 0.22 0.24 0.24

Imperfection factor for Tromp 2 | 0.25 0.27 0.26
Table 4.20: Imperfection Factors for the Steel case 1

Steel 8m/s |12 m/s | 14 m/s

Imperfection factor for Tromp 1 | 0.25 0.26 0.31

Imperfection factor for Tromp 2 | 0.29 0.27 0.28

From Tables 4.19 and 4.20, it can be seen that the imperfection factor value is mostly
between 0.2 and 0.3 for both cement and steel case 1. According to section 2.5.8; this
result indicates the good performance of the separator.

Table 4.21: Imperfection Factors for the Cement case 2 (1-3mm)

Cement

8 m/s

12 m/s

14 m/s

Imperfection factor for Tromp 1

0.26

0.23

Imperfection factor for Tromp 2

Table 4.22: Imperfection Factors for the Steel case 2 (1-3mm)

Steel

8 m/s

12 m/s

14 m/s

Imperfection factor for Tromp 1

0.25

0.23

Imperfection factor for Tromp 2

From Tables 4.21 and 4.22, it can be seen that the imperfection factor value is between
0.2 and 0.3 for both cement and steel case 2 for 12m/s and 14m/s respectively. which
indicates the good separation in this range. For 8m/s imperfection factor can not be
calculated due to the particles being heavily distributed to the coarser portion.
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Table 4.23: Imperfection Factors for the Cement case 2 (0.5-1mm)

Cement 8m/s |12 m/s |14 m/s
Imperfection factor for Tromp 1 | 0.26 - -
Imperfection factor for Tromp 2 | - - 0.27

Table 4.24: Imperfection Factors for the Steel case 2 (0.5-1mm)

Steel

8 m/s

12 m/s

14 m/s

Imperfection factor for Tromp 1

0.30

0.16

Imperfection factor for Tromp 2

From Table 4.23, it can be seen that the imperfection factor value is between 0.2 and 0.3
for 8m/s and 14m/s in case 2. Which indicates a good separation. For 12m/s imperfection
factor can not be calculated due to the particles being heavily distributed to the middle

portion.

From Table 4.24, it can be seen that the imperfection factor value is between 0.2 and 0.3
for 8m/s in case 2 (0.5-1mm steel) which indicates a good separation. For 12m/s and
14m/s imperfection factor can not be calculated due to the particles distributed less to
the coarser portions. At 14m/s the result indicates very good separation.
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5 Concluding Remarks

The aim of this chapter is to:
— Give a final overview of the experimental results.
— Discuss shortcomings and limitations

— Discuss future work and recommendations.

5.1 Conclusion

From the results, it is seen that in case 1 for both cement and steel, the separation of
sharpness and imperfection factor results came quite satisfactory for three different air
velocities.

For 8m/s the classifier performance has been good according to the SOS value which is
1.54 and 1.68 for tromp 1 and tromp 2 respectively for cement compared to 12 m/s and
14m/s tests. Both 12m/s and 14m/s showed identical SOS values for cement. The cut size
value increased with the increase of air velocity for cement. On the other hand for 12m/s
the classifier performance has been good for steel according to the value of SOS which is
1.70 and 1.73 for tromp 1 and tromp 2 respectively compared to 8 m/s and 14m/s. The
classifier showed variance in performance at different air velocities. With the increase in
the velocity the cut size value also increased in this case.

The imperfection factor for both cement and steel in case 1 showed good performance of
the separator. For all three different velocities, the results were between the 0.2 to 0.3
range which indicates the classifier is a good separator.

In case 2 (1-3mm) for both cement and steel at 8m/s, no sharpness of separation value was
obtained. That’s because in both tests particles were heavily distributed to the coarser
side. For both 12m/s and 14m/s SOS values were obtained only for tromp 1. At 12m/s
SOS value for cement is 1.69 and for steel 1.68 which is quite identical. At 14m/s SOS
value for cement is 1.57 and for steel 1.59. For tromp 2 these values can not be obtained
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by having fewer particles distributed to the finer side. The cut size value increased with
the increase in air velocity. On the other hand, for the 0.5-1mm size range, the SOS was
found at 8m/s and 14m/s. For 12m/s no SOS value was obtained because particles were
mostly distributed to the middle portion. The cut size value was higher at 8m/s and
lowest at 12m/s.

The imperfection factor in case 2 for both cement and steel at a size range of 1-3mm
showed identical results compared to the results at a size range of 0.5-1mm.

Finally, it can be concluded that for case 1, when five different size ranges (0.25mm
being the lowest and 5mm being the highest) were used, the classifier’s classification
performance has been satisfactory. The sharpness of the separation and imperfection
factor index indicates good performance. When the size range has been narrowed down
to 1-3mm size range, the performance was good in some tests but when the size range was
narrowed down to the range of 0.5-1mm the classifier performance went down. This can
happen due to several reasons. One reason can be the effect of air velocity. The particles
are relatively small at 1 to 3mm and 0.5 to lmm ranges. When the air velocity is varied,
the particle-particle collision may change the momentum of the flowing particles and also
their trajectories. Another reason can be the influence of vortex and turbulence on smaller
particles that can affect the trajectory of the particles and hence affect the classifier’s
performance. That’s why the particles were heavily distributed either at coarser portions
or at finer portions for these two range.

5.2 Future Works and Recommendation

Time has been a limiting factor for this thesis to experiment and study further for the
improvement of the classifier’s performance. Some future works and recommendations
are given below:

o Test the same experiment with different classifiers such as fluidized bed classifiers
to evaluate the performance of the cross-flow air classifier.

o Computational simulations can be used to understand the effect of turbulence and
vortex on particle trajectories inside the classifier to improve the performance.

e Some parameters such as air velocity, and feed rate, etc can be varied for the ex-
periments to evaluate the separator performance.

e In order to assess the enrichment of various components in the refractory waste
and use them as feedstock or raw materials, more work, such as chemical analysis,
should be done.
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Appendix A

PSD Data Table of Cement Sample Case 1
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A.1: PSD data table of cement sample for speed 8m/s
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Figure A.2: PSD data table of cement sample for speed 12m/s
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Figure A.3: PSD data table of cement sample for speed 14m/s
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Appendix B

PSD Data Table of Steel Sample Case 1

|sieve [um Empty [g) Coarse [g] Mid [g] Fine[g] fCoarse|g] Mid[g) Fine[g) fFotalFeed [} % of total feed % of Coarse %6 of Mid | % of Fine_ Sieve [um] | Coarselg) Mid [g] Finefg] coarsefg) | Mid[g) | Fine[g) Size.
Figure B.1: PSD data table of steel sample for speed 8m/s
[g] Coarse [g] Mid[g] Fine [g] JCoarse [g] Mid [g] Fine [g) |Totsl Feed [g]Ps of total feed| % of Coarse % of Mid % of Fine Sieve [um] | Coarselg] Mid[g) | Finelg] [Coarse(g)] wid [g] | Fine[g]
Figure B.2: PSD data table of steel sample for speed 12m/s
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Figure B.3: PSD data table of steel sample for speed 14m/s
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Appendix C

PSD Data Table of Cement Sample Case 2

[Sieve [um Empty [g] Coarse [g] Mid [g) Fine[g] [coarsefg] Mid[g) Fine[g] Total Feed [g) | % of votal feed | % of Coarse | % of Mid | % of Fine Sieve [um] | Coarse[g] Mid [g] Finefg] Coarsefg] | Mid[g) Finelg] Size |Tromp 1
Figure C.1: PSD data table of cement sample 1-3mm for speed 8m/s
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Figure C.2: PSD data table of cement sample 1-3mm for speed 12m/s

ieve [urm Empty [g] Coarse [g] Mid[g] Fine [g] JCoarse [g] Mid [g] Fine [g] Total Feed [g] P of total feed | % of Coarse % of Mid S of Fine Sieva [um) | Coarsal ine| Mid ine|

% of aif partices intoral
Jcosrse (gl 55 59a

fcoarse

o

0522
[ e ]

Figure C.3: PSD data table of cement sample 1-3mm for speed 14m/s
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[sieve [um Empty [g) Coarse [g] MidJg) _Fine[g] |Coarselg] Mid[g) Fine[g) |iotalFeed[g) | % of totalfeed Js of Coarse ] % of Mid |% of Fine [Sieve [pm] [ el ] Fine] Coarse| Mid Fine| Si [Tromp 1 (%) [Tromp 2 (%)
Figure C.4: PSD data table of cement sample 0.5-1mm for speed 8m/s
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Appendix D

PSD Data Table of Steel Sample Case 2
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Figure D.1: PSD data table of steel sample 0.5-1mm for speed 8m/s
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Figure D.2: PSD data table of steel sample 0.5-1mm for speed 12m/s
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Figure D.3: PSD data table of steel sample 0.5-1mm for speed 14m/s
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Figure D.4: PSD data table of steel sample 1-3mm for speed 8m/s
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Figure D.5: PSD data table of steel sample 1-3mm for speed 12m/s
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Figure D.6: PSD data table of steel sample 1-3mm for speed 14m/s
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