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Abstract

Stone wool is a fibrous material made from the spinning of a 1500 ◦C melt into fibers. The
material is mainly known as an insulation material with excellent fire properties. As there
is a growing global focus on limiting energy consumption and the release of greenhouse
gasses, the use of building insulation material has been growing. As the use of stone
wool grows, so does the amount of stone wool waste generated either during production
and installation or during the renovation and demolition of buildings. Stone wool waste
can be recycled back into the stone wool production process indefinetly without loss of
product quality.

The melt needed for the stone wool production is made in a melting furnace. The ROCK-
WOOL Group currently utilizes three different melting technologies: traditional cupola
furnaces, electrical furnaces and a newly invented cyclone-based technology known as
the integrated melting furnace (IMF). The IMF comprises two pre-heater cyclones and a
melting cyclone. In the melting cyclone combustion of coal and natural gas takes place,
and the pre-heated materials are fully molten and exits the cyclone as a 1500 ◦C melt.
The IMF is able to handle both a conventional mixture of raw materials, known as the
charge, as well as recycled stone wool waste. The only pre-processing needed for recycling
of the stone wool waste is a coarse milling.

The purpose of this study is to investigate the effect of introducing stone wool waste into
the IMF. Special focus is given to the influence on the overall energy consumption and
the material efficiency of the IMF cyclones at high recycling rates of stone wool waste.

An experimental laboratory study is carried out to investigate the fundamental material
differences between the conventional charge and the stone wool waste. The stone wool
waste proves to initiate melting at lower temperatures than the conventional charge. It
is also shown, that the stone wool waste requires around 20% less energy for heating and
melting than the conventional charge, due mainly to the fact that the conventional charge
experiences an energy consuming release of gasses during heating, whih is not seen in the
stone wool waste. The lower energy for heating and melting makes stone wool waste a
desired material in the production for both environmental and energy efficiency purposes.

In cyclone technologies, ideally all material exits the cyclone as melt, however some
fraction of material escapes entrained in the flue gas. The entrained material flux is thus
a measure of the material efficiency of the melting cyclone. For the IMF the entrained
material flux out of the melting cyclone has shown to cause problems with build-up due
to the sticky nature of the material. The introduction of high rates of stone wool waste
into the IMF has been experienced to increase the risk of problematic build-up. In order
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to investigate the influence of stone wool waste recycling on the material efficiency of
the IMF, a series of measurements are carried out at an industrial IMF plant while in
operation. Different probes are used in order to quantify the amount of material that
escapes the melting cyclone entrained in the flue gas. The material efficiency of the
IMF melting cyclone is studied under various process settings and levels of wool waste
recycling. The wool waste recycling has not been seen to effect the material efficiency of
the melting cyclone.

Finally, a mathematical model is constructed to model the IMF mass streams. The model
predicts the rate and particle size distribution of the particles entrained in the IMF flue
gas. The model points to the material properties of the feed to be a key parameter
regarding the material efficiency of the IMF cyclones, whereas little sensitivity towards
other process parameters such as gas flow rates and material load is seen. The main
driver of the carry-over is seen to be the particle size distribution of the solid materials.
The model has not been able to replicate the experimental data. When modeling the
experimentally investigated IMF process settings, a vast under-prediction of the material
efficiency of the IMF melting cyclone at high stone wool waste dosing rates. This is due
to the fine size distribution of the stone wool waste, and a main conclusion of this work
is therefore, that the stone wool waste acts with an effective size distribution inside the
IMF system, that is larger than what is expected from the size distribution of the stone
wool waste fibers themselves.
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Resumé

Stenuld består af mineralske fibre, der er dannet ved fibrering af smeltet mineralsk ma-
teriale ved en temperatur på omkring 1500 ◦C. Stenuld anvendes blandt andet som iso-
leringsmateriale med brandhæmmende egenskaber. Det globale fokus på at begrænse
energiforbrug samt udledning af drivhusgasser har ført til et øget forbrug af isolerings-
materiale i de seneste årtier. Efterhånden som produktionen af stenuld øges, øges også
mængden af stenduldsaffald. Stenuldsaffald dækker over afskårne kanter af stenuldspro-
dukter fra enten produktion eller installation af stenuld samt ældre stenuldsprodukter
der udtages ved renovering eller nedrivning af eksisterende bygninger. Stenuldsaffald kan
genbruges i stenuldproduktionen ved at gensmelte materialet. Der er ingen grænse for
hvor mange gange stenuldsaffald kan gensmeltes i produktionsprocessen.

De mineralske materialer til stenuldsproduktionen smeltes i et smelteanlæg. ROCK-
WOOL Gruppen anvender i dag tre forskellige smelteteknologier: traditionelle kupolovne,
elektriske smelteovne samt en ny cyklon-baseret smelteteknologi: den integrerede smelte
ovn (IMF). En IMF består af to forvarmercykloner samt en smeltecyklon. I smeltecyklo-
nen forbrændes kul og naturgas og de forvarmede mineralske materialer smeltes. IMF’en
kan smelte både konventionelle råmaterialer samt stenuldsaffald.

Et studie er udført for at belyse effekten af at introducere stenuldsaffald i en IMF med
henblik på særligt energiforbrug samt materialeeffektivitet i de tre IMF cykloner. Der
udføres et en eksperimentel undersøgelse af materialeegenskaber for henholdsvis konven-
tionelle råmaterialer og stenuldsaffald; en serie målinger af materialestrømme foretaget på
et IMF anlæg under produktion, samt udviklingen af en matematisk model til beskrivelse
af materialestrømme i et IMF anlæg.

Et eksperimentelt studie er udført; det kombinerer forskellige laboratorie undersøgelser
af de fundamentale forskelle på konventionelle råmaterialer til stenuldsproduktion og
stenuldsaffald. Studiet viser at stenuldsaffald blødgøres og påbegynder smeltning ved
lavere temperaturer end det undersøgte mix af konventionelle råmaterialer. Derudover
viser studiet at stenuldsaffald kræver omkring 20% mindre energi for at opvarmes og
smeltes sammenlignet med det konventionelle mix af råmaterialer. Det lavere energi-
forbrug forbundet med opvarmning og smeltning af stenuldsaffald skyldes primært at
de konventionelle råmaterialer kræver energi for at frigive gasser, særligt CO2, under op-
varmning. Stenuldsaffald er derfor et fordelagtigt materiale at bruge i stenuldsproduktion
både af hensyn til miljø og energiforbrug.

I et idéelt cyklonanlæg ville 100% af materialet fanges i smeltecyklonen og forlade an-
læget i smelten, men i virkeligheden vil en mindre fraktion af materialerne altid undslippe
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cyklonen med røggassen. Den mængde af undsluppet materiale kan ses som et udtryk
for materiale ekketiviteten af cyklonen. For IMF anlæg kan det materiale der undslipper
smeltecyklonen giver anledning til opbygning af belægninger i systemet over smeltecyk-
lonen. Man har tidligere erfaret at en øget introduktion af stenuldsaffald har medført
forøgede problemer med sådanne belægninger. For at belyse stenuldsaffaldets effekt på
materialeeffektiviteten af en IMF smeltecyklon er en serie probemålinger udført på et
dansk IMF anlæg under produktion. Forskellige probeteknikker anvendes til at kvan-
tificere mængden af materiale der forlader IMF smeltecyklonen suspenderet i røggassen.
Studiet her undersøger om introduktionen af høje mængder uldaffald påvirker ISO smelte-
cyklonens materialeeffektivitet. Der er ikke fundet evidens for at dette er tilfældet.

En matematisk model er udviklet med formålet at beskrive materialestrømme i en IMF.
Modellen forudsiger raten samt partikkelstørrelsesfordelingen af de undslupne partikler i
IMF røggassen ud af hver af de tre cykloner i IMF stystemet. Den udviklede model indik-
erer at materialeegenskaber vil være af afgørende betydning for IMF processens materiale-
effektivitet. Den mest influerende parameter viser sig at være partikelstørrelsesfordelingen
af materialerne, hvorimod andre process parametre som gas gennemstrømning samt mate-
riale belastning har vist sig at have en meget begrænset betydning. Den udviklede model
er brugt til at forsøge at eftervise de eksperimentelle undersøgelser af smeltecyklonens
materialeeffektivitet. Når store mængder stenuldsaffald inkluderes i modellen viser den
sig at resulterer i en beregnet materialeeffektivitet der er betydeligt lavere end hvad der er
eksperimentelt observeret. Dette skyldes primært stenuldsaffaldets fine partikelstørrelser.
En hovedkonklusion af dette studium er derfor, at stenuldsaffald lader til at optræde i
IMF anlæget med en effektiv partikelstørrelsesfordeling, der er grovere end størelsen af
materialets individuelle fibre.
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1 Introduction

1.1 Motivation

Mineral wool is a preferred insulation material due to its thermal, acoustic and fire
properties. In Europe alone an estimated amount of 3.000.000 tonnes of mineral wool,
i.e. slag wool, glass wool and stone wool, will be produced in 20201. The estimated
amount of stone wool waste generated from both stone wool production sites and from old
stone wool products taken out during renovation and demolition of buildings is 2.550.000
tonnes in 2020.

Globally there is an increased focus on recycling and circular economy, as a means to pro-
tecting the environment through a reduction in land-filled waste materials and decrease
in the use of natural resources. Recycling of stone wool waste has been an integral part
of the ROCKWOOL production for 40 years2. In the future, the ROCKWOOL Group
has the ambition to increase the recycling significantly, by offering to recycle stone wool
waste recovered during renovation or demolition of buildings in 30 countries in 20303.
In 2018 alone, a total of 130.000 tonnes of stone wool was collected for recycling in the
ROCKWOOL production process. As more recycled stone wool waste will be used in
the stone wool production in the future, there is a need for building knowledge on how
the stone wool production processes are effected by the change in feed material from the
conventional raw materials towards larger fractions of recycled stone wool waste.

Stone wool is produced by melting raw materials as well as recycled materials inside a
melting furnace thereby generating an at least 1500 ◦C stone wool melt. The melt is spun
into fibers in a cascade spinning process, and the fibers are collected and formed into the
final stone wool products.

The purpose of this PhD project is to investigate the effect of introducing stone wool waste
into a newly invented melting furnace: The Integrated Melting Furnace (IMF), used in
the ROCKWOOL Group stone wool production process4,5. As the IMF technology is
a both young and unique technology, knowledge on the process cannot be found in the
literature and therefore new research is needed to build knowledge on the details of the
process.
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1. Introduction

In the IMF stone wool waste can be introduced directly, with a coarse milling, as the
only pre-processing needed. In the five existing IMF plants the fraction of recycled stone
wool waste is typically in the range of 15-40% of the total material feed. The IMF com-
prises three cyclones: two pre-heater cyclones and a melting cyclone. A cyclone can be
characterized by its ability to separate solid materials from a gas stream. Ideally, all
solid material entering a cyclone is separated from the gas resulting in a 100% material
efficiency of the cyclone. In reality, some fraction of the solids will always escape the
cyclone still entrained in the gas; these entrained particles are known as carry-over parti-
cles. When recycling large amounts of stone wool waste in an IMF, it has been observed
that this can lead to build-up of material, sticking to the riser walls above the melting
cyclone. This build-up is made up from carry-over particles leaving the melting cyclone.
The build-up acts to narrow the riser and thus cause pressure increases leading to process
instabilities. Also, there is a risk of large pieces of the build-up material falling down into
the melting cyclone where there is a risk of blocking the melt outlet. For these reasons it
is desirable to operate the IMF in a manner that leads to as little carry-over and build-up
as possible.

There is a need to obtain a better understanding of the consequences of introducing stone
wool waste into the IMF process, in order to mitigate problems and optimize the process
towards an even higher amount of recycled stone wool waste in the future.

1.2 Scope of the thesis

The purpose of this PhD study is to investigate the effect of introducing stone wool waste
in the melting cyclone of an IMF.

The project objectives of this PhD thesis is to answer the three research questions:

Q1: How does the melting and thermal behaviour of stone wool waste differ from that
of a conventional stone wool charge?

Q2: How does the feed type into the IMF effect the carry-over of particles out of the
IMF melting cyclone?

Q3: What parameters are most important in relation to the amount and characteristics
of particle carry-over out of the IMF melting cyclone?
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1.3 Outline of the thesis

1.3 Outline of the thesis

A general description of the ROCKWOOL stone wool production process along with a
review of existing melting cyclone technologies is given in Chapter 2.
Fundamental knowledge on the material characteristics of the conventional raw materials
and stone wool waste will be gathered through experimental studies. This knowledge al-
lows for better interpretation of full scale measurements and collected carry-over samples,
as well as model the entire IMF system. The material study is presented in Chapter 3.
As the inside of the melting cyclone itself is an extremely harsh environment experimen-
tal studies inside the melting cyclone has so far not been possible. The melting process
is therefore investigated through sampling and analysis of particles escaping the melting
cyclone entrained in the flue gas directly above the melting cyclone. The experimental
investigation is described in Chapter 4.
A mathematical model is developed that allows for the modeling of the material efficiency
of each of the three IMF cyclones. The model development is described in Chapter 5.
Using the developed model, the carry-over out of the melting cyclone that was experi-
mentally determined will be compared to model values in Chapter 6.
Final conclusions and suggestions for future work is given in Chapter 7.
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2 Background

The following chapter aims to give an introduction to stone wool, its production process
and recycling of stone wool waste. A short introduction to the production and recycling
of stone wool waste is given in Section 2.2. Section 2.3 introduces the newest melting
technology used by the ROCKWOOL Group: the cyclone based Integrated Melting Fur-
nace (IMF). In Section 2.4 a selection of other industrial processes comprising melting
cyclones are reviewed. Summary and conclusions are found in Section 2.5.

2.1 An introduction to stone wool

Stone wool is a type of mineral wool most commonly known as an insulation material. An
example of a stone wool product produced by the ROCKWOOL Group is seen in Figure
2.1(a)6. Mineral wool comprises fibrous material that is formed by spinning molten
minerals into fibers. Mineral wool comprises three types of wool: stone wool, glass wool
and slag wool. A scanning electron microscope (SEM) image of stone wool fibers is seen
on Figure 2.1(b). Stone wool products are known for their properties in terms of both
thermal and acoustic comfort along with their fire inhibiting abilities. Besides being used
solely for insulation, stone wool products have also found various applications within
precision growing7, as a means to prevent flooding of public places8 and within multiple
other fields9–11.

The majority of the produced stone wool however finds its application within building
insulation. Although the production of stone wool is a high energy-process due to the need
to heat and melt mineral materials, life-cycle assessment analysis has shown that stone
wool insulation save more than 100 times the energy associated with the production12.
In terms of insulation properties, multiple studies can be found that investigate the
performance of stone wool13–15.

After end-of-life mineral wool waste has found numerous possible applications as filler in
wood plastic composites16 or polyethylene17, as reinforcement in a plaster composite18 or
as a base for making geopolymers19. However, the most obvious use of stone wool waste
is direct recycling back into the production of stone wool. Here, the recycled material
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2. Background

Figure 2.1: (a) Stone wool product6, (b) SEM image of stone wool fibers.

already matches the desired overall chemical composition of the fibers and there is no
limit to the amount of times that stone wool can be remelted and recycled. The organic
binder material added during the production will burn off as the material is heated to
the temperatures needed in order for the material to melt.

2.2 Stone wool production and recycling

Primitive production of slag and stone wool started in the 1840’s20 and has since then
matured into a highly specialized world wide industry. The ROCKWOOL Group started
producing stone wool in 1937 in Hedehusene, Denmark, and is now a world leading stone
wool producer with 45 manufacturing facilities spread over 5 continents21. Recycling of
stone wool waste into the stone wool production process has been in place and continu-
ously improved since 19792.

An overview of the stone wool production process is seen on Figure 2.2. Raw materials
are stored in silos and dosed by weight to the furnace. The raw materials comprise virgin
mineral raw materials such as natural stone materials as well as waste materials from
other industries such as waste from steel or aluminum production. In the furnace the
material is heated above its melting temperature to generate a 1500 ◦C stone wool melt.
Figure 2.2 depicts the traditional cupola furnace23. The melt is spun into fibers using a
cascade spinner comprising fast rotating wheels where centrifugal forces throw off melt
droplets that draw the fibers behind them. The fibers are then mixed with an organic
binder, cured in a curing oven to ensure stable wool structure and finally cut into desired
product shapes and packaged.
As illustrated on the figure stone wool waste generated along the production line can be
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2.2 Stone wool production and recycling

Figure 2.2: Schematic overview of the ROCKWOOL Group stone wool production process22.

recyled back into the melting furnace and thus be recycled into the production. Recycling
into the cupola furnace requires that the stone wool waste is cast into cement briquettes.
This method of recycling stone wool waste is costly as it requires a production facility for
making the cement briquettes. The cupola melting technology has been used since the
very beginning of the ROCKWOOl Groups stone wool production. In a cupola furnace
large blocks of raw material and coke are stacked and oxygen added to the bottom of
the furnace through a number of tuyeres (nozzles)24. The combustion of coke releases
heat that enable melting of the raw materials at the bottom part of the furnace. As the
material melts, that stack in the cupola sinks and more material is dosed to the top. The
briquetting of the stone wool waste is needed in order to make a material that resembles
the properties of the stone raw materials and coke fuel.

The wish for a more flexible production process in terms of both melt yield and temper-
ature, simpler waste recycling as well as flexibility in regards to applicable fuels inspired
the invention of a new melting technology at the ROCKWOOL Group. This led to de-
velopment of the The Integrated Melting Furnace (IMF). The new cyclone based melting
technology was first patented in 20014 and has since then developed fast and is now re-
sponsible for approximately 10% of the ROCKWOOL Groups stone wool melt production.
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2.3 The Integrated Melting Furnace (IMF)

Figure 2.3: The IMF comprises a melting cyclone and two pre-heater cyclones. Brown arrows
represent the solid flow through the IMF system and blue arrows show the flow of gas

originating from the combustion process taking place in the melting cyclone. The conventional
charge passes through the two pre-heater cyclones, whereas the stone wool waste is introduced
directly into the melting furnace through coal burners, respectively. Filter fines is material
filtered from the flue gas exiting the top of the IMF. The filter fines can be recycled directly

back into the IMF melting cyclone through a specialized oxy-fuel burner.

The basic principle of the Integrated Melting Furnace is illustrated on Figure 2.3. The
furnace comprises two pre-heater cyclones and a melting cyclone. The heart of the tech-
nology is the melting cyclone in which combustion of fuels and melting of materials take
place. A sketch of the melting cyclone is seen on Figure 2.4.
The hot flue gas generated in the melting cyclone exits through the ceiling of the cyclone
and is subsequently mixed with ambient air prior to passing through the two pre-heater
cyclones. The ambient air is added to ensure desired gas temperatures in the downstream
process. The raw materials enter the system cold above the lower pre-heater cyclone. The
raw materials comprise mainly natural stone that is crushed to sizes below ∼2 mm. From
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2.3 The Integrated Melting Furnace (IMF)

Figure 2.4: Schematic of the IMF Melting Furnace. Solid material, i.e. charge and stone wool
waste, is blown into the melting cyclone through tangential burners along with fine coal

particles and combustion air. The tangential inlet of the burners generate a swirling flow inside
the cyclone that causes solid material to be centrifuged to the walls. At the walls the material
starts to melt and a molten film is generated. The melt flows downwards and is collected in the
melt bath at the cyclone bottom. Burners introducing natural gas and oxygen are placed low in
the cyclone to super-heat the melt to the required at least 1500 ◦C. The flue gas exits through
the top of the cyclone along with a small fraction of entrained particles known as carry-over.

the entry point the material is carried up by the flue gas stream and into the upper pre-
heater cyclone. Here, the material is heated to around 500 ◦C, before exiting through the
bottom of the cyclone, when the material meets the flue gas stream above the melting
cyclone they are once again carried upwards and into the lower pre-heater cyclone in
which they are heated to around 800 ◦C. Finally, the material is injected into the melting
cyclone along with fuel and air, through specialized burners in the upper part of the
melting cyclone.
As illustrated in Figure 2.4, the burners inject materials, fuel and air tangentially into
the melting cyclone, generating a swirling flow inside the cyclone. Besides the pre-heated
raw material, also recycled stone wool waste is injected through these burners. It should
be noted that the stone wool waste does not pass through the pre-heater system, as the
elevated temperatures has shown to cause the stone wool waste to soften and cause prob-
lems with clogging of the system. The swirling flow generated by the tangential inlet
of the burners will cause the injected material to impact onto the cyclone walls, from
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which molten and partially molten materials will flow downwards into the melt bath in
the bottom of the melting cyclone.

The fuel that enters the melting cyclone alongside the raw material and stone wool waste
is pulverized coal. Lower in the melting cyclone natural gas burners inject natural gas
and oxygen in order to generate a hot flame that will super-heat the melt to the required
at least 1500 ◦C needed for the spinning process. The use of pulverized coal and natural
gas compared to the use of coke in the conventional cupola furnace significantly reduces
the CO2 emissions of the melting process25,26. Furthermore, the change from large blocks
of fuel in the cupola to pulverized solid fuel in the IMF opens up for the use of alternative
fuels in the future.

The raw materials used for stone wool melt production in and IMF is mainly virgin stone
raw materials as well as waste products from other industries. A thorough description
of the raw materials and recycled stone wool waste used for stone wool production in an
IMF is given in Chapter 3.

2.4 Known cyclone melting technologies

Coal combustion in cyclone boilers was first tested in the 1940’s27 and served as inspira-
tion for melting technologies based on cyclone furnaces. The motivation for introducing
melting cyclones in various melting processes was a wish for high intensity melting al-
lowing for high temperatures, low retention times and thus low reactor volume with
high melt throughput compared to conventional smelters28–32. Oxygen enrichment of the
combustion air is the basis for the high temperatures obtained in the different melting
cyclone technologies developed. The low retention time is a consequence of high temper-
ature combined with high heat exchange in the highly turbulent flow inside the melting
cyclones. Melting in a cyclone furnace can be referred to as both flash melting and sus-
pension melting.

Melting cyclones in principle function as dust separator cyclones, in which an incoming
stream of gas and particulate matter is separated by a swirling flow with the added
functionality of heating and melting the solids so that they exit the cyclone in fluid form.
Melting cyclones are reported to have a very high solid material retention or separation
effect meaning that only small amounts of solids escape the cyclone still entrained in
the gas phase. This is due to that the solid material is centrifuged to the cyclone walls
under high temperature, the material will melt and thus form a sticky liquid film on the
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cyclone inner walls. This liquid film serves to capture particles impacting on the walls,
allowing very little material to escape the cyclone still entrained in the flue gas. The
amount of material escaping entrained in the flue gas is known as carry-over and is a
direct expression of the material efficiency of a melting cyclone. The carry-over rate is
thus an important property in characterizing the performance of melting cyclones.

The very first melting cyclone applied for metallurgical purposes was tested in a Sar-
dinian plant in 1956 for treatment of antimony sulfide concentrate33,34. A variety of
melting technologies comprising melting cyclones have appeared since, the most promi-
nent of which are: the KIVCET technology33, the Flame Cyclone Reactor (FCR)29,30,
the CONTOP®31,35, the Annular Cyclone Chamber (ACC)36 and the HIsarna process37.
Tables 2.1 and 2.2 summarizes some of the key properties of each of these five technolo-
gies including the type material that is melted. Due to the proprietary nature of the
technological field, not all properties are published for all of the technologies.

The development of the KIVCET technologi started as early as the 1950’s in the Soviet
Union33. The abbreviation KIVCET stems from the Russian words for: oxygen, vortex,
cyclone and electrothermic. The process is still used today. A 2006 study attempts for
thermodynamic modeling of the KIVCET34. In the period 1969-1971 two pilot scale
plants tested the Flame Cyclone Reactor principle achieving up to 10 t/h melting of
copper concentrates29. In 1993 the first commercial CONTOP®plant was put into op-
eration, a technology achieving an impressive 1200 t/day throughput in a double melting
cyclone setup31. The steel industry came together i the ULCOS (Ultra Low CO2 Steel
production) project supported by the European Commission in 2004 in a strive for a more
environmental-friendly melting process. One of the processes arising from that project
is the HIsarna process comprising a melting cyclone and a coal-fired bottom vessel37.
Development of this technology is on-going. Other melting cyclone technologies exist,
such as for disposing of hazardous wastes32,38 and experimental tests of a plasma fired
melting cyclone39.

The IMF is the first cyclone based melting technology to be used for mineral wool produc-
tion. The technologies comprising melting cyclones presented in this section can provide
some insight into the potential for using melting cyclones, however, direct learnings that
can be applied to the IMF technology from these technologies are limited both due to
the significant differences between the processes and their applications as well as the very
sparse amount of published research studies available concerning the technologies.
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ackground

Technology KIVCET FCR CONTOP Annular Cyclone
chamber (ACC) HIsarna

Timeline Initial development
work in 1950s33

1969: 1 t/h first pilot
plant, 1971-1979: test
plant operation, 1980:
semi industrial plant
build in Hamburg29

First commercial
plant put in operation
in 199331

30-40 years of ex-
perience reported in
200236

Initial pilot plant test
in 2011 and latest a six
month test campaign
was run in 201737

Process setup

Vertical smelting
cyclone placed above
settling hearth, melt
and flue gas exits
through bottom of the
cyclone33

Vertical combustion
shaft placed above
horizontal cyclone
for melt and gas
separation29

One40 or two31 par-
allel cyclone smelters
are placed above a set-
tling furnace

Annular cyclone
chamber with melt
tank36

Melting cyclone
placed above and
in open connection
with coal-fired smelt
reduction vessel41

Materials Impure copper con-
centrates33, lead34

Pyrite, copper concen-
trates29, tin concen-
trates30

Antimony sulphide,
tin sulphide, molyb-
denum concentrate,
copper concentrate,
enamel, sewage
sludge, zinc residues40

Sodium disilicate glass
melt36

Iron ore for steel pro-
duction41

Fuel

Autogeneous smelting
with high concentra-
tion (>23%) of sul-
phide33, fine coal can
be used34

Coal fuel may be
added29

Natural gas31, indus-
trial wastes42 Natural gas36

Coal is injected in the
bottom reduction ves-
sel, the flue gas of
which rises into the
cyclone where it is
fully combusted41

Table 2.1: Known melting cyclone technologies (Part 1)
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cyclone

m
elting

technologies

Technology KIVCET FCR CONTOP Annular Cyclone
chamber (ACC) HIsarna

Throughput
350 t/day realized,
1000 t/day planned
(stated in 1976)33

Up to 10 t/h29 15-1200 t/day40 40 t/day36 8 t/h37

Dimensions* D = 1.4 m, H = 2.0
m33

El Paso smelter:
D = 1.8, H = 4.6
m31 (throughput
1200 t/day), Hazer
Zinc GmbH CON-
TOP: V = 2.5
m340(throughput 100
t/d)

D = 1.9 m36

Feed size <1 mm33 < 50 µm29 < 2 mm40 30-90 µm43

Carry-over**
Minor quantities of
mechanical carry-over
is reported29

2-3% of feed42, 4-
5%, of which 1% is
mechanical carry-over
and the rest gaseous
species31

Model: choking, due
to carry-over partci-
cles deposited on the
inner surfaces above
the cyclone, is avoided
if: wg < wg,cr, wg: av-
erage gas velocity in
the neck, and wg,cr a
critical velocity36

Table 2.2: Known melting cyclone technologies (Part 2)
*Cyclone dimensions are stated as "H" for height, "D" for diameter and "V" for volume.

** Carry-over states the amount of material escaping the cyclone entrained in the flue gas and is thus an expression for material separation
efficiency of the melting cyclone.
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2.5 Summary and conclusions

Stone wool has been produced commercially since the 1930’s. The production process
starts with melting of mineral material and the formation of a at least 1500 ◦C hot melt,
that is subsequently spun into fibers; an organic binder material is added and the products
are cured and finally cut into the desired shapes. The ROCKWOOL Group has invented
a new technology for forming the stone wool melt: the integrated melting furnace (IMF).
The IMF is a technology based on a melting cyclone above which two pre-heater cyclones
are placed. The IMF has the advantage of being more flexible regarding process changes
such as material load and adjustment of melt temperature than the conventional cupola
furnace. The IMF is also more flexible in relation to applicable fuels, as it operates on a
combination of coal and natural gas. The change of fuel from coke in the traditional cupola
furnace to coal and natural gas used in the IMF means a significant reduction in CO2

emissions. A main benefit of the IMF process is the ability to recycle stone wool waste
with coarse milling as the only pre-processing needed. This is a far simpler process than
the briquetting of stone wool waste used in the cupola furnace, and therefore facilitates
increased recycling across the ROCKWOOL Group stone wool production facilities.

Being a unique invention4,5, there is no established way to evaluate the performance of an
IMF, however, other technologies applied in other industries based on melting cyclones
do exist. A series of these technologies was summarized in Tables 2.1 and 2.2. A key
performance indicator of any cyclone is its ability to separate solid material from gas.
In the case of a melting cyclone, this ability is expressed as the amount of material
that exits the cyclone entrained in the flue gas rather than the melt flow. This material
is known as carry-over. During this PhD study both experimental work and modeling
work will be used to investigate the level of carry-over out of the IMF melting cyclone.
For the known technologies reviewed in this chapter low levels of carry-over are reported,
however for most of the technologies no dedicated study of the carry-over levels have been
published. For the CONTOP process a level of 1-5% of the material feed is reported31,42,
of which some is "mechanical carry-over" i.e. material escaping the cyclone in solid (or
partially molten form) and the rest is gaseous species originating from the evaporation
of part of the feed inside the melting cyclone that has subsequently condensed into once
again forming solid particles. Overall the available knowledge on the material efficiency
of melting cyclones is very sparse, and new methods will have to be developed in order
to quantify IMF performance.

Page 14



3 Material characterization: Melting behaviour
of raw materials and recycled stone wool
waste

3.1 Introduction

In this chapter a material characterization study on conventional raw materials and re-
cycled stone wool waste for stone wool production will be presented. The purpose of the
study is to obtain an understanding of the melting behaviour of a conventional stone wool
charge and of stone wool waste, focusing on where they differ, and thus answer research
question Q1 stated in Section 1.2. The ultimate aim of the study is to use this knowledge
om the material behaviour as a means to understand the behaviour of the materials inside
the IMF process for stone wool production, and the effect that introducing high amount
of stone wool waste has on the material efficiency of the IMF process.
Stone wool is produced by melting materials in order to obtain a 1500 ◦C stone wool
melt, that can be spun into fibers. The melting process is a complex high-energy process,
and therefore knowledge on how each material influences the overall melting energy is an
important step towards energy optimization. Knowledge on the temperature at which
the materials start to soften and melt is important in terms of process optimization and
material handling. The main findings of this study is published in a peer reviewed journal
paper44. The publication can be found in Appendix A.

Stone wool is produced using a mix of raw materials, known as the stone wool charge,
that comprises both virgin stone materials along with secondary materials i.e. waste
materials from other industries. The charge is made to ensure, that the overall chemical
composition of the stone wool fibers lie within a certain range to ensure bio-solubility
of the fibers, meaning that any fibers that are inhaled will dissolve in the lungs and not
persist inside the lungs and thereby pose a health risk45–47.

In this study the melting behaviour investigated comprises the initial softening of the
materials, the range of temperatures in which the materials melt, the crystalline con-
tent of the materials across this range, chemical reactions happening during heating and
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3. Material characterization: Melting behaviour of raw materials and recycled stone
wool waste

the overall energy consumption associated with heating and melting the materials. The
study is carried out using three different characterization techniques: differential scan-
ning calorimetry (DSC), hot stage microscopy (HSM) and X-ray diffraction (XRD). The
influence of the individual raw materials on the melting behaviour of a stone wool charge
used in a danish IMF plant will be described. Also, the main differences between the
high temperature response of the conventional stone wool charge and of the recycled stone
wool waste will be investigated.

In Section 3.2 the individual raw materials and stone wool waste is introduced and litera-
ture on the thermal response of these is reviewed. Section 3.3 introduces the experimental
techniques applied in the study, the results of which are presented in Section 3.4 and dis-
cussed in Section 3.5. A short summary of the main conclusions is given in Section
3.6.

3.2 Materials

The stone wool charge used in the IMF of a danish ROCKWOOL plant comprises five
different raw materials; four virgin stone materials: anorthosite, dolomite, diabase and
olivine sand along with a secondary raw material: Linz-Donawitz (LD) slag, that is a
waste product from steel production48. The recipe of the charge is stated in Table 3.1.

Anorthosite 46.1
Dolomite 11.1
Diabase 24.4
Olivine sand 8.0
LD slag 10.4

Table 3.1: Charge recipe, wt%

The chemical composition of the individual materials and of the mixed charge is given
in Table 3.2 as determined by x-ray fluorescence (XRF). In Sections 3.2.1-3.2.5 descrip-
tions on each raw material is given with focus on origin, crystalline content and melting
temperatures. Table 3.3 summarizes the crystal phases expected to be present in the
raw materials based on literature. The identified phases will be relevant in analyzing the
results of XRD measurements carried out on the mixed charge as described later in this
chapter.
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Weight percent
SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O P2O5 MnO LOI Sum

Anorthosite 47.6 28.6 0.2 1.4 13.6 0.9 2.6 1.0 0.0 0.0 2.3 98.1
Dolomite 0.4 0.0 0.0 0.1 29.8 21.9 0.0 0.3 0.0 0.0 46.4 98.9
Diabase 52.1 14.0 1.7 11.7 8.9 4.8 2.5 1.1 0.2 0.2 1.2 98.3
Olivine sand 41.5 0.1 0.0 7.2 0.2 49.9 0.0 0.4 0.0 0.1 0.4 99.8
LD slag 10.6 0.5 1.3 23.3 40.1 10.5 0.0 0.6 0.4 3.0 1.4 91.6
Charge 42.8 18.4 0.7 7.5 18.1 9.2 2.0 1.0 0.3 0.2 100.2
Wool waste 42.6 18.1 0.8 7.1 18.3 8.4 2.1 0.6 0.4 0.3 2.1 100.8

Mole percent
SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O P2O5 MnO Sum

Anorthosite 56.5 20.0 0.2 0.6 17.3 1.6 3.0 0.8 0.0 0.0 100.0
Dolomite 0.6 0.0 0.0 0.1 49.0 50.0 0.0 0.3 0.0 0.0 100.0
Diabase 60.5 9.6 1.5 5.1 11.1 8.3 2.8 0.8 0.1 0.2 100.0
Olivine sand 34.8 0.0 0.0 2.3 0.2 62.4 0.0 0.2 0.0 0.1 100.0
LD slag 12.9 0.4 1.2 10.6 52.2 19.0 0.0 0.5 0.2 3.1 100.0
Charge 46.0 11.7 0.6 3.0 20.9 14.8 2.1 0.7 0.1 0.2 100.0
Wool waste 46.6 11.7 0.7 2.9 21.4 13.7 2.2 0.4 0.2 0.3 100.0

Table 3.2: Chemical composition of the raw materials, charge and stone wool waste introduced into a danish IMF plant. The charge is mixed
according to the recipe stated in Table 3.1. The stone wool waste is collected at the IMF plant in question. The chemical composition is

determined using XRF on dry samples. Note that the entire iron content is stated as Fe2O3, however the exact oxidation state is unknown and a
mixture of FeO and Fe2O3 is expected.

P
age
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3. Material characterization: Melting behaviour of raw materials and recycled stone
wool waste

3.2.1 Anorthosite

Anorthosite is an igneous rock with a high aluminim content, 29 wt%, and is therefore
commonly used in aluminum production. The high aluminum content is what makes
anorthosite a desired raw material for stone wool melt production. The anorthosite used
in the ROCKWOOL Group stone wool production is from the Gudvangen-Mjoelfell mas-
sif in Norway. Anorthosite typically consists of mineral plagioclase e.g. a mineral in
the feldspar group, that contain the two end-menbers anorthite (CaAl2Si2O8) and albite
(NaAlSi3O8)49. The anorthosite from the Gudvangen-Mloelfell massif contains 65-78%

anorthite50. The 65-78% anorthite span corresponds to a liquidus temperature, i.e. the
temperature at which the material is fully molten, between 1450◦C and 1500◦C accord-
ing to a phase diagram of the albite-anorthite system phase diagram found in literature51.

Anorthosite50 Plagioclase (NaAlSi3O8)-(CaAl2Si2O8)
Dolomite52–55 Dolomite (CaMg(CO3)2)
Diabase56 Albite (NaAlSi3O8)

Anorthite (CaAl2Si2O8)
Hypersthene (Mg,FeSiO3)
Diopside (MgCaSi2O6)
Orthoclase (KAlSi3O8)
Quartz (SiO2)
Ilmenite (FeTiO3)
Magnetite (Fe3O4)

Olivine sand57 Forsterite (Mg2SiO4)
Fayalite (Fe2SiO4)

LD slag58 Portlandite (Ca(OH)2)
Srebrodol’skite (Ca2Fe2O5)
Merwinite (Ca3Mg(SiO4)2)
Larnite (Ca2SiO4)
Calcite/Manganoan ((CaMn)CO3)
Lime (CaO)
Dolomite (CaMg(CO3)2)
FeO

Table 3.3: Expected crystal phases in the charge materials.

3.2.2 Dolomite

Dolomite (CaMg(CO3)2) is chosen as a stone wool raw material because of the high
content of calcium and magnesium. The thermal decomposition of dolomite have previ-
ously been studied. Differential thermal analysis (DTA) of dolomite, have shown to give
two large endothermic peaks located in the temperature ranges 777-825 ◦C and 834-965
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◦C52,55. The peaks represent a two step decarbonization of dolomite that comprises the
reactions seen in Equations 3.1 and 3.252–55.

CaMg(CO3)→ CaCO3 +MgO + CO2 (3.1)

CaCO3 
 CaO + CO2 (3.2)

The first peak corresponds to the formation of magnesium oxide and calcite following the
reaction shown in Equation 3.1. The second peak is a result of the dissociation of calcite
following the reaction in Equation 3.2. When all the carbon dioxide is released from the
dolomite, the material can be represented by the CaO-MgO system. A phase diagram of
the CaO-Mgo system59 indicates a liquidus temperature of 2300 ◦C for CaO:MgO equal to
1:1 (the investigated dolomite contains 49 mole% CaO and 50 mole% MgO). This means
that in order to fully melt pure dolomite needs to be heated well above the 1500 ◦C melt
temperature of the IMF process, and the dolomite will therefore have to be dissolved in
the initial melt generated by raw materials with lower melting temperatures, rather than
reach the 2300 ◦C liquidus temperature of the material itself.

3.2.3 Diabase

Diabase is chosen as a raw material based on the content of multiple components such
as SiO2, Al2O3, Fe2O3, CaO and MgO, all of which are needed in the stone wool melt.
Diabase is a fine grained gabbro i.e. an igneous rock, the minerology of diabase and
gabbro is like that of their volcanic equivalent: basalt49. This means, that in terms of
melting behaviour diabase, gabbro and basalt can be considered similar. The melting
temperature and temperature dependent viscosity of the basalt melt has previously been
studied. Basalt has shown to be completely molten at 1220 ◦C60,61. The composition of
the diabase varies slightly from that of the investigated basalt, but is expected to melt
in the same temperature range.

CIPW norm calculation is a method for calculating the optimal mineral composition
based on the chemical composition of a material62. CIPW norm calculation on the di-
abase chemistry is carried out using a CIPW norm calculater56. The result indicates
that the following minerals may be present: plagioclase (e.g. anorthite, albite)(47 wt%),
hypersthene (18 wt%), diopside (17 wt%), orthoclase (7 wt%), quartz (6 wt%), ilmenite
(3 wt%) and magnetite (2 wt%).
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3.2.4 Olivine sand

Olivine sand consists primarily of silicon, magnesium and iron in the two phases: forsterite
(Mg2SiO4) and fayalite (Fe2SiO4). From the chemical composition of the olivine used in
the Danish ROCKWOOL stone wool production; the ratio of forsterite to fayalite can
be calculated as 93% magnesium rich forsterite and 7% iron rich fayalite. From phase
diagrams available in literature it is found that this composition can be found to have
a liquidus temperature of approximately 1860 ◦C57. As was the case for dolomite, this
liquidus temperature is well above the IMF process melt temperature, meaning that the
olivine sand dissolves in the initial melt formed by other raw materials rather than melt
on its own, as was the case for dolomite.

3.2.5 Linz-Donawitz (LD) slag

LD slag is a by-product from the Linz-Donawitz converter process and is constantly pro-
duced as pig iron is processed into crude steel48. The main components are Fe2O3, SiO2,
CaO and MgO. LD slag has been known to be used as a fluxing agent and substitute
for limestone in steel production. No detailed knowledge on the melting temperature has
been found, but as LD slag is a known fluxing agent, the melting temperature is not
expected to be higher than the IMF melt temperature of 1500 ◦C.
The main minerals in LD slag has preveiously been determined to be: portlandite
(Ca(OH)2), srebrodol’skite (Ca2Fe2O5) and merwinite (Ca3Mg(SiO4)2) along with the
minor minaral phases: larnite (Ca2SiO4), calcite/manganoan ((CaMg)CO3), lime (CaO)

and dolomite (CaMg(CO3)2)
58. It can also be expected that some iron oxide, FeO, may

still be present in the slag.

3.2.6 Stone wool waste

After end of life stone wool products can be recycled as stone wool waste back into the
IMF melting process for stone wool production. The only pre-processing needed for re-
introduction of stone wool waste into the IMF is a coarse milling. Figure 3.1 shows a
microscope image of a stone wool waste sample after milling. As can be seen from the
figure the material comprises yellowish fibers of various lengths along with black spherical
shots i.e. by-products from the spinning process.

Stone wool is a preferred insulation material because of its high temperature stability
(HTS) i.e. its ability to keep its shape up to 1000 ◦C and thus keep its insulation
ability and act as a fire inhibitor. Stone wool fibers are formed during a spinning process
that causes the fibers to be cooled down at extremely high cooling rates. The high
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Figure 3.1: Microscope image of a stone wool waste sample, as it looks after milling and prior
to introduction into the IMF process.

cooling rate causes the melt to be quenched into a frozen state which results in the
fibers being amorphous63. The amorphous fibers forms crystals upon heating above
the crystallization temperature, it is this crystallization that causes stone wool products
to keep their shape when exposed to high temperatures of up to 1000 ◦C as can be
experienced in a fire. The HTS of stone wool fibers has been thoroughly investigated.
Previous studies have shown that the HTS is a result of crystallization of the fibers when
heated above the glass transition temperature, Tg, around 700◦C64,65. The crystallization
initiates as a surface crystallization driven by the oxidation of ferrous iron, Fe2+, to
ferric iron, Fe3+. This oxidation drives the migration of cations from the bulk to the
surface, forming a nanocrystalline surface layer. Previous studies have investigated the
crystalline phases formed when stone wool fibers are heated in either atmospheric or inert
argon atmosphere64–68. A study concluded that the crystal phases depend strongly on
the specific chemical composition of the fibers66, this is reflected in the collected data on
observed crystal phases along with the fiber chemistry as stated in Table 3.4.
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Atm. This study Study 169 Study 266 Study 367 Study 464 Study 565

Air x* x x x x x
Argon x
Chemical composition [wt%]
SiO2 42.6 44.6 42.8 42.8 41.6 40.6 45.8
Al2O3 18.1 18.1 12.2 12.2 19.6 20.8 14.9
TiO2 0.8 2.1 1.2 1.2 1.8 1.6 1.6
FeO 7.1 8.0 3.3 3.3 7.5 7.1 7.6
CaO 18.3 13.0 24.8 24.8 18.7 13.6 14.3
MgO 8.4 9.8 12.9 12.9 7.1 11.4 10.9
K2O 0.6 2.4 0.7 0.7 1.1 0.8 1.0
Na2O 2.1 1.0 1.9 1.9 2.0 1.6 2.0
Main crystal phases
Akermanite x***
Augite x x x
Diopside x x x
Grossular x
Nepheline x
Periclase** x

Table 3.4: Crystal phases formed in stone wool fibers. Akermanite: Ca2MgSi2O7, Augite:
(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6, Diopside: MgCaSi2O6, Grossular: Ca3Al2(SiO4)3, Nepheline:

Na3KAl4Si4O16, Periclase: MgO
* XRD samples are prepared in air, DSC measurements are carried out in argon atmosphere.

** surface nanocrystalline layer. *** minor crystal phase.
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3.3 Experimental

3.3.1 Sample preparation

The following section describes an investigation of samples comprising the individual raw
materials along with five samples comprising 100%, 75%, 50%, 25% and 0% conventional
charge and 0%, 25%, 50%, 75% and 100% wool waste, respectively. The charge was
initially mixed from dry raw materials according to the recipe stated in Table 3.1. Repre-
sentative size fractions of each raw material was obtained by sieving. The desired samples
were mixed using a sample of stone wool waste collected at a danish IMF plant, such
as the material seen on Figure 3.1. For both STA and XRD measurements all samples
were pulverized prior to conducting the measurements using a Herzog HSM 100 pulver-
izing mill. For HSM both a series of crushed and a series of non-crushed samples were
investigated. The particle size distribution of the samples of pure charge and pure stone
wool waste is seen in Figure 3.2, as obtained by sieving. Prior to sieving the stone wool
waste was heated to 590 ◦C for 20 minutes in order to burn off the organic binder and
leave the fibers less prone to agglomerate during sieving. Furthermore a rubber stamp
was used to guide the stone wool waste through the sieves. A more detailed particle size
distribution for the <0.063 mm fraction of a very similar stone wool charge is shown in
Appendix G, Figure G.1. The detailed size distribution is obtained by analyzing the fine
fraction using laser diffraction (Malvern Mastersizer 3000). This size distribution is used
in the modeling work described in Chapters 5 and 6.

Figure 3.2: The particle size distribution of the crushed and non-crushed samples of pure
stone wool charge and stone wool waste as obtained by using a sieving column with the sieve
dimensions: 0.063 mm, 0.125 mm, 0.25 mm, 0.5 mm, 1 mm, 2 mm, 3.5 mm and 6.3 mm44.

Prior to sieving the stone wool waste is heated to 590 ◦C for 20 minutes to burn off the organic
binder to prevent agglomeration during sieving. A rubber stamp is used to guide the stone

wool waste through the sieves.
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3.3.2 Simultaneous Thermal Analysis (STA)

STA was used to investigate the individual raw materials and a series of five samples
comprising 100%, 75%, 50%, 25% and 0% conventional charge and 0%, 25%, 50%, 75%

and 100% wool waste, respectively. The samples were crushed prior to the measurement
in order to ensure better mixing and better surface contact in the STA crucible. Sample
masses of the individual raw materials were in the range of 20-35 mg and for the charge
and stone wool waste samples the sample mass was consistently 22 mg. A NETSZCH STA
449 F1 Jupiter Simultaneous Thermal Analyzer (STA) was used to conduct simultane-
ous differential scanning calorimetry (DSC) and thermogravimetric (TG) measurements.
All measurements were conducted using platinum crucibles and an Ar atmosphere. All
samples were initially heated to 60 ◦C at 20 ◦C/min, then kept at 60 ◦C for 10 minutes
before being heated to the maximum temperature of either 1300 or 1475 ◦C using at 20
◦C/min. Cooling was carried out at 20 ◦C/min until 250 ◦C was reached.

Measurements on individual raw materials was done with a maximum temperature of
1475◦C. A sapphire disc was placed between the platinum disk and the sample holder to
ensure that the crucible would not stick to the sample holder. A reference measurement
of the empty crucible was followed by a sample measurement.

Measurements on the mixed charge and stone wool waste were done with a maximum
temperature of 1300 ◦C. This maximum temperature is lower than what was used for
the individual raw materials, as it was seen that in the high temperature range the base-
line of the DSC measurements starts to drift causing the DSC curves to slope upwards
or downwards. As it was judged that almost all samples were molten at 1300 ◦C, this
temperature is used as a maximum. For these measurements an optimized measurement
procedure was developed comprising the following steps:

1. In order to be able to calculate the apparent heat capacity of the sample a total
of three measurements was carried out per sample: a reference measurement, a
measurement of a sapphire standard and finally a sample measurement was done.

2. Al2O3 disks, that are thinner than the previously mentioned sapphire disks, were
placed in between the sample holder and the crucible.

3. Each measurement was carried out using Pt crucibles that have not previously been
used, to ensure that the crucibles had not deformed during previous measurements
or cleaning procedures.
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4. The sample holding crucible had to be removed from the instrument when placing
the sample inside the crucible i.e. in between the baseline and standard and again
in between the standard measurement and the sample measurement. The reference
crucible was however left untouched in between the reference measurement, the
standard measurement and the sample measurement.

3.3.3 Hot stage microscopy (HSM)

HSM was used to investigate a series of five samples comprising 100%, 75%, 50%, 25% and
0% conventional charge and 0%, 25%, 50%, 75% and 100% wool waste, respectively. A
series was carried out with the samples of original grain sizes and another series with the
sample crushed to powder. The particle size distribution of both crushed and non-crushed
samples is seen on Figure 3.2. The melting behaviour of the samples was investigated by
optical dilatometry (TOMMI, Fraunhofer ISC). Samples were pressed into 6 mm wide
cylindrical pellets with the approximate height of 6 mm under a 1.5 ton press for 20
seconds.
The measurements were carried out under a heating rate of 5 K/min with maximum
temperatures of 1350 ◦C. Height, width and cross-sectional area measures were logged
every 1.5 ◦C. Images were acquired every 25 ◦C (initial measurements) or every 5 ◦C.

Characteristic geometries - definitions

The images obtained from HSM measurements gives an intuitive feel for the melting tem-
perature of the materials. In order to obtain quantitative data from hot stage microscopy
four characteristic geometries have been defined70. These are geometries that most ma-
terials will experience at some point during heating.
A parameter called "shape factor" is defined, as a step towards defining the four char-
acteristic shapes described below. The shape factor is defined as the ratio between the
measured cross-sectional area of the sample (as seen from the side) and the area of a
semicircle having a radius equal to the sample height, as illustrated on Figure 3.3. The
temperatures at which the sample assumes these four characteristic shapes are the initial
deformation temperature (IT), the spherical temperature (ST), the hemispherical tem-
perature (HT) and the flow temperature (FT). The melting temperature range of the
samples can be described at the IT-FT span.
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Figure 3.3: The shapefactor is defined as the ratio between the measured sample
cross-sectional area (blue) and a corresponding semicircle (black) with radius equal to the

sample height70.

Initial deformation temperature (IT)
The shape factor has changed 5%.

Spherical temperature (ST)
The sample has assumed a spherical shape. This shape is described by two criteria.
The height:width ratio is above 0.85 and the shape factor is above 0.8.

Hemispherical temperature (HT)
The sample has assumed a hemispherical shape and the height:width ratio is 1:2.

Flow temperature (FT)
The height:width ratio is 1:6.

3.3.4 X-ray diffraction (XRD)

XRD was used to investigate the individual raw materials along with three different sam-
ples comprising pure charge, pure stone wool waste and a 50/50 mixture all exposed to
1) no heat treatment 2) 1200 ◦C for 30 minutes 3) 1350 ◦C for 30 minutes.
After the heat treatment all samples were immediately quenched in water and subse-
quently crushed to powder. XRD (Empyrean PANalytical) measurements were carried
out in the range 5◦ ≤ 2Θ ≥ 70◦ with a step size of 0.0130◦. Six successive scans were
carried out on each sample, and the data presented in Section 3.4 is a summation over
the six measurements. The anode material used was copper.
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3.4.1 STA

The STA measurements i.e. both TG and DSC measurements, of the individual raw
materials, the stone wool charge and the stone wool waste are presented on Figure 3.4.
The observed peaks p1-p12 are discussed in Section 3.5. The figure includes a weighted
sum generated from the individual material DSC curves weighted according to the charge
recipe of Table 3.1. From the figure it is clear that the weighted sum does not resemble
the curve of the measured mixed charge. For the samples comprising pure charge, pure
stone wool waste and the 50/50 mixture, a total of three individual samples are measured.
The results on Figures 3.4-3.5 represent the average values obtained based on the three
individual measurements. The original DSC measurements are seen in Appendix B,
Figure B.1, showing only minor deviations between the similar samples, indicating that
it has been possible to produce samples, that are representative of the overall charge
composition despite the small sample amount of 20-40 mg.

The series of DSC measurements on the five samples comprising 100%, 75%, 50%, 25%,
0% conventional charge and 0%, 25%, 50%, 75%, 100% wool waste, respectively, are con-
verted to apparent heat capacities according to the Equation 3.3. The term apparent heat
capacity is used, as the calculated curves include both the actual material heat capacity
along with the peaks representing any exothermic and endothermic processes that takes
place during the measurements. These apparent heat capacities are presented in Figure
3.5.

Cp =
mstandard

msample

(
DSCsample −DSCbaseline
DSCstandard −DSCbaseline

)
· Cp,standard (3.3)

From the apparent heat capacity curves the total energy consumption when heating the
samples from 60 ◦C to 1300 ◦C is calculated as an integration of the apparent heat capacity
curve across the desired temperature interval. These resulting energies are shown on
Figure 3.6. It should be noted, that a few grains remain in the samples with pure charge
after the measurement. The samples has thus not melted completely during heating to
1300 ◦C at 20 ◦C/min, however, by far the major part of the samples appear to be molten.
The samples comprising wool waste appear completely molten after the measurements.
The error bars on the figure are constructed from the three individual samples investigated
for the pure charge, the pure wool waste and the 50/50 mixture, seen in Appendix B,
Figure B.1.
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Figure 3.4: DSC and TG measurements of the five individual raw materials along with the
mixed charge and stone wool waste. Measurements were carried out at a heating rate of 20
◦C/min in Pt crucibles in an Ar atmosphere. p1 results from an albite phase transition, p2
from melting, p3 from melting, p4 from decarbonization, p5 from CO2 release, p6 from

melting, p7 from decarbonization of dolomite, p8 from the albite phase transition, p9 from
melting of the mixed charge, p10 from a glass transition in the wool waste, p11 from
crystallization and p12 from melting. Based on the DSC curves of the individual raw

materials, a weighted sum (black curve) is generated based on the charge recipe given in Table
3.1 and plotted along the measured charge DSC curve.
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Figure 3.5: Apparent heat capacities as a function of temperature obtained from DSC
measurements of five samples comprising 100%, 75%, 50%, 25% and 0% charge and 0%, 25%,
50%, 75% and 100% wool waste, respectively44. The DSC measurements were conducted at
heating rates of 20 ◦C/min in Pt crucibles in an Ar atmosphere. The observed peaks are
identified for pure charge and wool waste on Figure 3.4. The dashed line indicate the

theoretical value for the melt Cp based on the overall melt chemical composition, seen in Table
3.2, and the method developed by Lange and Navrotsky71, in which liquid heat capacity of a
mixture is calculated as a linear combination of partial molar heat capacities of the oxide

components.

3.4.2 HSM

The HSM measurements give a series of data on the measured sample height, width and
cross-sectional area as a function of temperature, along with a series of images of the
sample profiles. On the basis of the data logged and the method described in Section
3.3.3 the temperatures at which the samples assume four characteristic shapes i.e. initial
deformation temperature (IT), hemispherical temperature (HT), spherical temperature
(ST) and flow temperature (FT), can be determined. The obtained temperatures for the
two series (crushed and non-crushed samples) of charge and stone wool waste samples
are seen on Figure 3.7(a) for the non-crushed samples and Figure 3.7(b) for the crushed
samples. Images were acquired at a lower frequency than the height, width and area
data. Figure 3.8 show the images acquired at temperatures closest to the calculated
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Figure 3.6: The energy required to heat and melt a mixture of stone wool charge and stone
wool waste from 60 to 1300 ◦C as a function of the stone wool waste content44. For the

samples containing 0%, 50% and 100% stone wool waste, a total of three individual samples
were investigated. The red circles represent values obtained from the individual measurements
whereas the the black curve represents the average values and the vertical lines represent the

standard deviations.

characteristic temperatures of Figure 3.7 for the pure charge, pure stone wool waste and
a 50/50 mixture. The full set of images obtained for all five mixtures of stone wool charge
and wool waste both crushed and non-crushed are seen in Appendix B, Figures B.2 and
B.3.

From Figure 3.7(a) it is seen that for the non-crushed samples the stone wool charge melts
in the range IT-FT: 1200-1300 ◦C and the stone wool waste in the narrower range1175-
1220 ◦C. For the crushed samples (see Figure 3.7(b)), the differences between the materials
even out and melting of all materials are seen primarily in the range 1175-1200 ◦C. For
the pure charge and the pure wool, two separate samples are investigated. For one of
the charge samples a 25 ◦C higher flow temperature is seen than for the similar sample.
This difference is due to local differences inside the individual samples. The same is the
case for the pure stone wool waste sample where the two similar samples show initial
deformation temperatures that differs by almost 100 ◦C. Despite the fluctuations seen,
the overall tendency is that for the crushed sample, there is very little difference to be
seen between the stone wool charge and the stone wool waste.

3.4.3 XRD

XRD is used to investigate the crystalline content of the individual raw materials and of
a pure charge and a pure stone wool waste sample. The crystalline content of the samples
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Figure 3.7: The characteristic temperatures calculated based on the method by Stábile et
al70 for a series of samples of original grain sizes (a), and a series of samples of crushed

material (b) as a function of the stone wool waste content of the sample44. All measurements
were conducted at a heating rate of 5 ◦C/min using sample pellets with a 6mm diameter. For
pure charge (crushed and non-crushed) and the crushed pure stone wool waste, two individual

samples are investigated the result of which is indicated by dashed lines.

can be used as an indication for whether or not melting has happened. The resulting
spectra for the non-heated individual raw materials is seen in Appendix B, Figure B.4.
The figure show the identified crystal phases for each material. Natural materials are
often complex and contains a variety of crystal phases, the identified phases are the main
phases found, that best explain the majority of the peaks observed on the spectra.

Figure 3.9 show the XRD spectra obtained for stone wool charge and stone wool waste
that was exposed to no heat treatment, 1200 ◦C for 30 minutes and 1350 ◦C for 30
minutes. The crystal phases identified in the individual raw materials was used as a
subset for identifying the crystal phases present in the mixed charge. The crystal phases
identified on the spectra of Figure 3.9 for the charge and stone wool waste samples are
listed in Table 3.5.

The identified crystal phases for the charge is plagioclase (originating from the anorthosite),
dolomite (originating from dolomite), diopside (originating from the diabese), olivine
(originating from the olivine sand) and finally srebrodol’skite and belite (originating
from LD slag. The stone wool waste is amorphous prior to heat treatment. At 1200 ◦C,
the stone wool waste has crystalized and the identified crystal phases re plagioclase and
diopside, of which the diopside was also found in Study 169 presented in Table 3.4.
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Figure 3.8: Images of sample profiles obtained during HSM measurements on samples
comprising 100%, 50% and 0% charge and 0%, 50% and 100% stone wool waste,

respectively44. For each sample type, both a sample comprising original grain sizes (upper
images) and a sample comprising pulverized material (lower images) was investigated. The

samples were prepared as pellets with a diameter of 6 mm, pressed in a 1.5 ton press for 20 s.
All measurements were conducted at a heating rate of 5 ◦C/min. Four characteristic

temperatures: initial deformation temperature (IT), spherical temperature (ST), hemispherical
temperature (HT) and flow temperature (FT) were determined based on the method by
Stábile et al70 and measured sample height, width and cross-sectional area. Images were

acquired every 25 ◦C (images marked *) or every 5 ◦C. The images on this figure represent the
images acquired closest to the calculated characteristic temperatures seen on Figure 3.7.
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Figure 3.9: XRD spectra obtained on charge and stone wool waste samples exposed to no
heat treatment (a) and (d), 1200 ◦C for 30 min (b) and (e), and 1350 ◦C for 30 min (c) and
(f)44. The spectra are all results of a summation over 6 individual scans with a step size of
0.0130◦. The identified crystal phases are plagioclase (•), dolomite (�), diopside (◦), olivine
(#), srebrodol’skite, (*) and belite (x). Table 3.5 summarizes the identified crystal phases.

Charge Wool waste
a) b) c) d) e) f)

Plagioclase x x x x
Dolomite x
Diopside x x x
Olivine x x
Srebrodol’skite x
Belite x

Table 3.5: Crystal phases identified based on the XRD data presented on Figure 3.944.
Columns (a,d), (b,e) and (c,f) represent samples that are non-heated, heated to 1200 ◦C for 30

min and heated to 1350 ◦C for 30 min, respectively.
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3.5 Discussion

3.5.1 Raw materials and charge

From the DSC curves shown on Figure 3.4 representing the individual raw material of the
investigated stone wool charge, it can be seen that only three of the materials initiates
melting in the studied temperature range. The three materials are: anorthosite, p2,
diabase, p3, and LD slag, p6. These observed melting temperatures correspond well
with the expected liquidus temperature of 1450-1500 ◦C for anorthosite51, the study
showing the similar basalt and diabase to be completely molten at 1200 ◦C60,61,72 and the
fact that LD slag is used as a fluxing agent in the steel indystry48. The remaining two
materials, dolomite and olivine sand, have melting temperatures higher than the process
melt temperature of the IMF, as was expected from the literature reviewed in Section
3.2, and hence no melting peaks are seen on their respective DSC curves.

The remaining peaks on the measured DSC curves represent processes other than melting.
These peaks are p1 for anorthosite, p4 for dolomite and p5 for LD slag. One of the
main components of anorthosite is the mineral phase albite. The presence of albite
is confirmed by the identification of plagioclase (a mineral with the two end-members
albite and anorthite) on the anothosite XRD spectrum seen in Appendix B, Figure B.4.
Albite is known to have a phase transition into a high-temperature form when heated
above 700 ◦C51. A phase transition will be represented as an exothermic peak on a DSC
measurement, and this albite phase transition thus nicely explain the p1 peak.
As described in Section 3.2.2 dolomite releases CO2 in the two-step process described by
Equations 3.1-3.252. This two-step CO2 release is reflected by the DSC double peak p4
and the associated TG weight loss of 48%.
The final unidentified peak, p5, is seen for LD slag at 450 ◦C accompanied by a 3% weight
loss. LD slag is rich in terms of both calcium and magnesium content which typically
makes minerals prone to release CO2. A release of CO2 explains both the exothermic
DSC peak and TG weight loss.

The behaviour of the mixed stone wool charge will now be discussed on the basis on the
obtained knowledge on the behaviour of the individual raw materials. As can be seen
from Figure 3.4, the measured DSC curve for the charge differs from the weighted sum
generated from the DSC curves of the individual raw materials weighted according to
their mass fraction in the charge, as stated in Table 3.1. It is therefore immediately clear
that the behaviour of the raw materials is effected by the presence of the other materials.
The charge show three exothermic peaks at 600-800 ◦C, p7, a small peak at 975 ◦C, p8,
and a large peak at 1200-1300 ◦C, p9, from which the DSC curve does not quite reach a
stable level during the measurement.
As the first peak p7 overlaps with the double peak of dolomite and is associated with a
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8% weight loss this peak is interpreted as being related to dolomite. The decomposition
of CaCO3 in dolomite has previously been shown to be accelerated by the presence of
SiO2

54, which can explain why the characteristic dolomite double peak, p4, is merged
into a single peak, p7, when present in the mixed charge. The second peak of the
charge p8 corresponds to the albite phase transition peak, p1, seen on the anorthosite
measurements.
The final peak on the charge DSC curve, p9, overlaps with the melting peaks of diabase
and LD slag. The characteristic shapes identified from the HSM data can be used to
define a melting range for the materials as the IT-FT temperature range. HSM reveals
that the charge melts in the range of 1200-1325 ◦C for the non-crushed charge sample and
1175-1225 ◦C for the crushed charge sample. These melting temperature ranges fits with
the p9 peak at 1200-1300 ◦C, confirming the interpretation that p9 represents melting
of the charge. The melting of the charge in this temperature range, below the melting
temperature of the raw materials olivine sand, dolomite and anothosite, indicates that
these materials are dissolved in the initial melt generated by diabase and LD slag that
thus acts as fluxing agents.

The influence of the individual raw materials on the thermal response of the mixed charge
can also be understood from the XRD measurements conducted. Of the crystal phases
identified on the basis of the spectra of the individual raw materials (see Appendix B,
Figure B.4), all except quartz and FeO are fitted to the spectrum of the pure unheated
charge. Quartz and FeO are expected to only be present in small amounts, and thus may
only show very weak signals in the XRD measurement, making them hard to identify on
the complex spectrum seen for the mixed charge.
When the charge is heated at 1200 ◦C for 30 minutes some of these crystal phases disap-
pear, namely: dolomite, portlandite, belite and srebrodol’skite. From both literature and
the DSC measurements it is known that dolomite releases CO2 and undergoes a two-step
phasetransformation at 700-900 ◦C. Therefore it is expected that the XRD pattern of
dolomite will change significantly when heated at 1200 ◦C.
The DSC measurements has indicated that both diabase and LD slag will partially melt
at 1200 ◦C, it is therefore expected that some of the peaks associated with the crys-
tal phases contained in these raw materials will disappear in the XRD spectrum of the
heated charge sample. As diabase has been identified to contain plagioclase, a crystal
phase that is also present in anorthosite, the plagioclase peaks remaining in the heated
charge spectrum may be accredited to anorthosite.
The XRD spectrum of the charge heated to 1200 ◦C no longer show peaks corresponding
to portlandite, belite and srebrodol’skite. This confirms that the LD slag does in fact
melt when heated to 1200 ◦C for 30 minutes.
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3.5.2 Stone wool waste and melting energy

The thermal response of stone wool waste is fundamentally different from that of the
stone wool charge, as is clear from both the DSC and XRD measurements carried out. In
terms of the DSC measurements, three thermal events are identified: p10, p11 and p12,
corresponding to a glass transition at 700 ◦C, endothermic crystallization of the fibers at
850-1000 ◦C and subsequent melting at 1100-1250 ◦C. This behaviour is consistent with
previous studies64,65. The crystallization of stone wool waste is also reflected in the XRD
data seen in the lower series of graphs on Figure 3.9. The unheated stone wool waste
comprises amorphous fibers and thus does not show any peaks in the XRD spectrum of
unheated stone wool waste. As the wool is heated above the crystallization temperature,
the crystal phases plagioclse and diopside are identified, Figure 3.9.e. Diopside was also
found in the studies listed in Table 3.4. Plagioclase was not, but as a previous study
concluded, the formed crystal phases depend strongly of the specific fiber chemistry66.
Above the melting temperature indicated by the p12 peak of 1100-1250 ◦C on the DSC
measurements and the HSM measurements of 1150-1225 ◦C, the formed crystal phases
disappear, and are therefore no longer present on the XRD spectrum of the wool waste
heated to 1350 ◦C.

The samples that are made from mixtures of the stone wool charge and stone wool waste
show characteristic behaviour of both material types. Figure 3.5 show the apparent heat
capacities of five samples comprising 100%, 75%, 50%, 25% and 0% conventional charge
and 0%, 25%, 50%, 75% and 100% wool waste, respectively. From the figure it is clear
that the samples containing high amounts of stone wool waste most closely resembles the
behaviour of the pure stone wool waste, and vice versa for the stone wool charge.

In terms of melting temperature of the stone wool charge, the stone wool waste and
the mixtures, both DSC and HSM provide information. The temperatures at which the
samples reach the four characteristic shapes defined in Section 3.3.3 are seen on Figure
3.7 for both the samples of original grain sizes (a), and for the crushed samples (b).
For the non-crushed pure charge melting initiates at the deformation temperature (DT)
at 1185 ◦C and is fully molten at the flow temperature (FT) around 1400 ◦C. As can
be seen from the corrugated shape on the charge sample at the flow temperature on
Figure 3.8, some unmolten grains remain in the sample at this temperature. The flow
temperature of the samples containing the raw materials of original grain sizes is highly
effected by the position and material type of the largest grains within each specific sample.
Therefore significant fluctuations in the calculated flow temperatures are expected, which
also explains why it appears that the sample comprising 75% charge has a higher flow
temperature than the 100% charge sample on Figure 3.7.

For the pure charge sample that was crushed prior to the measurements, the melting
initiates at the deformation temperature (DT) at 1175 ◦C and is fully molten at the
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flow temperature (FT) at 1200-1225 ◦C. The higher melting temperature of the non-
crushed sample is likely due to the fluxing agents, i.e. initial melt, experiencing local
transport and mixing limitations. According to the HSM measurements the pure stone
wool waste samples melt in the temperature range 1175-1200 ◦C for both the crushed and
non-crushed samples. In the mixed samples the largest difference is seen when moving
from the pure charge to a sample containing 25% stone wool waste. From 25% to 100%

stone wool waste, no significant change in melting temperature can be seen from the
HSM data. For the crushed samples the effect of adding stone wool waste to the samples
is no longer seen. This indicates that the facilitation of mixing in the crushed samples
compared to the non-crushed has a larger influence on the overall thermal response than
the melting temperature of the individual materials present in the samples.

For both the charge and the stone wool waste the melting onset indicated by the onset of
the melting peaks on the DSC curves occurs at lower temperatures than the melting onset
indicated by the HSM IT temperatures. For the charge the onset of the melting peak p9
is seen at 1125 ◦C and for the stone wool waste the melting peak p12 onsets around 975
◦C. HSM show a melting onset at 1175-1200 ◦C for stone wool waste and 1082-1150 ◦C
for the pure charge. The lower melting onset temperatures of the DSC curves indicate
that energy is being dissipated inside the sample for the melting phase change before
the HSM samples start to deform. This means that the HSM sample pellets are able to
contain some amount of initial melt, before the overall stability of the sample decreases
and the sample starts to deform.

On the basis of the measured DSC curves, the apparent heat capacity of the samples was
calculated, and from an integration across these curves the total energy associated with
heating and melting the samples from 200-1300 ◦C is calculated, the result of which is seen
on Figure 3.6. For three of the sample mixtures, three individual samples are studied.
Between these fluctuations of up to 25% is seen. As the samples melt inside the STA
crucibles, the formed melt can start to move up along the inner walls of the crucible,
which means changes in the contact area between the melt and the crucible bottom,
which again leads to uncertainties in the measured energy dissipation. In spite of the
large fluctuations a clear linear tendency is seen between the overall energy consumption
of the wool waste content in Figure 3.6. From the average values it is seen that the pure
stone wool waste requires 23% less energy than the pure charge. This is not surprising,
as it is known from the glass industry, that glass cullet requires less energy for melting
than the virgin raw materials73. The main driver for the energy difference seems to be
the fact that no decarbonization has to take place in the wool waste samples.
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3.6 Summary and conclusions

The thermal response of the individual raw materials of a stone wool charge, the mixed
stone wool charge and stone wool waste has been investigated using the three experimen-
tal techniques: STA, HSM and XRD, with the aim of answering research question Q1.
The thermal response of the mixed stone wool charge can be understood based on the
behaviour of the individual raw materials. The main processes occurring in the charge is a
CO2 release due to the decarbonization of dolomite at 700-900 ◦C, a phase transition due
to the high temperature behaviour of the albite contained in the anorthosite at 920-1000
◦C and finally melting in the temperature region 1175-1325 ◦C. The melting is initiated
by the melting of the raw materials diabase and LD slag. The remaining raw materials
are dissolved in the melt and is thus capable of becoming liquid at temperatures lower
than their individual melting temperatures.

Stone wool waste show a fundamentally different thermal response from that of the stone
wool charge. The stone wool waste experiences a glass transition, crystallization and
subsequent melting of the formed crystals in the temperature range 1100-1225 ◦C.

From the measured DSC curves the apparent heat capacity of a series of samples compris-
ing 100%, 75%, 50%, 25% and 0% conventional charge and 0%, 25%, 50%, 75% and 100%

wool waste, respectively, has been determined. From the apparent heat capacities the
overall energy associated with heating and melting each sample in the temperature range
200-1300 ◦C can be calculated. The analysis reveal that for the investigated stone wool
charge, the melting energy is 23% lower for the stone wool waste than for the charge. The
lower melting energy associated with the stone wool waste is primarily due to the lack of
the energy-demanding decarbonization observed for the dolomite contained in the con-
ventional charge. The recycling of stone wool waste thus poses an added benefit in terms
of a lower energy requirement which further motivates increased wool waste recycling in
the future.

In Chapter 4 it will be described how particles can be sampled from the IMF flue gas
immediately above the melting cyclone. The knowledge on melting temperatures of the
investigated materials gathered in this chapter will be used as a basis for understanding
the morphology of samples collected at the IMF melting cyclone flue gas exit.
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4.1 Introduction

In the previous chapter the differences in material characteristics of a conventional stone
wool charge and of stone wool waste was investigated. But how will these two different
materials behave inside the melting cyclone of an IMF? This chapter will introduce an
experimental investigation with the aim of answering that question.

The environment inside the melting cyclone is extremely harsh and does not allow for
experimental measurements. Therefore it is decided to do indirect measurements on the
materials exiting the cyclone. The rate and characteristics of exiting materials will indi-
rectly reveal information about the inner workings of the cyclone.

Looking at the melting cyclone of the IMF, there are two material outlets: downwards
into the melt and upwards in the flue gas exhaust. The melt itself will not reveal anything
on the material behaviour inside the melting cyclone as it leaves the cyclone as a homo-
geneous liquid flow. Any real life cyclone will have some amount of material escaping the
cyclone and exiting it entrained in the gas phase, this is also the case for the IMF melting
cyclone. This material is known as carry-over. Previously, it has been experienced that
introduction of high rates of stone wool waste has led to build-up of material on the riser
walls above the IMF melting cyclone. This build-up is made from the carry-over leaving
the melting cyclone. The build-up can lead to process instabilities as the riser cross sec-
tional area is narrowed, also droppings of large pieces of sintered build-up material into
the IMF melt bath can lead to fluctuations in both melt outlet and melt temperature as
well as pose a risk for blocking the melt outlet.

The experimental study seeks to answer research questions Q2 and Q3 posed in Chapter
1. The study will aim at quantifying the effect that the type of material feed into the IMF
has on the carry-over out of the melting cyclone both in regards to carry-over rate and

39



4. Full scale measurements: Measuring carry-over rates and flue gas temperature

characteristics of the carry-over particles. Special focus will be given to the effect of the
level of stone wool waste recycling into the IMF. Analysis of the investigated carry-over
and key IMF process parameters will be carried out with the aim of answering research
question Q3 and identify the process parameters that are most influential in determining
the rate and characteristics of carry-over our of the IMF melting cyclone.

As described in Chapter 3 there are fundamental differences between the stone wool
charge and stone wool waste in terms of both physical morphology and thermal response.
The fine size of the wool waste could make it more likely to escape the IMF melting
cyclone as carry-over. The lower viscous softening onset and melting energy of stone
wool waste could lead to a carry-over that is more "sticky" than carry-over resulting
from the conventional charge. A sticky carry-over could lead to higher amounts of build-
up downstream of the IMF melting cyclone, which could cause process instabilities.

Two different experimental techniques are applied to investigate the rate of carry-over at
a sampling point above the IMF melting cyclone: deposit probe particle sampling and
isokinetic suction probe particle sampling. Of these, the deposit probe is a far simpler
technique, and only the isokinetic sampling is able to give information on the morphol-
ogy of individual carry-over particles and provide a precise quantification of the amount
of carry-over. Also Fourier-transformed infrared spectroscopy (FTIR) temperature mea-
surements are conducted at the sampling point located roughly one meter above the IMF
melting cyclone gas outlet to determine flue gas temperature.

This chapter comprises a description of the experimental techniques used in Section 4.2.
In Section 4.3 an overview of the conducted measurements is given along with the results
of both laboratory characterization of the collected samples as well as the total carry-over
rate obtained for the two probe techniques. Section 4.3.3 presents a statistical analysis
of the correlation between the obtained carry-over rates along with key IMF process
parameters. Summary and conclusions are found in Section 4.5.

4.2 Experimental

The full scale measurements presented in this chapter are all conducted at the sampling
area indicated on Figure 4.1. The measurements are conducted through an existing
entrance point located in the quench zone above the melting cyclone of the IMF. The
quench zone acts to let in ambient air, that is mixed with the hot flue gas to ensure
appropriate flue gas temperature in the downstream part of the IMF. The mixing with
the cold air is assumed to take place at the contraction above the quench zone. Therefore,
the effective flue gas stream width at the sampling point is defined as 2R as indicated on
Figure 4.1.
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Figure 4.1: The measurement area is located just above the quench zone of the IMF as
indicated on this figure. The radius of the flue gas stream is R. A full sketch of the IMF

system is found in Figure 2.3.

4.2.1 Deposit probe

Deposit probes are used in numerous studies to investigate material deposits that can
form from ash in boiler units74–79. The mechanisms that determine material deposit on
deposit probes are complex and there are inherent difficulties related to translating the
deposit rate on the probe to the particle flux in the flue gas. The deposit rate and char-
acteristics depend on many parameters among others probe surface temperature, flue gas
temperature, particle size, particle “stickiness” and local aerodynamics74,76. Deposit can
be generated both from condensation of vaporized mineral species (sub-micron particles)
or from inertial impaction (super-micron particles). Furthermore, as deposit will change
the surface of the probe it has been shown that there are differences in the inner and outer
layers of formed deposit74,80. The change in surface of the probe as deposit is formed
further complicates understanding and modeling of the deposit rate. In studies were long
exposure times are used, shedding mechanisms that explain how deposited material drops
from the probe also become important78. Zhan et al74 reported that no correlation could
be found between the measured deposit rates and the total concentration of entrained
ash particles in a pilot oxy-coal combustion facility. Similarly, Hansen et al76, showed no
clear correlation between measured deposit of ash and the ash concentration in the flue
gas. Complex models have shown to be able to predict fairly well the deposit formation
for model inputs including gas temperature, ash composition and ash particle size distri-
bution76,79.
There is thus no simple way to convert a measured deposit rate to the flux of entrained
particles in a flue gas stream. The deposit probe used in this study is very simple, and
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the deposit rate can be interpreted as a minimum measure for the particle flux in the
IMF flue gas stream. The motivation for using the deposit probe, is that it is far simpler
and faster in use than the isokinetic suction probe described in the next section. The
aim of using the deposit probe is to investigate if a correlation can be found between
the deposit rate measured using the deposit probe and the carry-over rate that can be
derived from the isokinetic probe measurements. If such a correlation is found, this will
allow for the use of the much faster deposit probe in future measurements with only a
few isokinetic measurements for validation, and thus significantly increase the feasible
number of measurements that can be carried out during a measurement campaign.

Deposit probes can vary in complexity from simple designs to advanced designs that track
the deposit rate on the probe by pressure transducers. The probe applied in this study
is a very simple version. The probe comprises a water cooled steed rod that is inserted
horizontally into the IMF flue gas with the aim of quantifying the flux of entrained and
deposited particles. The rate of deposit will be determined simply by weighing the total
amount of material that has deposited over a specific measurement time.

The deposit probe was placed horizontally in the flue gas, through an access point in
the quench zone, see Figure 4.1. The probe was extracted after a specific time window,
tmeasurement, and the material deposited on the probe was collected and weighed, msample.
The deposit rate, Ṁdeposit [kg/s], was thus calculated according to Equation 4.1. The area
of the probe, Aprobe, is determined as the effective length of the probe, i.e. the length
of the area covered by deposit material, times the diameter of the probe i.e. 33.7 mm,
as seen on Figure 4.2. For the measurements presented here the effective length of the
probe was 0.50 m.

Making the rough assumption that the deposit rate, Ṁdeposit, is a direct expression for
the carry-over flux in the IMF flue gas stream, Ṁco, the total carry-over rate can be
calculated according to Equation 4.2. Where the area of the riser is πR2, with the flue
gas stream outer radius R as indicated on Figure 4.1. As discussed above, this is a very
rough estimate, but it will serve to give a "minimum measure" for the total carry-over
rate.

Ṁdeposit =
msample

tmeasurement · Aprobe
;

[
kg

m2 · s

]
(4.1)

Ṁco = Ṁdeposit · Ariser ;
[
kg/s

]
(4.2)

A sketch of the deposit probe is seen on Figure 4.2. The probe was water-cooled so that it
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can sustain being inserted into the harsh measurements environment with temperatures
up to 1500 ◦C.

Figure 4.2: Schematics of the water cooled deposit probe.

Measurement procedure

For each investigated IMF process setting the deposit probe measurements consisted of
five individual measurements, and the average value of the deposit rate for these five
measurements was used for further calculations. The repeated measurements allow for
estimation of the uncertainty of the derived deposit rate. Prior to the first measurement
at a specific process setting, the deposit probe was preheated in the riser. The measure-
ment procedure is described here:

• The probe was pre-heated in the flue gas stream for 4 minutes. Deposited material
was discarded.

• A few test measurements was carried out to determine an appropriate measurement
time where a "controllable" amount of material deposited during the specified mea-
surement time e.g. 20 s - 2 min. Too much deposited material would lead to a risk
of spontaneous shedding of material from the probe and thus the sampled material
would not reflect the impacting material rate.

• The probe was inserted horizontally in the flue gas stream for the desired measure-
ment time.

• The probe was extracted and attention was paid to whether any material dropped
from the probe during movement of the probe. If any material fell from the probe,
the measurement was discarded and a new conducted.

• The probe was placed above a collection plate. The plate was there to catch the
deposit material as it was scraped off the probe.

Page 43



4. Full scale measurements: Measuring carry-over rates and flue gas temperature

• The deposit sample was collected from the collection plate.

• The deposit sample was weighed.

• A total of 5 individual measurements were conducted at each IMF process setting.

4.2.2 Isokinetic suction probe

The principle of isokinetic particle sampling goes back to the mid 20’th century and has
been applied in various scientific fields. A study from 1957 discuss how to construct at
probe that will ensure true isokinetic measurements i.e. that the suction velocity into
the probe is equal to the velocity of the surrounding gas stream81. Multiple studies
have investigated the concentration of entrained particles in fluidized bed processes using
isokinetic as well as non-isokinetic sampling probes82–84.

Some types of isokinetic probes use pressure measurements to ensure true isokinetic con-
ditions81,85. For this study the deviation from isokinetic conditions was evaluated post-
measurement by calculating the suction velocity, vsuction, and comparing it with the outlet
velocity of the IMF melting cyclone. For the measurements presented in this study the
gas flow rate at temperature T into the probe, V̇probe,T , was measured using a rotameter;
from the flow and probe head cross-sectional area, AIS,probe, the suction velocity, vsuction,
was calculated according to equation 4.3. Note that for this calculation the flue gas flow
rate is temperature sensitive.

vsuction =
V̇probe,T
AIS,probe

(4.3)

The importance of measuring at a suction velocity equal to that of the gas stream ve-
locity is investigated in numerous studies81,82,84,85. Principally, suctioning a part of the
flue gas stream into a probe under isokinetic conditions ensures that the flow pattern
of the gas stream is undisturbed. If the suction velocity is higher than that of the gas
stream, then the probe will suck in gas from the surrounding gas stream and not just
the gas stream corresponding to the probe area. In the surrounding gas stream fine par-
ticles will be likely to follow the gas stream and be sucked up by the probe, whereas
the momentum of coarser particles will allow them to continue upwards instead of fol-
lowing the gas stream into the probe. Thus high suction velocities will result in solid
samples with an under-representation of coarse particles and over-representation of fine
particles. The opposite situation arises if the suction velocity is lower than that of the
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gas stream and a sample with an over-representation of larger particles will be collected85.

Dennis et al81 reports that the error associated with measuring at non-isokinetic condi-
tions depends on the particle sizes; for example they observe a 10% negative error when
measuring particles with a count medium size of 0.6 µm at a velocity 60% higher than
isokinetic speed. The study concludes that for fine particles (∼0.5 µm) there is no sig-
nificant error associated with sampling under non-isokinetic conditions.
Van Breugel et al85 investigates isokinetic sampling in a dense gas-solid stream in a 30
cm diameter model riser. They report a very small sensitivity of the measured solid flux
towards various suction velocities. The dense mass flux investigated is in the range 100-
550 kg/(m2· s) and it is reported that the flux can be determined within a 10% error at
the lower concentrations and with errors of 20-30% at high concentrations.
Rhodes et al82 investigates the dilute solid flux, i.e. 0-100 kg/(m2· s), of a cold model
circulating fluidized bed (CFB). They too conclude that the sensitivity towards suction
velocity is low in the dilute stream and that is is not necessary to conduct experiments
at exactly isokinetic conditions. The particles investigated here have a mean particle size
of 64 µm.

The particle suction equipment setup is seen on Figure 4.3. The isokinetic suction probe
was positioned in the flue gas stream with the probe head pointing vertically downwards.
The ejector to the right ensured suction and thus the flow of flue gas through the setup.
Downstream of the probe a small cyclone acted to separate particles from the gas. The
cyclone has an estimated cut-size of 4.8 µm, and therefore a fine filter of pore size 0.8
µm was placed downstream of the cyclone to capture fine particles still present in the
gas. For each measurement there was thus be collected a total of two samples from the
cyclone and filter, respectively. A water separator and silica-gel filter was placed in the
system to protect the rotameter and ejector from being exposed to moisture and any dust
still present in the flue gas.

The probe and the probe head were both water cooled to sustain the high temperatues
(up to 1500 ◦C) in the flue gas. A detailed drawing of the probe head is seen on Figure
4.4. The two outer annuli were used for the cooling water. The inner annulus was used
to transport quench air to the tip of the probe, where the quench air was dosed though
nozzles around the probe inlet. The diameter of the probe inlet was 16.6 mm. The quench
air was introduced in order to rapidly cool down particles when they entered the probe.
The quenching caused molten particles to solidify and thus prevent potential clogging of
the probe.The quench air was supplied in the form of pressurized air monitored via the
upper rotameter seen on Figure 4.3.

It should be noted that due to issues with maintaining a sufficiently high flow through
the probe, the silica-gel filter was dismounted after the first week of measurements, and
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4. Full scale measurements: Measuring carry-over rates and flue gas temperature

Figure 4.3: The setup of the isokinetic suction probe used for capturing entrained particles in
the flue gas of the IMF. Measurements are carried out at the sampling point indicated on

Figure 4.1. A detailed sketch of the probe head can be seen on Figure 4.4.

thus for measurements IS47-IS143 (See table 4.1) the silica gel filter was not in use. This
will not have effected the measurements, as the silica-gel filter was placed downstream of
the cyclone end fine filter collecting the samples.

Figure 4.4: Cross section of the isokinetic suction probe head.

Measurement procedure

During the isokinetic sampling measurements the aim was to obtain a suction velocity
into the probe of 15 m/s (corresponding to the estimated flue gas velocity in the riser)
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with a quench flow that was sufficient to keep the probe head from becoming too hot. Ini-
tially a quench flow of 75 Nl/min and an overall suction through the probe (i.e. including
quench air) of 105 Nl/min was applied. This corresponded to a gas inlet velocity of 15
m/s (assuming a flue gas temperature of 1400 ◦C). But due to difficulty in maintaining
the suction flow at sufficient levels, the quench flow was lowered to 60 Nl/min, and the
overall gas flow through the probe to 84 Nl/min, corresponding to a gas velocity of 11-12
m/s (assuming a flue gas temperature of 1400 ◦C). This quench flow seemed sufficient to
ensure rapid cooling of the entrained material and avoiding sticky build-up of material
inside the probe.

The measurement procedure that was followed is summarized here:

• Prior to the measurements the flow readings from the two rotameters were cali-
brated, so that the rotameter readings during each measurement could be translated
to the actual gas flow through the probe.

• The probe was heated up by inserting it at the measurement point with both quench
and suction flow running. The material collected during heating was discarded, and
the collection cup below the cyclone was exchanged for another, as it contained
condensed water.

• It was determine how long the probe was able to stay in the flue gas without clogging
by examining the build-up at the probe head after specific measurement times e.g.
1-2 minutes.

• For the measurements the probe was inserted horizontally into the flue gas with
the probe head opening pointing vertically downwards for an appropriate time e.g.
1-2 minutes and then extracted for rough cleaning of the probe head i.e. build-up
of material around the inlet was removed. The probe was inserted, extracted and
re-inserted for a number of times until a sufficient amount of sample material was
collected. Typically 6-8 cycles were carried out.

• During measurements the quench air flow and suction flow, pressure and temper-
atures were monitored to make sure that nothing had changed. If changes in the
flow rates were observed, the suction was adjusted to maintain a steady gas flow
rate throughout the measurement. The temperature measurements were conducted
to monitor that the probe was cooled sufficiently to withstand the high flue gas
temperatures of the IMF process.
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4.2.3 FTIR temperature measurements

Temperature measurements were carried out using an Optris model F6 IR thermometer.
The IR-thermometer measured gas temperature based on the emitted thermal radiation
from CO2 at 4.64 µm86,87. The thermometer was mounted on a platform, and mounted
with purge air around the lens to avoid blocking. The thermometer was placed in front
of the opening into the riser at the measurement area indicated on Figure 4.1. From here
the IR measurement registered the highest gas temperature of the flue gas stream in its
line of sight.

Measurement procedure

The IR thermometer was mounted on a stand that can be adjusted in height. The stand
was mounted in front of the opening into the flue gas stream, so that the IR thermometer
could be aimed across the flue gas stream. The duration of each measurement was around
1 minute and a resolution of 10 ms was used. As the thermometer needed a clear line
of sight, the temperature measurements were conducted in between the probe measure-
ments.

4.3 Results

4.3.1 Measurement overview

Over a period of a month a series of experimental measurements was carried out on a
danish IMF plant while in operation. The measurements included deposit probe and
isokinetic suction probe sampling of carry-over and FTIR flue gas temperature measure-
ments, all carried out according to the experimental procedures described in Section 4.2.

An overview of the conducted measurements is seen in Table 4.1. Measurements were
conducted at 16 different IMF process settings: S1-S16, each of which is characterized
by a stone wool waste dosing percentage and a filter fines dosing rate. filter fines is
fine material collected from the flue gas exiting the upper IMF pre-heater cyclone and
re-introduced directly into the IMF melting cyclone through a specialized oxygen and
natural gas burner (SeeFigure 2.3). The stone wool waste and filter fines dosing is stated
as a percentage of the total material dosing, as calculated according to Equations 4.4
and 4.5. Note that the coal dosing is not included in this total material dosing rate.
The investigated IMF settings S1-S16 show a span in wool waste dosing percentage from
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Date Isokinetic Deposit Setting Wool Filter IS probe
Sample ID Sample ID waste fines Position

[%] [%]
05.04.18 IS43 + IS44 (T) S1 0 9.0 (- - - - x - - - -)
10.04.18 IS47 + IS48 (T) E279-284 S2 33 8.9 (- - - - x - - - -)

IS49 + IS50 (T) (- - - x - - - - -)
IS54 + IS55 (T) (- x - - - - - - -)
IS56 + IS57 ( x - - - - - - - )

11.04.18 IS58 + IS59 E285-289 S3 28 8.5 ( x - - - - - - - )
IS60 + IS61 (- - - - x - - - -)

12.04.18 IS63 + IS64 S4 33 9.1 (- - - - x - - - -)
IS66 + IS67 (- - - x - - - - -)
IS68 + IS69 (- - x - - - - - -)
IS70 + IS71 (- x - - - - - - -)
IS72 + IS73 (T) ( x - - - - - - - )
IS74 + IS75 S5 36 0 ( x - - - - - - - )
IS76 + IS77 (T) (- - - - x - - - -)

Charge recipe change
17.04.18 IS78 - IS80 E290-294 S6 20 8.6 (- - - - x - - - -)

IS81 - IS83 (T) ( x - - - - - - - )
IS84 - IS86 S7 22 0 ( x - - - - - - - )
IS87 - IS89 (- - - - x - - - -)
IS90 - IS92 S8 0 8.6 (- - - - x - - - -)
IS93 - IS95 (T) ( x - - - - - - - )

18.04.18 IS96 - IS98 E295-299 S9 20 8.6 ( x - - - - - - - )
IS99 - IS101 (T) (- - - - x - - - -)
IS102 - IS104 E300-304 S10 30 8.8 (- - - - x - - - -)
IS105 - IS107 (T) ( x - - - - - - - )
IS108 - IS110 E305-309 S11 11 8.9 ( x - - - - - - - )
IS111 - IS113 (T) (- - - - x - - - -)

19.04.18 IS114 - IS116 E310-314 S12 0 8.9 (- - - - x - - - -)
IS117 - IS119 (T) ( x - - - - - - - )
IS120 - IS122 E315-319 S13 0 0 ( x - - - - - - - )
IS123 - IS125 (T) (- - - - x - - - -)

24.04.18 IS126 - IS128 E320-324 S14 33 0 (- - - - x - - - -)
IS129 - IS131 (T) ( x - - - - - - - )

25.04.18 IS132 - IS134 E325-329 S15 31 4.3 ( x - - - - - - - )
IS135 - IS137 (T) (- - - - x - - - -)
IS138 - IS140 E330-334 S16 0 0 (- - - - x - - - -)
IS141 - IS143 (T) ( x - - - - - - - )

Table 4.1: Conducted measurements on a IMF plant in sixteen distinct operation settings,
S1-S16, include deposit probe measurements (E279-E334), isokinetic probe measurements

(IS43-IS143) and FTIR flue gas temperature measurements (T). Each setting is characterized
by a stone wool waste dosing percentage and a filter fines dosing percentage defined as stated
in Equations 4.4-4.5. The measurement positions of the isokinetic suction probe measurements
range from r = 0 to r = 0.8R (see Figure 4.9) are indicated in the far right column of the table.
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Charge recipe S1-S5 [wt%] Charge recipe S6-S16 [wt%]
BF slag 9,0 -
Diabase 19,3 26,1
Anorthosite 39,0 39,0
Olivine 8,2 4,5
LD slag 12,5 9,0
Dolomite - 11,9
Recycled IMF bottom material 12,0 9,5

Table 4.2: IMF charge recipes used during the measurements stated in Table 4.1.

0-33% of the total material input and a span in filter fines dosing percentage from 0-9.1%

of the total material input.

ṀWool waste[%] =
ṀWool waste[kg/h]

ṀCharge[kg/h] + ṀWool Waste[kg/h] + ṀFilter fines[kg/h]
(4.4)

ṀFilter fines[%] =
ṀFilter fines[kg/h]

ṀCharge[kg/h] + ṀWool waste[kg/h] + ṀFilter fines[kg/h]
(4.5)

Other key IMF process parameters include the rate of introduced charge material, the
coal dosing, natural gas dosing, air dosing, oxygen dosing, the stone wool waste moisture
content and the loss of ignition (LOI) of the stone wool waste. The LOI of the stone
wool waste is due to the organic binder and oil added during the spinning process of the
stone wool production process. In section 4.3.3 all of these parameters are included in
a statistical analysis of the correlations between IMF process parameters and measured
carry-over rates. An illustration of the variation in each of these parameters is seen on
Figure 4.12 for the normalized process values, the normalized values are given in Appendix
C, Table C.1.

At each setting the samples collected using isokinetic suction is referred to as "IS###",
while deposit probe samples are numbered "E###". Temperature measurements are
indicated by "(T)" in Table 4.1. Finally, Table 4.1 includes the measurement position of
the isokinetic suction probe in the hot flue gas stream ranging from center measurements
at radial positions r = 0, to measurements at a position of r = 0.8R, where R is the
radius of the flue gas stream at the measurement position indicated on Figure 4.1.

As indicated on Table 4.1 the charge recipe was changed in between settings S5 and S6.
The two charge recipes used are listed in Table 4.2. This change of course is not ideal
in the middle of a measurement campaign, but such changes sometimes happen when
working on an industrial facility in operation. The first part of the campaign was carried
out with a charge including a secondary raw material from steel production "BF slag"
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Figure 4.5: The collected sample mass per measurement time during the deposit probe
measurements E279-E334 carried out according to the scheme in Table 4.1.

and no dolomite. During the second part of the campaign, the charge closely resembled
the charge recipe investigated in Chapter 3. The two charges are constructed to result in
the same overall chemical composition of the generated stone wool melt. As can be seen
in Appendix G, Figure G.2 the particle size distribution of the two charges differs only
to a minor degree.

The measurement data for the deposit probe measurements is seen in Appendix C, Table
C.2. This data comprises sample ID, measurement time, collected sample mass and the
calculated deposit flux, Ṁdeposit. The collected sample mass over time for the deposit
probe measurements E279-E334 are shown in Figure 4.5. It should be noted that for
IMF settings S1, S4, S5, S7 and S8 no deposit probe measurements were carried out.
The collected sample masses range from 0.9 to 19.0 g, and was the samples were seen as
a thin dust layer on the deposit probe. The derived sample masses collected pr second
ranges from 0.02-0.65 g/s. From Figure 4.5 is can be seen that for settings S9, S12, S13,
S14 and S15 very low sample collection rates were seen. For settings S2, S3, S6, S10,
S11 and S16 higher levels are seen with significant deviations between the five individual
measurements of each setting.

The measurement data for the isokinetic suction probe measurements is seen in Table C.3.
This data comprises sample ID, measurement time, flue gas flow into the probe, V̇flue gas,
sample masses of the samples collected in both both probe cyclone and 0.8 µm fine fil-
ter, measurement position, r/R, measured flue gas temperature, Tflue gas, as determined
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Figure 4.6: Two series of measured entrained particle concentration at a horizontal profile
across the riser carried out using isokinetic particle sampling during two very similar IMF

process settings S2 (IS45-IS57) and S4 (IS63-IS73). Details on the process settings are found in
Table 4.1. r = 0 corresponds to a measurement in the center of the flue gas stream, and r = R

is the outer radius of the flue gas stream, as illustrated on Figure 4.9.

from the FTIR measurements, the derived particle concentration calculated according to
Equation 4.6, and the calculated suction velocity, vsuction i.e. the flue gas velocity into
the probe calculated according to Equation 4.3. During all of the measurements temper-
ature and pressures of the flow through the rotameters of the isokinetic suction probe
was monitored in order to evaluate the stability of the probe. No significant changes in
pressure or temperature was seen, and the data is not reported here.
The flow velocities into the probe, Vsuction, was calculated by subtracting the quench flow
from the total gas flow through the probe. As can be seen from Table C.3, the velocities
obtained when using the measured flue gas temperatures according to Equation 4.3 are in
the range of 13.0-14.4 m/s for IS43-IS50 and in the range of 9.3-11.2 m/s for the majority
of the measurements i.e. IS54-IS143. The estimated flue gas velocity in the riser is 15
m/s, and thus a deviation from true isokinetic conditions of 25-38% is seen for the IS54-
IS143 measurements. As discussed in Section 4.2.2, low suction velocities compared to
true isokinetic conditions may results in collected samples with an under-representation
of fine particles. However, as concluded by the reviewed studies, often good results can
be obtained even when deviating from isokinetic conditions with up to 60%81,82,85. It is
therefore expected that the measurements here will give results that resembles the true
particle flux of entrained particles in the IMF riser. As the deviation from isokinetic
conditions is fairly constant, the results obtained are deemed to be comparable through-
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out the conducted measurements even if a systematic error is present due to a suction
velocity lower than the riser gas velocity.

For each measurement the collected sample mass can be converted into a particle con-
centration when compared to the gas flow through the probe during the measurement.
At Settings S2 and S4 measurements are carried out at 4 and 5 different positions, re-
spectively, along the flue gas radius in order to investigate the profile of the particle
concentration in the flue gas stream. S2 and S4 represent very similar process settings
both with a stone wool waste dosing percentage of 33% and filter fines dosing of 8.9% and
9.1%, respectively. The results of these measurements are seen in Figure 4.6. The profile
of S2 show a linear increase of the derived particle concentration with increasing outward
radial measurement position. The profile obtained during S4 show significant fluctua-
tions, but it is still deemed fair to assume a linear profile of the particle concentration
with respect to the measurement position. For the settings S5-S16, measurements are
only conducted in the center, r = 0, and on a r = 0.8 · R positions, and a linear particle
concentration profile will be assumed for the further calculations on the total carry-over
rate, described in Section 4.3.2. As the flue gas stream can be assumed to fluctuate
somewhat at the outer boundary, the measurements are carried out at r = 0.8 · R and
not at r = R.

For the isokinetic samples collected at the center, r = 0, and the off-center, r = 0.8 · R,
position the results are seen in Figure 4.7. The derived particle concentrations ranges
from 0.0005-0.017 [kg/m3]. From the figure it is seen that for each IMF process setting
the center (r = 0) measurements result in lower particle concentrations than the off-
center (r = 0.8R) measurements, indicating a denser particle flow near the riser walls.
Across settings it is seen that the center measurements of some settings may give higher
particle concentrations than the derived off-center (r = 0.8R) particle concentrations of
other settings.
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Figure 4.7: Derived particle concentrations obtained using isokinetic particle sampling at different process settings S1-S16 (See Table 4.1)
calculated according to Equation 4.6. The red marks represent measurements conducted in the center of the riser (at r = 0) and blue marks refer

to measurements carried out near the outer radius of the flue gas stream (at r = 0.8R). Measurement data is found in Table C.3.
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The raw data of the temperature measurements can be found in Appendix D, Figure
D.1, and average temperatures obtained during the one minute measurements are seen
in Figure 4.8. The average temperatures are in the range 1100-1420 ◦C.

Figure 4.8: The average flue gas temperatures obtained during one minute FTIR
measurements conducted at the process settings indicated in Table 4.1 at the measurement

position above the IMF melting cyclone illustrated on Figure 4.1. The raw data has a
resolution of 10 ms, and can be found in Figure D.1 in Appendix D.

4.3.2 Quantifying total carry-over rates

Based on both deposit probe and isokinetic suction measurement data it is possible to
calculate the total rate of carry-over entrained in the flue gas, ṀCO [kg/h], from the IMF
melting cyclone. As was discussed in Section 4.2.1, the use of a deposit probe to evaluate
the concentration of entrained particles in a gas stream is a rough estimate at best, and
effectively serves as a "minimum measure" of the rate of carry-over. The purpose of
including the deposit probe measurements and derived carry-over rates in this study, is
to investigate if a correlation between the carry-over rate obtained from deposit probe
and isokinetic suction probe measurements can be found. If such a correlation is found,
it would allow for using the much faster deposit probe technique in future measurement
campaigns. For both calculations a series of assumptions is applied. The calculations
and assumptions associated with each mesurement type is described in the following.
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Deposit probe

The total carry-over flux, ṀCO [kg/h], is quantified according to Equations 4.1.4.2. This
approach is based on the following assumptions:

• It is assumed that the carry-over is distributed uniformly across the riser. During
the deposit probe measurements the build-up seemed evenly distributed across the
probe, however isokinetic measurements indicates a clear dependence on the cross-
sectional position in the riser, making this assumption questionable.

• It is assumed that all entrained carry-over particles in the flue gas flow will impact,
and that the particles that impact onto the probe will stick to the deposit probe.
This is not be the case for all particles, and thus the carry-over flux determined by
the deposit probe approach is in fact a minimum measure of the total carry-over
flux.

The total carry-over rate obtained from averaging five collected deposit probe samples
for the IMF process settings listed in Table 4.1 is seen in Figure 4.10 as a function of the
wool waste dosing in percent of the total material dosing rate into the IMF as defined
in Equation 4.4. The obtained rates are in the range of 0-1% of the total material input
rate.

Isokinetic suction

The particle concentration, c, of the flue gas that passes through the probe, is calculated
according to Equation 4.6.

c =
msample

V̇probe,T · t
(4.6)

Where msample is the combined sample mass of the samples collected from the probe
cyclone and fine filter, V̇probe,T is the volume rate of flue gas that passes through the
probe at an inlet temperature T and t is the measurement time. V̇probe,T is calculated
according to the rotameter settings and measured gas temperatures. For Settings S3 and
S7 no temperature measurements were conducted. For S3 the average mean temperature
measured during S2 and S4 will be used, as the IMF process was running similarly to S3
during these two settings. For S7 the temperature measured during S6 will be assumed.
The data of the isokinetic suction probe measurements is seen in Table C.3, in Appendix
C.
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Assuming that the particle concentration, c is constant throughout the flue gas stream,
and that the flue gas stream is uniform across the riser, the total carry-over can be cal-
culated using equation 4.7.

Ṁco = V̇total,T · c (4.7)

Isokinetic measurements conducted at different positions across the riser have indicated
a clear dependence on the particle concentration and the measurement position. As can
be seen in Figure 4.6 the dependence seems to be linear. Therefore, the total carry-over,
Ṁco, can more accurately be calculated taking this linear dependence into account. As
illustrated on Figure 4.9 the particle concentration can be expressed as: c(r) = a · r + b,
where a and b are to be fitted according to the isokinetic measurements and r is the radial
off center position. a and b is determined for each experimental setting.

Figure 4.9: An illustration of the cross-section of the IMF riser above the melting cyclone at
the measurement area indicated on Figure 4.1. (Left) The particle concentration of entrained
particles in the flue gas,c, can be fitted to a linear function dependent on the radial position.

(Right) Spherical coordinates are used to carry out the integration of Equation 4.11.

The total carry-over is thus determined by the integration seen in Equation 4.11. This
calculation assumes a linear particle concentration profile and a uniform flue gas flow
across the riser. The resulting carry-over rates are in the range 0.5-5% of the total
material input into the IMF, as can be seen in Figure 4.10.

In order to see if there is a correlation between the carry-over rates derived from the de-
posit probe and isokinetic suction probe measurements Figure 4.11 is constructed based
on the data for the IMF settings where measurements using both probe techniques is car-
ried out i.e. S2, S3, S6 and S9-S16. From the figure it can be seen that there is no strong
correlation between the carry-over rates determined used the two different techniques.
The isokinetic suction probe gives results in the range 0.5-5% whereas the deposit probe
results in a narrow span of carry-over rates in the range 0-1%. There is a slight tendency
that high carry-over rates derived from the deposit probe measurements correlate with
high carry-over rates as derived from the isokinetic suction probe measurement. However,
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Figure 4.10: The rate of carry-over out of the melting cyclone at the sampling point
indicated on Figure 4.1 during the IMF process settings, S2-S16, listed in Table 4.1 obtained
by the two methods: deposit probe (blue) and isokinetic particle sampling (red) calculated

according to the methods stated in Section 4.3.2. The carry-over is presented in percent of the
total material dosing i.e. ṀCharge + ṀWool Waste + ṀFilter F ines, note that the coal dosing is
not included as part of the total material dosing. The wool waste dosing is equivalently stated

as a percentage of the total material dosing.

as no clear correlation is seen, the further analysis will focus on the results obtained by
isokinetic suction, as this is expected to be a much more accurate method for determining
the particle flux.

Figure 4.10 show the measured carry-over rates are represented as a function of the stone
wool waste dosing percentage, in order to ascertain whether there is a direct correlation
between wool waste dosing and the carry-over rate. This appears not to be the case for
both probe techniques. Further analysis on the main drivers for the carry-over rate is
presented in Section 4.3.3 in which a statistical analysis is applied to key process parame-
ters. Figure 4.12 show the measured carry-over rates obtained from the isokinetic suction
probe as a function of eight key IMF process parameters describing the material dosing
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rates, fuel dosing rates and gaseous dosing rates into the IMF process as well as the mois-
ture content and LOI of the stone wool waste. The values of these are stated in Appendix
C, Table C.1. No immediate trends are see. As the IMF comprises both cyclones and
a highly turbulent combustion process, both of which are complex in nature, it is not
completely surprising that no clear correlations can be found between single parameters,
such as those plotted in Figure 4.12. The complex nature of the process and collected
data motivates the use of more advanced statistical analysis methods.

ṀCO =

∫ 2π

0

∫ R

0

V̇fluegas,T
πR2

(a · r + b)rdrdθ ⇒ (4.8)

ṀCO =

(
V̇fluegas,T
πR2

)∫ 2π

0

∫ R

0

(a · r + b)rdrdθ ⇒ (4.9)

ṀCO =

(
V̇fluegas,T
πR2

)
1

3
R2π(2aR + 3b)⇒ (4.10)

ṀCO =

(
V̇fluegas,T

3

)
(2aR + 3b) (4.11)

Figure 4.11: The carry-over rate of entrained particles above the IMF melting cyclone
determined by isokinetic suction (IS) probe as a function of the carry-over rate determined by
deposit probe (DP). Figure (a) show the correlation between the two techniques on equal axes,
whereas figure (b) show the correlation with different axes. For settings S1, S4, S5, S7 and S8
no deposit probe measurements were carried out, and these settings are therefore not found in

this figure.
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Figure 4.12: The carry-over rate for IMF process settings S2-S16 as determined by use of an isokinetic suction probe at the sampling point
indicated on Figure 4.1 as a function of eight key IMF process parameters: charge dosing, wool waste dosing, filter fines dosing, coal dosing,

natural gas dosing, air dosing, oxygen dosing, wool waste moisture content, wool waste loss of ignition (LOI) and measured flue gas temperature as
determined by FTIR. Each IMF process parameter has been normalized and the carry-over stated as a percentage of the total material dosing into

the IMF for each specific process setting.
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4.3.3 Principal Component Analysis (PCA)

Introduction to PCA

Principal Component Analysis (PCA) is a statistical method that can be used to find sys-
tematic correlations in a multivariate data set, that is, a data set with multiple variables.
When analyzing datasets, it is fairly simple to comprehend and visualize correlations as
long as only 2-3 variables are present. In such cases simple 2D and 3D plots can be made
to inspect for patterns. When a data set contains higher numbers of variables the problem
becomes multidimensional and difficult for the human brain to visualize and understand.
This is often the case when investigating correlations in relation to industrial plants,
where a wide range of different process parameters are expected to influence the process
operation. In such datasets it becomes a complex task to identify the most influential
parameters, and this is where the statistical PCA method has proven very helpful.

PCA has previously been used for finding correlations between the formation of pollutants
and ash characteristics in a circulating fluidized bed municipal solid waste incinerator
plant88, for finding correlations between combustion conditions and the formation of
pollutants in a waste incineration pilot plant89 and for analyzing the influence of different
process parameters on the risk of agglomeration in a biomass fired fluidized bed gasifier
and combustor90.

Figure 4.13: Principle of PCA analysis for a case with three variables, x1, x2 and x3, and a
set of data points best approximated by the principal components PC1 and PC291.

A short introduction to the PCA method is given here, detailed introduction to PCA can
be found in the literature91,92. In a data set containing K variables with N observations
each, PCA identifies the lines, planes and hyper-planes in a K-dimensional space, that
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best approximate the data. The approximation is based on a least squares basis. An
example is given in Figure 4.13 for a 3-dimensional data set with the variables x1, x2
and x3. Each dot represents an observation, for example a specific process setting of
an industrial plant. The result is a set of principal components, PC1 and PC2, that
are constructed so that they are orthogonal and explains as much as possible of the data
variance. The first principal component, PC1, will always represent the largest fraction of
the total variance, followed by principal component 2, PC2, and so forth. Each principal
component can be characterized by the fraction of the total data variance, that it accounts
for.

Once the principal components are found, plots can be made to illustrate the weight of
each variable on the different principal components. Such an analysis will reveal which
variables or process parameters has the largest influence on the overall variance of the
data set in question. These weights are known as the loading of a specific variable. The
loadings of each variable in relation to a specific principal component can be used to
determine if two specific variables correlate positively or negatively. If the loadings of
two variables are both positive, they are positively correlated, whereas if one is negative
and the other positive, this means a negative correlation. If, for example, a variable
describes the efficiency of an industrial process, PCA can thus be used to identify the
process parameters that correlates positively to a high efficiency and vice versa.

Results of PCA

With the aim of finding correlations between the measured carry-over rate out of the
IMF melting cyclone and key IMF process parameters a PCA analysis is carried out.
The analysis is based on the isokinetic suction probe data and has as its variables the
parameters listed in Table 4.3.

For the PCA analysis the data set comprising the calculated particle concentrations found
for each individual isokinetic probe measurements (IS43-IS143, See Tables 4.1 and C.3)
rather than the derived total carry-over rates presented on Figure 4.10 is used. This choice
is made to allow the statistical analysis to have the largest possible data set available.
This will allow the analysis to include IMF process parameters as they were during each
specific measurement, rather than averaged values over the full settings. This allows for
the statistical analysis to pick up correlations of also small variations in parameters seen
for the individual measurements.

The process parameters included are the material input rates, fuel dosing rates and gas
dosing rates along with the moisture content and LOI of the stone wool waste. These
parameters are chosen as they are expected to have influence on the melting cyclone
performance. Both fuel and gas (air and oxygen) input will effect the rate of generated flue
gas and the flue gas temperature. The moisture content and LOI of the stone wool waste
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Parameter
Particle concentration (c)*
Measurment position (r)**
Charge dosing
Wool waste dosing
Filter fines dosing
Coal dosing
Natural gas dosing
Air dosing
Oxygen dosing
Wool waste moisture content
Wool waste LOI
Charge recipe***

Table 4.3: Parameters for PCA analysis.
Calculated according to Equation 4.6. **See Figure 4.9 for illustration. *** As stated in Table

4.1 the charge recipe was changed in between settings S5 and S6, therefore a variable is
generated that can have one of two values, to represent either the first or the second charge

used. The data of the listed parameters are found in Table C.1 of Appendix C.

also effects the combustion process and the generated flue gas amount and temperature.
The material load is also considered an important parameter for determining cyclone
performance, as will be discussed further in the mathematical cyclone model presented in
Chapter 5. The charge recipe was changed in between settings S5 and S6 and therefore a
binary parameter is constructed to reflect whether the charge of settings S1-S5 or S6-S16
is used.

An analysis has been carried out to identify if the IMF process was stable during each
individual isokinetic suction probe measurement IS43-IS143. The analysis is based on
the accumulated standard deviation of the key IMF process parameters during each
measurement. The method and results are presented in Appendix E. Based on this the
following three measurements are excluded from the statistical analysis: IS72, IS86, IS134,
as the sum of standard deviations calculated on the basis of process values logged during
each individual measurement are higher than a defined limit of 0.1. For the remaining
measurements the IMF process is considered stable. The measurements IS72, IS86 and
IS134 was included in the analysis and calculation of the total IMF melting cyclone carry-
over rate of Section 4.3.2, but looking at Figure 4.7 the obtained particle concentrations
of these three measurements does not fall far from the other conducted measurements
within the same process settings, and therefore including the three measurements despite
some process instability, is not expected to have a significant influence on the derived
carry-over rates.

The PCA analysis is carried out using PLS Toolbox versin 8.7.1 and MatLab version
9.6.0 (R2019a). Prior to the analysis, the data is pre-processed using the "autoscale"
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function that ensures that the values of each variable are mean centered and scaled to
a unit standard deviation. This pre-processing ensures that all parameters are included
with the same weight in the analysis, so that parameters of numerically large values are
not given a higher weight. The result of the analysis is a set of principal components.
The principal components explain a decreasing amount of the total data set variance.
The accumulated explained variance as a function of the number of principal components
considered, is seen in Figure 4.14.

Figure 4.14: The figure shows the cumulative variance explained as a function of the number
of principal components considered for the PCA analysis conducted in the IS43-IS143 dataset

and the parameters listed in Table 4.3.

The two first principal components, PC1 and PC2, explain 32.4% and 19.8% of the
total data set variance, as seen on Figure 4.14. The principal components can each be
expressed as a series of loadings, that each variable influences the component with. The
loading, or weight, that each of the included parameters impacts PC1 and PC2 with, are
seen on Figure 4.15. The figure can be used to identify to what extent the IMF process
parameters correlate with the measured particle concentration.
For PC1 the particle concentration is found at a value of -0.19. In terms of PC1, the
parameters with negative PC1 values correlate positively with the particle concentration,
whereas parameters on the positive side of the x-axis correlate negatively. In terms
of PC2, where the particle concentration is found at a value of 0.28, positive y-axis
coordinates means a positive correlation with the particle concentration, and negative
y-coordinates means a negative correlation. Looking at PC1 and PC2 combined, it seems
that the parameter with the closes positive link to the particle concentration is the filter
fines dosing, wool waste dosing and charge recipe as these are also placed in the second
quadrant of Figure 4.15, correlating positively with the particle concentration with respect
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Figure 4.15: The figure show the loadings (i.e. weight) of the parameters listed in Table 4.3
in relation to the first (PC1) and second (PC2) principal component obtained by applying PCA
to tge data obtained from isokinetic suction probe experiments, the data of which are found in

Table C.3. PC1 explains 32.36% of the total data set variance and PC2 explains 19.78%.

to both PC1 and PC2. The strongest negative links are found between the particle
concentration and the wool waste LOI and air dosing as these are found in the fourth
quadrant, correlating negatively with the particle concentration with respect to both PC1
and PC2.
It should be noted, that PC1 and PC2 only explain a total of 52.1% of the total data
set variance. Also, most of the parameters are placed with loadings in the range 0.2-0.4.
Near-zero loadings would indicate little impact on the overall data variance, meaning that
a plot as seen on Figure 4.15 indicate that almost all parameters are important in modeling
the data set. Surprisingly, the parameter which appears to have the least influence in
terms of PC1 and PC2, is the measurement position, r, even though Figure 4.6 clearly
show an increasing trend in particle concentration with the outward radial position in the
flue gas stream. The explanation for this is linked to Figure 4.7, where it can be seen, that
even though measurements at r = 0.8R is always giving higher concentrations than center
measurements within the same process setting, the obtained values for each measurement
position both spans most of the overall concentration observations. Overall the PCA
analysis does not identify any clear main drivers in terms of the particle concentration,
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but indicate that all parameters contribute in determining the rate of carry-over.

4.4 Sample analysis

4.4.1 Sample analysis - deposit probe samples

During the deposit probe measurements, any material impacting on and sticking to the
deposit probe, will remain in the hot flue gas stream for the remaining measurement
time. Therefore, the collected material will be able to melt or sinter together while on
the probe, meaning that any analysis on sample morphology would not reflect the state
of the entrained carry-over particles in the flue gas stream. The only properties of value
of the deposit probe samples are therefore the overall sample chemical composition and
the collected sample mass. For the measurements conducted according to Table 4.1, the
sample mass was in the range 0.9-19 g obtained over measurement times of 19-48 seconds.
The chemical composition of the samples have been analyzed for a few select samples us-
ing XRF, but merely revealed compositions similar to the overall stone wool charge and
thus the stone wool melt composition, as can be seen in Table 4.4.
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Material SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O PsO5 MnO LOI sum
Anorthosite 47,6 28,6 0,2 1,4 13,6 0,9 2,6 1,0 0,0 0,0 2,3 98,2
Dolomite 0,4 0,0 0,0 0,1 29,8 21,9 0,0 0,3 0,0 0,0 46,4 98,9
Diabase 52,1 14,0 1,7 11,7 8,9 4,8 2,5 1,1 0,2 0,2 1,2 98,4
Olivine sand 41,5 0,1 0,0 7,2 0,2 49,9 0,0 0,4 0,0 0,1 0,3 99,8
LD slag 10,6 0,5 1,3 23,3 40,1 10,5 0,0 0,6 0,4 3,0 1,4 91,7
Charge 42,8 18,4 0,7 7,5 18,1 9,2 2,0 1,0 0,3 0,2 - 100,2
Wool waste 42,6 18,1 0,8 7,1 18,3 8,4 2,1 0,6 0,4 0,3 2,1 100,8

Deposit probe SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O PsO5 MnO LOI sum
E325-E329 (S15) 36,9 17,5 0,7 6,4 20,0 9,4 2,9 1,7 0,4 0,4 - 96,3
E332 (S16) 34,0 16,3 0,7 7,4 25,3 11,7 1,3 0,5 0,2 0,6 - 98,0

Isokinetic suction SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O PsO5 MnO CO2 sum
Spherical particles 37,4 23,5 1,0 4,4 15,7 8,9 5,7 2,3 - 1,2 - -
Filter sample particles 38,7 19,5 1,3 4,5 11,9 5,5 8,0 4,8 - - - -
Unburned coal particles 1,9 1,3 0,2 0,2 0,5 0,3 0,4 0,1 - - 95,0 -

Table 4.4: Chemical composition of individual raw materials, mixed charge according to the recipe stated in Table 3.1, Chapter 3, stone wool
waste and deposit probe samples are obtained by XRF. The chemical composition of isokinetic probe samples represents an average value obtained
using EDX on multiple similar particles from samples from 6 different process settings (S5, S7, S8, S13, S15, S16). The particle types included for
the isokinetic probe samples are spherical particles collected from the probe cyclone ( see the orange marked particle on Figure 4.16, spherical
samples of the isokinetic probe fine filter (see Figure 4.17, and unburned coal particles collected in the isokinetic probe cyclone (See the green

indication on Figure 4.16).
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4.4.2 Sample analysis - isokintic suction probe samples

The samples collected using isokinetic suction are analyzed with regards to their mor-
phology, chemical composition, loss of ignition and particle sizes using scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), thermal gravimetric
analysis (TG) and laser diffraction particle size analysis, respectively.

SEM and EDX

The isokinetic suction probe gives two samples for each measurement: one collected in
the cyclone of the probe and another collected in the 0.8 µm filter, as seen on the probe
schematic of Figure 4.3. Cyclone sample masses range from 0.3-10.9 g and filter masses
range from 0.0-0.9 g.

An SEM image of a cyclone sample is seen on Figure 4.16 and an SEM image of a filter
sample on Figure 4.17. For the cyclone samples three different particle types are iden-
tified on the images: spherical particles (submicron to 25 µm diameters), larger porous
particles in a dark grey contrast (around 10-200 µm in size), and finally a small amount
of variously shaped particles (around 10-50 µm in size), as indicated by the orange, green
and pink shapes in Figure 4.16, respectively.
The spherical particles are interpreted as solidified molten droplets. The filter samples
show only spherical samples smaller than 2 µm in size, as seen on the filter sample shown
on Figure 4.17.

EDX analysis is used to investigate the chemical composition of the spherical particles
of the cyclone samples, spherical particles of the filter samples and the larger porous
particles of the cyclone samples. The variously shaped particles, an example of which is
marked in pink on figure 4.16, are interpreted as unmolten mineral materials. As vary
few of these particles are seen on the SEM images, the particle type is not investigated
using EDX. Table 4.4 shows the average chemical compositions obtained through EDX
measurements on 7 samples obtained at 6 different process settings: IS74 (S5), IS84 (S7),
IS93 (S8), IS120 (S13), IS125 (S13), IS133 (S15), IS141 (S16). The EDX results show
that the porous particles comprise mainly carbon, and is thus accredited to unburned
coal. TG analysis will be used to determine the loss of ignition and thus the amount of
unburned coal present in a sample collected for each process setting S2-S16.
The spherical particles of the cyclone samples and the filter samples (see Figures 4.16 and
4.17) show an overall chemical composition that resembles that of the stone wool charge
and thus stone wool melt composition. As the EDX is a local measurement on a small
area of a sample, it is natural to see fluctutations in the measured chemical composition.
A small increase in K and Na is observed compared to the charge and stone wool waste
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Figure 4.16: SEM image of sample obtained from the cyclone of the isokinetic suction probe
obtained during measurement IS120 (S13) (see Table 4.1). Three particle types are identified:

spherical particles (orange), variously shaped porous particles in darker contrast (green),
other/unmelted particles (pink).
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Figure 4.17: SEM image of a sample obtained from the 0.8 µm filter of the isokinetic suction
probe during measurement IS74 (S5) (see Table 4.1).
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chemical composition. These species are commonly known to have lower melting temper-
atures and evaporation temperatures, and may act as flux for other solid materials. This
can explain why K and Na are slightly over-represented in the molten spherical particles.
This amount of K2O and Na2O in the spherical particles of the cyclone and filter samples
is still relatively low (2.3-8.0 wt%). Typically high values of K and Na is seen for aerosol
particles i.e. particles that have been on a gaseous form and subsequently condensated.
The low concentration therefore leads to the conclusion that the collected samples are
not the result of species that have been evaporated and then condensated93–95. The en-
trained carry-over particles are thus a consequence of the cyclone efficiency of the melting
cyclone, rather than caused by evaporated species.

SEM imaging is used to investigate the morphology of the sampled carry-over particles.
An example of three images are seen on Figure 4.18. The images correspond to samples
IS120, IS84 and IS93 collected during process settings: S13, S7, S8. These three sam-
ples represent settings where only the charge is introduced into the IMF (IS120, S13),
where charge and stone wool waste is introduced (IS84, S7) and finally a situation where
charge and filter fines are introduced into the IMF (IS93, S8). All three sample show the
different particle types identified on Figure 4.16 and no obvious difference is seen in the
samples. This means, that visually, we cannot distinguish carry-over resulting from the
charge, stone wool waste or filter fines.
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Figure 4.18: SEM images of samples obtained using isokinetic suction probe during IMF
process settings S13, S7 and S8. (a) IS120 (S13) Only charge material is introduced in the
IMF, (b) IS84 (S7) charge and wool waste is introduced to the IMF, no filter fines, (c) IS93

(S8) charge and filter fines is introduced to the IMF, no wool waste.
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TG

TG is used to measure the resulting mass loss associated with heating the samples col-
lected in the cyclone of the isokinetic suction probe to 900 ◦C in an atmospheric atmo-
sphere. For one sample corresponding to each setting S2-S16, the resulting mass loss
is given in Table 4.5. As only one measurement position was used under setting S1, it
is not possible to generate a particle concentration profile and therefore not possible to
calculate the total carry-over rate according to the method that was described in Section
4.3.2. Therefore the samples obtained during S1 has not been included in the sample
analysis.
The average mass loss found using TG is 8.8% with a standard deviation of 2.4%. As
no other thermal processes are expected to take place, the mass loss can be directly in-
terpreted as the mass fraction of unburned coal present in the sampled carry-over. The
carry-over sampled above the IMF melting cyclone thus contains a fraction of unburned
coal, but the majority of the carry-over is made up from particles that stem from the
solid materials introduced into the process i.e. charge, stone wool waste or filter fines.

Setting Sample TG [%]
S2 IS56 11,3
S3 IS58 6,78
S4 IS72 6,14
S5 IS74 11,2
S6 IS78 5,95
S7 IS84 6,15
S8 IS93 4,12
S9 IS96 4,29
S10 IS105 5,18
S11 IS108 7,25
S12 IS114-IS116* 7,06
S13 IS120-IS122* 9,62
S14 IS129 5,58
S15 IS133 11,9
S16 IS141 6,64

Table 4.5: TG analysis of isokinetic probe cyclone samples obtained during IMF settings
S2-S16 gives the mass losses of this Table. The TG measurements were carried out at a heating

rate of 30 ◦C/min and a maximum temperature of 900◦C in an atmospheric atmosphere.
∗Average value obtained for the three samples.

Laser diffraction

A Malvern Mastersizer 3000 laser diffraction particle size analyzer is used to measure the
particle size distribution of the samples collected using the isokinetic suction probe for
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Setting Fraction filter sample [%]
S1 -
S2 1,2
S3 7,5
S4 2,2
S5 4,3
S6 6,0
S7 3,5
S8 13,0
S9 8,4
S10 3,44
S11 7,5
S12 25,2
S13 27,0
S14 7,9
S15 8,7
S16 4,2

Table 4.6: The fraction of the combined sample mass of the isokinetic suction probe cyclone
and 1.8 µm filter samples made up by the filter sample.

each IMF process stetting S2-S16. For each isokinetic sampling measurement a sample
is collected from the cyclone of the isokinetic probe setup and from the 0.8 µm filter (see
Figure 4.3 for an illustration of the probe setup). The filter sample mass fairly uncertain,
as the sample is collected by dismounting the fine filter, transferring it to a bucket where
the dust is attempted brushed off the filter, and the sample is subsequently collected from
the bucket. As can be seen in Table C.3 the 0.8 µm filter was not in use for settings S2-
S4. The fine filter was excluded from the setup due to issues with maintaining sufficient
suction flow through the setup. For Settings S5-S16 it was possible to use the fine filter
during all measurements. The fine filter sample mass was generally very small (0.1-1.4
g). When the cyclone sample mass and filter sample mass is combined, the filter sample
mass on average accounts for 8.7% of the total sample mass. Table 4.6 show the fraction
of the combined sample mass that is made up by the filter sample for settings S2-S16. For
settings S12 and S13 values of 25.2% and 27.0% is seen, and for the remaining samples
the maximum value seen in 13%. For settings S12 and S13 low masses of the cyclone
samples were found and the high percentage that the filter sample mass makes up of the
total sample mass is a reflection of the low cyclone sample mass rather than a higher
filter sample mass. The collected sample masses of all measurements are listed in Table
C.3.

The particle size distribution of the samples collected from the isokinetic suction probe
cyclone is seen in Figure 4.19. The size distribution of the filter samples are not included
in the analysis, as it is judged that including the small amount of filter sample would
only influence the combined sample size distribution to a minor degree. This judgment
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is based on the comparison between the cyclone sample particle size distribution and the
combined sample particle size distribution of samples obtained during an isokinetic suc-
tion probe test measurement presented in Appendix F. The measurement is conducted
during an IMF process setting very similar to the reported S14. The filter sample makes
up 12.5% of the total sample mass. A comparison between the cyclone sample particle
size distribution alone, the filter sample alone, and a mass-based weighted sum over both
cyclone and filter sample, see Figure F.1, shows that adding the filter fines size distribu-
tion does not change the overall size distribution by much and changes the median size,
d50, by only 1 µm compared to the d50 of the cyclone sample. Therefore, the rest of the
analysis presented here includes only cyclone sample size distributions.

Three different cyclone samples collected during S12 (IS117, IS118, IS119) was measured
in order to determine the level of fluctuations that is seen in between individual samples
taken during the same IMF process setting. As can be seen on the three solid black curves
of Figure 4.19 the particle size distributions of these three samples are very similar and
thus show a nice reproducability.
Generally, the collected carry-over samples show a very broad size distribution ranging
from 0.2 µm - 500 µm with multiple peaks. The peaks appear to lie in similar positions
for many of the carry-over samples, but with some shifting in between. The general peaks
seen are located around 0.7 µm, 5 µm, 20-40 µm and 200-500 µm. The median size, d50,
represent the size at which 50% of the sample on a volume basis is smaller than this size.
As can be seen on Figure 4.19(b) the d50 is seen in the range 2-20 µm.
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Figure 4.19: (a) Particle size distribution and (b) accumulated particle size distribution of
carry-over samples obtained from the cyclone of the isokinetic suction probe at IMF process
settings S2-S16. The size distributions are obtained using a Malvern Mastersizer 3000 laser
diffraction particle size analyzer. For S12, three different samples, IS117, IS118, IS119, are
analyzed to investigate the fluctuations in particle size. These three size distributions are

shown in the full black lines. The particle size distribution is given as a frequency function96 of
the unit dV/dlog(xi), where dV is the volume fraction for a given size interval

log(xhigh)-log(xlow) where xlow and xhigh are the lower and higher boundary of the size interval
xi. The frequency function is chosen to limit the distortion that can be seen for very broad size

distributions due to the large difference in width of the finer and coarser size intervals.
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Figure 4.20 shows a graph illustrating the correlation between the determined rate of
carry-over out of the IMF melting cyclone and the median size of the collected carry-
over sample, determined as the intersection point between the volume based accumulated
particle size and the horizontal d50 line on Figure 4.19(b). Figure 4.20 show that increased
median size of the carry-over correlates with increasing carry-over rates.
Generally cyclones can be characterized by a cut-size. For a given cyclone particles
smaller than the cut-size is likely to escape the cyclone in the gas phase, and particles
larger than the cut-size will most likely be retained in the cyclone. Figure 4.20 suggest
a correlation between the cut-size of the IMF melting cyclone and the overall cyclone
separation efficiency, where an increased median particle size of the carry-over is seen to
correlate with increased levels of carry-over. This correlation is understandable, as if the
cut-size is shifted upwards and the size distribution of the solid material remains constant,
the separation efficiency of the cyclone will be lowered. The full scale measurements and
the conducted statistical analysis has not been able to identify specific IMF process
parameters that drive the carry-over level. But from the correlation of Figure 4.20,
is is clear that something is indeed effecting the cyclone performance and cut-size of
the melting cyclone in between settings S2-S16. The correlation is discussed further in
Chapter 6 in which the collected data is compared to a mathematical cyclone model.
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Figure 4.20: The measured carry-over rate out of the melting cyclone as determined by
isokinetic suction probe as a function of the measured value of the median size, d50, of the

collected samples from the isokinetic suction probe cyclone as determined by laser diffraction
particle size analysis.

4.5 Summary and conclusions

The rate of carry-over leaving the melting cyclone of an IMF was investigated using both
deposit probe and an isokinetic suction probe. The aim of the study was to answer re-
search questions Q2 and Q3. More specifically, to investigate if increased amounts of
stone wool waste recycled into the IMF process influences the rate and characteristics of
carry-over, thus answering research question Q2. Also, to investigate which IMF process
parameters that influence the carry-over of the IMF melting cyclone, thus answering re-
search question Q3.
The resulting carry-over rates of measurements at 15 different IMF process settings is
seen on Figure 4.10 presented as a function of the stone wool waste dosing percentage into
the IMF. The figure does not indicate that an increased wool waste dosing leads to higher
amount of carry-over. The isokinetic suction probe measurements results in carry-over
rates ranging from 0.5-5% of the material input into the IMF. The deposit probe gives
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lower values in the range 0-1%, but as was discussed in Section 4.2.1, the deposit probe
does not capture all materials and thus represents a minimum measure of the carry-over.
No clear correlation between the results of the deposit probe and isokinetic suction probe
measurements was seen, and the analysis therefore focused on the results obtained from
the isokinetic suction probe measurements.

Upon entry into the isokinetic suction probe the entrained particles are quenched, allowing
for investigation of the morphology of the particles as they entered the probe. This was
done by SEM imaging, from which it is seen that most collected particles are spherical and
are therefore interpreted as solidified molten droplets. This means that the majority of
the carry-over particles have melted inside the IMF melting cyclone prior to reaching the
measurement point above the melting cyclone. The majority of the sampled carry-over
particles appear to be molten. The sample analysis carried out on the samples collected
using isokinetic suction, has not been able to pinpoint differences in the characteristics of
carry-over originating under conditions of high or low stone wool waste dosing. The SEM
images on Figure 4.18, did not show any visible differences in carry-over obtained with
a high wool waste dosing compared to a situation where no wool waste was introduced.
Furthermore, the samples are seen to contain small quantities of unburned coal particles
as is to be expected in any combustion process. The type of material introduced into the
process does not appear to have influence on the carry-over rate and characteristics, thus
answering Q2.

The statistical analysis presented in Section 4.3.3 was not able to identify strong corre-
lations between the rate of carry-over and other single process parameters, leaving Q3
unanswered. This can be explained in two ways. Either the underlying driver of carry-
over is an unidentified parameter not included in the analysis so far. Such a parameter
could very well be related to build-up of material inside the melting cyclone. Heavy
build-up would significantly impact the flow pattern inside the melting cyclone, and thus
likely also the separation efficiency of the melting cyclone. Currently it is not possible
to monitor the build-up inside the melting cyclone, however inspections of the cyclone
during operational stops has revealed that heavy build-up can be present in the top part
of the cyclone. This explanation is supported by the observation that there is a positive
correlation between the median particle size, d50, of the sampled carry-over and the total
rate of carry-over. Heavy build-up inside the cyclone could act to change the flow pattern
inside the cyclone and thus the cyclone function and cut-size. An increase in the cyclone
cut-size would lead to both an increase in the median size of the carry-over as well as in
the rate of carry-over.

It is however observed that there is a positive correlation between the particle size, d50,
of the sampled carry-over and the total rate of carry-over.
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Another reason that the linear statistical model did not reveal clear correlations may be,
that the cyclone itself is a very complex system, where no single parameter drives the
carry-over. In Chapter 5 a mathematical cyclone model will be build. This model will
include fundamental principles of cyclones. Perhaps, comparison between the measured
carry-over rates and the modeled rates may be able to illuminate some correlations, which
are not yet understood purely from data analysis. Both the total carry-over rate and the
size distribution of the carry-over will be modeled and a comparison with the measured
data is presented in Chapter 6.
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5.1 Introduction

The aim of this chapter is to construct a model that can predict mass flows of the IMF
process through calculation of the separation efficiency of each of the three cyclones of
the IMF. The goal is to construct a model that reflects the fundamentals of cyclone op-
eration without being overly complicated. The objective of the model development is
to be able to have a framework that can be compared to the measurements of particle
carry-over from the melting cyclone presented in Chapter 4, adding to the understanding
and perspectives of the experimental observations.

Cyclones are a preferred process equipment for filtering dust from a gas stream due to its
simplicity - no moving parts and fairly low installation cost. However, looking into the
fundamental understanding if the workings of a cyclone, the simplicity quickly vanishes.
The first studies on the velocity field and pressure drop of cyclones were carried out in the
1930’s. Shepherd and Lapple97 made a thorough experimental investigation of the veloc-
ity field inside a glass model cyclone and proposed a model for calculating the cyclone
pressure drop. A series of models has since been published on predicting cyclone sepa-
ration efficiency, with the empirical expression of Alexander98 in the 1940’s as the first
followed by Lapple99, Barth100, Muschelknautz101,102, Leith and Licht103 and Mothes and
Löffler104 as the most succesfull models. Of these models the Muschelknautz model101

with the extension by Trefz and Muschelknautz102, has had the most widespread success
on predictability of the performance of industrial scale cyclones and has been used for
optimized design of such cyclones105–107.

Computational Fluid Dynamics (CFD) has proven to provide predictions in good corre-
spondence with experimental data on an industrial cyclone108. However, construction of
such a CFD model is a very time consuming task, and the balancing of computational
feasibility against accuracy of the model is a complex task. Also, CFD requires detailed
knowledge on the material behaviour inside the melting cyclone, knowledge that is at
present not available for the IMF process.
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The accuracy of the Muchelknautz model approach is best evaluated by looking into
published results of comparing the model predictions to industrial cyclone performance.
Three such studies are listed below and the key parameters of each study along with those
of the IMF system is stated in Table 5.1. A key parameter of the Muschelknautz model
is the predicted cyclone cut-size, x50. The cut-size of a cyclone describes a characteristic
particle size at which the probability of capturing a particle is 50%; smaller particles
are less likely to be captured whereas larger particles are more likely to be captured
by the cyclone. The predicted cut-size of a cyclone can be compared to experimental
observations, and thus used to evaluate the model performance.

• Dewil et al, 2008109

Dewil et al reports a study on a industrial Circulating Fluidized Bed (CFB) cy-
clone within an industrial combustion unit. The cyclone diameter is D = 3.96 m,
solid loading in the range 65-114 kg solid /kg gas and an operating temperature
of 775 ◦C. The experimentally observed cut-size, x50, under three different solid
loadings are compared to a number of different model predictions, of which only
the Muschelknautz model has a fair accuracy with an average error of 4 µm in the
predicted cut-size.

• Redemann et al, 2009110

Redemann et al investigates a Circulating Fluidized Bed Combustion (CFBC) sys-
tem with a D = 6 m cyclone, operated at a solid loading of 8 kg solid/kg gas. A
specific gas temperature for the cyclone is not reported by Redemann et al, however
as it is part of a combustion process the temperatures are assumed comparable with
the 775 ◦C stated in the system described by Dewil et al109. The feed is a fine ash
with a median sizes of 200-300 µm. The Muschelknautz model is modified slightly
to be a part of a full system model, but is shown to deviate only insignificantly from
the results of the original model. The study presents a very nice correspondence
between experimentally observed and modeled carry-over size distribution out of
the cyclone.

• Schneiderbauer et al, 2016108

Schneiderbauer et al, compares the Muschelknautz method of modeling with re-
sults of CFD modeling and experimental data on a D = 2.5 m industrial cyclone
operated at a solid loading of 0.2 kg solid/kg gas, operated around ambient temper-
atures with a feed median size of around 60 µm. The calculated cut-size of 7 µm
predicted using the Muschelknautz approach is slightly over-predicted compared to
the experimentally observed cut-size of 3.5 µm.
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Dewil
et al109

Redemann
et al110

Schneider-
bauer et al108

IMF cyclones:
I, II and III*

Diameter 3.96 m 6 m 2.5 m
DI= 2 m
DII=1.6 m
DIII=1.4 m

Temperature 775◦C Not stated** 25◦C
TI=1500◦C
TII = 800◦C
TIII = 500◦C

Solid load, c0
[114, 80, 65],
kg/kg 8 kg/kg 0.2 kg/kg

c0,I=0.8-1.2 kg/kg
c0,II=0.4-0.6 kg/kg
c0,III=0.3-0.5 kg/kg

Median size,
d50, feed

Not stated. 300 µm 60 µm 450 µm

x∗∗∗50 ,
model [27.5, 16.0 10.9] 25 µm 7 µm 25-40 µm†

x50,
experimental [18.5, 16.5, 13.5] 25 µm 3.5 µm Cyclone III: 12 µm††

Cyclone I: 2-11 µm†††

Table 5.1: Key parameters of applied Muschelknautz model in literature studies as well as
this study

The IMF comprises three cyclones, the melting cyclone (I), and the lower (II) and upper (III)
pre-heater cyclones, as illustrated on Figure 5.11.

**The temperature is expected to be relatively high, as the cyclone is part of a CFB facility.
*** x50 is the cyclone cut-size
† See model results, Chapter 6.

†† See Figure 5.6 for full size distribution of filter fines i.e. carry-over above cyclone III.
††† See Figure 4.19 for accumulated size distribution of isokinetically sampled carry-over.
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The main advantage of using the Muschelknautz model is that for a fairly simple algebraic
model the predictions are in pretty good correspondence with real life observations on
large and heavily loaded industrial cyclones. For this reason, the Muschelknautz method
of modelling has been chosen as the foundation for the IMF model that will be developed
in this work.

5.1.1 Chapter outline

Section 5.2 presents the fundamentals of the Muschelknautz metod of modeling. The aim
of sections 5.3 and 5.4 is to investigate if the Muschelknautz method of modeling can be
used to provide a model that describes first a single pre-heater cyclone of the IMF and
then the full three-cyclone IMF system. The IMF operates with particles that are coarser
than what is normally used in cyclone technologies, and therefore wear can be a problem
in the IMF cyclones. For this reason the IMF cyclones are designed with as much focus
on wear as on separation efficiency, which means that the geometry is somewhat distorted
from what is conventionally known as efficient cyclone geometry. The combination of the
coarse particles and the IMF cyclone geometries means that the Muschelknautz method
will have to be modified in order to adequately describe the particle mass flow streams
of the IMF system. The approach presented in this study, is first to model a single
pre-heater cyclone, and then "tune" the model so that it matches experimental data on
cyclone separation efficiency and size distribution of the carry-over of the upper IMF
pre-heater cyclone. Once the single-cyclone model is tuned, the model will be expanded
to include the coupling of three cyclones.

The model described in this Chapter will be used for comparison with the experimental
observations of carry-over from the melting cyclone presented in Chapter 4. The com-
parison and learnings thereof is presented in Chapter 6.

5.2 The Muschelknautz method of modeling

The Muschelknautz method of modeling is developed by Professor Edgar Muschelknautz
and co-workers over more than three decades101,102,105. The model is used to predict the
material separation efficiency and pressure drop of cyclones. A short introduction to the
part of the model relating to separation efficiency is given here, following the thorough
review of Hoffmann and Stein111.
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The principle of a cyclone with the aim of separating entrained solids from a gas flow is
seen in Figure 5.1111. The gas along with the entrained solids enter the cyclone through
a tangential inlet, generating a downwards swirling motion. As the cone section of the
cyclone narrows, the gas is forced inwards where it forms an upwards swirling flow: the
center swirl. A pipe protruding from the ceiling of the cyclone, known as the vortex
finder, acts to stabilize this inner swirl. The gas exits the cyclone through the vortex
finder and the top of the cyclone, while solids, typically dust, centrifuged to the walls of
the cyclones move downwards and exits the outlet at the bottom.

Figure 5.1: A sketch of the principle of a counter-current separation cyclone111. The
tangential inlet promotes an outer downwards swirling flow, as the cone section narrows the
gas is forced inwards and forms an inner upwards swirling flow in the center of the cyclone.

Gas exits the top of the cyclone, while solids are centrifuged to the cyclone walls and exit the
cyclone outlet at the bottom. As separator cyclones are traditionally made for separating dust

from a gas flow, the solid outlet is identified as "dust outlet" on this figure.

The model, in short, uses geometrical and empirical parameters to first calculate a veloc-
ity field within the cyclone body solely for the gas phase. This gas-phase velocity field is
then used as a base for calculating a momentum balance of a particle placed on the verge
of the inner vortex i.e. at the radius Rx = Dx/2, see Figure 5.2. The particle size for
which the chances of this particle being captured is 50% is then calculated, this particle
size is known as the cut-size, x50, of the cyclone. A x50 particle, the inwards drag force
is exactly balanced by the outwards centrifugal force.
For particles smaller than x50, the inwards drag force will dominate and the particle will
escape the cyclone still entrained in the upwards gas flow, whereas particles larger than
this will experience a higher centrifugal force, and thus move towards the cyclone wall and
be collected by the cyclone. This approach is known as an equilibrium-balance model,
and is based on an earlier model by Barth100.
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Figure 5.2: On the left a sketch of the geometric parameters used for the Muschelknautz
method of modeling cyclone separation efficiency111. On the right, an illustration of the

velocity flow field and its components inside the cyclone111.

The model can be outlined by the following six steps. The geometric parameters are
illustrated on Figure 5.2. The output of the model is a grade efficiency curve, η, describing
the separation efficiency of a cyclone for any given particle size. A sketch of such a curve
is seen on Figure 5.3. From the grade efficiency curve the size distribution of carry-over
particles can be calculated based on a known inlet size distribution.

1. Calculate wall velocity:
The tangential and axial wall velocities, vθw and vzw, are calculated based on cyclone
geometry, inlet geometry and the inlet velocity, as stated in Equation 5.1.

vθw =
vinRin

αR
, vzw =

0.9Q

π(R2 −R2
m)

(5.1)

Where, Rm is the geometric mean radius: Rm =
√
RxR and Rx = Dx/2 and

R = D/2. The factor 0.9 is based on an assumption of a 10% lip leakage, meaning
that 10% of the gas flow is expected to bypass the swirling flow inside the cyclone,
and pass directly out of the vortex finder upon entering the cyclone, as is illustrated
on the right of Figure 5.2. α is the constriction coefficient describing the ratio of
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5.2 The Muschelknautz method of modeling

Figure 5.3: A sketch of a cyclone grade efficiency curve centered around the cut-size, x50, of
the cyclone111.

moment of momentum of the gas at the inlet to that of the gas along the wall. The
constriction coefficient is defined by empirical relations and depends on the type of
inlet. For a wrap around or "scroll" inlet, as is the inlet type of the IMF pre-heater
cyclones, the coefficient is defined in Equation 5.2112. Rin is the inlet mean radius
Rin = R− b/2.

α = 1 +
√

3πfRin/
√
ab (5.2)

2. Include friction: A total friction term f is introduced in Equation 5.2. An
expression for the friction is given in Equation 5.3.

f = fgas + fsolid (5.3)

f comprises a gas-phase, fgas, and a gas-plus-solid, fsolid, friction factor. Origi-
nally a graphic correlation of fgas and the relative wall roughness ks/R and the
cyclone Reynolds number, ReR, was given by Muschelknautz and Trefz113, Stein
and Hoffmann subsequently made corresponding fits comprising a "smooth wall"
contribution, fsm, and a wall roughness contribution, fr, where: fgas = fsm + fr.
fsolid represents additional friction caused by a strand of particles formed along the
cyclone inner wall. For conical bodies cyclones the friction factors are defined as
stated in Equations 5.4-5.6.
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fsm = 0.323Re−0.623R (5.4)

fr =

(
log

(
1.60

ks/ra − 0.000599

)2.38
)−2(

1 +
2.25 · 105

Re2R(ks/ra − 0.000599)0.213

)−1
(5.5)

fsolid = 0.25

(
R

Rx

)−0.625√
ηc0Frxρ

ρstr
(5.6)

Where ρstr is the density of the strand of particles formed along the wall; typically
0.4 times the bulk particle density can be assumed, Frx is the Froude number of
the flow out of the vortex tube, ReR is the cyclone body Reynolds number and η
is the overall cyclone separation efficiency. The Froude number is a dimensionless
number describing the ratio of inertia of the flow to the gravitational field.
The fact that the grade efficiency, η (see also Equation 5.15), enters the model at
this point (Equation 5.6), means the the model will have to contain an initial guess
of η and a subsequent iteration.

The Reynolds number of the cyclone can be calculated according to Equation 5.7.

ReR =
RinRmvzwρ

Hµ
(
1 + (vzw/vθm)2

) (5.7)

Where ρ is the gas density, µ is the gas viscosity and vθm is a geometrical mean
velocity: vθm =

√
vθwvθCS and vθw and vθCS the tangential velocity at the wall and

at the center swirl boundary, respectively. This term is usually small compared to
1 and can thus be neglected. Later, when the core spin velocity vθCS is calculated,
an iteration could be applied for exact calculation. This has not been done in the
model work presented in this work, as it is expected to only cause a very minor
change in the overall model results. Industrial cyclones typically have Reynolds
numbers of ∼ 2000, which places them in a turbulent flow regime.

3. Calculate core spin velocity:

The core spin velocity i.e. the tangential velocity of the gas at the inner core, RCS,
can now be calculated by Equation 5.8.

vθCS = vθw
R/Rx

1 +
fARvθw

√
R/Rx

2Q

(5.8)
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Where, AR is the total inside area of the cyclone contributing to frictional drag, as
stated in Equation 5.10.

AR = Aroof + Abarrel + Acone + Avortexfinder (5.9)

AR = π
[
R2 −R2

x + 2R(H −Hc) + (R +Rd)
√
H2
c + (R−Rd)2 + 2RxS

]
(5.10)

4. Force balance:

A force balance on a particle placed at Rx, for which the outwards centrifugal force
is exactly balanced by the inwards drag of the gas flow, yields the expression given
in Equation 5.11 for the cut-size diameter, x50, of a particle that has a 50/50 chance
of being captured by the cyclone i.e. separated from the gas phase.

x50 =

√
18µ(0.9Q)

2π(ρp − ρ)v2θCS(H − S)
(5.11)

5. Define grade efficiency curve: The grade-efficiency curve describes the separa-
tion efficiency for each size fraction of the solid material. The grade efficiency curve
is an S-shaped function with the characteristics outlined by Equations 5.12-5.14. A
sketch of a grade efficiency curve is seen on Figure 5.3.

ηi → 0 as x→ 0 (5.12)

ηi → 1 as x >> x50 (5.13)

ηi = 0.5 for x = x50 (5.14)

The grade efficiency curve centered around the cut-size x50 is given by Equation
5.15.

ηi =
1

1 +
(
x50/xi

)m (5.15)

Where i is an index referring to a specific entry of the solid particle size distribu-
tion. m describes the slope of the grade efficiency curve. High m-values, i.e. 4-7,
correspond to a sharp curve, whereas low values, i.e 2-3, correspond to less efficient
cyclones due to poor aerodynamic design or poor mechanical conditions such as
rough walls or even defects at the walls. The sharper the curve, the narrower the
size region where particles of equal size may both escape or be captured by the
cyclone.
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The overall collection efficiency of the cyclone η can then be calculated by use of
Equation 5.16.

η =
N∑
i=1

ηi ·∆MFi (5.16)

Where, ∆MFi is the i’th mass fraction of the particle feed.

6. Determine if mass loading occurs: At high material loads there is a critical
"limit load" above which, the total material load can no longer be suspended by
the gas phase. The weight fraction of material above this limit load or limit particle
concentration, coL, will almost immediately be separated out in full upon entry into
the cyclone. The remaining amount of suspended solid material will be subject
to classification, i.e. separated according to particle sizes in the center vortex as
described in the first five steps of the model. The principle of mass loading is
illustrated in Figure 5.4.
The limit loading is defined as stated in Equations 5.17 and 5.18 with the unit of
kg solid/kg gas.

coL = 0.025

(
x50

xmedian

)
(10co)

0.15 for co ≥ 0.1 (5.17)

coL = 0.025

(
x50

xmedian

)
(10co)

k for co < 0.1 (5.18)

with k = −0.11− 0.10lnco (5.19)

Where c0 is the operational material load of the cyclone also in units of kg solid/kg
gas, x50 is the model predicted cut-size and xmedian the median size of the solid
material. When mass loading occurs, i.e. co > coL, the overall separation efficiency
is given by Equation 5.20.

η =

(
1− coL

co

)
+
coL
co

N∑
i=1

ηi ×∆MFi (5.20)

Where ηi is the separation efficiency of the i′th mass fraction ∆MFi.
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Figure 5.4: The particle separation of a highly loaded cyclone can be devided in two
contributions: instant separation of the mass fraction above a limit load, coL, and separation

by classification i.e. according to particle size distribution in the central vortex of the
remaining material111.
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5.3 Applying the Muschelknautz model: single pre-
heater cyclone

5.3.1 The pre-heater cyclone

The Muschelknautz method of modeling will now be applied to a single pre-heater cy-
clone, the upper one, of the IMF system. The single pre-heater system is illustrated
on Figure 5.5. In reality the IMF is a highly interconnected process, and therefore it is
difficult to realistically model only part of the system. For this initial application of the
Muschelknautz model it is therefore necessary to make the following assumption: The
material input to the system is the pure charge, any contribution of carry-over from the
lower cyclones is neglected. In section 5.4 it is described how a coupled three-cyclone
model is constructed, and the results of this model will be compared with experimental
results in chapter 6.

Figure 5.5: The system modeled in Section 5.3 is a single pre-heater cyclone. The pre-heater
cyclone modeled is an upper cyclone of an IMF (see Figure 2.3). Gas and solids enter the

upper part of the cyclone, separated solids exit through the bottom of the cyclone while gas
exits the top. A filter filters out entrained carry-over particles still present in the gas flow.
From the filter the collected material i.e. filter fines, are transferred to a weighing bin, from

where the material can be re-introduced directly into the IMF melting cyclone.

The pre-heater cyclone modeled in this section is the upper pre-heater cyclone of an IMF
measuring 1.58 m in diameter and operating at a gas temperature around 500 ◦C with a
material load of 0.3 kg solid/kg gas. The geometrical and operational parameters applied
in the modeling can be found in Chapter 6, Table 6.1 in the Cyclone III column. After
the gas exit of the pre-heating cyclone a filter is placed, that collects particles entrained
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in the flue gas emitted by the IMF. The collected material is referred to as filter fines.
From the filter the filter fines are transferred to a weighing bin, from where it is recycled
back into the melting cyclone of the IMF. The continued monitoring of the weight of
the weighing bin, allows for a time-averaged determination of the separation efficiency
of the upper pre-heater cyclone. When neglecting the mass stream of carry-over from
the lower cyclones of the IMF, a calculation comparing the measured filter fines level
in the weighing bin with the measured input rate of charge, results in an estimated cy-
clone efficiency of 93.4± 0.7%. This value is based on average values for multiple stable
process periods. In reality carry-over from the cyclone below, will cause the actual ma-
terial input to be a little higher, and thus the overall efficiency to be slightly higher as well.

The assumptions made regarding the pre-heater cyclone to apply the model are summa-
rized below:

• The inlet geometry of the pre-heater is not rectangular, and therefore a rectangular
inlet of equivalent cross-sectional inlet area with the height/width ratio a = 2b is
assumed.

• The temperature of the gas is assumed to have a constant temperature of 500 ◦C.

• The particles and gas are assumed to have equal velocities at any given point.

• A surface roughness of 3 mm, corresponding to a rough refractory surface is as-
sumed111.

• The term (vzw/vθm)2 of Equation 5.7 is neglected.

The size distribution of the charge and that of a filter fines sample, is seen on Figure
5.6. The charge particle size distribution represents a very broad range of particle sizes
ranging from 0.2 µm to 5 mm, with four peaks observed around sizes of 0.7 µm, 40 µm,
400 µm and 2 mm. As the filter fines represent the fraction of the charge that escapes
the pre-heater cyclone as carry-over, the size distribution of the filter fines resembles that
of the fine (<63 µm) fraction of the charge. Thus, the filter fines size distribution shares
the peak at 0.7 µm. A second peak is observed at 20 µm, a little lower than the peak size
of 40 µm as seen for the charge. This indicates that the cut-size of the cyclone is in the
20-40 µm size range, causing the larger sizes of the 40 µm charge peak to be separated
out by the cyclone, thus effectively shifting the corresponding peak on the filter fines size
distribution downwards.
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Figure 5.6: Blue curve: The particle size distribution of the charge obtained by sieving and
subsequent laser diffraction particle size analysis of the <63 µm fraction. The sieve data has
been interpolated to give a smooth curve for modeling purposes. The original sieve sizes were:
6.3 mm, 3.55 mm, 2.0 mm, 1.0 mm, 500 µm, 250 µm, 125 µm and 63 µm. The original data

points along with the method used to obtain the blue curve is seen in Appendix G. The unit of
the curve is a frequency function defined as the mass fraction (dm) devided by the differnce in
the logarithm of the upper size limit minus that of the lower size limit, dlog(dp) for each size
interval of the particle size distribution. Red curve: The size distribution of "filter fines"
sampled from the weighing bin of Figure 5.5, obtained by laser diffreaction particle size

analysis.

5.3.2 Mass loading effect

Figure 5.7 show the initial result of applying the Muschelknautz method of modeling to
an IMF upper pre-heating cyclone. The figure shows the size distribution of the charge
(solid blue line), filter fines (dashed blue line), modeled carry-over size distribution (dot-
ted blue line) and the modeled grade efficiency curve (dashed orange line). It is assumed
that the entire feed material has the size distribution of the charge, meaning that the
contribution of carry-over from the middle cyclone of the IMF is so far neglected. The
model includes the mass-loading effect described in Section 5.2. The calculated cut-size
is x50 = 9.2 µm, resulting in the modeled carry-over size distribution shown in the blue
dashed line on Figure 5.7, showing two peaks with peak positions at 0.7µm and at 7µm.
A sample of carry-over i.e. filter fines, taken from the weighing bin downstream of the
IMF upper pre-heater cyclone, show the dotted size distribution of Figure 5.7 having two
peaks at 0.7µm and 20µm. The modeled carry-over thus models nicely the lower peak,
however the second peak is modeled too low. A higher cut-size would shift the grade
efficiency curve and thus also the second peak towards larger particle sizes. In Section
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5.3.3 the model will therefore be modified towards larger x50 values.

The model predicts an overall separation efficiency of 100.0%, which is significantly higher
than the measured value of 93.4±0.7%. The extreme 100% efficiency is a consequence of
allowing mass loading to take place. The mass loading limit concentration is calculated
to 6 · 10−4 kg solid/kg gas according to Equation 5.17. Combined with an inlet concen-
tration of c0 = 0.35 kg solid/kg gas which leads to 99.8% of the material to be separated
by mass loading and only 0.2% to be separated by classification.

If the calculation is carried out without the mass loading effect, the overall separation
efficiency is lowered to 98.5%. The grade efficiency curve and carry-over size distribution
of Figure 5.7 remains unchanged, as the mass loading effect does not influence the cut-
size of the cyclone but merely the amount of material that is subject to separation by
classification.

In order to force the model towards a more realistic overall separation efficiency, the
mass loading effect will be omitted in the remaining IMF modeling work. Excluding
the mass loading effect does have consequences regarding the size distribution of the
particles reaching the lower IMF cyclone. Mass loading would mean that particles of the
full particle size distribution of the charge were passed downwards in the IMF to both
the lower pre-heater cyclone as well as the melting cyclone. When the entire separation
follows the classification principle, a steep cut is seen below the cut-size of the cyclones,
and none of the finer charge particles can be separated by the upper pre-heater cyclone.
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Figure 5.7: The result of applying the Muschelknautz method of modeling including mass
loading effect to the upper pre-heater cyclone of an IMF. The geometry of the pre-heater

cyclone and other model parameters can be found in Table 6.1. The solid blue line is the input
charge size distribution, the solid red line is the corresponding accumulated weight fraction

obtained by combined sieving and laser diffraction particle size analysis on the fine (<63 µm)
fraction. The dashed red line is the modeled grade efficiency curve, the dashed blue curve is
the modeled carry-over size distribution. The dotted blue line is the size distribution of a

carry-over sample extracted in the filter above the upper pre-heater cyclone, determined using
a laser diffraction particle size analyzer. The particle size distribution is given as a frequency
function96 of the unit dm/dlog(dp), where dm is the mass fraction for a given size interval

log(dp,upper)-log(dp,lower) where dp,lower and dp,higher are the lower and higher boundary of the
size interval dp. The frequency function is chosen to limit the distortion that can be seen for
very broad size distributions due to the large difference in width of the finer and coarser size

intervals.

5.3.3 Deterioration factor

Even without the mass loading effect, the Muschelknautz model over-predicts the overall
separation efficiency of the pre-heater cyclone and under-predicts the position of the sec-
ond peak of the carry-over size distribution, as can be seen on Figure 5.7 when comparing
the calculated carry-over to a the sampled carry-over i.e. filter fines.

In order to tweak the model into modeling a less efficient cyclone, a deterioration factor,
fdeterioration, is introduced into the model. The strength of the center swirl is essentially
what determines the separation efficiency of a cyclone. The swirl velocity, vθCS, is ex-
pressed in Equation 5.8, and enters directly in the cut-size calculation in Equation 5.11.
The deterioration factor is multiplied onto the tangential velocity of the center swirl vθCS,
as shown in Equation 5.21.
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vθCS = vθw
R/Rx

1 +
fARvθw

√
R/Rx

2Q

· fdeterioration (5.21)

The result of applying the Muschelknautz model without mass loading effect and the dete-
rioration factor: fdeterioration = {1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1} is seen on Figure
5.8, where the upper figure shows the resulting grade efficiency curve and the lower figure
shows the resulting modeled carry-over size distribution along with the measured size
distribution of a carry-over, i.e. filter fines, sample.
As can be seen from Figure 5.8(a), the cut-size and thus the grade efficiency curve is
shifted towards larger particle sizes, as the deterioration factor is decreased from 1 to 0.1.
This shift in grade efficiency curve causes the peak position of the second peak of the
modeled carry-over size distribution, seen on Figure 5.8(b), to also shift towards larger
particle sizes.
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Figure 5.8: Applying the Muschelknautz model with a deterioration factor, fdeterioration, as
described in Equation 5.21 to an upper pre-heater cyclone of an IMF gives the resulting grade
efficiency curves seen in (a) and the resulting carry-over particle size distribution of (b). Along
with the modeled carry-over size distribution is shown the measured filter fines particle size

distribution collected in the filter above the upper pre-heater cyclone of the IMF, see the black
dotted line. The particle size distribution is given as a frequency function96 of the unit

dm/dlog(dp), where dm is the mass fraction for a given size interval log(dp,upper)-log(dp,lower)
where dp,lower and dp,higher are the lower and higher boundary of the size interval dp.

The best fit i.e. the closest match between the modeled carry-over size distribution and
the measured filter fines size distribution seen on Figure 5.8(b), with the sampled carry-
over size distribution is seen for a deterioration factor value of fdeterioration = 0.2 to 0.3,
corresponding to a reduction of vθCS to 20-30% of the original modeled value. The overall
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separation efficiency of the modeled pre-heater cyclone as a function of deterioration factor
is seen on Figure 5.9. For a deterioration factor of 0.3 an overall separation efficiency of
96% is calculated.
The steep decrease in the curve when reducing the deterioration factor from 0.2 to 0.1 is
caused by the fact that below a deterioration factor of 0.2 the model enters a different
Reynolds regime, in which an alternative formula for the cut size, x50, is used111.

Figure 5.9: Applying the Muschelknautz model with a deterioration factor as described in
Equation 5.21 to an upper pre-heater cyclone of an IMF gives the resulting overall separation

efficiency, ηtotal, shown here as a function of fdeterioration.

It should be noted, that for this initial modeling attempt any carry-over from the lower
pre-heating cyclone has been neglected as input for the modeled upper pre-heater cyclone.
In the three-cyclone model to follow, there will thus be an additional stream of relatively
fine particles into the upper pre-heater cyclone, which will cause the modeled particle
size distribution to shift somewhat.

A reduction of vθCS to 30% of the original model value is of course a dramatic decrease,
however multiple explanations for a dramatic change can be given. First of all, the par-
ticle sizes of the charge and stone wool waste is larger than what is reported in the
literature for application of the Muschelknautz model, examples hereof are listed in Ta-
ble 5.1. Second of all, the IMF cyclone geometry is optimized with the main focus on
mitigating wear which has led to changes in especially cyclone inlet geometries and the re-
sulting cyclone geometries of the IMF therefore differ from what is conventionally known
as high-efficiency cyclone geometry. As the particles in the IMF are coarser than most in
cyclone applications, problems arising from wear is more severe, and requires mitigation
in order to ensure long term operational stability. This also has the consequence that the

Page 99



5. Model Development

inner surfaces of the cyclones becomes coarser during operational campaigns, which can
add to the friction experienced by the gas inside the cyclones.

5.4 Modeling the three-cyclone IMF

5.4.1 Geometry of the melting cyclone

The IMF melting cyclone serves to further heat and melt the pre-heated charge along
with stone wool waste and filter fines. The melting cyclone acts as a combustion chamber
in which coal and natural gas is burned in an oxygen enriched environment to deliver the
energy needed for the melting of the materials. A sketch of the IMF melting cyclone is
seen on Figure 5.10, from which it is clear that the melting cyclone of the IMF far from
resembles a conventional dust collector cyclone, such as the one depicted in Figure 5.1.
The main differences are:

1. The melting cyclone has multiple inlets in the form of burners, some of which intro-
duce a combination of material, fuel and combustion air, some of which introduce
only fuel and combustion air. The coal and material bearing burners are placed
at the upper part. The oxy-fuel burners are placed lower in the cyclone and an-
gled downwards toward the melt bath, of these, a single specialized oxy-fuel burner
introduces filter fines.

2. The melting cyclone does not have an outlet as such, as the bottom of the cyclone
is a liquid melt bath containing the stone wool melt, that is then extracted through
a siphon outlet in the side.

3. Combustion of the fuel and melting of the solid materials takes place inside the
melting cyclone, meaning that the materials undergo fundamental changes in terms
of morphology and material characteristics during their stay in the cyclone, and
thus the material characteristics are dynamic rather than static inside the IMF
system.

The melting cyclone is approximated to the cyclone geometry illustrated on Figure 5.2
by making the following approximations:

1. All burner inlet cross sectional areas are added to give a total "equivalent inlet area"
corresponding to a single rectangular wrap-around inlet where a = 2b is assumed
for the inlet dimensions.
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Figure 5.10: A sketch of the melting cyclone of the IMF.

2. All gas flows (oxygen, air and natural gas) are combined, and this total flow divided
by the equivalent inlet area, giving an "equivalent inlet velocity". For the calculation
of the inlet velocity, the cold inlet gas flow volume is chosen, as this is expected to
most realistically model the actual inlet conditions.

3. As there is a combustion process taking place inside the melting cyclone, there is a
substantial gas expansion taking place relative to the inlet gas volume. For the Q̇
value, used to calculate the inner flow field velocity according to Equation 5.1, the
volume of the generated flue gas at 1500 ◦C is assumed. The flue gas volumetric rate
is calculated from the fuel, oxygen and air inlets using a combustion stoichiometry
model114.

4. The outlet diameter is assumed to simply have the full width of the bottom part of
the melting cyclone.

These are all substantial approximations making a melting cyclone model based on the
Muschelknautz method, a rough estimate at best. However, the model will give results
that can be used for a comparative study with the experimental results, and add per-
spectives and understanding to the experimental observations.

5.4.2 Three-cyclone IMF model

Using the modifications of the Muschelknautz method found in section 5.3 i.e. excluding
mass loading and introducing a deterioration factor fdeterioration = 0.3, along with the
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approximations for the melting cyclone geometry described in section 5.4.1, a model
comprising the three coupled cyclones is constructed.

Figure 5.11: Illustration of the solid particle flows of the three-cyclone IMF system to be
modeled.

The structure of the three coupled cyclones is seen on Figure 5.11. For each material
flow stream Ṁ [kg/s] is a scalar describing the rate of material in this flow, and m is a
normalized vector describing the particle size distribution of the mass stream on a weight
fraction basis i.e.

∑n
i=1mi = 1. The length of the vector m is equal to n: the amount of

discrete particle sizes, x = {x1, x2, ..., xi, ..., xn}, of the charge particle size distribution.
The mass stream is thus fully described by the product: Ṁm.

The charge enters the upper pre-heater cyclone, cyclone III, from where the carry-over is
collected as "filter fines". These fines can be recycled directly into the melting cyclone
at any chosen rate: Ṁfines[kg/s]. This rate can thus differ from the rate at which filter
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fines are generated: Ṁco,III . Besides filter fines also stone wool waste, coal and coal ash
is introduced directly into the melting cyclone. The coal, serving as a fuel, will combust
inside the melting cyclone. However, the coal is not expected to fully combust during the
short residence time in the cyclone and a fraction of coal, β, will leave the melting cyclone
unburned. During the experimental measurement campaign described in Chapter 4 values
for β can be found from TG measurements carried out on collected carry-over samples
above the melting cyclone (see Table 4.5). As the temperature is still very high at the
sampling point, i.e. 1100-1400 ◦C (see Figure 4.8), the coal will likely burn downstream
of the sampling point. In the modeling however, the unburned coal observed above the
melting cyclone, will be assumed to remain unburned throughout the rest of the IMF
process. As the unburned coal represents only a small amount of material, this will not
lead to significant errors in the modeling of the carry-over from pre-heater cyclones II
and III.

In the IMF model carry-over from cyclones I and II is simply passed on to the cyclone
above, and included in the modeling there. The material output of the melting cyclone
is denoted: ṀImI , and represent the melt flowing out of the cyclone. Therefore, it
should be noted that the size distributionmI does not hold any physical meaning, as the
material is molten at this point, but is merely included as a fictive modeling handle for
the material flow.

The individual models for each cyclone based on the modified Muschelknautz method will
be identified as the following functions: FIII , FII , FI . Each function yields a grade effi-
ciency curve described by the vectors of length n: ηIII ,ηII ,ηI describing the separation
efficiency of each cyclone for each discrete particle size.

The total mass fraction rates Ṁ of each mass stream is stated in Equations 5.22-5.27.
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ṀcoIII =
n∑
i

(1− ηIII,i) · (Ṁinmin,i + Ṁco,II ·mco,II,i) (5.22)

ṀIII =
n∑
i

ηIII,i · (Ṁinmin,i + Ṁco,II ·mco,II,i) (5.23)

ṀcoII =
n∑
i

(1− ηII,i) · (ṀIIImIII,i + Ṁco,I ·mco,I,i) (5.24)

ṀII =
n∑
i

ηII,i · (ṀIIImIII,i + Ṁco,I ·mco,I,i) (5.25)

ṀcoI =
n∑
i

(1− ηII,i) ·
(
ṀIImII,i + Ṁwool waste ·mwool waste,i + Ṁfilter fines ·mco,III

+ Ṁash ·mash,i + β · Ṁcoal ·mcoal,i

)
(5.26)

ṀI =
n∑
i

ηI,i ·
(
ṀIImII,i + Ṁwool waste ·mwool waste,i + Ṁfilter fines ·mco,III

+ Ṁash ·mash,i + β · Ṁcoal ·mcoal,i

)
(5.27)

The i’th element of each mass stream particle size distribution is calculated as seen in
Equations 5.28-5.33.

mcoIII ,i =
(
1− ηIII,i

)(Ṁinmin,i + Ṁco,II ·mco,II,i

Ṁco,III

)
(5.28)

mIII,i = ηIII,i

(
Ṁinmin,i + Ṁco,II ·mco,II,i

ṀIII

)
(5.29)

mcoII ,i =
(
1− ηII,i

)(ṀIIImIII,i + Ṁco,I ·mco,I,i

Ṁco,II

)
(5.30)

mII,i = ηII,i

(
ṀIIImIII,i + Ṁco,I ·mco,I,i

ṀII

)
(5.31)

mcoI ,i =
(
1− ηII,i

)(ṀIImII,i + Ṁwool waste ·mwool waste,i + Ṁfilter fines ·mco,III,i

Ṁco,I

+
Ṁash ·mash,i + β · Ṁcoal ·mcoal,i

Ṁco,I

)
(5.32)

mI,i = ηI,i

(
ṀIImII,i + Ṁwool waste ·mwool waste,i + Ṁfilter fines ·mco,III,i

ṀI

+
Ṁash ·mash,i + β · Ṁcoal ·mcoal,i

ṀI

)
(5.33)
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The model algorithm follows the structure presented in Figure 5.12, with the "match
points" identified on Figure 5.13. At the match points the size distributions of consecutive
iterations are compared.

Figure 5.12: The model structure applied to the three-cyclone IMF model.

Initially, it is assumed that the carry-over mass flows Ṁco,IImco,II and Ṁco,Imco,I are
zero. Thus the initial calculation is carried out on cyclone III, using only the charge as the
input material. From here, the function FIII calculates the separation grade efficiency
curve ηIII for cyclone III, and the mass flow to cyclone II, ṀIIImIII , is calculated.
Function FII then calculates the mass flows out of cyclone II: ṀIImII and Ṁco,IImco,II .
Now a curve match is carried out, to see if the newly calculated carry-over from cyclone II,
will significantly change the overall material input for cyclone III: Ṁinmin+Ṁco,IImco,II .
The curve match for the first iteration is carried out by calculating a Mean Average
Percentage Error (MAPE) between the curves: f = Ṁinmin and g = Ṁinmin +

Ṁco,IImco,II , as shown in Equation 5.34.

MAPE =
100%

n

n∑
i=1

fi − gi
fi

(5.34)

If the MAPE is above a pre-defined limit: MAPElimit, the calculated carry-over rate from
cyclone II, Ṁco,IImco,II , is copied to the next iteration step, and the model for cyclone
III, FIII is carried out once more, now with the total input: Ṁinmin +Ṁco,IImco,II . The
MAPElimit used at match points 1 and 2 is 0.05%.

This procedure is carried out until the calculated carry-over from cyclone II, no longer
significantly changes the overall input for cyclone III, resulting in a MAPE value below
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Figure 5.13: Illustration of the points at which curve matching is applied in the three-cyclone
IMF model structure outlined in Figure 5.12.

the pre-defined MAPElimit. The algorithm then continues towards the cyclone I calcu-
lation. Once the carry-over of cyclone I is calculated using, FI , another curve matching
is carried out, to investigate if the addition of carry-over from cyclone I, Ṁco,Imco,I ,
will significantly change the total material input for cyclone II. Thus another MAPE is
calculated and compared to the pre-defined limit.

The calculation comes to an end, when an iteration is carried out, where both curve
matches results in a MAPE below MAPElimit, meaning that future iterations would
only cause insignificant changes to the calculated mass flows.

An example of a complete calculation with a total of 7 iterations is outlined in Table 5.2.
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FIII : cyclone III FII : cyclone II Match? FI : cyclone I Match?

Iteration Aj = Ṁco,III ·mco,III

Bj = ṀIII ·mIII

Cj = Ṁco,II ·mco,II

Dj = ṀII ·mII

Ej = Ṁco,I ·mco,I

Gj = ṀI ·mI

Initial value (A0, B0) = (0, 0) (C0, D0) = (0, 0) (E0, G0) = (0, 0)

j = 1 (A1, B1) = FIII(min + 0) (C1, D1) = FII(B1 + 0)
min + 0
≈min + C1
NO

(0,0)

j = 2 (A2, B2) = FIII(min + C1) (C2, D2) = FII(B2 + 0)
min + C1
≈min + C2
NO

(0,0)

j = 3 (A3, B3) = FIII(min + C2) (C3, D3) = FII(B3 + 0)
min + C2
≈min + C3
YES

(E3, G3) = FI(D3 +W )
B2 + E2 ≈ B3 + E3:
NO

j = 4 (A4, B4) = FIII(min + C3) (C4, D4) = FII(B4 + E3)
min + C3
≈min + C4
NO

(E4, G4) = (E3, G3)

j = 5 (A5, B5) = FIII(min + C4) (C5, D5) = FII(B5 + E4)
min + C4
≈min + C5
NO

(E5, G5) = (E4 +G4)

j = 6 (A6, B6) = FIII(min + C5) (C6, D6) = FII(B6 + E5)
min + C5
≈min + C6
YES

(E6, G6) = FI(D6 +W )
B5 + E5 ≈ B6 + E6 :
NO

j = 7 (A7, B7) = FIII(min + C6) (C7, D7) = FII(B7 + E6)
min + C6
≈min + C7
YES

(E7, G7) = FI(D7 +W )
B6 + E6 ≈ B7 + E7 :
YES

END

Table 5.2: Iteration scheme for the three-cyclone IMF model. When a match (indicated by "YES" is found at both match points (See Figure
5.13), the iterations are stopped, and the values obtained during the final iteration (here j = 7) represent the final model results.

P
age

107



5. Model Development

5.5 Summary and conclusions

A mathematical model has been constructed that describes the mass flows of the three-
cyclone IMF. The model is constructed as three coupled cyclone models. The cyclone
modes are made using a slightly modified version of the Muschelknautz method of mod-
eling.

The Muschelknautz method of modeling is a mathematical model build upon empirical
results on cyclone efficiency. The Muschelknautz model is applied, though simple in
nature, has showed great success in providing fairly accurate predictions of the material
separation efficiency of industrial scale cyclones.

A Muschelknautz model was first applied to a single pre-heater cyclone of the IMF. The
results of the model compared to the generation rate and experimentally determined par-
ticle size distribution of filter fines collected above the upper pre-heater cyclone of an
IMF, prompted the introduction of a "deterioration factor" into the model. The origi-
nal Muschelknautz model predicted a 100% material separation efficiency of the cyclone,
which did not match the real life efficiency of 93.4± 0.7%. Therefore, two changes were
made: 1) the mass loading effect of the Muschelknautz model was by-passed, 2) a dete-
rioration factor, that acts to slow down the inner vortex of the cyclone, and thus lower
the separation efficiency was introduced. With a deterioration factor of 0.3, a very nice
match of calculated and real life particle size distribution was observed for the carry-over
collected as filter fines above the upper IMF pre-heater cyclone, as seen on Figure 5.9(b).

Using this modified Muschelknautz model on all three cyclones of the IMF, a complete
model comprising three coupled cyclones was constructed. The model input is the size
distribution of the charge, stone wool waste, filter fines, coal and coal ash along with
their mass flow rates. The model output comprises mass flow rates and particle size
distributions of carry-over from each of the three cyclones.

The model will be compared to experimental data on carry-over sampled above the melt-
ing cyclone. The experimental procedures and initial results were presented in Chapter
4 and the model comparison will be described in Chapter 6.
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6.1 Introduction

In this chapter the model developed in Chapter 5 will be applied to model the different
IMF process settings investigated in the experimental study described in Chapter 4.

The model output comprises the rate and size distribution of carry-over above each of the
three cyclones of the IMF. As described in Chapter 5 the measured particle size distri-
bution of the carry-over above the upper cyclone, cyclone III, of the IMF has been used
to tune the model, and can thus not also be used for model validation. The comparison
presented in this chapter will therefore focus on the measured and modeled carry-over
above the melting cyclone of the IMF.

The isokinetic suction particle sampling described in Chapter 4 provided data on both
the total carry-over rate above the melting cyclone and the particle size distribution of
the carry-over. As the sampled particles were immediately quenched upon entry into
the probe, the isokinetic suction probe measurements provide samples which could be
analyzed for particle sizes.

The statistical data analysis presented in Section 4.3.3 was not able to identify clear
correlations between the measured carry-over rate above the melting cyclone and key
IMF process parameters. As the statistical analysis is based on a linear approach, it is
possible that non-linear correlations between key process parameters and the carry-over
rate apply to the complex flow field and separation mechanisms occurring inside the three
cyclones of the IMF. It is the aim of this chapter to compare the measured carry-over
rate and particle size distribution to those resulting from the model build in Chapter 5,
in order investigate if the cyclone theory build into the model, will be able to reproduce
the variance observed in the measured data. The analysis may also indicate if parameters
that are not included in the statistical analysis or the cyclone model plays an important
role for the carry-over level, if neither model or statistical analysis are able to explain the
the experimental observations.

In Section 6.2 an overview of the parameters and material size distributions going into
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the modeling of the experimentally investigated IMF process settings, is given. Section
6.3 will present comparisons between the measured and modeled carry-over originating
from the IMF melting cyclone for three different model cases. The results are discussed
in Section 6.4 and a summary and conclusions are given in Section 6.5

6.2 Model implementation

6.2.1 Model parameter definitions

The model incorporates parameters corresponding to the actual IMF settings S2-S16
of the measurement campaign outlined in Table 4.1. The model parameters and their
definitions are listed below. A summary of parameter values as used in the model work
is seen in Table 6.1.

Gas flow, Q̇
The gas flow through the pre-heater cyclones, cyclone II and III, is continuously
measured and therefore the actual process value for the Settings S2-S16 can be
included in the model. For cyclone II a gas temperature of 800 ◦C is assumed, and
for cyclone III a gas temperature of 500 ◦C is assumed. Above the melting cyclone
of the IMF there is a quench zone in which ambient air is sucked in and mixed with
the flue gas, therefore the amount of gas passing through the pre-heater cyclones is
higher than the gas flow in the melting cyclone.
For the melting cyclone, the gas flow, Q̇, is calculated based on a combustion
model114 with fuel, oxygen and combustion air as input. A temperature of 1500
◦C is assumed for the gas volume calculation. The measured temperatures at the
sampling point above the melting cyclone (see Figure 4.1) are in the range 1100-
1400 ◦C (see Figure 4.8), and a higher temperature of 1500 ◦C is therefore a fair
estimate for the average gas temperature in the melting cyclone.

Inlet velocity, vin
The inlet velocity into cyclone II and III is calculated based in the inlet cross-
sectional area (a · b) and the gas flow Q̇ at the respective gas temperatures of 800
◦C and 500 ◦C.
The melting cyclone has multiple material and gas inlets, and therefore approxima-
tions have been applied to calculate an "equivalent inlet area". The approximations
are described in Section 5.4.1. The equivalent inlet area along with the total inlet
gas volume (air, oxygen, natural gas) at the respective gas inlet temperatures, are
used to calculate the inlet velocity.
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Gas properties: density, ρgas, and viscosity, µgas
For the gas properties in the pre-heater cyclones, the density and viscosity of a flue
gas comprising 12% CO2, 11% H2O and 76% N2 at 800◦C and 500◦C for cyclone II
and III, respectively, is used. A flue gas composition comprising also O2 would have
been more fitting, however the inclusion of the O2 properties into the average gas
properties would only cause minor changes, that are deemed insignificant compared
to the other uncertainties of the system. For the melting cyclone, it has not been
possible to find data on flue gas at sufficiently high temperatures, and therefore
density and viscosity of air at 1500◦C is used115.

Material dosing rates
The material dosing rates for the charge, stone wool waste, filter fines and coal
is continuously controlled and logged on the IMF plant, and the actual average
process values of settings S2-S16 are used in the modeling work, as listed in Table
4.1.

Solid load c0
The solid load is defined as the ratio of mass of solid material to the mass of gas
through the cyclone. The unit of c0 is kg solid/kg gas. The two pre-heater cyclones
operate at different temperatures and thus different gas densities, and therefore the
solid load of the upper pre-heater cyclone, Cyclone III, is lower than for the middle
cyclone, Cyclone II.

Surface roughness, ks
A surface roughness of ks = 3 ·10−3 m is used for all three cyclones. This roughness
corresponds to a rough refractory surface111. For the melting cyclone the inner
surface conditions are not known, however with the amount of molten and semi-
molten material continuously impacting on the surface, it is fair to assume a rough
surface.

Deterioration factor, fdeterioration
A deterioration factor of fdeterioration = 0.3 is used for all cyclones, the origin of
which is explained in Section 5.3.3.

6.2.2 Material size distributions

The different material types that enter the IMF process are: stone wool charge, filter
fines, stone wool waste, coal and coal ash. The size distribution of each particle type is
shown in Figure 6.1 and the origin of the size distributions described in the paragraphs
below.

Page 111



6. Model implementation

Parameter Cyclone III Cyclone II Cyclone I
Q† 7.87 m3/s 10.92 m3/s 8.63-10.48 m3/s
vin 34 m/s 30 m/s 39-46 m/s
Tgas 500◦C 800◦C 1500◦C
ρgas 0.457 kg/m3 0.330 kg/m3 0.194 kg/m3

µgas 348 · 10−7Pa·s 434 · 10−7Pa·s 637 · 10−7Pa·s
c0 0.3-0.5 kg/kg 0.4-0.5 kg/kg 0.8-1.2 kg/kg
ks 3 mm 3 mm 3 mm
fdeterioration 0.3 0.3 0.3
a∗ 0.67 m 0.93 m 0.4041 m
b∗ 0.34 m 0.392 m 0.2020
D∗ 1.358 m 1.576 m 2.0 m
H∗ 3.223 m 2.192 m 2.936 m
H∗c 1.35 m 0.7 m 2.421 m
S∗ 0.3 m 0.681 m 0.75 m
D∗x 0.84 m 0.6 m 1.024 m
D∗d 0.136 m 0.6 m 1.448 m

Table 6.1: Model parameters.
† Gas flow calculated at the temperature stated as Tgas. ∗Geometric parameters are illustrated

on Figure 5.2.

Charge
The stone wool charge is the mix of conventional raw and secondary material used
in stone wool production. The charge investigated here represents the charge used
in the stone wool production taking place during the IMF process settings S6-S16
described in Chapter 4 and the charge recipe is seen in Table 4.2. During S1-S5 a
modified charge recipe was used (See Table 4.2), but as can be seen in Appendix
G, Figure G.2, the particle size distribution resembles closely that of the charge
used during S6-S16. The particle size distribution is obtained by first sieving the
charge and subsequently analyzing the fine fraction, <63 µm, using laser diffraction
particle size analysis. The part of the data obtained from the sieve analysis has
been interpolated to give a smoother curve, the original data is seen in Appendix
G. The charge particle size distribution represents a very broad range of particle
sizes ranging from 0.2 µm to 5 mm, with four peaks observed around sizes of 0.7
µm, 40 µm, 400 µm and 2 mm.

Stone wool waste, W1
The particle size of the wool waste fibers is not as easily defined. The stone wool
waste is an inhomogeneous mass of entangled fibers of various length as well as
"shots" i.e. melt droplets formed as a by-product during the fiber formation pro-
cess. A microscope image of a stone wool waste sample is seen in Figure 3.1. As
a first estimate, a particle size distribution of the stone wool waste is based on an
average fiber of diameter 5 µm and length 750 µm. A Gaussian normal distribu-
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Figure 6.1: The particle size distribution of the charge (blue), wool waste W1 (solid green
line), wool waste W2 (green, dashed line), filter fines (yellow), unburned coal (black) and coal

ash (purple). The wool waste particle size distribution is estimated from the calculation
described in 6.2.2, the coal ash size distribution is taken from116 and the rest is measured
using a Malvern Mastersizer 3000 laser diffraction particle size analyzer, while the >63 µm

fraction size distribution of the charge is obtained by sieving. The particle size distribution is
given as a frequency function96 of the unit dm/dlog(xi), where dm is the mass fraction for a

given size interval log(xi,upper)-log(xi,lower) where xi,lower and xi,higher are the lower and higher
boundary of the size interval xi. It is assumed that the solid particles are of constant density,
so that the volume fractions dV obtained from the later diffraction measurements, can be
translated directly to mass fractions, dm, and thus combined with the sieving data of the

coarse fraction of the charge.

tion for the fiber length around this mean size with a standard deviation of 900
µm is created (negative fiber lengths are then excluded from the further calcula-
tions). Assuming cylindrical fibers, an equivalent sphere size distribution is created,
of spheres having volumes equal to the cylindrical fibers with fiber lengths corre-
sponding to the positive values of the created normal distribution for fiber lengths.
The resulting particle size of these "equivalent spheres" for the stone wool waste,
along with the reset of the IMF materials, is seen on Figure 6.1. This wool waste
size distribution is referred to as W1, showing a single peak with most material in
the range 10-20 µm.

Stone wool waste, W2
As will be discussed in Sections 6.3 and 6.4 the wool waste size distribution W1,
contains particles that have a mean size around 15 µm and thus mainly represent
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particles that will not be captured in the IMF cyclones. As shown in the results
of Section 6.3 the stone wool waste size distribution W1 leads to total rates of
carry-over that is up to ten times that of measured values. Therefore it is likely
that the "effective particle size" of the stone wool waste inside the IMF cyclones is
significantly larger than the W1 distribution. As the stone wool waste is introduced
into an environment of very high temperatures inside the melting cyclone is it
plausible that the wool waste will form agglomerates almost immediately upon
entry into the cyclone or possibly already in the feeding system. A second wool
waste size distribution, W2, is constructed with a mean size of 150 µm (ten times
that of W1) as a normal distributed curve with a standard deviation of 50 µm. The
resulting particle size distribution is seen on Figure 6.1.

Filter fines
Filter fines is carry-over from the upper pre-heater cyclone of the IMF, collected
in a filter and set-up with the possibility for direct recycling into the IMF melting
cyclone at a desired rate, see Figure 2.3. The particle size distribution of the filter
fines is obtained by laser diffraction particle size analysis of a filter fines sample
collected during the measurement campaign described in Chapter 4. The resulting
particle size distribution is the yellow curve of Figure 6.1. As the filter fines represent
the fraction of the charge that escapes the pre-heater cyclone as carry-over, the size
distribution of the filter fines resembles that of the fine (<63 µm) fraction of the
charge. Thus, the filter fines size distribution shares the peak at 0.7 µm. A second
peak is observed at 20 µm, a little lower than the peak size of 40 µm seen for the
charge (See Figure G.1 for a more detailed view of the charge size distribution).

Unburned Coal
Coal is introduced as a fuel into the IMF melting cyclone through the upper burners
of the melting cyclone that also transports the charge and stone wool waste into the
melting cyclone. The samples collected using the isokinetic suction probe inserted
above the melting cyclone contains a fraction of unburned coal particles, as can be
seen from the SEM images on Figures 4.16 and 4.18a-c and confirmed by chemical
EDX analysis. The content of unburned coal is determined using TG analysis, the
resulting mass losses represent 4-11% of the total sample mass collected, as listed in
Table 4.5. The amount of unburned coal present in the melting cyclone is calculated
for each setting S2-S16 according to Equation 6.1, where Ṁco,I is the total carry-over
rate derived from the isokinetic suction probe measurements. A sample of coal is
analyzed using laser diffraction particle size analysis, the result of this is seen as the
black curve of Figure 6.1, showing a very broad size distribution ranging from 0.5
µm to 300 µm with a single peak around 50-150 µm. The actual size distribution
of the fraction of coal that escapes the melting cyclone unburned is likely somewhat
finer than the overall coal size distribution, however for the following modeling work
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Case Included materials
Model A Charge, Unburned Coal, Coal ash
Model B Charge, Unburned Coal, Coal ash, Stone wool waste (W1), Filter fines
Model C Charge, Unburned Coal, Coal ash, Stone wool waste (W2), Filter fines

Table 6.2: Model cases

the size distribution of the feed coal will simply be assumed.

ṀUnburned coal =
TG[%]

100
· ṀcoI (6.1)

Coal ash
The coal ash content is stated as 12% of the coal mass by the coal supplier. This
value is used to model the coal ash input rate. The particle size distribution of
coal ash in suspended combustion is taken from a paper by Nielsen et al116 on the
formation of fine particles in coal-fired power plants. The coal ash shows a broad
size distribution ranging from 1 µm to 200 µm, with two peaks at 10 µm and 90 µm.

6.2.3 Model cases

A total of three different model cases (A, B, C) will be investigated in this study. The
model cases differs in terms of which material types are included in the calculation. Table
6.2 summarizes the materials included in each model case. Model A includes only the
stone wool charge along with unburned coal and coal ash. Model B includes the materials
of Model A and also stone wool waste (W1) and filter fines. Model C is similar to model
C, but includes the second size distribution, W2, for stone wool waste. The remaining
model parameters reflect the process settings S2-S16 observed during the experimental
campaign described in Chapter 4, as summarized in Table 6.1.
The initial model is based on a scenario, in which stone wool waste and filter fines are
not included in the calculation. The results of this model case, Model A, will therefore
illustrate the expected material flows that stems from the stone wool charge and coal
alone. The actual rates of the charge material during settings S2-S16, as stated in Table
C.1, is used in the model, and wool waste and filter fines is simply omitted. The two
remaining model cases, Model B and Model C, both include filter fines recycling into the
melting cyclone and applies the two different wool waste size distributions, W1 and W2,
illustrated in Figure 6.1.
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6.3 Model results

In this section the results of applying the three-cyclone IMF model presented in Chapter
5 to the three model cases, Model A, B and C, described in Section 6.2.3, with the model
input parameters listed in Table 6.1 and the material particle size distributions shown on
Figure 6.1 is presented.

6.3.1 Cyclone cut-sizes

The key output parameter of the Muschelknautz method of modeling is the cyclone cut-
size, x50, describing the particle size of a particle with a 50% probability of escaping
or being captured by the cyclone. The cut-sizes of each of the three IMF cyclones is
calculated for each of the IMF process settings S2-S16 using the IMF model. The resulting
cut-sizes for each cyclone are seen on Figure 6.2. The parameters that vary from setting
to setting is the total gas flow rate, Q̇, the gas inlet velocity, vin, and the solid load,
c0. Gas temperatures and gas properties are assumed constant throughout the fifteen
process settings. The resulting fluctuations in cut-size of each cyclone is limited to a few
micron throughout the investigated settings, with cut-sizes of the pre-heater cyclones of
27-31 µm and a melting cyclone cut-size of 49-53 µm. The overall potential for material
separation in the IMF cyclones can thus be considered as almost constant throughout
the investigated range of process settings. This means that the main driver behind the
observed material efficiencies and amounts of carry-over is either the types and properties
of the different materials being introduced into the process or internal changes of the
conditions inside the cyclones which could be caused by material build-up.

From the modeled cut-sizes the grade efficiency curves for each cyclone of the IMF can
be calculated. Figure 6.3 show the grade efficiency curves for an example setting, S10,
for each of the three IMF cyclones along with the material size distributions previously
presented on Figure 6.1. As the calculated cut-sizes are almost constant throughout
settings S2-S16, only the grade efficiency curves, ηi,I , ηi,II , ηi,III , of an example setting,
S10, is seen on Figure 6.3. S10 represents a setting where both stone wool waste and
filter fines are introduced into the IMF. The carry-over out of the three cyclones is caused
by fine material i.e. material that show size distributions with significant contributions
to the left of the grade efficiency curves. These materials can be identified as filter fines,
coal ash, unburned coal and the stone wool waste size distribution W1. WT major part
of the W2 wool waste size distribution is made of particles above the cut-sizes, meaning
that W1 is expected to cause high amounts of carry-over whereas W2 is not.
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Figure 6.2: The modeled cut-sizes, x50, for each of the three IMF cyclones for each of the
IMF process settings, S2-S16, investigated during the experimental campaign described in

Chapter 4. The model approach is described in Chapter 5. Cyclone III is the upper pre-heater
cyclone of the IMF, Cyclone II is the middle cyclone, and Cyclone I is the IMF melting cyclone.

6.3.2 Carry-over rate

The rate of carry-over particles out of the upper pre-heater cyclone, cyclone III, and of the
melting cyclone, cyclone I, for each of the three model cases, Model A, B and C, is seen
on Figure 6.4. The carry-over rate from cyclone III, Ṁco,III , is seen in the upper graph
along with the average process value of generated filter fines of 6.6% - corresponding to
the estimated 93.4% cyclone efficiency described in Section 5.3.2.
The modeled carry-over rate of the melting cyclone, Ṁco,I , is plotted along side the
experimental values derived from the isokinetic suction probe measurements for each
process setting S2-S16 (see Table 4.1) as calculated according to the method described in
Section 4.3.2. Figure 6.5 shows a close-up of the Model A results along with the measured
carry-over rate out of the melting cyclone (Cyclone I).
For both the pre-heater cyclone, Cyclone III, and the melting cyclone, Cyclone I, Figure
6.4 show large differences between the model results for the three model cases. Model
A results in values in the range 3-5.5% for both the upper pre-heater cyclone and the
melting cyclone, with the level out of the pre-heater cyclone being slightly higher than out
of the melting cyclone, as the fines part of the charge will escape the IMF after passing
through only the upper pre-heater cyclone. Model B results in carry-over rates in the
range 6-43% of the total material input out of the pre-heater cyclone (Cyclone III), and
4-56% out of the melting cyclone. As the cut size of the melting cyclone is larger than
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Figure 6.3: The particle size distribution of the charge (blue), wool waste W1 (green, solid),
wool waste W2 (green, dashed), filter fines (yellow), unburned coal (black) and coal ash
(purple) with respect to the left y-axis. The orange curves represents the modeled grade

efficiency curves for S10 of cyclone I (orange, solid), cyclone II (orange, dashed) and cyclone
III (orange, dotted) with respect to the right y-axis. S10 is chosen as an example setting, and
as can be seen from Figure 6.2, the cut-sizes and thus the grade efficiency curves does not vary
significantly in between IMF process settings S2-S16. The wool waste particle size distribution

is estimated from the calculation described in 6.2.2, the coal ash size distribution is taken
from116 and the rest is measured using a Malvern Mastersizer 3000 laser diffraction particle
size analyzer, while the >63 µm fraction size distribution of the charge is obtained by sieving.
The particle size distribution is given as a frequency function96 of the unit dm/dlog(xi), where
dm is the mass fraction for a given size interval log(xi,upper)-log(xi,lower) where xi,lower and
xi,higher are the lower and higher boundary of the size interval xi. It is assumed that the solid

particles are of constant density, so that the volume fractions dV obtained from the later
diffraction measurements, can be translated directly to mass fractions, dm, and thus combined

with the sieving data of the coarse fraction of the charge.

the cut-sizes of the pre-heater cyclones; some material escaping the melting cyclone may
be captured in the pre-heater system. Therefore, larger amounts of carry-over can be
seen out of the melting cyclone, compared to the pre-heater cyclones. Model C results in
carry-over rates in the range 5-14% out of the upper pre-heater cyclone and 4-24% out
of the melting cyclone.
For model A and C no correlation is seen between the calculated carry-over rates and the
amount of stone wool waste introduced into the IMF. For model B, a strong seemingly
linear correlation between stone wool waste dosing and carry-over rates is seen. This is
due to the fact that the main cause of the extremely high carry-over rates is the fine
particle size distribution of the W1 stone wool waste size distribution. As the W1 stone
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wool waste cannot be retained in any of the cyclones, a higher dosing of stone wool waste
means a higher level of carry-over out of all three IMF cyclones.

Figure 6.4: (Upper graph) The modeled carry-over rate out of the upper pre-heater cyclone,
Cyclone III, of the IMF for each process setting S2-S16 as a function of the stone wool waste
dosing into the IMF for the three model cases: Model A, Model B and Model C. The dashed
line shows the average measured process value for the carry-over rate of 6.6%. (Lower graph)
The carry-over rate out of the IMF melting cyclone ,Cyclone I, for each process setting S2-S16
for the three different model cases. The experimental data (*) represents the carry-over rates
obtained from the measurements carried out using the isokinetic suction probe, as described in
Chapter 4. The model cases differ in the material types included in the model, as summarized

in Table 6.2.

Page 119



6. Model implementation

Figure 6.5: The figure shows the modeled carry-over rate out of the melting cyclone, Ṁco,I ,
for Model A along with the experimentally determined values obtained from the isokinetic
probe measurements described in Chapter 4. The same data is seen in Figure 6.4 with a

different y-axis scaling.

6.3.3 Carry-over size distribution

The developed IMF model output is, besides the total carry-over rate, also the size
distribution of the carry-over particles exiting each of the three IMF cyclones entrained
in the flue gas. The modeled particle size distribution of carry-over originating from the
upper pre-heater cyclone, Cyclone III, during S10 is shown in Figure 6.6 for each modeling
case, Model A, B and C, along with the measured size distribution of a filter fines sample
collected in the filter downstream of Cyclone III. As an example the IMF process setting
S10 is chosen, as this is a setting where both stone wool waste (30%) and filter fines
(8.8%) is introduced into the IMF (see Table C.1). It should be noted that the filter fines
size distribution was initially used to tune the IMF model, as described in Section 5.3,
and that the comparison between the modeled and measured size distribution of Cyclone
III, can therefore not be used to validate the model. The comparison is included here, as
a means to check, if the model cases are still able to match the measured size distribution
of the filter fines.
As can be seen from Figure 6.6, the fit between the modeled carry-over size distribution,
mco,III , and the measured filter fines size distribution for Model A and Model C is fairly
good, whereas Model B results in a massive increase in carry-over in the size range 10-20
µm, corresponding to the peak of the stone wool waste particle size distribution W1.
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This indicates that when stone wool waste of this size distribution (W1) is included, the
model predicts that the material will to a very large extent escape cyclone I as carry-over
and subsequently also escape cyclones II and III. This is also what is seen on Figure 6.4,
where the carry-over rate out of cyclone III for settings with high wool waste recycling is
in the range of 40% of the total material feed for Model B.

Figure 6.6: The modeled carry-over from the upper IMF pre-heater cyclone, Cyclone III,
during IMF setting S10 for the model cases A (red), B (blue) and C (green), as summarized in
Table 6.2. The solid black curve show the measured size distribution of a filter fines sample as
determined using laser diffraction particle size analysis. During S10 both stone wool waste
(30%) and filter fines (8.8%) are introduced into the melting cyclone (See Table C.1). The

particle size distribution is given as a frequency function96 of the unit dV/dlog(xi), where dV
is the volume fraction for a given size interval log(xhigh)-log(xlow) where xlow and xhigh are the

lower and higher boundary of the size interval xi.

For Cyclone I, Figure 6.7(a)-(c) show the modeled size distributions along side the mea-
sured size distribution of a carry-over sample collected using the isokinetic suction probe
during IMF process setting S10 for the model cases Model A, B and C, respectively. The
model results for each individual IMF process setting, S2-S16, along with the carry-over
samples collected above the IMF melting cyclone during these settings are seen in Ap-
pendix H for each model case (Figures H.1-H.6).
For S10 the results on Figure 6.7 show that the best fit with the measured particle size
distribution of the sampled carry-over is seen for Model C, as this model result show a
broad size distribution ranging from 0.2 µm to 200 µm corresponding nicely to the range
of the measured carry-over sample. Model A show almost no carry-over in the fine (<5
µm) region. This is due to the fact that for model A only the charge, unburned coal and
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coal ash is considered, meaning that very little fine material enters the melting cyclone.
A comparison between model A and C indicates, that the best result is obtained when
the model includes a higher fraction of fine particles entering the melting cyclone than
what can be accounted for by the charge, the coal and the coal ash alone. Model B show
that the overall modeled carry-over size distribution is severely dominated by the W1
stone wool waste size distribution with the peak at 15 µm. This observation is in line
with the very high rate of carry-over seen for model B on Figure 6.4. It seems that W1
is not a good estimate for the stone wool waste size distribution inside the IMF system.

Page 122



6.3 Model results

Figure 6.7: Figure (a), (b) and (c) show the modeled size distribution of carry-over
originating from the IMF melting cyclone, Cyclone I, for model cases A, B and C, respectively,
for IMF process setting S10. The solid black curve on all three figures represent the measured
size distribution of a carry-over sample (IS105) collected using the isokinetic suction probe

during IMF process setting S10. The particle size distribution is given as a frequency
function96 of the unit dV/dlog(xi), where dV is the volume fraction for a given size interval
log(xhigh)-log(xlow) where xlow and xhigh are the lower and higher boundary of the size

interval xi.
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6.4 Discussion

Melting cyclone carry-over rate
The developed IMF model is used to model fifteen different IMF process settings (S2-
S16, see Table 4.1). The result of the model is that for the investigated settings the
model predicts very similar cut-sizes for the three IMF cyclones, as is seen on Figure 6.2.
The fact that the cut-sizes does not vary much from setting to setting means that the
modeled rate of generated carry-over will predominantly depend on the type and amount
of material introduced into the IMF.
An initial model, Model A, is developed in which stone wool charge and coal is introduced
into the IMF, but where the stone wool waste and filter fines recycling is set to zero. The
rate of carry-over out of the melting cyclone for Model A is in the range of 3.2-5.1% of
the material feed. The rate of carry-over out of the melting cyclone determined based on
the experimental investigation using the isokinetic suction probe, as described in Chapter
4, was in the range 0.5-5.1% of the total material input rate. The model A is not able
to reproduce this span, indicating that the drivers for the variations in the measured
carry-over rates are factors not included in Model A.

In Model B and Model C stone wool waste and filter fines are included. The result of
which, is that the total carry-over rate increases dramatically. For model B, the wool
waste size distribution W1 with a mean size of 15 µm is used, which results in a situation
in which the wool waste is not retained in any of the cyclones and simply escapes as
carry-over and gives rise to carry-over levels of up to 56% of the total material feed.
In Model C, a coarser wool waste size distribution, W2, is used with a mean size of 150
µm, with the result that stone wool waste can now be retained in the cyclones. Com-
pared to Model A, Model C show carry-over in the range of 10-20% from the melting
cyclone, which is still significantly above the measured values. A big part of the Model C
carry-over originates from the filter fines recycled into the melting cyclone. This indicates
that the retainment of filter fines is in reality much higher than in the modeled case.
In the IMF the filter fines are introduced low in the melting cyclone through a specialized
oxy-fuel burner angled downwards towards the melt bath. This method of introducing
filter fines seems to allow for the retainment of a material that would otherwise be too fine
to be captured by the IMF cyclones. Another reason for the capture of the filter fines
could be if the material agglomerates, resulting in larger effective particle sizes of the
materials inside the melting cyclone. Another possible explanation can be found in the
mass loading effect. As described in Section 5.3.2, mass loading is an effect introduced
in the Muschelknautz model that describes how solid material above a certain limit load
or limit particle concentration is separated out immediately upon entry into the cyclone
regardless of particle size. Mass loading would cause material of the full range of particle
sizes to be "pushed" down from the upper cyclones, meaning that particles below the
cyclone cut-sizes can travel from the upper pre-heater cyclone to the lower cyclones and
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ultimately end up in the melt.

To summarize, Model B and C over-predicts carry-over due to the fine sizes of filter fines
and stone wool waste. Model A predicts a fair level of carry-over, but is not able to match
the variance in the measured carry-over. The model study is thus not able to identify
the main drivers of the total level of melting cyclone carry-over. This is a result that is
in line with the previously presented result of the statistical analysis, see Section 4.3.3,
where the result was a lack of clear correlations between the melting cyclone carry-over
rate and the considered IMF process parameters.
Overall, it seems that there may be other factors influencing the carry-over rate, which
are not currently measured. A possible explanation is that severe internal build-up of
partially molten material in the top part of the melting cyclone effects the inner cyclone
geometry to a degree that effects the cyclone performance. Inspections inside the IMF
melting cyclone during production stops have previously shown very significant build-up
in the area in between the material bearing burners and the cyclone lid and vortex finder.
It would require a method that allowed for continuous monitoring of this build-up while
in operation, if these geometric changes inside the cyclone should be included in the anal-
ysis and modeling of the melting cyclone carry-over rate.

Melting cyclone carry-over size distribution
Figure 6.7(a)-(c) show a comparison of the particle size distribution of carry-over from
the melting cyclone for models A, B and C for the IMF process setting S10 where both
stone wool waste (30%) and filter fines (8.8%) are introduced into the melting cyclone.
As seen on Figure 6.7(a), the developed IMF model A predicts melting cyclone carry-over
with a majority of particles in the size range 15-150 µm. The experimentally determined
size distribution of the collected carry-over samples however showed a much broader size
distribution in the range of 0.1-100 µm, with a significant fraction in the fine sizes below
15 µm.
Model B and C predicts a fraction of carry-over particles in the range 0.2-15 µm. For
Model B the dominating peak is by far the 10-20 µm peak, corresponding to the peak of
the W1 stone wool waste particle size distribution (See Figure 6.1). The massive carry-
over resulting from the fine particle sizes of W1 causes a significant mismatch between the
modeled carry-over size distribution and the experimental one, as can be seen in Figure
6.7(b) for S10, and in Figures H.3-H.4 for the full set of Settings S2-S16. The best match
between the experimentally determined melting cyclone carry-over and the model is seen
for model C. As can be seen on Figure 6.7(c) for S10, the model predicts particles in the
range 0.2 µm-200 µm. The experimentally observed peaks around 0.5 µm and 30 µm
are also seen in the model data, and a broad shoulder of the model 30 µm peak is seen
to overlap with the third experimentally observed peak at 5 µm. The full set of model
predictions and experimentally determined particle sizes for S2-S16 of model C can be
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seen on Figures H.5-H.6, showing an overall strong, not perfect matches, between the size
ranges of predicted and measured carry-over particle size distributions.

The experimental observations show that fine particles (<15 µm) are surprisingly also
present in the melting cyclone carry-over in the cases where no wool waste or filter fines
are introduced into the process i.e. settings: S12, S13 and S16, as can be seen on Figures
H.1-H.6 in Appendix H. Even with the stone wool charge as the only introduced material,
besides the coal, these fine particles are present in the flue gas exiting the melting cyclone.
This fine fraction of particles exceeds that which can be expected by coal alone, indicating
that some fraction of the fine part of the charge, that has so far been modeled to escape
the upper pre-heater cyclone, manages to reach the melting cyclone.

This can be explained by two different effects. First, the mass loading effect that was
discussed in Section 5.3 and is excluded from the model, could in reality have a non-zero
contribution. The full extent of the mass loading would result in a >99 % efficiency of the
IMF cyclones, however, excluding it completely might not be the best choice. The mass
loading effect would cause a full size range of stone wool charge particles to be "pushed"
downwards from the upper pre-heater cyclone and thus cause these fine particles that
would otherwise escape as carry-over to be present in the lower cyclones.
The second possible explanation is particle attrition of the charge particles, i.e. some of
the particles could break up during high-speed collisions with the inner walls of the IMF
system during their passing through the upper parts of the IMF process.
Particle sampling of the charge material just prior to entry into the material bearing
burners of the melting cyclone would give the actual size distribution of the charge mate-
rial after passing through the two pre-heater cyclones. Such data would allow for a more
accurate modeling of the pre-heating part of the IMF. The improved pre-heater model
would give a more accurate starting point for the modeling of the melting cyclone.

The behaviour of stone wool waste and filter fines in the IMF
The initial wool waste size distribution W1 was generated from an assumption of a
cylindrical standard wool waste fiber of 5 x 750 µm. As can be seen when comparing the
modeled values for the carry-over rate out of both the melting cyclone (Figure 6.4, lower
graph) and of the upper pre-heater cyclone (Figure 6.4, upper graph) to the experimental
values, the W1 size distribution leads to a scenario in which almost all of the stone wool
waste escapes all three IMF cyclones as carry-over. As this overwhelming amount of
carry-over is not observed during operation of the IMF, it is probably the case that the
wool waste present in the melting cyclone has a significantly coarser size distribution. The
size distribution W2 is constructed to have a mean size ten times larger than W1. As can
be seen on Figure 6.1 this means that the wool waste size distribution is shifted from a
distribution that is predominantly placed to the left of the three cyclone grade efficiency
curves, ηI , ηII , ηIII , to a distribution placed to the right. As the W2 thus represents
particles that are almost exclusively larger than the cyclone cut-sizes the situation is
now reversed, and practically all of the stone wool waste will be retained in the melting
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cyclone and reach the melt bath in the bottom of the cyclone. The shift in particles sizes
of the stone wool waste from something resembling W1 to W2, could be explained by
agglomeration of the fibrous wool waste, causing the material to act, not as single fibers
but as agglomerates of larger pieces of material.

The comparison of the effect of shifting the stone wool waste from the W1 to the W2 is
meant to illustrate the importance of modeling an accurate size distribution of the stone
wool waste. As Cyclone I, is in fact a melting cyclone in which the material is transformed
from its solid fibrous form to molten or at least partially molten droplets, a model that
utilizes only one specific size distribution for the input materials will never fully reflect
reality. The SEM images of collected carry-over samples from the isokinetic suction probe
confirms that the majority of the carry-over particles have been molten when reaching
the sampling point roughly one meter above the melting cyclone gas outlet.
It might be possible to construct an "effective size distribution" for the stone wool, that
allows for further modeling work. Such an effective size distribution could be dependent
on specific wool waste properties such as the moisture content. If it were possible to
conduct measurements on in-flight melting of the stone wool waste and the development
of the wool waste particle sizes as the fibers soften and agglomerate, this could add to the
understanding of the wool waste behaviour and lead to an "effective size distribution"
that can be used in future modeling work.

6.5 Summary and conclusions

The IMF model described in Chapter 5 has been used to model the IMF settings of
the experimental campaign described in Chapter 4. In a situation where the model only
includes the stone wool charge and coal, i.e. stone wool waste and filter fines are excluded,
the level of the total carry-over rate of particles out of the IMF melting cyclone can be
modeled. The model, however, is not able to match the variance observed in the measured
carry-over rates. In model situations where stone wool waste and filter fines are included,
the predicted rate of carry-over out of the melting cyclone is severely over-predicted with
up to ten times the measured values.

The high modeled rates of carry-over when including stone wool waste and filter fines
show, that these materials are captured more efficiently than expected based on their par-
ticle size distributions. Filter fines are introduced through a specialized oxy-fuel burner
placed low in the melting cyclone and angled downwards towards the melt bath. This
method of introducing the filter fines can thus be concluded to allow the melting cyclone
to retain this material, that would otherwise be too fine to be captured by the IMF cy-
clones.
The high retention of stone wool waste is likely explained by the stone wool waste acting
with an "effective particle size" significantly coarser that what is expected based on a
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single fiber approach. This coarser size distribution is very likely a result of a significant
agglomeration of the stone wool waste upon entry in to the melting cyclone. In order
to perform predictive modeling of the IMF in the future, it is necessary to get a better
estimate of the wool waste agglomeration and the resulting particle size distribution.

Another explanation for the retention of stone wool waste and filter fines could be a
contribution from the mass loading effect that has so far been excluded from the modeling.
Mass loading causes solid particles above a certain critical solid load or critical particle
concentration to be separated out immediately upon entry into the cyclone regardless
of particle size. As was seen in Chapter 5, allowing full mass loading, as originally
introduced in the Muschelknautz model, causes the IMF model to significantly over-
predict the cyclone efficiencies. However, a non-zero mass loading could explain how
materials that are smaller than the cyclone cut-sizes can be separated by the cyclones,
and effectively pushed all the way down through the IMF system and into the stone wool
melt.

A comparison between the measured and modeled melting cyclone carry-over particle size
distribution in the case where only the stone wool charge is included in the model, has
showed that the measurements show a fraction of particles that are finer than what can
be modeled. This means that there is material present in the melting cyclone that is finer,
than what is expected from the current model. The fine material might originate from
particle attrition of the charge or from the mass loading effect acting on the pre-heater
cyclones, "pushing" a part of the fine fraction of the charge downwards into cyclones II
and I. In the future, particle sampling of material just about to enter the melting cyclone,
could contribute to the understanding of the fraction of material separated by the two
pre-heater cyclones and thus lead to improved modeling of the IMF system.
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During the past decade an increased focus on circular economy has caused a growing
interest in recycling of stone wool waste in the ROCKWOOL stone wool production.
Stone wool waste generated both internally during the production and externally during
renovation and demolition of buildings can be recycled in the stone wool production. At
the heart of the stone wool production is a melting furnace, responsible for melting the
raw materials and recycled materials into an at least 1500 ◦C melt, that can be spun into
fibers. The newest melting technology used by the ROCKWOOL Group is the Integrated
Melting Furnace (IMF) comprising two pre-heater cyclones and a melting cyclone. In the
IMF technology stone wool waste is introduced directly into the melting cyclone with a
coarse milling as the only pre-processing required. This study has had the purpose of
investigating the effect of introducing stone wool waste into the IMF process by seeking
to answer research questions Q1-Q3 stated in Section 1.2.

With the goal of answering Q1, an experimental laboratory study was carried out to inves-
tigate the fundamental differences in thermal and melting behaviour of the conventional
stone wool charge, i.e. mix of raw materials, and of recycled stone wool waste. Samples
of material comprising 100%, 75%, 50%, 25% and 0% conventional charge and 0%, 25%,
50%, 75% and 100% stone wool waste, respectively, was investigated using differential
scanning calorimetry (DSC), hot stage microscopy (HSM) and X-ray diffraction (XRD).
The study showed that the onset melting temperature of stone wool waste is lower than
that of the conventional charge. Using DSC it was possible to determine the overall en-
ergy associated with heating and melting of stone wool waste and a conventional charge,
showing that stone wool waste requires 23% less energy for heating and melting than the
investigated conventional charge.

Research questions Q2 and Q3 concern the material efficiency of the IMF cyclones. Mea-
surements have been carried out in an industrial IMF plant while in operation in order
to investigate the carry-over particles entrained in the flue gas exiting the IMF melting
cyclone. Two probe techniques were used to capture the carry-over particles: a simple
deposit probe and an isokinetic suction probe. FTIR measurements were carried out
along side to measure the flue gas temperature at the sampling point above the IMF
melting cyclone. The gas peak temperatures are in the range of 1100-1450 ◦C.
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7. Conclusions

The particles collected using the isokinetic probe, are immediately quenched, which al-
lows for characterization of the particle morphology of the carry-over particles upon entry
into the probe. SEM imaging of the carry-over particles collected at process settings with
wool waste dosing varying from 0-33% of the total material feed, show that the great
majority of collected material are spherical, molten particles and that there is no appar-
ent difference in material collected during operation with or without wool waste dosing.
Chemical analysis of the carry-over show a chemical composition resembling that of the
charge with no significant over-representation of K and Na, as would normally be seen for
aerosol particles. This observation indicates that the carry-over is driven by the cyclone
separation efficiency and not by evaporation of part of the solid material. Quantification
of the total carry-over level as obtained from the isokinetic suction data, show that the
total level of carry-over is in the range of 0.5-5% of the total material feed into the IMF
process.
Limited literature is available on the performance of industrial melting cyclones. A few
technologies comprising melting cyclones has been reviewed, and shown to report either
nothing at all on cyclone efficiency or to state only a level without a description of how
this level is determined. For the CONTOP®technology a level of carry-over is reported
as 2-5% of the material feed. Thus at least for the CONTOP®the level of carry-over
is comparable to the level determined for the IMF melting cyclone presented in this study.

A statistical analysis using Principal Component Analysis was applied to find correla-
tions between the experimentally determined total carry-over rate above the IMF melting
cyclone and other key process parameters. The analysis was not able to identify any clear
correlations or main drivers of the carry-over rate. The level of recycled stone wool waste
did not appear to influence the amount of carry-over.

This lack of correlations between the measured particle carry-over rate and the IMF
process parameters, indicates, that there may be other parameters, that are currently not
monitored, that strongly influences the rate of carry-over. One issue that has previously
been found during inspection of the melting furnace during process stops, is heavy build-
up of partially molten material in the upper part of the melting cyclone near the ceiling
and the burner ports. Significant build-up inside the cyclone will effect the flow and thus
very likely also the separation efficiency of the melting cyclone. Currently no method
exists for monitoring the level of build-up inside the melting cyclone during operation of
the plant.

A mathematical model was constructed with the purpose of modeling the particle carry-
over above the IMF melting cyclone. The model is based on the Muschelknautz method
of modeling cyclone separation efficiencies. For the purpose of the model a number of
assumptions were made, to make the melting cyclone mimic a conventional separator
cyclone. The model is tuned so that the calculated rate and size-distribution of the
particle carry-over from the upper pre-heater cyclone matches real life observations.
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The model was used to calculate the total rate of particle carry-over out of the melting
cyclone of each of the experimentally investigated IMF process settings along with the
particle size distribution of the carry-over.

The model is used to investigate the relative sensitivity of the model with respect to key
process settings of the IMF. It is seen that the modeled carry-over is mainly driven by the
particle size distribution of the included materials. The other IMF process settings that
varied throughout the experimental campaign, that is the cyclone inlet gas velocities,
gas flow rates and the total material load, does not effect the calculated carry-over rate
strongly. This is seen by the fact that the modeled cut-sizes of the cyclone does not vary
by more than a few micron in between the distinct IMF process settings.

When modeling situations where only pure charge and coal is introduced into the IMF,
meaning that no stone wool waste and no filter fines are recycled into the process, the
model predicts carry-over mainly in the size range of 10-200 µm. The experimentally
collected carry-over samples are in the range of 0.2-100 µm, and thus shows a significant
fraction that is finer than the model result. This fine material indicates that a fraction
of fine particles reaches the melting cyclone. The origin of these fine particles may be
attrition of the charge particles or the mass loading effect, causing fine particles to be
captured in the pre-heater cyclones despite their fine sizes.

When including stone wool waste into the model, the particle size distribution of the stone
wool waste is approximated as a normal distributed curve around a sphere of a volume
equivalent to that of a standard cylindrical stone wool waste fiber having a diameter of
5 µm and a length of 750 µm. Including stone wool waste and filter fines into the model
causes a dramatic increase in the modeled carry-over rate out of the melting cyclone.
For high rates of stone wool waste recycling of up to 33% of the total material feed, the
modeled carry-over reaches 10 times the experimental value. As both stone wool waste
and filter fines contain mainly particles smaller than the modeled cut-sizes of all three
IMF cyclones, the model predicts that these materials escape as carry-over out of all
three cyclones and exits the system entrained in the flue gas leaving the IMF. As this
is not the case in real life, it means that these materials behave differently from what is
expected.
The filter fines are introduced low in the melting cyclone, and is therefore likely captured
in the melt bath in the bottom of the cyclone rather than being subject to separation
in the cyclone flow field. The stone wool waste is a fibrous material that appears highly
entangled, this combined with the low initial melting temperature of the material, may
cause the stone wool waste to act with a different "effective particle size distribution"
inside the IMF. Further knowledge is needed on the morphology of the stone wool waste
upon entry into the melting cyclone in order to be able to appropriately model the
material flow out of the melting cyclone.

Research question Q2 concerns the effect that the introduced material has on the IMF
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7. Conclusions

melting cyclone performance. The experimental study presented here has not shown a
correlation between the introduced amounts of stone wool waste or filter fines and the
measured rate of carry-over, however the model work points to material properties such
as the size distribution being the a main driver in the modeled carry-over. Thus, this
study gives an ambiguous answer to research question Q2. Research question Q3 seeks
to identify the main driver for carry-over out of the IMF melting cyclone. This study
has not identified IMF process parameters that are able to explain the experimentally
observed carry-over. The answer to Q3 is therefore, for now, that other parameters such
as internal build-up inside the melting cyclone, will have to be considered in order to
explain the IMF melting cyclone performance.

7.1 Suggestions for future work

This study has, as the first scientific study on the IMF melting technology, illuminated a
number of subjects that need further investigation if the process is to be fully understood
and modeled. This section aims at suggesting future work that will add to the overall
understanding of the IMF process.

It is suggested to carry out particle sampling of the pre-heated materials just prior to
introduction into the melting furnace of a running IMF plant. The particle flux and
particle size distribution of pre-heated materials out of the pre-heater part of the IMF
system, would add valuable knowledge on the performance of the pre-heater system. The
measurements would give the opportunity to validate the pre-heater part of the IMF
model and give a better foundation for the modeling of the melting cyclone part of the
IMF model.

From the work carried out in this study, it is indicated that stone wool waste acts with
an ”effective particle size distribution” that is coarser, than what can be expected from
the individual fiber sizes of the material. This is likely due to agglomeration assisted
by the softening and melting of the material. The entangled nature of the fibrous wool
waste may even lead to agglomeration in the feeding system prior to actually entering
the melting cyclone.
Experimental studies of the in-flight behaviour of stone wool waste at high temperatures
would add great value to the understanding of the stone wool waste behaviour inside the
IMF melting furnace and allow for more precise modeling of the process. In such a study
the influence of the stone wool waste moisture content as well as LOI (caused by the
presence of organic binder material) should be studied, as these parameters will likely
effect the stone wool waste behaviour.
Without new knowledge on the agglomeration of stone wool waste it is the author’s
opinion that any type of modeling of the IMF system will perform inadequately.
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8 Appendices

The following appendices are included to provide additional details to the subjects covered
in the thesis.

A Publication: Melting behaviour of raw materials and recycled stone wool waste

B Detailed material characterization results

C Full scale measurement data

D Flue gas temperature measurements

E Analysis on IMF process stability

F Size distribution of cyclone sample and filter sample from isokinetic suction probe

G Charge particle size distribution

H Detailed model results
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A B S T R A C T

Stone wool is a widely used material for building insulation, to provide thermal comfort along with fire stability
and acoustic comfort for all types of buildings. Stone wool waste generated either during production or during
renovation or demolition of buildings can be recycled back into the stone wool melt production. This study
investigates and compares the thermal response and melting behaviour of a conventional stone wool charge and
stone wool waste. The study combines differential scanning calorimetry (DSC), hot stage microscopy (HSM) and
X-ray diffraction (XRD). DSC reveals that the conventional charge and stone wool waste have fundamentally
different thermal responses, where the charge experiences gas release, phase transition and melting of the in-
dividual raw materials. The stone wool waste experiences glass transition, crystallization and finally melting.
Both DSC and HSM measurements indicates that the wool waste initiates melting at a lower temperature than the
conventional charge. Also DSC measurements show that the wool waste requires less energy for heating and
melting than the conventional charge, making stone wool waste recycling desirable both for environmental and
for process purposes.

1. Introduction

Stone wool is a widely used material for building insulation, to
provide thermal comfort along with fire stability and acoustic comfort
for all types of buildings. As the focus on environmentally friendly
buildings has increased over the past decades, so has the production of
stone wool. There will be an estimated amount of 2,450,000 tons of
mineral wool, i.e. stone wool, glass wool and slag wool, produced in
Europe in 2017 [1]. Recycling of stone wool back into the stone wool
production process has thus become increasingly relevant. Ideally, the
recycling should account for both stone wool waste generated during
production and external stone wool waste i.e. waste resulting from
demolition and renovation of buildings. The external stone wool waste
is subject to a manual sorting on the building site and again at the
factory before being re-introduced into the production process. The
sorting ensures that no other types of waste are present. Both the in-
ternal and external stone wool waste contain organic binder. This
binder along with any other organic wastes that might be present in the
external stone wool waste will burn off once reintroduced into the
furnace.

Stone wool is produced by spinning stone wool melt into fibers. The
stone wool melt is traditionally produced on a cupola furnace in which
blocks of coke and stone are combusted and melted, respectively.

Recycling of stone wool waste in the cupola is done by casting the waste
into briquettes using cement [2]. For the cupola, the individual raw
materials and wool waste melts in large blocks.

This study focuses on raw materials used in a new cyclone based
melting process. For this melting process pulverized raw materials are
used, and therefore mixing of the materials during melting is important.

The introduction of stone wool waste into the cupola furnace is
suggested to lower the coke consumption [3]. In the glass industry it is
known that re-melting of recycled glass i.e. glass cullets, requires less
energy than melting virgin raw materials [4].

The stone wool recipe is constructed according to the required
chemical composition of the stone wool fibers that is optimized to en-
sure that the fibers are biosoluble [5,6]. The stone wool melt in-
vestigated in this study comprises five raw materials; four virgin stone
materials: anorthosite, dolomite, diabase and olivine sand, and a sec-
ondary raw material: Linz-Donawitz (LD) slag; a waste product from
steel production [7]. The chemical composition of the individual raw
materials, the mixed charge and the wool waste is shown in Table 1 as
determined by X-ray flourescence (XRF).

Diabase is a chosen as a raw material based on its overall chemistry
that corresponds well with the final fiber chemistry; anorthosite is
chosen because of its high aluminum content; dolomite for its high
calcium and magnesium content; olivine sand for magnesium and iron;
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and finally LD slag for its calcium and iron content.
The crystalline content of some of the stone raw materials can be

found in literature. Anorthosite is known to consist of plagioclase
((NaAlSi3O8)-(CaAl2Si2O8)) [8], dolomite is a known mineral phase
(CaMg(CO3)2) [9] as is olivine ((Mg,Fe)2 SiO4) [10].

The chemical composition of diabase is entered into a mineral norm
calculator [12] known as a CIPW [11] mineral norm calculator used in
geology to predict mineral phases based on chemical composition. The
identified phases are as follows: plagioclase ((NaAlSi3O8)-
(CaAl2Si2O8)), hypersthene ((Mg,Fe)SiO3) and diopside (MgCaSi2O6) as
the most likely major crystalline phases.

LD slag is known to contain multiple crystalline phases: portlandite
(Ca(OH2)), srebrodol'skite (CA2Fe2O5), merwinite (Ca3Mg(SiO4)2), lar-
nite/belite (Ca2SiO4), calcite ((Ca,Mn)CO3), lime (CaCO3), dolomite
(CaMg(CO3)2) and FeO.

A previous study aimed to model the melting behaviour and melting
energy requirement of individual mineral materials used for stone wool
production. However, the predictive capability of the model turned out
to be limited [13].

Stone wool comprises amorphous glassy fibers, shots and glass
fragments formed during the cascade spinning process. A scanning
electron microscopy (SEM) analysis shows stone wool fibers to have a
mean arithmetic diameter of 4.0 μmwith a standard deviation of 2.4 μm
and various lengths in the range of five to several hundred micro-
meters [14]. Another study shows that sieving allows fibers to pass
through a 63 μm sieve [18], indicating that it is in fact the diameter of
the fibers that influences the particle size distribution presented on

Fig. 1.
The glass transition temperature and crystallization onset of stone

wool depend on the specific chemical composition of the wool [15], this
is therefore also expected to be the case for the melting temperature of
the formed crystal phases, however data obtained on stone wool of
slightly different chemistries will still provide useful knowledge of the
expected melting temperatures.

Stone wool fibers are studied thoroughly with the focus on un-
covering the mechanisms behind the high temperature stability of the
fibers [15–19]. These investigations show the stone wool fibers crys-
tallize when heated above 1120 K, explaining why stone wool products
keep their shape when exposed to high temperatures up until melting
initiates at 1375–1425 K [16,17]. The crystallization is driven by an
oxidation of Fe2+ to Fe3+ that subsequently drives the migration of
cations from the bulk to the surface [16]. The formed crystals are
identified in multiple studies to be augite [15,17], diopside [18,19],
nepheline [15] and grossular [15].

Another study [20] shows that samples comprising 50% stone wool
waste and varied amounts of clay, dolomite and cement dust have li-
quidus temperatures in the region 1500–1510 K and crystallization of
the stone wool fibers taking place in the range 1100–1125 K.

The objective of this study is to obtain an understanding of the
difference in melting behaviour of a conventional stone wool charge
and stone wool waste in order to understand and optimize the melt
production process. The effect of adding wool waste to the conventional
charge is investigated in terms of melting temperature and energy
consumption.

2. Experimental

2.1. Samples

Samples were prepared of each of the five raw materials of the stone
wool charge: anorthosite, dolomite, diabase, olivine sand and LD slag
for simultaneous thermal analysis (STA) and XRD investigations. For
both investigations the raw materials were crushed using a Herzog HSM
100 pulverizing mill. The original grain sizes along with those of the
crushed materials are seen on Fig. 1.

For STA and HSM investigations five samples were prepared com-
prising 100%, 75%, 50%, 25% and 0% charge and 0%, 25%, 50%, 75%,
100% wool waste, respectively. The samples were mixed of material of
original grain sizes as seen on Fig. 1. The grain sizes were obtained by
sieving. In order to facilitate the sieving of the fibers the organic binder
in the wool waste was burned off by heating the wool waste to 863 K for
20min prior to sieving. A rubber stamp was used to guide the fibrous
material though the sieve.

For the STA measurements and selected HSM experiments the
mixed samples were crushed to the sizes seen on Fig. 1.

For the XRD measurements samples of pure charge and pure stone
wool waste were exposed to heat treatment. 50 g of the material, either
pure charge or pure wool waste of the original grain sizes, were placed
in platinum crucibles in a hot oven at either 1473 K or 1623 K for
30min. The samples were then immediately quenched in water, dried
and subsequently crushed. The crushed samples were then investigated
by XRD.

2.2. STA

A NETSZCH STA 449 F1 Jupiter simultaneous thermal analyzer was
used to conduct simultaneous Differential Scanning Calorimetry (DSC)
and Thermogravimetric (TG) measurements.

The individual raw materials analyzed by STA were investigated
using Pt crucibles and a two-step measurement: a baseline measure-
ment on the empty Pt crucible and a sample measurement of approxi-
mately 30mg of sample material. The heating rate was 20 K/min and
the maximum temperature was 1748 K. A thin sapphire disk was placed

Table 1
Chemical composition of the investigated raw materials, charge and wool waste as de-
termined by XRF given in wt%. An.: Anorthosite, Do.: Dolomite, Di.: Diabase, Ol.: Olivine
sand, LD: LD slag, Ch.: charge, Wo.: stone wool waste.

An. Do. Di. Ol. LD Ch. Wo.

SiO2 47.6 0.4 52.1 41.5 10.6 42.8 42.6
Al2O3 28.6 0.0 14.0 0.1 0.5 18.4 18.1
TiO2 0.2 0.0 1.7 0.0 1.3 0.7 0.8
Fe2O3 1.4 0.1 11.7 7.2 23.3 7.5 7.1
CaO 13.6 29.8 8.9 0.2 40.1 18.1 18.3
MgO 0.9 21.9 4.8 49.9 10.5 9.2 8.4
Na2O 2.6 0.0 2.5 0.0 0.0 2.0 2.1
K2O 1.0 0.3 1.1 0.4 0.6 1.0 0.6
P2O5 0.0 0.0 0.2 0.0 0.4 0.3 0.4
MnO 0.0 0.0 0.2 0.1 3.0 0.2 0.3
LOI 2.3 46.4 1.2 0.4 1.4 – 2.1
Sum 98.1 98.9 98.3 99.8 91.6 100.2 100.8

Fig. 1. The particle sizes of the pure wool waste, pure charge, crushed wool waste and
crushed charge measured in a sieve column with sieve dimensions of 0.063mm,
0.125mm, 0.25mm, 0.5 mm, 1mm, 2mm, 3.5 mm and 6.3 mm.
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between the crucibles and the sample holder to ensure that the platform
and crucible would not fuse together during measurement.

An optimized 3-step procedure was applied to the samples com-
prising mixtures of charge and wool waste, respectively. A thin Al2O3

disk was used to separate sample holder and crucible, the thinner disk
provided better thermal contact. Each measurement was carried out
using previously unused Pt crucibles that were oxidized at 1273 K for
30min. The empty reference crucibles were not touched in-between the
3 measurement steps: A baseline measurement on an empty crucible, a
standard measurement on a sapphire standard and a sample measure-
ment, all carried out at a heating rate of 20 K/min. The use of a stan-
dard measurement enabled the calculation of apparent heat capacity
directly from the DSC measurements [21]. These measurements are
carried out with a maximum temperature of 1523 K, since measure-
ments at higher temperatures seems to be subject to higher un-
certainties.

2.3. HSM

The melting behaviour of two series comprising samples of 100%,
75%, 50%, 25%, 0% charge and 0%, 25%, 50%, 75%, 100% wool
waste, respectively, was investigated by optical dilatometry (TOMMI
Frauenhofer ISC). The first series comprised samples of original grain
sizes and in the second series samples that were crushed. Each sample
comprised material pressed into a 6mm wide cylindrical pellets with an
approximate height of 6mm. The material was pressed in a 1.5 ton
press for 20 s. Measurements were carried out with a heating rate of
5 K/min. Height, width and area measures were determined based on
the sample outline every 1.5 K. Images were initially acquired every
25 K this was then adjusted to every 5 K for better visualization of the
melting.

2.4. XRD

XRD (Empyrean, PANalytical) measurements were carried out in the
range 5°≤ 2Θ≤ 70° with a step size of 0.0130°. Six successive scans
were carried out on each sample, and the data presented here is a
summation over the six measurements. The anode material was copper.
Based on the spectra and the chemical composition of the materials,
crystal phases are identified. To identify the crystal phases in the
complex spectrum of the charge, XRD spectra are first obtained of the
individual raw materials, allowing for identification of the crystal
phases contained in each individual raw material. These phases are
then used as a subset for phase identification in the mixed charge
spectrum.

3. Results

3.1. STA

Fig. 2 shows the measured DSC curve for the five raw materials:
anorthosite, dolomite, diabase, olivine sand and LD slag along with the
mixed charge and stone wool waste. The dashed line shows a weighted
sum over the individual raw materials according to the charge recipe.
The descending curvature of the anorthosite, diabase and dolomite at
high temperatures, i.e. above 900 °C, is attributed to an experimental
error and not to any physical processes occurring in the samples. This
descending curvature is naturally also reflected in the weighted sum.
The weighted sum is meant to highlight the differences between the
DSC measurement of the mixed charge and that of the combined in-
dividual raw materials.

Fig. 3 shows the obtained TG curves of the individual raw materials.
All materials are dried prior to the measurements. The total weight loss
of the materials are 0.5% for olivine and diabase, 2% for anorthosite,
3% for LD slag and 48% for dolomite.

Fig. 4 shows the apparent heat capacities obtained for samples

comprising 100%, 75%, 50%, 25%, 0% charge and 0%, 25%, 50%,
75%, 100% wool waste, respectively. From the apparent heat capacities
the total energy consumption associated with heating and melting the
samples can be calculated through integration. For the purpose of the
energy calculation a total of three DSC measurements are carried out
for the samples comprising 100%, 50% and 0% charge. The resulting
energy curve is seen on Fig. 5.

3.2. HSM

Based on the measured height, width and area data, the tempera-
tures at which the sample assumes some well-known characteristic

Fig. 2. DSC measurements of the five individual raw materials along with the mixed
charge and stone wool waste. The dashed curve indicates a weighted sum over the DSC
signals of the individual raw materials according to the charge recipe. The individual
curves are shifted upwards by 7mW/mg (anorthosite), 6mW/mg (olivine sand), 5 mW/
mg (diabase), 4 mW/mg (dolomite), 3mW/mg (LD slag) and 1.5 mW/mg (charge). The
wool waste curve is not shifted. Measurements were carried out at a heating rate of 20 K/
min in Pt crucibles in an Ar atmosphere. p1 results from an albite phase transition, p2
from melting, p3 from melting, p4 from decarbonization, p5 from CO2 release, p6 from
melting, p7 from decarbonization of dolomite, p8 from the albite phase transition, p9
from melting of the mixed charge, p10 from a glass transition in the wool waste, p11 from
crystallization and p12 from melting.
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shapes are determined. The characteristic shapes are defined here: in-
itial deformation temperature (IT), spherical temperature (ST), hemi-
spherical temperature (HT) and flow temperature (FT). These tem-
peratures are calculated based on definitions stated by Stabile
et al. [22]. HSM is carried out on two series: one of original grain sizes
and one of crushed samples. For 6 out of the 10 investigated samples
the images obtained are shown in Fig. 6. Note that images are not ac-
quired as often as the height and width data, and that these images thus
represent the closest image to the calculated shape temperature. The
temperatures at which the characteristic shapes are reached for both
series are shown in Fig. 7.

3.3. XRD

The XRD spectra obtained for pure charge and pure wool waste
exposed to no heat treatment, 1473 K for 30min and 1623 K for 30min,
is seen on Fig. 8.

The identified crystal phases and the corresponding raw materials
are plagioclase and quartz (anorthosite), diopside (diabase), portlan-
dite, belite, srebrodol'skite (LD slag), dolomite (dolomite) and olivine
sand (olivine). For the wool waste the identified crystal phases ap-
pearing after heat treatment at 1200 °C for 30min are plagioclase and
diopside.

4. Discussion

4.1. Raw materials and charge

As seen in Fig. 2 only three out of the five raw materials studied by
DSC show melting peaks in the studied temperature region: anorthosite,
p2, known to have a liquidus temperature of 1725–1775 K [24], dia-
base, p3, is shown to be completely molten at 1473 K [25] and LD slag,
p6, that is a known fluxing agent in steel production [7] and shown to
have complete melt formation at 1575 K on the DSC heating curves.

Fig. 3. (a) TG signal of (red) olivine, (black) diabase, (blue) anorthosite and (magenta)
LD slag. (b) TG signal of dolomite as a function of temperature. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Apparent heat capacities as a function of temperature obtained from DSC mea-
surements of five samples comprising 100%, 75%, 50%, 25% and 0% charge and 0%,
25%, 50%, 75% and 100% wool waste, respectively. The DSC measurements were con-
ducted at heating rates of 20 K/min in Pt crucibles in an Ar atmosphere. The observed
peaks are identified for pure charge and pure wool waste on Fig. 2 and explained in the
caption text of Fig. 2. The dashed line indicates a theoretical value for the melt Cp based
on the overall melt chemistry, as seen in Table 1, and the method developed by Lange and
Navrotsky [23], in which liquid heat capacity of a mixture is calculated as a linear
combination of partial molar heat capacities of the oxide components.

Fig. 5. The energy required to heat and melt the total stone wool charge from 473 K to
1523 K as a function of the wool waste content. For the samples containing 0%, 50% and
100% wool waste, a total of three measurements were conducted on similar samples. The
red circles represent values obtained from individual measurements and the black curve
represents the average values while the vertical line represents the standard deviations.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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The remaining peaks observed on the DSC curves are p1 for an-
orthosite, p4 for dolomite and p5 for LD slag. One of the mineral
components in anorthosite, albite, has a phase transition into a high-
temperature form when heated above 973 K [24], this will result in an
endothermic peak such as p1. As is seen on Fig. 3 (a) the phase tran-
sition is associated with a 1% weight loss. Dolomite releases CO2 in a
two-step process upon heating [9] resulting in a double peak such as p4
and the 48% weight loss seen in Fig. 3 (b). LD slag is rich in calcium and
magnesium which typically makes minerals prone to release CO2. p5 is
accompanied by a 3% weight loss, as seen on Fig. 3 (a), and is therefore
likely to represent a release of CO2.

When comparing the DSC heating curves of the charge with the
weighted sum of the individual raw materials, as seen on Fig. 2, it is
clear that the thermal behaviour of the charge differs significantly from
the simple weighted sum. This means that upon heating the raw ma-
terials are affected by the presence of the other raw materials.

The mixed charge shows three endothermic peaks at 875–1075 K,
p7, a small peak at 1225 K, p8, and another large peak at 1375–1575 K,
p9. The first peak, p7, overlaps with the decarbonization of dolomite
p4. The pure Dolomite curve on Fig. 2 shows a double peak corre-
sponding to a two-step decarbonization whereas in the mixed charge
this double peak is reduced to a single peak. This shift is caused by the
presence of SiO2, accelerating the decomposition of CaCO3 [26] cor-
responding to the second peak of the p4 double peak [9]. The second
peak of the mixed charge, p8 overlaps with the phase transition of al-
bite, p1, and the last peak, p9, with the melting peaks of diabase, p3,
and LD slag, p6.

The large endothermic peak on the charge DSC heating curve in-
dicates that the mixed charge melts in the region 1375–1575 K, even

though the raw materials anorthosite, olivine sand and dolomite in-
dividually does not melt in this region. This indicates that the in-
dividual melt generated by diabase at 1325–1575 K and LD slag at
1425–1575 K acts as a fluxing agent and the high-temperature resistant
raw materials dissolves in the initial melt.

The XRD spectrum obtained for the non-heated pure charge, Fig. 8a,
shows a great number of peaks reflecting the mineral content of the five
raw materials: plagioclase found in anorthosite [8], diopside and quartz
found in diabase (according to CIPW calculations), portlandite, belite,
srebrodol'skite and FeO found in LD slag [27], along with the peaks
corresponding to dolomite and olivine sand. Table 2 shows the identi-
fied crystal phases for the six spectra in Fig. 8.

The XRD spectrum of the charge heated to 1473 K for 30min
(Fig. 8b) shows fewer peaks than the non-heated charge. These peaks
reveal that only some of the raw material crystal phases remain in the
sample at this point. The remaining crystal phases are plagioclase,
diopside and olivine corresponding to the raw materials anorthosite,
diabase and olivine sand.

The strong dolomite peak at 2Θ=31 has disappeared. This is fully
expected from the recrystallization associated with the 2-step CO2 re-
lease, seen on the DSC curve in the temperature range 925–1075 K. The
peaks corresponding to portlandite, belite and srebrodol'skite all found
in LD slag has also disappeared, again supporting the interpretation that
the LD slag generates an initial melt in which the remaining raw ma-
terials can be dissolved. Diabase is also expected to be a first melt
generator, however diopside crystals are still identified in the sample
after heat treatment at 1473 K. A previous study has shown diopside to
have a melting temperature of 1665 K at atmospheric pressure [28],
explaining why this phase remains present after heat treatment to

Fig. 6. Images obtained from HSM mea-
surements on three samples comprising
100%, 50% and 0% charge and 0%, 50%
and 100% wool waste, respectively. The
samples are heated at 5 K/min. For each
sample two measurements are shown here,
one (upper) with original grain size dis-
tribution, and one (lower) with crushed
samples. The method presented by Stabile
et al. [22] is used to calculate the tem-
peratures corresponding to characteristic
shapes: Initial deformation Temperature
(IT), Spherical Temperature, Hemispherical
Temperature (HT) and Flow Temperature
(FT). For the samples marked with (*)
images are obtained every 25 K, for the rest
images are obtained every 5 K.
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1473 K but disappears after heat treatment to 1623 K (see Fig. 8c). After
heat treatment at 1623 K only a single peak remains in the charge
spectrum, Fig. 8c, indicating that the material has almost completely
transitioned from crystalline form to amorphous form, corresponding to
the transition from solid to molten form.

4.2. Stone wool waste and melting energy

Wool waste has a fundamentally different thermal response than the
charge as seen from the DSC curves on Fig. 2 and the apparent heat
capacity of wool waste seen on Fig. 4. The wool waste heat capacity
show a glass transition at 975 K (p10), an exothermic crystallization
peak at 1125–1275 K (p11) and a melting peak at 1375–1525 K (p12),
corresponding to the behaviour known from previous studies [16,17].
As the measurements are conducted in an inert Ar atmosphere the
burning of the organic binder is not seen on the DSC curve.

The crystallization is also reflected in the XRD spectrum on Fig. 8e,
where a wool waste sample is heated to 1473 K shows peaks corre-
sponding to the crystal phases Plagioclase and Diopside, whereas the
non-heated wool, Fig. 8d, does not show any crystal structure. The DSC
heating curve, see Fig. 2, indicates that the stone wool fibers will melt
in the range 1375–1525 K. This corresponds well with the XRD

observations that crystal phases remain in the wool waste heated to
1473 K, but does not appear in the stone wool waste heated to 1623 K,
as seen on Fig. 8f.

The three mixtures of charge and wool waste studied shows char-
acteristics of both the pure charge behaviour and the pure wool waste
behaviour. As the wool waste content is increased the heat flow curves
gradually resemble that of the pure wool waste more and more, as is
seen when comparing the apparent heat capacity curves in Fig. 4.

The HSM measurements indicates that the charge of original grain
size initiates melting at 1475 K and is mostly molten at 1575 K, as seen
on Fig. 7. At 1575 K some grains remain unmolten, resulting in the
corrugated sample outline seen in the upper right corner of Fig. 6. The
crushed charge sample however appears to be completely molten at
1500 K. The higher liquidus of the non-crushed charge than the crushed
charge is probably caused by the fluxing agents experiencing some local
transport and mixing limitations in the original grain size sample. The
wool waste, of both original grain sizes and crushed, initiates melting
around 1450 K and is completely molten at 1475 K, as seen on Fig. 6.

There is a general tendency, that the endothermic melting peaks, as
seen between 1325 K and 1425 K on Fig. 4 start at lower temperatures,
than the IT observed in the HSM measurements. This indicates that the
samples will already have started the energy consuming phase change
before the pellet sample starts to deform. A sample pellet is thus able to
contain a certain fraction of molten material before the overall stability
of the sample shape is affected substantially.

The melting temperature of these mixed samples depends on the
wool waste content to some degree as seen on the upper graph in Fig. 7,
where the temperatures of the characteristic shapes is lower for higher
wool waste content. However the effect of adding wool waste seems to
have the largest influence in the step from 0% to 25% wool waste. From
25% wool waste and up, the melting temperature is close to constant.

Generally high flow temperatures are seen for the samples of ori-
ginal grain sizes comprising 0–50% wool waste. The flow temperature
of the samples containing intact raw material grains are highly affected
by the position of the largest grains in the sample. As most of the sample
does melt during the heating, the larger melt-resistant grains i.e. an-
orthosite or dolomite grains, stay intact and this results in a corrugated
sample contour, as seen for the samples of original grain sizes in Fig. 6.
The flow temperature is therefore highly affected by the specific grain
sizes and positions inside the sample, explaining the high flow tem-
peratures of the samples of original grain sizes containing large
amounts of charge. The flow temperature peak at 25% is interpreted as
a consequence of the composition of that specific sample, and a peak
might as well have been observed for the sample of pure charge.

Once the material is crushed the effect of wool waste content on the
melting temperature nearly disappears, as seen on Fig. 7b. This points
to the mixing effects being dominant in determining melting tempera-
ture. The melting temperature of the crushed samples can be seen to be
in the region 1430–1475 K as determined by the span between the
sphere temperature and the flow temperature. This interval corresponds
well to the interval spanned by the melting peak, p9, of the pure charge
seen on Fig. 2.

The total energy required for heating the mixed samples from 473 K
to 1523 K does show some large deviations, as seen in Fig. 5. The de-
viations are related to the small sample size of only 22mg, making the
measurement highly dependent on the representability of that sample.
Also, as the sample begin to melt, the material contracts and begins to
move inside the crucible sometimes moving up along the sides of the
crucible. The DSC measurements are highly affected by the contact
between sample and crucible, and thus as different samples melts and
moves differently inside the crucible, the total energy measurement will
deviate from sample to sample. In spite of the deviations, a clear linear
dependence on the wool waste content is seen: melting pure wool waste
requires 23% less energy than the conventional charge investigated
here. The main driver in this difference seems to be the fact that no de-
carbonization has to take place when re-melting stone wool waste, thus

Fig. 7. Hot stage microscopy of five samples comprising 100%, 75%, 50%, 25% and 0%
charge and 0%, 25%, 50%, 75% and 100% wool waste is used to study the melting be-
haviour of the samples. a) is the measurements of samples of original grain sizes and b) of
crushed samples. All measurements are conducted at a heating rate of 5 K. Four char-
acteristic shapes and their corresponding temperatures are found for each sample. The
dashed lines represent results from repetition measurements conducted on the three
samples comprising pure charge (original size), pure charge (crushed) and pure wool
(crushed).
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lowering the overall energy required for the melting process.

5. Conclusion

The melting behaviour of a stone wool charge comprising five dif-
ferent raw materials and stone wool waste for recycling is studied with
the ultimate goal of understanding the melting process in stone wool
production. The conventional charge, comprising five raw materials,
and stone wool waste shows fundamentally different thermal responses.
The primarily crystalline charge shows a significant release of CO2 and
a phase transformation during heating whereas the initially amorphous
stone wool waste crystallizes when heated above 850 °C. The charge
melting temperature is lower than the melting temperature of the in-
dividual raw materials dolomite, olivine sand and anorthosite. These
materials are, when present in the mixed charge, fluxed by the initial
melt generated by diabase and LD slag.

As stone wool waste is admixed to the conventional charge, the
melting behaviour changes linearly with wool waste content. From the
measured heat capacities it is seen that pure wool waste requires 23%
less energy for heating and melting than the conventional charge does.
The wool waste is therefore a desired material for recycling for energy

saving purposes as well as for environmental reasons.
The results presented in this study are valid for a specific chemical

composition of stone wool charge and stone wool waste, however the
method presented here can be applied to perform studies on any other
charge and wool compositions in order to evaluate the potential for
energy savings related to adding wool waste to the melting process.
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Appendix B Detailed material characterization
results

B.1 STA

Figure B.1 show the individual DSC measurements for samples comprising 100%, 50%

and 0% charge, and 0%, 50% and 100% stone wool waste, respectively. For each of these
mixtures a total of three individual samples are measured. For each case, the average
value of the three measurements are used to calculate the heat capacities and total energy
consumption for melting, as presented in Chapter 3.

B.2 HSM

Figures B.2 and B.3 show images resulting from HSM measurements on pellets pressed
from 100%, 75%, 50%, 25% and 0% charge, and 0%, 25%, 50%, 75% and 100% stone
wool waste, respectively. Figure B.2 show images resulting from pellets pressed from
non-crushed samples of charge and wool waste, whereas the pellets used for the images
in Figure B.3 comprises material that is crushed prior to pelletization.

B.3 XRD

Figure B.4 show XRD spectra obtained for each of the individual raw materials present
in the investigated IMF charge described in Chapter 3, along with the identified crystal
phases corresponding to the observed peaks on the spectra.
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Appendix B. Detailed material characterization results

Figure B.1: Three individual STA measurements on three different samples comprising pure
charge (upper), 50% charge and 50% wool waste (middle) and pure wool waste (lower). The
measurements are carried out using a NETSZCH STA 449 F1 Jupiter simultaneous thermal

analyzer at a heating rate of 20 ◦C/min in an Ar atmosphere.
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B.3 XRD

Figure B.2: The figure show images obtained during HSM measurements on 6x6 mm
cylindrical pellets pressed from samples comprising stone wool charge and waste of original

grain sizes i.e. not crushed before pelletization. The measurements are conducted at a heating
rate of 5 ◦C/min, images are acquired every 5 ◦C for all samples except the pure charge and
the pure wool waste samples where images are acquired every 25 ◦C. The images are acquired
at temperatures close to those obtained for the characteristic shapes defined in Section 3.3

using the mathematical expressions described in the same section. The characteristic
temperatures are: Initial deformation Temperature (IT), Spherical Temperature (ST),

Hemispherical Temperature (HT) and Flow Temperature (FT). The calculated temperatures
are seen on Figure 3.7.
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Appendix B. Detailed material characterization results

Figure B.3: The figure show images obtained during HSM measurements on 6x6 mm
cylindrical pellets pressed from samples comprising stone wool charge and waste that is

crushed before pelletization. The measurements are conducted at a heating rate of 5 ◦C/min,
images are acquired every 5 ◦C for all samples except the pure charge sample where images are
acquired every 25 ◦C. The images are acquired at temperatures close to those obtained for the
characteristic shapes defined in Section 3.3 using the mathematical expressions described in
the same section. The characteristic temperatures are: Initial deformation Temperature (IT),
Spherical Temperature (ST), Hemispherical Temperature (HT) and Flow Temperature (FT).

The calculated temperatures are seen on Figure 3.7.
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Figure B.4: XRD spectra of the individual raw materials. Note that the intensity scale is different on the Dolomite spectrum, due to the high
intensity peak around 2Θ = 31. The identified crystal phases are for olivine sand: olivine (Fe0.155Mg1.834Ni0.011SiO4); for anorthosite: plagioclase

(anorthite-albite)(CaAl2Si2O8-NaAlSi3O8) and quartz (SiO2); for dolomite: dolomite (CaMg(CO3)2); for diabase: plagioclase
(CaAl2Si2O8-NaAlSi3O8), diopside (MgCaSi2O6) and quartz (SiO2); for LD slag: portlandite (Ca(OH)2), belite (Ca2SiO4), srebrodol’skite

(Ca2Fe2O5), dolomite (CaMg(CO3)2) and FeO.
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Appendix C Measurement data for full scale
campaign

Selected normalized process parameters for IMF process settings S1-S16 is seen on Table
C.1. The measurements conducted during these IMF settings are outlined in Table 4.1.
The process parameters are normalized according to Equation C.1 due to the proprietary
nature of the IMF process. The parameters presented here represent the feeding rates
of solid material i.e. charge, stone wool waste and filter fines, into the IMF, the rate of
introduced fuels i.e. coal and natural gas, the rate of combustion air and pure oxygen
introduced as well as the moisture content and loss of ignition (LOI) of the stone wool
waste. The moisture content of the stone wool waste is included as this will have a
direct influence on the amount of flue gas exiting the melting cyclone. The charge and
filter fines have passed through parts or all of the pre-heater system and therefore enters
the melting cyclone dry. Finally the measured flue gas temperature as obtained by
FTIR measurements are included in the table. For settings S3 and S7 no temperature
measurements were carried out. For S3 the average of the mean temperature obtained
during S2 and S4 is used for the further calculations, and for S7 the flue gas temperature
measured during S6 will be used. These settings are chosen as they are very similar to
settings S3 and S7.

Ṁnorm = Ṁi/mean{Ṁ1, ..., Ṁn} (C.1)

The measurement data for the deposit probe measurements (E279-E223) carried out dur-
ing IMF process settings S1-S16 as outlined in Table 4.1 is seen in Table C.2. The data
set includes the measurement time, the collected deposit sample mass and the derived
particle flux assuming that the effective area of the probe i.e. the area of the probe where
deposit material is seen, was 0.5 m·0.0337 m = 0.01685 m2, where 0.5 was the length of
the observed deposit and 0.0337 the diameter of the probe.

The measurement data for the measurement conducted using the isokinetic suction probe
(IS43-IS143) during IMF process settings S1-S16 is seen in Table C.3. The data included

151



Appendix C. Measurement data for full scale campaign

the measurement time, t, the flue gas flow into the probe, V̇flue gas (calculated as the
suction flow minus the quench flow), the collected sample mass in both the probe cyclone
and fine filter (see Figure 4.3 for sketch of the probe setup), the measurement position
(See Figure 4.9 for illustration, R is the outer radius of the flue gas stream), the measured
flue gas temperature determined using FTIR (See figure D.1 for measurement data, and
Figure 4.8 for mean values obtained during each setting) and finally the derived particle
concentration c, calculated according to Equation 4.6 assuming that the flue gas entering
the probe is of the temperature Tflue gas.
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Setting ṀCharge ṀWool waste ṀFilter fines ṀCoal V̇Natural gas V̇Air V̇Oxygen Waste moisture [%] Waste LOI [%] TFlue gas [◦C]
S1 0,45 0,00 0,56 0,58 0,29 1,02 0,39 0,75 0,89 1161
S2 0,86 1,81 1,68 1,06 0,86 0,96 0,98 0,82 0,80 1175
S3 0,97 1,64 1,67 0,96 1,26 0,96 1,17 0,82 0,80 1169*
S4 0,84 1,73 1,68 1,00 0,95 0,96 1,03 0,82 0,80 1145
S5 0,86 1,81 0,00 1,00 0,88 0,96 0,99 0,82 0,80 1300
S6 1,09 1,13 1,68 1,06 1,13 0,96 1,17 1,11 1,04 1117
S7 1,09 1,12 0,00 1,06 0,85 1,05 0,93 1,11 1,04 1117*
S8 1,40 0,00 1,68 1,06 1,28 1,07 1,08 1,11 1,04 1185
S9 1,08 1,12 1,67 1,03 1,20 0,96 1,17 1,11 1,04 1282
S10 0,95 1,64 1,71 1,03 1,06 0,96 1,07 1,11 1,04 1149
S11 1,23 0,62 1,74 1,05 1,07 1,05 1,01 1,11 1,04 1134
S12 0,89 0,00 1,11 1,00 0,93 0,96 0,91 1,11 1,04 1413
S13 0,98 0,00 0,00 1,00 0,91 0,96 0,91 1,11 1,04 1401
S14 0,95 1,72 0,00 1,06 1,02 0,97 1,14 1,02 1,21 1318
S15 0,96 1,67 0,81 1,00 1,20 1,06 1,07 1,02 1,21 1338
S16 1,42 0,00 0,00 1,06 1,10 1,15 0,96 1,02 1,21 1231

Table C.1: Key IMF process parameters for settings S1-S16. All parameters are normalized according to Equation C.1. Ṁ refer to mass dosing
rates, V̇ is volumetric gas dosing rates, Tflue gas is the flue gas temperature measured using FTIR (see measurement data in Figure D.1). Stone

wool waste moisture content and LOI is determined as three-day average values based on three daily measurements.
As no FTIR temperature measurements were carried out during S3 and S7, the average mean value for S2 and S4 and the mean value for S6 is

used for setttings, respectively.
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Appendix C. Measurement data for full scale campaign

ID Measurement time [s] Sample mass [g] Ṁdeposit [kg/(m2*s)]
E279 37 10,8 0,0173
E280 30 5,1 0,0101
E281 30 6,2 0,0123
E282 19 5,2 0,0162
E283 21 6,2 0,0175
E284 25 7,9 0,0188
E285 27 8,2 0,0180
E286 28 8,3 0,0176
E287 25 10,8 0,0256
E288 27 6,6 0,0145
E289 27 3,8 0,0084
E290 27 12,3 0,0270
E291 29 19,0 0,0389
E292 29 15,6 0,0319
E293 27 6,4 0,0141
E294 28 1,4 0,0030
E295 44 2,1 0,0028
E296 44 1,9 0,0026
E297 46 2,4 0,0031
E298 43 1,9 0,0026
E299 48 1,4 0,0017
E300 32 12,6 0,0234
E301 33 13,0 0,0234
E302 30 4,3 0,0085
E303 32 4,8 0,0089
E304 36 9,0 0,0148
E305 28 6,0 0,0127
E306 30 5,3 0,0105
E307 30 10,3 0,0204
E308 31 7,1 0,0136
E309 30 10,8 0,0214
E310 44 1,1 0,0015
E311 47 1,1 0,0014
E312 47 1,2 0,0015
E313 46 1,0 0,0013
E314 45 1,0 0,0013
E315 44 0,9 0,0012
E316 45 0,9 0,0012
E317 48 0,9 0,0011
E318 47 0,9 0,0011

Page 154



E319 48 1,0 0,0012
E320 44 1,2 0,0016
E321 45 1,2 0,0016
E322 45 1,2 0,0016
E323 46 1,7 0,0022
E324 46 1,7 0,0022
E325 48 1,7 0,0021
E326 48 1,3 0,0016
E327 47 1,3 0,0016
E328 48 1,4 0,0017
E329 48 2,0 0,0025
E330 43 9,5 0,0131
E331 45 10,4 0,0137
E332 46 12,2 0,0157
E333 42 8,8 0,0124
E334 46 13,6 0,0175

Table C.2: Data table for deposit probe measurements, where Ṁdeposit is the calculated rate
of deposited material on the probe as calculated according to Equation 4.1 where Aprobe is the
cross-sectional area of the probe i.e. the probe diameter 33.7 mm times the effective length

(the length of the probe where deposit is seen) of 0.50 m.
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Appendix C. Measurement data for full scale campaign

Cyclone Filter
ID t V̇fluegas sample sample Position Tfluegas c vsuction

[s] [Nl/min] [g] [g] [r/R] [◦C] [kg/m3] [m/s]
IS43 252 35,9315 3,4 - 0 1161,1 0.0047 14.4
IS44 131 35,9315 1,8 0 0 1161,1 0.0048 14.4
IS47 240 32,2892 1,9 - 0 1174,6 0.0030 13.0
IS48 187 32,2892 2,5 0,1 0 1174,6 0.0053 13.0
IS49 185 32,2892 2,9 - 0,2 1174,6 0.0060 13.0
IS50 173 32,2892 4,1 - 0,2 1174,6 0.0091 13.0
IS54 112 24,8396 2,4 - 0,6 1174,6 0.0107 10.0
IS55 118 24,8396 3 - 0,6 1174,6 0.0126 10.0
IS56 119 24,8396 3,2 - 0,8 1174,6 0.0134 10.0
IS57 126 24,8396 3,5 0,2 0,8 1174,6 0.0146 10.0
IS58 301 24,8396 2,8 0,3 0,8 1168,6 0.0051 10.0
IS59 300 24,8396 3,2 0,2 0,8 1168,6 0.0057 10.0
IS60 275 24,8396 4,2 0,3 0 1168,6 0.0082 10.0
IS61 305 24,8396 3,6 0,3 0 1168,6 0.0064 10.0
IS63 296 24,8396 6,9 0,2 0 1144,6 0.0122 9.8
IS64 294 24,8396 3,1 - 0 1144,6 0.0054 9.8
IS66 276 24,8396 5,3 - 0,2 1144,6 0.0098 9.8
IS67 298 24,8396 5,9 0,3 0,2 1144,6 0.0106 9.8
IS68 294 24,8396 7 0,3 0,4 1144,6 0.0126 9.8
IS69 288 24,8396 10,9 - 0,4 1144,6 0.0192 9.8
IS70 278 24,8396 8,4 0,4 0,6 1144,6 0.0161 9.8
IS71 260 24,8396 6,7 - 0,6 1144,6 0.0131 9.8
IS72 365 24,8396 8 0,5 0,8 1144,6 0.0118 9.8
IS73 330 24,8396 9,5 - 0,8 1144,6 0.0146 9.8
IS74 310 24,8396 9,3 0,3 0,8 1299,7 0.0142 10.9
IS75 298 24,8396 6,8 0,3 0,8 1299,7 0.0109 10.9
IS76 332 24,8396 7,3 0,4 0 1299,7 0.0106 10.9
IS77 306 24,8396 4,3 0,2 0 1299,7 0.0067 10.9
IS78 331 24,1188 2,3 0,3 0 1116,6 0.0042 9.3
IS79 308 24,1188 4,4 0,2 0 1116,6 0.0080 9.3
IS80 308 24,1188 4,8 0,3 0 1116,6 0.0088 9.3
IS81 317 24,1188 5,6 0,3 0,8 1116,6 0.0099 9.3
IS82 314 24,1188 7,8 0,3 0,8 1116,6 0.0138 9.3
IS83 309 24,1188 7,2 0,4 0,8 1116,6 0.0131 9.3
IS84 285 24,1188 8,1 0,3 0,8 1116,6 0.0157 9.3
IS85 291 24,1188 7,3 0,3 0,8 1116,6 0.0139 9.3
IS86 288 24,1188 8,6 0,4 0,8 1116,6 0.0167 9.3
IS87 284 24,1188 5,4 0,1 0 1116,6 0.0103 9.3
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IS88 278 24,1188 5,3 0,3 0 1116,6 0.0107 9.3
IS89 290 24,1188 5,6 0,1 0 1116,6 0.0105 9.3
IS90 599 24,1188 2,1 0,6 0 1185,3 0.0023 9.8
IS91 601 24,1188 3,2 0,7 0 1185,3 0.0033 9.8
IS92 611 24,1188 5,2 0,9 0 1185,3 0.0051 9.8
IS93 305 24,1188 5,5 0,2 0,8 1185,3 0.0095 9.8
IS94 293 24,1188 3,4 0,4 0,8 1185,3 0.0066 9.8
IS95 308 24,1188 3 0,3 0,8 1185,3 0.0054 9.8
IS96 300 24,1188 9,4 0,4 0,8 1282,1 0.0156 10.4
IS97 294 24,1188 9,5 0,5 0,8 1282,1 0.0162 10.4
IS98 311 24,1188 8 0,5 0,8 1282,1 0.0130 10.4
IS99 416 24,1188 5,6 0,6 0 1282,1 0.0071 10.4
IS100 426 24,1188 7,8 0,6 0 1282,1 0.0094 10.4
IS101 428 24,1188 2,2 0,5 0 1282,1 0.0030 10.4
IS102 244 24,1188 6,2 0,2 0 1148,7 0.0137 9.6
IS103 244 21,6606 4,5 0,1 0 1148,7 0.0109 8.6
IS104 246 21,6606 3,1 0,3 0 1148,7 0.0080 8.6
IS105 212 22,8897 6,9 0,2 0,8 1148,7 0.0184 9.1
IS106 222 24,1188 6,8 0,1 0,8 1148,7 0.0162 9.6
IS107 227 24,1188 4,4 0,1 0,8 1148,7 0.0103 9.6
IS108 299 24,1188 4,9 0,4 0,8 1134,3 0.0093 9.5
IS109 299 24,1188 6,5 0,3 0,8 1134,3 0.0120 9.5
IS110 305 24,1188 6,4 0,3 0,8 1134,3 0.0116 9.5
IS111 358 24,1188 3,1 0,4 0 1134,3 0.0051 9.5
IS112 362 24,1188 3,8 0,4 0 1134,3 0.0061 9.5
IS113 360 24,1188 6,1 0,5 0 1134,3 0.0097 9.5
IS114 693 24,1188 1,4 1,1 0 1412,5 0.0016 11.3
IS115 602 24,1188 2,2 0,8 0 1412,5 0.0022 11.3
IS116 601 24,1188 0,9 1,4 0 1412,5 0.0017 11.3
IS117 360 24,1188 1,2 0,1 0,8 1412,5 0.0016 11.3
IS118 362 24,1188 1,5 0,1 0,8 1412,5 0.0019 11.3
IS119 365 24,1188 1,7 0,1 0,8 1412,5 0.0022 11.3
IS120 363 24,1188 0,7 0 0,8 1400,6 0.0009 11.2
IS121 369 24,1188 0,8 0,2 0,8 1400,6 0.0012 11.2
IS122 361 24,1188 0,8 0,1 0,8 1400,6 0.0011 11.2
IS123 602 24,1188 0,7 0,4 0 1400,6 0.0008 11.2
IS124 614 24,1188 0,3 0,4 0 1400,6 0.0005 11.2
IS125 605 24,1188 0,5 0,3 0 1400,6 0.0006 11.2
IS126 375 24,1188 2,8 0,3 0 1317,6 0.0039 10.7
IS127 364 24,1188 1,8 0,3 0 1317,6 0.0027 10.7
IS128 359 24,1188 2,1 0,3 0 1317,6 0.0031 10.7

Page 157



Appendix C. Measurement data for full scale campaign

IS129 277 24,1188 3,9 0,2 0,8 1317,6 0.0069 10.7
IS130 274 24,1188 2,9 0,1 0,8 1317,6 0.0051 10.7
IS131 272 24,1188 3,6 0,1 0,8 1317,6 0.0063 10.7
IS132 308 24,1188 4,6 0,3 0,8 1338,3 0.0073 10.8
IS133 272 24,1188 3 0,2 0,8 1338,3 0.0054 10.8
IS134 298 24,1188 2,2 0,2 0,8 1338,3 0.0037 10.8
IS135 421 24,1188 2,4 0,3 0 1338,3 0.0030 10.8
IS136 421 24,1188 3 0,3 0 1338,3 0.0036 10.8
IS137 425 24,1188 3,2 0,4 0 1338,3 0.0039 10.8
IS138 490 24,1188 5,3 0,3 0 1231,3 0.0056 10.1
IS139 487 24,1188 6,2 0,4 0 1231,3 0.0067 10.1
IS140 479 24,1188 6,1 0,5 0 1231,3 0.0068 10.1
IS141 240 24,1188 6,4 0,1 0,8 1231,3 0.0133 10.1
IS142 259 24,1188 6,3 0,2 0,8 1231,3 0.0124 10.1
IS143 244 24,1188 5,6 0,1 0,8 1231,3 0.0115 10.1

Table C.3: Data table for isokinetic suction probe measurements. The sample ID numbers
not found in the list (e.g. IS45, IS46) are due to failure to maintain suction flow constant

during the measurements, and they were not finalized. t is the measurement time, V̇flue gas the
volume flow rate of flue gas into the probe, Cyclone sample and Filter sample refer to the

sample mass collected from probe cyclone and filter (See figure 4.3 for probe setup), Tflue gas is
the flue gas temperature as determined by FTIR and reported in Table C.1, c is the derived
particle concentration according to Equation 4.6 and vsuction the calculated inlet velocity into
the probe as calculated according to Equation 4.3 assuming the flue gas temperature Tflue gas.
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Appendix D Flue gas temperature measurements

Figure D.1 show the IMF lfue gas temperatures measured using FTIR temperature mea-
surements carried out at the various process settings as indicated in Table 4.1 in Chapter
4. The measurements are conducted above the IMF melting cyclone at the sampling
point indicated on Figure 4.1.
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Appendix E Analysis on IMF process stability

The graph on Figure E.1 is made to illustrate the IMF process stability during each
measurements (IS19-IS143, see Table 4.1) conducted using the isokinetic suction probe
described in Section 4.2.2. The figure show the sum of the standard deviation divided by
the mean value of each of the IMF process parameters listed in Table 4.3 logged during the
duration of each individual isokinetic suction probe measurement (IS43-IS143). A high
value indicates, that one or more of the IMF process parameters has varied significantly
during the measurement, and is thus a measure for the overall IMF process stability during
the measurements. Based on this analysis, the following seven individual measurements
are eliminated from the statistical PCA analysis described in Section 4.3.3: IS72, IS86,
IS134.
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Appendix E. Analysis on IMF process stability

Figure E.1: The figure show the sum of the standard deviation divided by the mean value for
the following IMF process parameters, p, logged during each individual measurement

(IS19-IS143) conducted using the isokinetic suction probe: Charge dosing, Wool waste dosing,
Filter fines dosing, Coal dosing, Natural gas dosing, Air dosing, Oxygen dosing.
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Appendix F Size distribution of cyclone vs fil-
ter samples from isokinetic suc-
tion probe

During isokinetic suction probe measurements two samples are collected: one from the
cyclone and one from the 0.8 µm filter (See Figure 4.3. For a isokinetic suction probe test
measurements conducted during IMF process settings very similar to S14, the particle
size distribution of the collected sample from the probe cyclone and the probe filter are
both seen on Figure F.1(a). The corresponding accumulated particle size distributions
are seen on Figure F.1(b). The collected sample mass of the cyclone is 4.5 g and the
filter samples mass is 0.2 g. The filter sample mass thus makes up 12.5% of the combined
sample mass. On this basis a weighted sum is constructed combining the cyclone and
filter sample size distributions, seen as the green curve on Figure F.1. As can be seen
from the figures, adding the weighted sum resembles closely the particle size distribution
of the cyclone sample. Including the filter fines sample size distribution merely changes
the median size, d50 of the sample by 1 µm.
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Appendix F. Size distribution of cyclone vs filter samples from isokinetic suction probe

Figure F.1: (a) The particle size distribution of a cyclone sample (blue) and a filter sample
(orange) collected from an isokinetic suction probe during measurements on a IMF plant in

operation during process settings resembling those of S14 (See Tables 4.1 and C.3, along with a
weighted sum (green curve) constructed by adding 0.125 times the filter sample size

distribution with 0.875 times the cyclone sample particle size distribution. This calculation is
based on the filter sample making up 12.5% of the combined sample mass of the cyclone and
filter sample. The particle size distribution is measured using a Malvern Mastersizer 3000 laser
diffraction particle size analyzer in liquid mode with the sample dispersed in water. (b) The

accumulated particle size distributions of the curves seen on the upper figure.
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Appendix G Charge particle size distribution

Figure G.1 show the size distribution of the stone wool charge used for the modeling
work of Chapter 6. The charge corresponds to the charge that was used during Settings
S6-S16 of the experimental measurement campaign described in Chapter 4. The charge
of Settings S1-S5 has also been investigated but does not differ significantly from the
results of the S6-S16 charge, as is seen on Figure G.2.

165



Appendix G. Charge particle size distribution

Figure G.1: The size distribution of the stone wool charge used during the measurement
campaign descibed in Chapter 4 and the modeling work described in Chapter 6. The charge is
initially sieved and the fine fraction <64 µm is subsequently analyzed using laser diffraction in
a Malvern Mastersizer 3000. The original sieve data was in the unit mass fraction and the laser
diffraction data in the unit of volume fraction. Assuming a uniform and constant density of
the particles the two data sets are combined here and transformed to a frequency function of
dm/dlog(dp) where dm is the mass fraction of each size interval, and dlog(dp) is the calculated
as the difference in the logarithm up the upper limit of the size interval minus that of the lower
limit. An interpolation of the frequency curve resulting from the sieve data is carried out in

order to secure a smoother curve for application in the modeling work.
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Figure G.2: The figure show the size distribution of the stone wool charge used during
Settings S1-S5 (blue) and of the charge used during settings S6-S16 (orange). The data is
constructed from af combination of sieving data (>63 µm) and laser diffraction (<63 µm).
The density of the material is considered constant and the volume fractions obtained from
laser diffraction are directly translated into mass fractions in order to be combined with the
sieving data. As can be seen, they differ only slightly, and mainly in the coarser part of the

curve. The recipe for the two charges can be found in Table 4.2 in Chapter 4. The particle size
distribution is given as a frequency function96 of the unit dm/dlog(xi), where dm is the mass
fraction for a given size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower and

higher boundary of the size interval xi. The frequency function is chosen to limit the distortion
that can be seen for very broad size distributions due to the large difference in width of the

finer and coarser size intervals.
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Appendix H Detailed model results

The figures H.1-H.6 are the result of the modeling work presented in Chapter 6 for the
model cases Model A, Model B and Model C. The modeled size distribution of melting
cyclone carry-over, mcoI , along with the measured size distribution of samples collected
using the isokinetic suction probe descibed in Section 4.2. The sample particle size
distributions are obtained using laser diffraction particle size analysis.
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Appendix H. Detailed model results

Figure H.1: The solid blue lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S2-S8 obtained using Model A as described in Section 6.2.3

of Chapter 6. The dashed orange lines represents the measured size distributions obtained
using laser diffraction particle size analysis on the samples collected using the isokinetic probe
during the IMF process settings sumarized in table 4.1. The particle size distribution is given
as a frequency function96 of the unit dm/dlog(xi), where dm is the volume fraction for a given
size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower and higher boundary of
the size interval xi. The frequency function is chosen to limit the distortion that can be seen
for very broad size distributions due to the large difference in width of the finer and coarser

size intervals.
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Figure H.2: The solid blue lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S9-S16 obtained using Model A as described in Section
6.2.3 of Chapter 6. The dashed orange lines represents the measured size distributions
obtained using laser diffraction particle size analysis on the samples collected using the

isokinetic probe during the IMF process settings sumarized in table 4.1. The particle size
distribution is given as a frequency function96 of the unit dm/dlog(xi), where dm is the

volume fraction for a given size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower
and higher boundary of the size interval xi. The frequency function is chosen to limit the

distortion that can be seen for very broad size distributions due to the large difference in width
of the finer and coarser size intervals.
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Appendix H. Detailed model results

Figure H.3: The solid blue lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S2-S8 obtained using Model B as described in Section 6.2.3

of Chapter 6. The dashed orange lines represents the measured size distributions obtained
using laser diffraction particle size analysis on the samples collected using the isokinetic probe
during the IMF process settings sumarized in table 4.1. The particle size distribution is given
as a frequency function96 of the unit dm/dlog(xi), where dm is the volume fraction for a given
size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower and higher boundary of
the size interval xi. The frequency function is chosen to limit the distortion that can be seen
for very broad size distributions due to the large difference in width of the finer and coarser

size intervals.
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Figure H.4: The solid blie lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S9-S16 obtained using Model B as described in Section
6.2.3 of Chapter 6. The dashed orange lines represents the measured size distributions
obtained using laser diffraction particle size analysis on the samples collected using the

isokinetic probe during the IMF process settings sumarized in table 4.1. The particle size
distribution is given as a frequency function96 of the unit dm/dlog(xi), where dm is the

volume fraction for a given size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower
and higher boundary of the size interval xi. The frequency function is chosen to limit the

distortion that can be seen for very broad size distributions due to the large difference in width
of the finer and coarser size intervals.
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Appendix H. Detailed model results

Figure H.5: The solid blue lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S2-S8 obtained using Model C as described in Section 6.2.3

of Chapter 6. The dashed orange lines represents the measured size distributions obtained
using laser diffraction particle size analysis on the samples collected using the isokinetic probe
during the IMF process settings sumarized in table 4.1. The particle size distribution is given
as a frequency function96 of the unit dm/dlog(xi), where dm is the volume fraction for a given
size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower and higher boundary of
the size interval xi. The frequency function is chosen to limit the distortion that can be seen
for very broad size distributions due to the large difference in width of the finer and coarser

size intervals.
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Figure H.6: The solid blue lines represent the modeled size distribution of melting cyclone
carry-over for IMF process settings S9-S16 obtained using Model B as described in Section
6.2.3 of Chapter 6. The dashed orange lines represents the measured size distributions
obtained using laser diffraction particle size analysis on the samples collected using the

isokinetic probe during the IMF process settings sumarized in table 4.1. The particle size
distribution is given as a frequency function96 of the unit dm/dlog(xi), where dm is the

volume fraction for a given size interval log(xhigh)-log(xlow) where xlow and xhigh are the lower
and higher boundary of the size interval xi. The frequency function is chosen to limit the

distortion that can be seen for very broad size distributions due to the large difference in width
of the finer and coarser size intervals.
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