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Abstract

The separation of slag and metal in the ferroalloy production process is an import-
ant issue that has an impact on both the ecological and environmental consider-
ations of the entire production process. The extensive mixing of metal and slag
during the tapping into ladles leads to the formation of a considerable amount
of metal droplets in slag due to interfacial interaction and turbulence of the mol-
ten flow from the tap-hole. The entrainment of metal droplets into the slag phase
causes ferroalloy losses with the slag, creating additional difficulties in the re-
moval of metal from the slag. It is known that the separation of metal and slag is
strongly influenced by interfacial phenomena and for this reason they were stud-
ied in this thesis, and the influence of interfacial tension and surface tension were

also discussed for ferroalloy-slag systems.

The main goal of this research work was to understand interfacial phenomena
between ferroalloy and slag. This has been achieved by developing a methodology
for investigating the interfacial interaction in ferroalloy-slag systems, modelling
the separation of molten slag and metal in OpenFOAM, and assessing operational
parameters and physical properties affecting the formation of metal-slag emulsion
and metal droplets in slag. The microstructure of slag and metal phases under
different conditions has also been extensively addressed.

This thesis demonstrates a novel methodology for estimating the interfacial
tension between metal and slag which combines experiments in the sessile drop
furnace and multiphase modelling in OpenFOAM. It was concluded that the in-

terfacial interaction can be significantly altered by surface-active elements such



as sulfur in ferroalloy-slag systems, as well as by changing the composition of the
slag, which causes to the transfer of species or elements across the interface, cre-
ating interfacial instability and reducing the interfacial tension. As a consequence,
the significant instability of the interface leads to higher losses of metal with the

slag.
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Chapter 1

Importance of metal-slag

separation

Pyrometallurgical processes for the production of many metals are inextricably
linked to the high-temperature interaction between molten metal and slag gen-
erated during smelting. Specifically, in ferroalloy production, a large quantity of
metal and slag is produced during carbothermic reduction of oxides to their metal-
lic form. Slags primarily consist of oxides of Mn, Si, Al, Ca and Mg, introduced
to the furnace by raw materials (ores, coke, fluxes), while the metal phase is a
mixture of Fe, saturated C and other metals such as Mn, Si and Cr. Ferroalloys are
typically produced in a submerged arc furnace (SAF) as sketched in Figure 1.1.
Both molten metal and slag are tapped from the furnace through tap-holes into
several ladles, where metal and slag separate based on their density difference.
The ladles are usually arranged in a cascade with slightly different heights, allow-
ing molten slag to flow out of the first ladle, leaving most of the molten metal
phase in the first (metal) ladle. Due to extensive mixing of metal and slag during
filling the metal ladle, slag overflowing to the second (slag) ladle involves small
metal droplets entrained in the slag phase, which form as a result of interfacial
interaction and turbulence of the molten flow from the tap-hole. A thin layer of

slag, which is left in the metal ladle after tapping, is then removed either by tilting

23



24 Sergey Bublik: Slag-metal Separation in Mn Ferroalloy Production

the ladle and pouring slag or/and by dragging off the slag with a mechanical rake

[1]. A schematic showing the tapping of molten material into the cascade of ladles

is shown 1.2.

Electrodes

Tap-hole

Molten material Coke bed Refractory
(mixture of alloy and slag)

Figure 1.1: Schematic of SAF for production of ferroalloys. Reprinted from Bublik
et al. [2] under the terms of the Creative Commons CC BY license.

Both entrainment of metal droplets in the slag phase and mechanical removal
of slag layer from the metal ladle lead to losses of ferroalloy with slag, creat-
ing additional operational difficulties for the removal of metal from slag. Due to
the rising importance of sustainable production and environmental considerations
[4], it is crucial to ensure high metal and slag separation to reduce the economical
and environmental consequences.

Previously, several studies have shown that the metal-slag separation can be
improved by modifying properties of metal and slag such as interfacial tension
and viscosity [5-7], or the geometry of the tapping equipment, e.g. changing the
position or rotation of ladles in the cascade [8]. The separation of molten materials

can be studied by a wide range of methodologies, as for example:

e sessile drop technique [9], where the interaction between metal and slag in
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Tap-hole

Molten
material

Overflow

T

Overflow

Skulling

Slag
ladle

Figure 1.2: Tapping of SAF into ladles. Reprinted from Bublik and Einarsrud [3].

inert, reducing or oxidizing atmosphere is recorded at high temperatures.
o X-ray technique [10], where a metal droplet settles down in the slag layer
and X-ray source penetrates the slag layer, allowing to capture images of
different intensity, which characterize the metal-slag interaction.
e computational approach [11], where the interfacial interaction between
molten metal and slag can be simulated/modelled at a laboratory or in-

dustrial scale using physical properties found experimentally.

The problem with poor separation of metal droplets from slag and formation
of metal-slag emulsion is also important for pyrometallurgical production of other
metals, e.g. steel [12] or Cu [13]. Therefore, understanding the phenomena gov-
erning the separation of metal and slag will provide knowledge which can be

applied in production to reduce metal losses and hence production costs.

The interfacial tension and capillary forces acting on a droplet are of great
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importance for separation of metal and slag as described by Zhang et al. [14].
The interfacial tension affects the droplet velocity as well as the displacement at
the steel-slag interface, increasing both values as the interfacial tension increases,
which promotes metal-slag separation. Therefore, interfacial tension and wettab-
ility govern the separation behaviour of metal droplets in slag, including the form-
ation of a metal-slag emulsion and the entrainment of metal droplets by the slag.

Assuming laminar flow, the terminal velocity of a liquid droplet can be ex-
pressed from Stokes’ Law [15]:

_d*ghp

U= 1.1
™ (1.1)

Grace et al. [16] suggested that liquid droplets settling in another phase or
rising gas bubbles have a maximum stable diameter after which they tend to break-

up into smaller droplets. The maximum stable droplet diameter is found as:

dpay =4\ —— L= 1.2)
g(pmetal - pslag)

For a slag or metal droplet with the maximum diameter d,,,,, Eq. 1.1 is re-

written as: )
dmﬂxg(pmetal - pslag)
18u

U= (1.3)

It is evident from Eq. 1.2 and 1.3 that the interfacial tension affects the ter-
minal velocity of droplets and is therefore an important parameter characterizing
the separation of molten slag and metal. Figure 1.3 shows the change in the max-
imum droplet diameter of FeMn as a function of the interfacial tension from 1.0
to 1.5 N/m, calculated from Eq. 1.2 using density of FeMn and slag. Figure 1.4 il-
lustrates the change in the terminal velocity of the FeMn droplet depending upon
the maximum droplet diameter as found from Eq. 1.3. Based on the described
equations and figures, it can be concluded that a higher value of the interfacial
tension between metal and slag contributes to their better separation.

Metal entrainment in slag is an important problem for ferroalloy industry [17,
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Figure 1.3: The influence of interfacial tension on the maximum stable droplet
diameter.
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18]. However, the mechanisms of metal and slag separation for the ferroalloy-slag
system have not been studied in detail to suggest effective ways of their separa-
tion at the industrial scale. In addition, the study of the mechanisms of interaction
between two molten materials is a significant challenge, since it requires involve-
ment of complex techniques, such as X-ray analysis [7, 19], and also does not allow
investigating separation mechanisms in dynamics with high accuracy. This work
aims to study mechanisms of slag-metal separation and to provide new knowledge
for the ferroalloy industry that can be used to improve existing operations as well
as for developing new procedures to improve slag and metal separation.

In this thesis, the scope is limited to Mn ferroalloys production, but many
phenomena discussed here are also valid for other pyrometallurgical processes

involving separation of metal and slag phases.



Chapter 2

Goals, outline and contributions

2.1 Goals and research questions

The main goal of this doctoral thesis is to provide new knowledge of separation
mechanisms of molten FeMn/SiMn and slag. As the methodology for investigating
interfacial interaction between molten materials is not extensively studied, one
of the sub-goals is to develop a methodology allowing to characterize interfacial
phenomena and assess interfacial tension between molten slag and metal at high
temperatures, as an alternative to the sessile drop [9, 20] and X-ray [19, 21, 22]
methods. As indicated in previous studies [6, 10, 23-26], slag-metal separation is
influenced by absorption of surface active elements such as sulfur at the interface,
or by mass transfer due to the composition change after reaction between slag and
metal.

The following research questions will be considered:

e How can the interfacial interaction between two molten phases be studied
at the laboratory scale?

e How can Computational Fluid Dynamics (CFD) facilitate the determination
of interfacial tension?

e How does the interfacial interaction change depending on the sulfur con-

centration, slag composition and experimental conditions?
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o How does the interfacial tension affect metal losses with slag?
e What are the main properties of the slag affecting the interfacial interaction

and how can they be estimated?

In addition to the research goals and question mentioned above, the thesis
also addresses a review of methods for modelling of ferroalloy tapping, which also
includes a review of literature related to interfacial interaction and separation of
slag and metal.

The following objectives were defined to achieve the established research

goals and answer the research questions:

e Study literature and discuss modelling approaches of ferroalloy tapping,
including separation of FeMn/SiMn and slag.

o Review equipment that can be used to study the interfacial interaction between
FeMn/SiMn and slag and propose a relevant methodology for this purpose.

e Simulate and investigate the interfacial interaction using CFD tools (e.g.
OpenFOAM).

o Investigate the influence of sulfur addition and slag composition, as well as
experimental parameters, such as temperature and holding time, on metal
droplet formation and metal entrainment in slag.

e Study microstructure of FeMn/SiMn and slag phases after the interfacial

interaction at different experimental conditions.

2.2 Outline of the thesis

An outline of the thesis parts is provided below:

e Part I: Introduction - describes the importance of metal-slag separation,
and aims and scope of the thesis.

e Part II: Background - provides theoretical background on physical proper-
ties related to the metal-slag separation, explains mechanisms of metal-slag

emulsification and metal droplet formation, and shows the most relevant
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experimental data on surface and interfacial tension of metal and slags.

e Part III: Methodology - introduces the developed methodology for studying
the interfacial interaction between metal and slag.

e Part IV: Scientific dissemination - presents summary of manuscripts pub-
lished during the PhD research period.

e Part V: Final conclusions and further work - summarizes the research

work and suggests topics for future research.

2.3 List of publications

The thesis is written based on a collection of articles which has been submitted
or published during the doctoral period. In addition to the journal publications
and conference proceedings, conferences attended during the PhD have also been

mentioned. The following publications are included in the thesis:

e Paper I (conference paper): "Slag-metal Interactions in the FeMn Tapping
Process: Interfacial Properties and Wetting". Sergey Bublik, Sarina Bao, Merete
Tangstad, Kristian Etienne Einarsrud, Proceedings of the Liquid Metal Pro-
cessing & Casting Conference 2019, Birmingham, UK, 2019.

e Paper II (conference paper): "Inverse Modelling of Interfacial Tension Between
Ferroalloy and Slag Using OpenFOAM". Sergey Bublik, Kristian Etienne Einarsrud,
Proceedings from the 14th International Conference on CFD in Oil & Gas, Me-
tallurgical and Process Industries, Trondheim, Norway, 2020.

e Paper III (journal article): "A Review of Ferroalloy Tapping Models". Sergey
Bublik, Jan Erik Olsen, Varun Loomba, Quinn Gareth Reynolds, Kristian
Etienne Einarsrud, Metallurgical and Materials Transactions B, 52, pp. 2038-
2047, 2021.

e Paper IV (journal article): "Interfacial Behaviour in Ferroalloys: The In-
fluence of Sulfur in FeMn and SiMn Systems". Sergey Bublik, Sarina Bao,
Merete Tangstad, Kristian Etienne Einarsrud, Metallurgical and Materials

Transactions B, 52, pp. 3624-3645, 2021.
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e Paper V (journal article): "Interfacial Behaviour in Ferroalloys: The Influ-
ence of FeMn Slag Composition". Sergey Bublik, Merete Tangstad, Kristian
Etienne Einarsrud, Metallurgical and Materials Transactions B, 2022.

e Paper VI (journal article): "Slag Properties in the Primary Production Pro-
cess of Mn-Ferroalloys". Merete Tangstad, Sergey Bublik, Shokouh Hagh-
dani, Kristian Etienne Einarsrud, Kai Tang, Metallurgical and Materials Trans-
actions B, 52, pp. 3688-3707, 2021.

e Paper VII (conference paper): "SlagCalculator: A Framework for Slag and
Metallurgical Properties". Sergey Bublik, Sylvain Gouttebroze, Terrence Coudert,
Merete Tangstad, Kristian Etienne Einarsrud, Proceedings of the 16th Inter-
national Ferro-Alloys Congress (INFACON XVI) 2021, Trondheim, Norway,
2021.

In addition to the manuscripts included in the thesis, the developed method-

ology has been utilized in:

e Paper VIII (extended abstract): "Influence of sulphur on the interfacial be-
haviour between FeMn alloy-slag and SiMn alloy-slag". Sergey Bublik, Sar-
ina Bao, Merete Tangstad, Kristian Etienne Einarsrud, The 11th International
Conference on Molten Slags, Fluxes and Salts (MOLTEN 2021), Seoul, Korea,
2021.

e Paper IX (journal article): "Investigation of Two Immiscible Liquids Wetting
at Elevated Temperature: Interaction Between Liquid FeMn Alloy and Liquid
Slag". Sarina Bao, Merete Tangstad, Kai Tang, Kristian Etienne Einarsrud,
Martin Syvertsen, Morten Onsgien, Artur Kudyba, Sergey Bublik, Metallur-
gical and Materials Transactions B, 52, pp. 2847-2858, 2021.

A schematic overview of the thesis structure is presented in Figure 2.1.
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Part I1

Background
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Chapter 3

Contact angle, surface and

interfacial tension

Surface or interfacial tension is the thermodynamic quantity characterizing the
reversible work at a surface or an interface, which is needed to create unit area
of the surface or the interface at constant temperature, volume and chemical po-

tentials [27]. Both surface and interfacial tension are expressed in terms of y.

As shown in Figure 3.1, a liquid drop (phase 1) comes in contact and adheres
with a solid or liquid (phase 2), forming a finite contact area, only if the total
energy of the system reduces; hence, the total energy of the system is reduced
by the amount of the work of adhesion of the phase 1 to phase 2. Therefore, the
work of adhesion per unit area is the amount of energy per unit area required to
separate phase 1 and phase 2. The work of adhesion per unit area is expressed as
[28]:

Wa=7r1+712—7125 3.1
where W, is the work of adhesion at the solid-liquid or liquid-liquid interface,
v, and y, are surface tension of phase 1 and phase 2, and 7y, is the interfacial

tension between these phases. When W, is positive then there is an attraction

between phase 1 and 2 leading to wetting and when it is negative then there is a
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repulsion between them resulting in non-wetting behaviour.
When the liquid drop is surrounded by gas (Figure 3.1A), its total interfacial

free energy is defined as:

We

Wi=11A— 711 = 2 (3.2)

S

When the liquid is in contact with a solid or liquid, the total area of the li-
quid drop is equal to Ay, + A5 (Figure 3.1B, 3.1C). The total free energy after

deformation is expressed as:
Wi =711(A12 +A13) —WaAp,. (3.3)

At equilibrium, the surface or interfacial energy of the liquid is minimized by

minimizing the contact areas:
71(dAjp + dAy3) —WydA;, =0. (3.4

Knowing that dA,5/dA;, = cos 0y in Figure 3.1D, the Young equation can be
expressed in terms of the surface and interfacial tension and the contact angle
[29]:

cos by = Y2372 O Y12 =723 — Y13 C0Sby. (3.5)

Y13
Rewriting this equation for metal and slag in gas, it becomes:

cosf = TmTszm Yeem = Ym — ¥sCOS 6. (3.6)

Ys
According to Eq. 3.6, the interfacial tension y,_,, is lower than the surface
tension y,, when 6 < 90°, which corresponds to partial wetting (8 < 90°) and
complete wetting when 6 is close to 0°). When the contact angle is higher than
90°, y,_, becomes higher than y,, and to minimize the total surface/interfacial
energy of the liquid, the contact area (A;,) will be reduced and in this case the

liquid has a low degree of wetting and forms a spherical liquid droplet.
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Phase 3 Y,
A @ .
Phase 2 A,
D /
>
Phase 2 A, A,

Figure 3.1: A - a liquid drop (phase 1) in gas phase (phase 3) without contact
with a solid or liquid (phase 2), where the surface area of the liquid drop is A;,
B - the curved area of the liquid drop at liquid-gas interface (A;3 and the flat
area of the liquid drop in contact with (A;5), C - the total interfacial area of the
deformed liquid drop (A;; +Ag; ), D - the surface area change after the interfacial
interaction.
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Phase 2

Figure 3.2: Schematic representation of the contact angle formed by the sessile
liquid drop on the smooth and flat substrate.

In addition, the Young equation (3.5) can be obtained by balancing the forces
at the three-phase contact line as shown schematically in Figure 3.2.

The contact angle, the surface and interfacial tension are closely related to
the Helmholtz free energy (Eq. 3.7) [30], which is a function of temperature
and chemical composition of the system. The chemical composition of the liquid
droplet varies with the dissolution of elements or compounds into the droplet, as a
result the contact angle and surface/interfacial tension will change after chemical

reactions in the system. The Helmholtz free energy in this case is defined as:

dF = ydA+ pdN, (3.7)

where dF is the change of surface excess Helmholtz energy, u is the surface chem-

ical potential, N is the number of mobile particles.



Chapter 4

Mechanisms of metal-slag
emulsification and metal droplet

formation

4.1 Mass transfer of elements and species across the in-

terface

Jakobsson et al. [31, 32] suggested that low interfacial tension is associated with
the rapid mass transfer of chemical elements at the interface between metal and
slag, and that interfacial tension tends to increase if the mass transfer rate de-
creases. Hence, the force balance and contact angles at at the three-phase contact

line can be described by Figure 4.1, where the force balance is expressed as:

Ys _ Ym _ Ysm

= = . 1
sinf; sinf, sin6, “.1

The horizontal interface between metal and gas confirms that the equilibrium
between metal and gas is reached rapidly, while interfacial tension slowly de-
creases over time if there are reactions in the system and chemical elements dis-

tribute between metal and slag. The ratio y,_,,/sin 65 has to be constant, and
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Gas

Metal * Y

S-m

Figure 4.1: Force balance at the three-phase contact line for metal, slag and gas.
Reprinted from Bublik et al. [33] under the terms of the Creative Commons CC
BY license.

therefore sin 6; decreases with time as well. The total force, which acts in the

vertical direction pulls the slag droplet upwards when y,_,, is decreasing.

Already in 1955, Kozakevitch et al. [34] described interfacial phenomena between
molten iron alloy and slag by carrying out experiments with Fe-C-S droplets and
Ca0-Si0,-Al, 05 slag in a furnace equipped with an X-ray source. It was found that
the droplet shape changes and the dynamic interfacial tension decreases consid-
erably during the desulfurization reaction. This phenomenon was confirmed by
Ooi et al. [35], where the sessile drop by applying the X-ray radiograph technique
was used to study the interfacial interaction between molten iron and CaO-SiO,-
Al,Oj5 slag. It was observed that addition of Al to the metal-slag system causes
sharp decrease in the interfacial tension due to reduction of SiO, in slag by Al

and transfer of Si from slag to metal:

4[Al]+ 3(Si0,) = 2(Al,05) + 3[Si]. (4.2)

Kim and Park [36] performed experimental and thermodynamic study of reac-
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tion mechanisms between molten slag and Mn/Al-containing steel. It was shown
that Mn content in steel with 1 wt. % Al rapidly decreases due to reduction of

SiO, in slag by Mn:

2[Mn] + (Si0,) = 2(MnO) + [Si]. (4.3)

However, for 3 and 6 wt. % Al in steel, Mn is not oxidized by the slag, and thus only
Reaction 4.2 governs the mass transfer through the interface for such a system.
Besides that, it was emphasized that metal droplets are dispersed in the slag if the

Si content of the metal droplets is high.

Ni et al. [26, 37] showed that the drop in the interfacial tension during reac-
tions between slag and steel is observed for both low- and high-viscosity slags. The
interfacial tension decreases until the slag and metal are in equilibrium, therefore
the dynamic interfacial tension behaviour depends on the oxygen adsorption rate
at the metal-slag interface, the oxygen consumption rate by reactions with Al and

the oxygen desorption from the interface to the metal bulk.

Rhamdhani and Brooks [24] studied the interfacial interaction between a
metal droplet (Fe-Al) and slag, where it was reported that the droplet flattens
during reactions with the slag. At the moment of intense reactions between slag
and metal, spontaneous emulsification occurs, drastically increasing the interfa-
cial area from ~400 mm? to 1200 mm?. In a following study, Rhamdhani et al.
[38] described the mechanism of droplet formation during interfacial reactions.
Observations at the interface demonstrated that microscopic emulsification and
the formation of small metal droplets occurs 5 minutes after the metal droplet is
immersed in the slag, meaning that the interfacial area between slag and metal
increases while the interfacial tension decreases. As the reaction proceeded and
the equilibrium between metal and slag is reached, the metal droplets coalesce to
form one whole droplet and the interfacial area decreases. However, the droplet
after reactions has a larger volume due to the slag entrainment in metal [39]. Ri-

boud and Lucas [25] investigated the mass transfer and the interfacial phenomena
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more extensively, where they determined that a drop in the interfacial tension also
occurs in other metal-slag systems with alloying elements and impurities, such as
Al, S, Ti, B B, Cr and Si. It was found that the dynamic interfacial tension de-
creases nearly to 0 N/m during the mass transfer of elements across the interface.
The microscopic analysis highlighted that intense reactions between metal and
slag result in spontaneous emulsification which increases the interfacial area and
leads to the formation of metal droplets of different diameter, which are then
entrained in slag.

During the tapping of ferroalloys into ladles, emulsification occurs mainly due
the intensive mixing of metal and slag as a result of turbulent flow from the
tap-hole. The slag-metal emulsion stabilizes after the tapping is finished and the
droplets begin to settle down under the influence of gravity as well as coagulate
with each other. The most important parameters affecting the slag-metal emul-
sion stability are interfacial tension between metal and slag, slag viscosity, solid

particles in a metal-slag system and surface-active elements [40].

4.2 Kelvin-Helmholtz interfacial instability and critical flow

velocity

Chung and Cramb [39] pointed out that the emulsification of two distinct phases
are closely related to the interaction of fluids at the interface, and that the driving
force across the interface depends upon the concentration gradient at the inter-
face. In case of the concentration gradient and the fluid flow driven by the in-
terfacial reaction, the interface eventually becomes unstable and the metal-slag
interfacial area increases (relating to the Kelvin-Helmholtz interfacial instability).
Based on the Kelvin-Helmholtz model, Gopal [41] discussed the mechanism of
small droplet formation and emulsification of slag and metal during reactions
between them. If the mass transfer rate of elements or compounds across the in-

terface is low, it results in a slight destabilization of the interface (Figure 4.2a).
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Slag-metal interface

@ —— —
Lower
(b) interfacial
tension

Figure 4.2: Emulsification of slag and metal and formation of small droplets due
to the Kelvin-Helmholtz instability. Reprinted from Bublik et al. [33] under the
terms of the Creative Commons CC BY license.

At higher mass transfer rates, the destabilization of the interface is more severe,
resulting in the formation of the metal-slag emulsion (Figure 4.2b) and droplets
of one phase into another (Figure 4.2c).

Krishnapisharody and Irons [42] described three different stages in evolu-
tion of the fluctuations induced by the Kelvin-Helmholtz interfacial instability at
the interface between two liquids and, as a consequence, the formation of small

droplets:

1. Initial disturbance of the interface and the lip formation at the interface.
2. Growth of the lip into a ligament.

3. Break-up of the ligament and the formation of small droplets.

The Kelvin-Helmbholtz instability criterion for two incompressible liquids is ex-

pressed via the critical velocity between the fluids [43]:

+
A =Pl 58 k. 4.4
P1P2 k

The critical flow velocity, as defined in Eq. 4.4, plays a significant role in
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droplet entrainment as it is a limiting value above which the flow becomes tur-
bulent [44, 45]. As such, the amount of entrainment increases sharply when the
critical velocity reaches a certain value and the metal-slag interface becomes un-
stable. Experiments by Zhang et al. [44] demonstrated that the critical velocity
of water-oil systems slowly increases with the increase of the interfacial tension.
However, it can be argued that the effect of the interfacial tension can be more
pronounced in metal-slag systems, when the interfacial tension changes consid-
erably due to chemical reactions and the mass transfer across the interface. It
was also concluded that the effect of viscosity becomes more important when the
interfacial tension between metal and slag is low, which can reduce the entrain-
ment of slag/metal droplets. Irons et al. [46] modelled the entrainment rate in
a ladle by applying Large Eddy Simulation approach, where it was found that at
constant slag viscosity, higher values of interfacial tension contribute to low en-
trainment rates and therefore better separation of slag and metal. The effect of
viscosity change at constant interfacial tension was found to be less significant
and the entrainment rate slightly decreases when slag viscosity increases.

Fatehi et al. [45] indicated that interfacial and gravity forces affect the form-
ation of secondary Kelvin-Helmholtz instabilities (shorter wave-length disturb-
ances), resulting in the formation of a large amount of small droplets. Here, the
Eotvos number or the Bond number is a dimensionless number that characterizes
the importance of gravity compared to interfacial forces and the interface stability,

and is defined as:

ApglL? gravitational force
Eo=Bo =

), (4.5)

Y surface tension force

where Eo is the E6tvos number, Bo is the Bond number, L is the characteristic
length (typically the droplet diameter).
For a metal-slag system and a metal droplet settling in slag, this equation is

rewritten as:

_ (Pmetal — pslag)gdietal
Ysem '

Eo=Bo (4.6)
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The formation of secondary instabilities can be reduced or completely prevented
by high interfacial tension (low Bond number), while the higher Bond number
causes a significant decrease in interfacial stability and a sharp increase in sec-

ondary instabilities [45].

4.3 Marangoni flow

Marangoni convection or Marangoni flow is another important mechanism for slag
and metal emulsification, appearing due to the surface/interfacial tension gradi-
ent along the surface or the interface. In turn, the surface or interfacial tension
gradient can be caused by temperature difference, surface-active elements or elec-
trical potential gradients. Marangoni convection can enhance the mass transfer at
the interface, and therefore the reaction rate becomes higher as well. In metallur-
gical processes, Marangoni flow can be induced if surface-active elements transfer
across the interface in a metal-slag system. Here, Marangoni convection may also
be one of the reasons for interface turbulence due to the high velocity of the flow
along the interface [10, 47]. As a result of the interface disturbance, droplets of
molten metal will be entrained in slag, resulting in metal losses.

The instability of the interface causes interfacial fluctuations propagating in
the normal direction, leading to the formation of a droplet at the interface as in-
dicated in Figure 4.3. Bainbridge and Sawistowski [48] suggested that the neck-
ing stage of the drop formation appears before the detachment of a droplet, and
that this stage is governed by the Marangoni effect. As the result of the concen-
tration difference inside the droplet and the region between the droplet and the
interface, interfacial tension generates Marangoni flow around the droplet and the
neck, which accelerates the droplet detachment. However, if the interfacial tension
between the droplet and another phase is lower than between the neck and an-
other phase, Marangoni convection will hamper the emulsification and the droplet
detachment [39]. Muhmood et al. [22] discussed that Marangoni flow causes the

droplet flattening due do the interfacial tension gradient along the metal-slag in-
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Normal
direction

Marangoni
flow

Phase 2

Figure 4.3: Emulsification caused by Marangoni flow.

terface. Sulfur transfer across the metal-slag interface can be mentioned as one
of the most common examples of Marangoni flow in metal-slag system. Several
studies [22, 32] confirmed that sulfur addition to a metal-slag system leads to the
fluctuations at the metal-slag interface, resulting in change of the surface area of
the interface. Sulfur, which is present in a metal-slag system, distributes between

metal and slag, as well as along the metal-slag interface.
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Experimental data on surface

and interfacial tension

The surface and interfacial tension of manganese ferroalloy systems have not been
extensively reported. It is however reasonable to analyze the data for systems
corresponding to steel production in addition, since they have similar components

to manganese ferroalloys.

5.1 Surface tension of metal

Lee et al. [49] pointed out that the surface tension of a pure Fe-system is relatively
high (~1.90 N/m), however, it can be significantly reduced by other elements
such as Mn, which reduces the surface tension to 1.00 N/m when the Mn content
increases to 100 wt. %. Si reduces the surface tension in a similar way when
added to Fe, reaching a value of 0.70 N/m for a pure Si-system [50]. The surface
tension of Fe gradually decrease with sulfur addition, which is caused by a high
concentration of sulfur at the surface [51, 52]. Lee and Morita [51] demonstrated
that the addition of carbon to low sulfur Fe (S < 0.001 wt. %) on alumina or
aluminium nitride substrates increases the surface tension. In contrast, Moronoshi

et al. [53] emphasized that carbon does not have a direct influence on the surface
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tension of Fe-C-O melts, but reduces the activity of oxygen in the metal, which in

turn contributes to a higher surface tension.

The surface tension of Fe-Mn alloys slightly decreases when the temperature
rises from 1800 to 1860 K, decreasing by ~2 % in this temperature range, i.e.
when temperature is increased by 1 K, the surface tension drops by 0.67 mN/m
[49]. For a temperature range from 1660 to 2140 K, the surface tension of Fe-C-
O melts decreases by ~11 %, corresponding to a decrease of 0.45 mN/m when
temperature increases by 1 K [53]. Keene [54] analyzed a wide range of studies
on surface tension of Fe, where it was summarized that the surface tension of pure
Fe and its alloys tend to decrease as temperature increases with the temperature

coefficient varying from -0.20 to -1.00 mN/(m-K).

5.2 Surface tension of slag

Similarly to metals, the surface tension of slag depends on its composition and
temperature, therefore any changes in these values will affect the surface ten-
sion as well. Depending on the composition, multicomponent slags typically have

surface tension in the range from 0.30 to 0.70 N/m [22, 55-62].

Xin et al. [56] modelled the surface tension of CaO-MgO-SiO,-Al,05 slags
based on a statistical modelling and found that the surface tension decreases
with higher content of SiO, in slag, while MgO increases the slag surface ten-
sion. Hanao et al. [57] and Zhang et al. [55] indicated that the surface tension
is considerably dependent upon the slag composition and showed that the sur-
face tension increases with the slag basicity (CaO/SiO, ratio) and Al,O5 content.
Nakamoto et al. [58] demonstrated that the surface tension of MnO-SiO,-Al,04
and MnO-Ca0-SiO,, slags also increases with increasing the content of MnO. In
addition, previous studies concluded that the temperature linearly decreases the

surface tension of multicomponent slags [22, 55, 56, 59, 60, 62].
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5.3 Interfacial tension between metal and slag

Gaye et al. [63] studied the interfacial interaction in Fe-Si-C-O/slag systems by
applying X-ray measurements and the sessile drop method with a slag droplet
resting on a liquid metal. It was found that a higher SiO, content in slag results in
a higher contact angle between metal and slag, and therefore in lower values of
interfacial tension, while the change in the CaO/Al,05 ratio had almost no effect
on the interfacial tension. It was also shown that increasing the activity of sulfur
in a metal-slag system sharply decreases the interfacial tension.

The apparent interfacial tension between steel and slag can be affected by the
slag basicity (CaO/SiO,) as it was reported by Hagemann et al. [23]. As the slag
basicity increases, the apparent interfacial tension increases as well, reducing the
possibility of droplet entrainment [19, 64].

The addition of Al,O4 slightly decreases the apparent interfacial tension, which
may be associated with reactions at the metal-slag interface [23]. On the contrary,
Park et al. [19] and Sun et al. [64] reported that the interfacial tension is decreased
by Al,O5 only after reaching a significant content in slag (10-20 wt. %) at constant
slag basicity.

Sun et al. [64] specified that interfacial tension is nearly constant for the MgO
content in slag less than 18 wt. %, while the interfacial tension sharply drops with
further addition of MgO due to the precipitation of solid CaMgSiO, particles at
the interface [19].

In general, the MnO addition to slags decreases the interfacial tension [20,
61], however, for CaO-SiO,-Al,05 slags the drop in the interfacial tension has a
minimum value, which is achieved at 20 mol. % of the MnO addition.

Tanaka et al. [65] showed that the interfacial tension between liquid Fe alloy
and slag drastically decreases during chemical reactions and then it gradually
increases reaching a steady value at equilibrium between metal and slag. It was
pointed out that the amount of oxygen absorbed at the interface is the main reason

for the interfacial tension change. Thus, an increase in the adsorbed oxygen at the
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interface leads to a decrease in the interfacial tension between the metal and the

slag.
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Chapter 6

Material preparation and

experimental setup

In all experiments, synthetic ferroalloys and slags have been prepared from pure
powders for studying surface and interfacial tension in the sessile drop furnace as
indicated in Figure 6.1. Compositions of the ferroalloys and the slags [3, 33, 66,
67] have been selected based on the composition of industrial materials [68]. In
addition, the synthetic slags have been selected to cover the most relevant slags
for ferroalloys production.

The pure powders for material preparation were mixed and melted separately
in graphite crucibles in an induction furnace in Ar atmosphere at 1773-1883 K
and holding time of 60 min for the ferroalloys and 5 min for master slags. The
holding time was chosen to ensure carbon saturation in ferroalloys and prevent
reduction of oxides in slag by carbon, while ensuring mixing of all oxides in slag.
After the first melting, the ferroalloys and the master slags were cooled down in
the crucibles and then ground in a ball mill. The ground master slags were di-
vided into batches of 20 g and additional amounts of oxide powders has been
added based on the composition of the final slag. In experiments with sulfur, FeS
was added to 50 g batches of the ferroalloys, depending on the required sulfur

content. Both the ferroalloys and the master slags were then remelted in the in-
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Mixing of Adding into Melting in
pure powders

Surface tension Interfacial tension
measurement measurement

Graphite
S| substrate

Graphite

g substrate - Graphite

- FeMn slag

FeMn slag

S FeMn layer

Figure 6.1: Procedure for material preparation and investigation of surface and
interfacial tension in the sessile drop furnace.

duction furnace using the same operational parameters to ensure better mixing.
Carbon was not added as a raw material for the preparation of the ferroalloys,
since it is contained in the graphite crucible, which allows ferroalloys to be sat-
urated with the required amount of carbon up to the saturation point. It should
be noted that pure powders do not react significantly using the proposed opera-
tional parameters for materials preparation, which allows to produce ferroalloys
and slags that are close to the calculated composition with high precision. Since
this is a general description of the methodology, more details on the composition
of prepared ferroalloys and slags as well as experimental matrix in each study are

given in the following sections and the published papers [3, 33, 66, 67].

The sessile drop furnace, as sketched in Figure 6.2, was used for investig-
ating the interfacial interaction between ferroalloys and slags. The sessile drop
furnace was equipped with a pyrometer and a C-type thermocouple for measur-
ing temperature, and with a digital video camera (Allied Vision Prosilica GT2000,

Edmund Optics Inc., Barrington, USA) with a telecentric lens (Navitar 1-50993D)
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Figure 6.2: Schematic overview of the sessile drop furnace. Modified and reprin-
ted from Bao et al. [69] under the terms of the Creative Commons CC BY license.

Pyrometer ~ [-----.. [ -

for recording images of molten samples with the resolution of 2048x1088 pixels
at one frame per second after reaching melting temperature of the ferroalloys and
the slags. Every 10-15 experiments, the thermocouple was calibrated by melting
pure Fe in Ar and assessing its melting temperature from recorded images. The
experiments were performed using graphite substrates or cups (ISO-88) in Ar at-
mosphere (6N grade) at temperatures above the melting point and variable hold-
ing time, depending on the experiment. In order to avoid erroneous results due
to dust or other solid particles on the surface of the graphite substrates and cups,
they were cleaned with a paper towel dipped in ethanol or acetone and then dried
using compressed air. The experimental parameters used in the experiments are

presented in Table 6.1.

Two main experimental methods (Figure 6.3), were employed for studying

interfacial interaction between the ferroalloys and the slags:

- Method A (Figure 6.4(a)), allowing to measure apparent contact angles
between metal and slag. This method was used for studying interfacial be-
haviour in SiMn-slag systems as it was found that SiMn has a poor wetting
towards graphite, forming a SiMn droplet instead of a molten layer in the
graphite cup.

- Method B (Figure 6.4(b)), allowing to determine both interfacial tension
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Table 6.1: Experimental conditions in the sessile drop furnace.

Value in measurement of

Parameter ) Interfacial tension
Surface tension and contact angle

Weight of FeMn slag, g 0.120 0.050-0.060
Weight of FeMn alloy, g 0.115 0.300-0.350 or
0.740-0.850*
Weight of SiMn slag, g 0.110 ~0.110
Weight of SiMn alloy, g 0.115 0.053-0.061
Ar flow, NLPM 0.1 0.1
Pressure inside the chamber, Pa 101325 101325
Holding temperature for 1723 1623, 1673, 1723
FeMn-slag, K
Holding temperature for 1923 1823, 1873, 1923
SiMn-slag, K
Holding time, min 5 5,10, 15
Heating rate to 1473 K, K/min 300 300
Heating rate from 1473 K to ~25 ~25

maximum temperature, K/min

* The amount of metal depends upon the volume of the graphite cup used in
the experiments.
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Ar
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Slag [ v YeeMn °
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Figure 6.3: Schematic demonstrating slag and ferroalloys at fully molten state
in experiments. Image (a) shows slag and SiMn droplets in Ar atmosphere. 6,_,,
is the contact angle between slag and SiMn. Image (b) shows the slag droplet
floating on top of molten FeMn in Ar atmosphere. yp.y, is surface tension of
FeMn, ¥, is surface tension of slag, ypemn—siqe iS interfacial tension between
FeMn and slag. Reprinted from Bublik et al. [67] under the terms of the Creative
Commons CC BY license.

(a) before melting § (b) after melting (c) before melting § (d) after melting

Method A Method B

Figure 6.4: Methods used for investigation of interfacial properties. In method
A, ferroalloy and slag were placed on a graphite substrate. In method B, slag was
placed on top of a ferroalloy layer in contact with a graphite cup. The interaction
between slag and ferroalloy before melting for method A and B, respectively, is
shown in images (a) and (c), while the interaction at the molten state is shown
in images (b) and (d). Note that the roughness on the surface of the droplets is
related to the formation of solid carbon particles during the melting. Reprinted
from Bublik et al. [67] under the terms of the Creative Commons CC BY license.

and apparent contact angle between metal and slag.

After the experiments, the ferroalloys and the slags were cast in epoxy, sec-
tioned in the centre of the slag droplet, re-cast into epoxy, polished and coated
with carbon prior to analysis in EOL JXA-8500F EPMA at the Department of Ma-
terials Science and Engineering at NTNU. The composition of ferroalloy and slag
phases were measured in several points and then average composition of each
phase was calculated. In experiments with sulfur, elemental mapping was per-
formed for several samples in order to show sulfur distribution between metal

and slag. Additionally, the chemical composition of the ferroalloys and the slags



60 Sergey Bublik: Slag-metal Separation in Mn Ferroalloy Production

prior to experiments was determined by XRF and the combustion infrared detec-
tion technique at SINTEF Norlab AS. The ferroalloys were analyzed for Mn, Fe,
Si, S and C, whereas slags were analyzed for MnO, CaO, MgO, SiO,, Al,O, FeO
and S.

In order to determine the surface tension of the ferroalloys and the slags, the
sessile drop technique was applied, where small pieces of the ferroalloys and the
slags were melted on a graphite substrate in Ar atmosphere. Surface tension for
FeMn and FeMn slag was measured at 1723 K and at 1923 K for SiMn and SiMn

slag.



Chapter 7

Methodology for determination

of surface and interfacial tension

The methodology for determination of interfacial tension between metal and slag
is based on calculation or experimental determination of surface tension, followed
by a comparison of geometrical features obtained from multiphase CFD simula-

tions using OpenFOAM and experiments in the sessile drop furnace.

7.1 Calculation of slag density

The density of molten slag can be calculated from partial molar volumes of each

component in the slag [70]:

M
Viig=—"—=Priig= 5> (7.1)
pT,liq VT,liq
Vriiqg = Vizzs +0.01(Tyq — 1773), (7.2)
N
Vigzs = invl773,i' (7.3)

i=1
The partial molar volumes at 1773 K are taken from Table 7.1, which shows

the partial molar volumes of each slag component found experimentally [70].
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Table 7.1: Partial molar volumes used for the calculation of the liquid slag density.

Si02 Ca0O A1203Mg0 Nazo Kzo Lizo FeO MnO CaF2 TIOZ B203

Vi773 Vsio, 20.7 V0,161 33 51.8 16 158 156 31.3 24 10

The effect of the SiO, and Al,O5 on the structure and molar volume can be
represented by two equations derived from an analysis of density measurements
[62]:

Vsio, = 19.55+7.97Xs;0,, (7.4)

Va0, = 28.3 + 32X 0, — 31.45X3 . (7.5)

7.2 Calculation of slag surface tension

To reduce the number of experiments required for determining the slag surface
tension and further validation of experimental results, the surface tension of li-
quid slag is calculated based on the numerical models by Mills et al. [70, 71].
The calculation accounts for the individual contribution of surfactants and bulk
components to the surface tension, as well as the temperature dependence of the

surface tension:

dy
Y1lig = Y1773 + E(Tliq —1773), (7.6)
N N
Y1773 = Ybulk,1773 T Vsurf,1773 = (Z xiYi) + (Z Xi)’i) ) (7.7)
i=1 bulk i=1 surf
dy _ < dy;
L= 8
aTr le dT (7.8)

i=1
where the surfactants are Na, 0, K,0, CaF, and B,05.
The surface tension and temperature coefficient of slag components [70] used
in the calculation are shown in Table 7.2.

The surface tension change due to the surfactants is expressed as [72]:
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e Na,O or K,O:

x;y; = 0.8 — 1388x; + 6723x7. (7.9)

e CaF,:
x;yi = —2—934x; + 4769x2. (7.10)

e B,05:
x;y; = —5.2— 3454x; +22178x?. (7.11)

Note that these equations are valid for surfactants content up t0 0.12 (3, x,, s =

0.12). Any excess surfactant is treated as a bulk component.

Table 7.2: Values of surface tension and temperature coefficient of slag compon-
ents.

Sio, CaO ALO; MgO Na,0 K,0 Li,0 FeO MnO CaF, TiO, B,0;

Y1773 260 625 655 635 297 160 300 645 530 290 350 110
dy/dT 0.031 —0.094 —0.177 —0.130 —0.110 —0.110 —0.110 —0.100 —0.100 —0.070 —0.150

7.3 Experimental determination of surface tension of fer-

roalloys and slags

The surface tension of the slags can be found by the elliptic solution of the Young-
Laplace equation [73], implemented in MATLAB [74]. The surface tension (in

N/m) is determined from the expression:

y= a2(pslag _pAr)g

, (7.12)
S )

where the values of the semi-major axis a and the semi-minor axis b are obtained
from image analysis of slag droplets in experiments, after fitting an ellipse to the
slag curvature (Fig. 7.1). The elliptic solution fails if contact angle between the
droplet and the substrate is lower than 90°, giving wrong values of the surface ten-

sion. In addition, there is a significant uncertainty in values found by this method
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Figure 7.1: Ellipsoidal fitting to the slag droplet during experiments in the sessile
drop furnace. Reprinted from Bublik and Einarsrud [3].

if the droplet is rough due to the presence of solid particles on the surface during

experiments.

The contact angle between the ferroalloys and the graphite substrate is lower
than 90°. For this reason, the surface tension of the ferroalloys is measured by a
plugin for ImageJ [75], which is based on the low-bond axisymmetric drop shape
analysis (LBADSA) [76]. The plugin extracts parameters of droplet’s contour after
the fitting of the Young-Laplace equation to the image data (Fig. 7.2), providing
the capillary constant as the output. The capillary constant is related to the surface

tension of metal through the equation:

c= (pmetal — pAr)g
Y

(7.13)
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Figure 7.2: Fitting and measurement of parameters of a ferroalloy droplet from
images by LBADSA plugin in ImageJ. Reprinted from Bublik and Einarsrud [3].

where c is the capillary constant in m~2 (found from the plugin as an output
based on the curve-fitting), p,,.¢q; i the density of ferroalloys in liquid state -
5612 kg/m® for FeMn and 4449 kg/m® for SiMn [77].

After the capillary constant has been determined, the surface tension can be

calculated from the equation:

y= (pmetal _pAr)g
C

(7.14)

7.4 Determination of interfacial tension between metal

and slag

The methodology for the determination of the interfacial tension involves mul-
tiple steps, where the fundamental idea is to compare geometric parameters of
slag droplets observed during experiments with those obtained from parametric
multiphase CFD simulations. A schematic illustrating the multiple steps for the

determination of the interfacial tension is demonstrated in Figure 7.3.
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Figure 7.3: Main steps for the determination of the interfacial tension in the
experiments based on the geometrical parameters of the slag droplet.
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Experimental step

At this step, a series of three experiments are carried out with a slag droplet
placed on top of a metal layer in a graphite cup, where images characterizing the
interfacial interaction between slag and metal in the molten state are obtained.
The methodology for this step is described previously in Chapter 6.

Adjustment step

During the experiments, the composition of the slag and metal changes, and
thus the initial composition of the liquid slag phase must be adjusted to take into
account the equilibrium between the metal and slag phases. The amount of li-
quid slag phase is calculated using the equilibrium module in FactSage 8.0 [78].
The obtained values are subsequently utilized for estimating surface tension and
density of the slag droplet at the equilibrium using numerical models developed
by Mills et al. [70, 71] as described in Section 7.1 and 7.2. The adjustment step

consists of the following substeps:

a) Calculate composition of the liquid slag phase after interaction with the
metal in the equilibrium module of FactSage using FactPS, FToxid and FT-
misc databases.

b) Calculate the surface tension and the density of the slag droplet and its
liquid slag phase using the numerical models developed by Mills et al. [70,
71]

c) Calculate the average surface tension and the average density, which can
be found as the average values between the slag droplet and its liquid slag

phase.

Geometry analysis

The geometrical parameters have to be assessed at the minimum volume ex-
pansion of the slag droplet, i.e. when the metal and the slag have reached equilib-
rium. This allows to reduce the influence of volume fluctuations due to chemical
reactions and gas formation on experimental results. An example of the fluctuat-

ing volume of the slag droplet, which is expressed in terms of the visible height,
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h=1.75 mm

(b)

Figure 7.4: Visible height of the slag droplet: (a) in the beginning of the holding
period (t = 0 min) at 1673 K, (b) in the end of the holding period (t = 5 min) at
1673 K.

is shown in Figure 7.4. Two other important sources of error in the experiments
are the amount of metal layer in the graphite cup, and the surface roughness due
to the formation of solid carbon, thus these two parameters must also be taken
into account for more accurate results. The following substeps are conducted at

this step:

a) Measure a surface roughness correction coefficient for each experiment (kg)
directly from the experimental images as the average size of solid particles
found at the metal-gas and slag-gas interface. In all experiments, kr was up

to 0.7 mm, depending on the surface roughness, which corresponds to 25
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b)

)

d

e)

H

% of the typical droplet size.

Calculate total volume of the slag droplet, V.4, using slag density in the
molten state and weight of the slag droplet measured before the experi-
ments:

my
Vtoml = 8 . (7.15)

Pslag

Calculate visible volume of the slag droplet in the experiments, V. ”. As
discussed earlier by Calvo et al. [79], a drop of oil released onto water forms
a perfect spherical cap both above and below the interface after reaching a
steady state. Ferreira et al. [80] concluded a similar geometric relationship
for the metal-slag system, where the total volume of a slag droplet resting
on metal is the sum of the upper (in the gas) and lower (in the metal) parts
of the droplet. Therefore, it has been assumed in all experiments that the
slag droplet forms the spherical cap both above and below the metal-gas
interface. In addition, kj is subtracted from visible height and radius of the
slag droplet to address the effect of the surface roughness:

Ve = mhE? — k(3 ke + (RS —ke)P), (7.16)
where hiip is the visible height of the slag droplet and a®*? is the measured
radius of the slag droplet.

.. . . exp
Calculate non-visible volume of the slag droplet in the experiments, V, -~ .

yEP Py eP (7.17)

non—vis total vis

exp

Calculate non-visible height of the slag droplet in the experiments, h,_ ..,

by expressing it from the equation:

1
VP = SmhP L (3(aP —kp)? + (RSP )P (7.18)

non—vis 6 non—vis non—vis

The metal layer does not completely fill the graphite cup, therefore, distance
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Figure 7.5: Geometrical parameters of the slag droplet (a) and the real position
of the interface (b) used in the calculations. Reprinted from Bublik et al. [33]
under the terms of the Creative Commons CC BY license.

from the metal-gas interface to the edge of the graphite cup has to be taken
into account as well. It can be calculated using volume of the cup, density

of the metal in the molten state and weight of the metal layer:

Veup = 775 heups (7.19)
m
Vmetal = metal 5 (7.20)
Pmetal
chp - Vmetal
hadd = T, (721)
cup

where V,,,, is the volume of the cup, r,, is the inner radius of the cup (4
mm), h,, is the inner height of the cup (3 mm), V¢ is the volume of
the metal layer, m,,,.; is the weight of the metal layer, p,.;; is the density
of the metal in the molten state, h,q4 is the distance from the metal-gas
interface to the edge of the graphite cup, correcting for the cup not being
100 % filled.

A visual explanation of these geometrical parameters is shown in Figure 7.5.

g) Considering h,q44, calculate the non-visible height of the slag droplet in the

experiments (in %):

exp
hexp 04) — __non—vis B hﬂdd
non—vis(Y0) = —h”p P -100. (7.22)

non—vis vis
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h) Calculate the average non-visible height for each experiment:

exp %
7exp _ Zhnonfvis( 0)
hnonfvis(%) - f’ (7.23)
where n is the number of observations, considering the minimum volume

expansion of the slag droplet.

Modelling step

At the modelling step, simulations are performed using the physical properties
and parameters from the experiments: the surface tension and the density of the
metal in the molten state; the average surface tension and the average density
of slag in the molten state; the weight of the slag droplet and the metal layer. As
shown in Figure 7.6, the interfacial interaction between the ferroalloy and the slag
droplet is simulated without walls of the graphite cup. However, the geometrical
features of the slag droplet have to be calculated considering that a part of the slag
droplet cannot be seen due to the walls. The non-visible height in the simulation
is then compared to the non-visible height in the experiment, and if they differ by
more than 1 %, a new simulation is started with a new value for the interfacial

tension. Here, the following substeps are performed:

a) Perform three parallel simulations using the interfacial tension between the
FeMn alloy and the slag droplet of 0.30, 1.15 and 2.00 N/m.

b) Knowing the apex position of the slag droplet on Y-axis (Y4g gpex) and the
edge position of the graphite cup on Y-axis (Y,qg.), visible height of the slag

droplet in simulations can be obtained:

hiiirsn = Yslag apex Yedge- (7.24)
_ sim
hye (%) = h“+ -100. (7.25)

droplet
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¢) Non-visible height is then expressed as:

Rim (%) = 100 — kSm(%) (7.26)

non—vis

Consequently, the average non-visible height of the slag droplet in a steady

state is calculated (in %):

i Rim (%)
h;‘:;_ws(%) — Z & non—vis~ "7/ v15 , (727)

n;
sim . . L
where h} " . is calculated for each time step and the simulation is stopped

when two conditions are met: a) simulation time is equal to twice the time

required for reaching the steady state (0.8 s in this study) and b) [ (%)

non—vis

is almost constant (£2 %) during the last 0.4 s of the simulation, i.e. after
the steady state is reached. n, is the number of time steps in the steady state
corresponding to the last 0.4 s of the simulation.

d) Linearly interpolate [ (%) from the current set of simulations as a

non—vis

function of the interfacial tension and determine the corresponding value

of the interfacial tension to hn on—vis*

e) Perform a simulation using the interpolated interfacial tension and calculate

—sim

h (%) as described in step c)

non—vis

f) Repeat steps from c) to e) until o

).

ron—vis(%0) is £1 % from the experimental

value (hn on—vis

The 80 % and 95 % confidence intervals were calculated for each set of three

experiments based on the Student’s t-distribution [81]:

N
Cl=y+t—, 7.28
yEt (7.28)

where y is the sample mean, t is the critical value found from the confidence level
and degrees of freedom of the sample (1.886 and 4.303 for a two-tailed test with a
statistical significance of 0.2 and 0.05, respectively, and two degrees of freedom),

s is the sample standard deviation and n is the number of experiments in a set.
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non-vis

Interface

Figure 7.6: The slag droplet at the metal-gas (FeMn-Ar) interface in the steady
state in the simulations. The semi-transparent blue filled area represents the walls
of the graphite cup with r.,, of 4 mm and h,,, of 3 mm. Reprinted from Bublik
et al. [33] under the terms of the Creative Commons CC BY license.

Here, s is expressed as:

2?21 (.)/i - .7)2

n—1

> (7.29)

where y; {y1,¥s,..., Yo} represents one measured value of the sample (i.e. inter-

facial tension in a single experiment).






Chapter 8

Multiphase solver in OpenFOAM

Simulations of the interfacial interaction between metal and slag were carried out
in OpenFOAM 6-8 [82] using the multiphaselnterFoam solver for N incompressible
fluids, which captures interfaces and includes surface tension and contact angle

effects for each phase, with optional mesh motion and topology changes.

OpenFOAM (Open Source Field Operation and Manipulation) is a free, open
source CFD software under GNU General Public License. OpenFOAM was initially
developed in the C++ programming language for solving problems in continuum
mechanics, i.e. stresses, deformation and flow of solids, liquids and gases [83].
It has an extensive range of features to solve many problems from complex fluid
flows involving chemical reactions, turbulence and heat transfer, to solid dynam-
ics and electromagnetics. OpenFOAM, as an extensive tool for CFD modelling,
includes many different solvers which can be used for solving physical problems,
such as turbulence, heat and mass transfer, multiphase flows and wave modelling.
In addition, it includes applications for mesh manipulation, setting boundary con-
ditions, parallel processing, data extraction and post-processing [84]. By default,
OpenFOAM uses ParaView [85] for post-processing and visualization of simula-

tion results.

OpenFOAM is based on the finite volume method (FVM), which is a numerical

method for the approximate solution of partial differential equations [86]. FVM

75
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can be applied for solving problems in 1D, 2D or 3D and for different systems of
equations and can use both structured and unstructured meshes.

The multiphaseInterFoam solver employs the conventional volume of fluid (VOF)
method demonstrated by Hirt and Nichols [87], where the transport equation is
applied to determine the volume fraction a, of each phase at each discrete po-
sition in space [88]. The transport equation is solved simultaneously with the
continuity and momentum equation for each phase [89].

In the VOF method, fluid properties such as mixture density (p) or viscosity

(u) are weight-averaged by the volume fraction of each phase [90]:

p= anan (8.1

and

.U«:ZMnan- (8.2)

As mentioned by Berberovic et al. [91], the conservation of the phase fraction
is the most crucial point in the application of the VOF model for the numerical
simulation of free surface flows. This becomes especially critical in the case of
high density ratios, where even small errors in the volume fraction can lead to
significant errors in calculations of physical properties. Therefore, an accurate
calculation of the phase fraction is important for correct estimation of the surface
curvature, which is then required for the calculation of surface tension force and
pressure gradient across the free surface. The interface between two phases is not
sharply defined and is therefore highly sensitive to grid resolution.

The continuity equation is defined as:
V-U=0. (8.3)

The transport equation for a is:

%+v-(Ua)+V-[Ura(1—a)]=0, (8.4)
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where V - [U,a(1—a)] is an additional convective (compression) term for the
interface compression which contributes to higher interface resolution. The com-
pression term is valid only for the interface and disappears at a certain limit of

the phase fraction, as well as at a sharp interface. Eq. 8.4 in this case reduces to:

da
ETRAACORT (8.5)

The momentum equation is expressed as:

3(pU
%ot )+V'(PUU)=—VP+g'XVP +u[VU+ (VU ] +ykVa, (8.6

where u [VU + (VU)T] is the viscous term, yk Va is surface tension force per unit
volume, which is based on the continuum surface force model [91], k is the mean

curvature of the free surface:

K =—v.(&). 8.7)






Chapter 9

Multiphase simulations in

OpenFOAM

9.1 Methodology and settings

Simulations were performed using an axisymmetric 2D geometry as shown in Fig.
9.1, allowing the computational domain to be halved, and thereby reducing the
time required to reach steady state and obtain simulation results. For the right,
top and bottom wall, it is assumed that the fluid flow has zero velocity relative to
the wall (no-slip condition), as well as a fixed flux pressure (P = 0 Pa).

The initial number of cells in the simulations was set to 5000. 2D dynamic
mesh refinement [92] was applied to increase the resolution at slag-Ar, metal-Ar
and metal-slag interfaces, allowing to refine the interfaces and increase the total
number of cells up to 18000.

All simulations were performed on resources provided by the NTNU IDUN
computing cluster [93] using modified settings for damBreak4phase tutorial case
[94] with multiphaselnterFoam solver, as shown in Table 9.1. Simulations were
aiming to reach steady state conditions corresponding to a droplet at rest. The
presence of so-called spurious currents in VOF simulations results in considerable

challenges in obtaining a static steady state and therefore low values of under-
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Figure 9.1: 2D axisymmetric geometry applied in simulations. Ry, varied de-
pending on the weight of a slag droplet, and g is the gravity, acting in y-direction.
Reprinted from Bublik and Einarsrud [3].

relaxation factors were applied to reduce spurious currents as it was proposed by
Vachaparambil and Einarsrud [95]. As multiphaselnterFoam is a transient solver,
transient simulations with dynamic time stepping from 10~ to 107 s and the
maximum Courant number up to 0.25 were performed. The simulations were
initialized with a slag droplet with radius from ~1.40 to 1.60 mm, depending
on the weight of the slag droplet, initially positioned 1.50 mm above the alloy
interface. The physical parameters used in the simulations are shown in Table
9.2.

The MPLIC method was applied in simulations as an interpolation scheme for
interface capturing. This interpolation scheme represents an interface by perform-
ing multiple surface-cuts, splitting each cell to match the volume fraction of the
phase in a given cell. The surface-cuts are oriented according to the point field
of the local phase fraction. The phase fraction on each cell face (the interpol-
ated value) is then calculated from the amount submerged below the surface-cut.
MPLIC methods are more precise than standard interface compression schemes for
meshes with refinement patterns; therefore, it is recommended to apply MPLIC

together with dynamic mesh refinement, which makes it possible to almost com-
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Table 9.1: Numerical solution parameters used in the simulation setup.

Solution and algorithm control settings (fvSolution)

Field
Parameter
alpha pcorr p_rgh p_rghFinal U  UFinal
tolerance 1076 108 1078 1070 10°% 1078
relTor 0 0 0 0 0 0
maxIter 100 100 - 50 - -
nAlphaSubCycles 2 - - - - -
nAlphaCorr 2 - - - - -
MULESCorr false - - - - -
cAlpha 1 - - - - -
nLimiterIter 3 - - - - -
smoother GaussSeidel - - - - -
nSweeps 1 - - - - -
solver smoothSolver - - - - -
relaxationFactors - 0.3 0.3 0.9 0.3 -
PIMPLE loop
Parameter Value
nCorrectors, nOuterCorrectors 1
momentumPredictor false
Numerical schemes settings (fvSchemes)
Time derivatives Value
ddtSchemes CrankNicolson 0.50
Surface interpolation scheme Value
div(phi,alpha) Gauss MPLIC*

Time and data input/output control settings (controlDict)

Parameter Value
deltaT 107°
maxDeltaT 1073

maxCo, maxAlphaCo <0.25

“Multicut Piecewise-Linear Interface Calculation.
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Table 9.2: Physical parameters applied in simulations.

Parameter Value
Pslag> kg/m® 3077-3395*
Premns kg/m? 5612+

Par, kg/m? 1.66

Vslag> m?/s varied

VEepns M2 /5 varied

Var, M?/s varied
Yslag-ar» N/m 0.44-0.65
Y FeMn—ar> N/m 1.50

Y FeMn—slag> N/m 0.30-2.00

"Density of slag [70] and FeMn alloy [77] in the molten state.

pletely reduce numerical oscillations of the interface [96].

In order to further reduce the effects of spurious currents and to reach the
steady state more quickly in the simulations, the viscosity was set to an artifi-
cially elevated value, which does not affect the surface and interfacial forces, but
reduces the numerical oscillations of the interface that can occur during simu-
lations. Since the steady state is static, the actual value of the viscosity should
not impact the final converged result. A parametric study was performed to de-
termine a suitable value for the viscosity, in which the steady state solutions were

compared, according to the values indicated below:

e 107% < vpprn < 1072 m?/s.
e 107°< Vlag < 1073 m?/s.

e 1070 < v, <1073 m?/s.

In addition, a parametric study of the mesh resolution, geometry size and
quality of the dynamic mesh refinement has been carried out to determine the

most appropriate parameters to be used in the simulations without affecting the
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results and changing the convergence time significantly.

9.2 Optimization and automation

The multiphase simulations in OpenFOAM have been linked to a Python script for
optimization and automation of simulations. The Python script allows automat-
ically running simulations depending on provided input (experimental values),
calculating the non-visible height of the slag droplet for each time step, and then
comparing calculated values based on a given condition(s). The general logic of

the script is presented in Figure 9.2.
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Start
Input: W% 0o Vasg Masgr Mot

v

Create new simulation folders for three different
interfacial tensions (0.30, 1.15 and 2.00 N/m)

¥

Calculate radius of the slag droplet and position
of the metal-slag interface

v

Change values in transportProperties
and setFieldsDict

v

Start a simulation using
interfacial tension of 0.30, 1.15 or 2.00 N/m

v

PN Calculate h®™ _for each time step «—

non-vis.

¥

N
Steady state °

has been reached

Stop the current simulation —

¥

The initial interfacial
tensions have already,
been run
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Start a new simulation using the interpolated
Interpolate h’," . to find the corresponding interfacial tension
value of interfacial tension to h

non-vis

differs from h®®

i
non-vis non-vis,

by only 1%

Output: found interfacial tension

End

Figure 9.2: Schematic showing the general logic for optimizing and automating
OpenFOAM simulations.
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Summary of scientific

contributions

Summary of paper I

Slag-metal Interactions in the FeMn Tapping Process: Interfacial Properties
and Wetting

Sergey Bublik, Sarina Bao, Merete Tangstad, Kristian Etienne Einarsrud, Pro-
ceedings of the Liquid Metal Processing & Casting Conference 2019, Birmingham,
UK, 2019.

Author contributions

The first author (Sergey Bublik) planned and performed the experiments, pre-
pared the samples for electron microscopy and examined them by EPMA, evalu-
ated and analyzed the results, wrote the paper and submitted it to LMPC2019,
where the study was presented by him.

Context to the work and objective

FeMn and other ferroalloys are mostly produced in submerged arc furnaces at
high temperatures during carbothermic reduction of oxide raw materials by car-
bon. In addition to the ferroalloy, a considerable amount of slag is also generated

[97], therefore, both metal and slag have to removed from the furnace during
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tapping into ladles. The molten slag and metal subsequently separate based on
their density difference in the first ladle, and the excess slag phase overflows to
the following ladles. However, the tapping of molten materials into ladles results
in the formation of small metal droplets in slag formed due to turbulence of the
tapping flow and interfacial interaction between slag and metal. For this reason, it
is important to study mechanisms of molten metal droplets entrainment by slag,
which may be explained by interfacial phenomena and characterized by interfacial
tension between metal and slag [46, 98-100].

The measurement of the interfacial tension between two molten phases is ex-
tremely challenging due to the high temperature and the complexity of phase
composition. Specifically, the presence of dissolved surface active elements (oxy-
gen, sulfur) at the interface between slag and metal could considerably modify
the interfacial tension [22, 65]. Moreover, available methods for determining the
interfacial tension are complex and do not allow studying interfacial phenomena

with stable and reproducible results.

The primary objective of Paper I was to develop a methodology for charac-
terizing the interfacial interaction in metal-slag systems. Synthetic high carbon
FeMn alloy and MnO-Ca0O-MgO-SiO,-Al, 05 slag were used for investigating in a
sessile drop furnace at temperatures from 1583 to 1633 K in Ar atmosphere, and
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