
ISBN 978-82-326-5233-4 (printed ver.)
ISBN 978-82-326-6006-3 (electronic ver.)

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:332

Sergey Bublik

Slag-metal Separation in Mn
Ferroalloy Production

D
oc

to
ra

l t
he

si
s

D
octoral theses at N

TN
U

, 2022:332
Sergey Bublik

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

rin
g





Thesis for the Degree of Philosophiae Doctor

Trondheim, October 2022

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

Sergey Bublik

Slag-metal Separation in Mn
Ferroalloy Production



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Sergey Bublik

ISBN 978-82-326-5233-4 (printed ver.)
ISBN 978-82-326-6006-3 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:332

Printed by NTNU Grafisk senter



Preface

This thesis is submitted to the Norwegian University of Science and Technology

(NTNU) for partial fulfilment of the requirements for the degree of philosophiae

doctor. The doctoral work has been carried out at the Department of Materials Sci-

ence and Engineering, NTNU, Trondheim, Norway, between July 2018 and March

2022. The work has been supervised by Professor Kristian Etienne Einarsrud as

the main supervisor and by Professor Merete Tangstad as a co-supervisor.

The research was funded by the Research Council of Norway (KPN Project,

267621). The author gratefully acknowledges the financial support from the Re-

search Council of Norway and the Norwegian Ferroalloy Producers Research As-

sociation (FFF).

The computational resources employed in this research was provided by the

NTNU IDUN/EPIC computing cluster and the Resources, Energy & Environment

group at the Department of Materials Science and Engineering, NTNU.

Sergey Bublik

Trondheim, October 2022

1





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
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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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l iq Liquid state

sol Solid state

bulk Bulk components

sur f Surfactants
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i i-component in slag

vis Visible

non− vis Non-visible

ex p Corresponding to experiments

sim Corresponding to simulations

slag Corresponding to slag

metal Corresponding to metal/ferroalloy

1773 at 1773 K

Other Notation

[Ai] Species or elements in the metal phase

(Ai) Species or elements in the slag phase

≈ Approximately
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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
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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.

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:

• sessile drop technique [9], where the interaction between metal and slag in
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Figure 1.2: Tapping of SAF into ladles. Reprinted from Bublik and Einarsrud [3].

inert, reducing or oxidizing atmosphere is recorded at high temperatures.

• 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.

• 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]:

U =
d2 g∆ρ

18µ
(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:

dmax = 4
√

√ γs−m

g(ρmetal −ρslag)
(1.2)

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

written as:

U =
d2

max g(ρmetal −ρslag)

18µ
(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.

Figure 1.4: The influence of the maximum stable droplet diameter on the ter-
minal velocity of a droplet.
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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:

• How can the interfacial interaction between two molten phases be studied

at the laboratory scale?

• How can Computational Fluid Dynamics (CFD) facilitate the determination

of interfacial tension?

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

centration, slag composition and experimental conditions?

29
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• How does the interfacial tension affect metal losses with slag?

• 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:

• Study literature and discuss modelling approaches of ferroalloy tapping,

including separation of FeMn/SiMn and slag.

• Review equipment that can be used to study the interfacial interaction between

FeMn/SiMn and slag and propose a relevant methodology for this purpose.

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

OpenFOAM).

• 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.

• 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:

• Part I: Introduction - describes the importance of metal-slag separation,

and aims and scope of the thesis.

• 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.

• Part III: Methodology - introduces the developed methodology for studying

the interfacial interaction between metal and slag.

• Part IV: Scientific dissemination - presents summary of manuscripts pub-

lished during the PhD research period.

• 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:

• 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.

• 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.

• 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.

• 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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• 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.

• 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.

• 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:

• 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.

• 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 Onsøien, 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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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 γ.

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 = γ1 + γ2 − γ12, (3.1)

where WA is the work of adhesion at the solid-liquid or liquid-liquid interface,

γ1 and γ2 are surface tension of phase 1 and phase 2, and γ12 is the interfacial

tension between these phases. When WA 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:

Wt = γ1As → γ1 =
Wt

As
. (3.2)

When the liquid is in contact with a solid or liquid, the total area of the li-

quid drop is equal to A12 + A13 (Figure 3.1B, 3.1C). The total free energy after

deformation is expressed as:

Wt = γ1(A12 + A13)−WAA12. (3.3)

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

minimizing the contact areas:

γ1(dA12 + dA13)−WAdA12 = 0. (3.4)

Knowing that dA13/dA12 = cosθY in Figure 3.1D, the Young equation can be

expressed in terms of the surface and interfacial tension and the contact angle

[29]:

cosθY =
γ23 − γ12

γ13
or γ12 = γ23 − γ13 cosθY . (3.5)

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

cosθ =
γm − γs−m

γs
or γs−m = γm − γs cosθ . (3.6)

According to Eq. 3.6, the interfacial tension γs−m is lower than the surface

tension γm when θ < 90°, which corresponds to partial wetting (θ < 90°) and

complete wetting when θ is close to 0°). When the contact angle is higher than

90°, γs−m becomes higher than γm and to minimize the total surface/interfacial

energy of the liquid, the contact area (A12) 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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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 As,
B - the curved area of the liquid drop at liquid-gas interface (A13 and the flat
area of the liquid drop in contact with (A12), C - the total interfacial area of the
deformed liquid drop (ALG+ASL), D - the surface area change after the interfacial
interaction.
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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 = γdA+µdN , (3.7)

where dF is the change of surface excess Helmholtz energy, µ 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:

γs

sinθ1
=
γm

sinθ2
=
γs−m

sinθ3
. (4.1)

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 γs−m/ sinθ3 has to be constant, and

41
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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 sinθ3 decreases with time as well. The total force, which acts in the

vertical direction pulls the slag droplet upwards when γs−m 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

CaO-SiO2-Al2O3 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-SiO2-

Al2O3 slag. It was observed that addition of Al to the metal-slag system causes

sharp decrease in the interfacial tension due to reduction of SiO2 in slag by Al

and transfer of Si from slag to metal:

4[Al] + 3(SiO2) = 2(Al2O3) + 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

SiO2 in slag by Mn:

2[Mn] + (SiO2) = 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 mm2 to 1200 mm2. 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, P, 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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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-Helmholtz instability criterion for two incompressible liquids is ex-

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

∆U2
c =
ρ1 +ρ2

ρ1ρ2
(ρ1 −ρ2)

g
k
+ γk. (4.4)

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

Eötvös 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:

Eo = Bo =
∆ρg L2

γ
(

gravitational force
surface tension force

), (4.5)

where Eo is the Eötvös 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:

Eo = Bo =
(ρmetal −ρslag)gd2

metal

γs−m
. (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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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.



Chapter 5

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-SiO2-Al2O3 slags

based on a statistical modelling and found that the surface tension decreases

with higher content of SiO2 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/SiO2 ratio) and Al2O3 content.

Nakamoto et al. [58] demonstrated that the surface tension of MnO-SiO2-Al2O3

and MnO-CaO-SiO2 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 SiO2 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/Al2O3 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/SiO2) 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 Al2O3 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 Al2O3 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 CaMgSiO4 particles at

the interface [19].

In general, the MnO addition to slags decreases the interfacial tension [20,

61], however, for CaO-SiO2-Al2O3 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.



Part III

Methodology
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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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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.

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.

Parameter

Value in measurement of

Surface tension
Interfacial 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
FeMn-slag, K

1723 1623, 1673, 1723

Holding temperature for
SiMn-slag, K

1923 1823, 1873, 1923

Holding time, min 5 5, 10, 15

Heating rate to 1473 K, K/min 300 300

Heating rate from 1473 K to
maximum temperature, K/min

≈25 ≈25

* The amount of metal depends upon the volume of the graphite cup used in
the experiments.
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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. θs−m
is the contact angle between slag and SiMn. Image (b) shows the slag droplet
floating on top of molten FeMn in Ar atmosphere. γFeMn is surface tension of
FeMn, γslag is surface tension of slag, γFeMn−slag is interfacial tension between
FeMn and slag. Reprinted from Bublik et al. [67] under the terms of the Creative
Commons CC BY license.

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
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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, SiO2, Al2O3, 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]:

VT,l iq =
M
ρT,l iq

⇒ ρT,l iq =
M

VT,l iq
, (7.1)

VT,l iq = V1773 + 0.01(Tl iq − 1773), (7.2)

V1773 =
N
∑

i=1

x iV1773,i . (7.3)

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.

SiO2 CaO Al2O3 MgO Na2O K2O Li2O FeO MnO CaF2 TiO2 B2O3

V1773 VSiO2
20.7 VAl2O3

16.1 33 51.8 16 15.8 15.6 31.3 24 10

The effect of the SiO2 and Al2O3 on the structure and molar volume can be

represented by two equations derived from an analysis of density measurements

[62]:

VSiO2
= 19.55+ 7.97XSiO2

, (7.4)

VAl2O3
= 28.3+ 32XAl2O3

− 31.45X 2
Al2O3

. (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:

γT,l iq = γ1773 +
dγ
dT
(Tl iq − 1773), (7.6)

γ1773 = γbulk,1773 + γsur f ,1773 =

� N
∑

i=1

x iγi

�

bulk

+

� N
∑

i=1

x iγi

�

sur f

, (7.7)

dγ
dT
=

N
∑

i=1

x i
dγi

dT
, (7.8)

where the surfactants are Na2O, K2O, CaF2 and B2O3.

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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• Na2O or K2O:

x iγi = 0.8− 1388x i + 6723x2
i . (7.9)

• CaF2:

x iγi = −2− 934x i + 4769x2
i . (7.10)

• B2O3:

x iγi = −5.2− 3454x i + 22178x2
i . (7.11)

Note that these equations are valid for surfactants content up to 0.12 (
∑

xsur f =

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.

SiO2 CaO Al2O3 MgO Na2O K2O Li2O FeO MnO CaF2 TiO2 B2O3

γ1773 260 625 655 635 297 160 300 645 530 290 350 110

dγ/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:

γ=
a2(ρslag −ρAr)g

a3

b3 +
a
b − 2

, (7.12)

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 =
(ρmetal −ρAr)g

γ
. (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), ρmetal is the density of ferroalloys in liquid state -

5612 kg/m3 for FeMn and 4449 kg/m3 for SiMn [77].

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

calculated from the equation:

γ=
(ρmetal −ρAr)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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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 (kR)

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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% of the typical droplet size.

b) Calculate total volume of the slag droplet, Vtotal , using slag density in the

molten state and weight of the slag droplet measured before the experi-

ments:

Vtotal =
mslag

ρslag
. (7.15)

c) Calculate visible volume of the slag droplet in the experiments, V ex p
vis . 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, kR is subtracted from visible height and radius of the

slag droplet to address the effect of the surface roughness:

V ex p
vis =

1
6
π(hex p

vis − kR)(3(a
ex p − kR)

2 + (hex p
vis − kR)

2), (7.16)

where hex p
vis is the visible height of the slag droplet and aex p is the measured

radius of the slag droplet.

d) Calculate non-visible volume of the slag droplet in the experiments, V ex p
non−vis:

V ex p
non−vis = V ex p

total − V ex p
vis . (7.17)

e) Calculate non-visible height of the slag droplet in the experiments, hex p
non−vis,

by expressing it from the equation:

V ex p
non−vis =

1
6
πhex p

non−vis(3(a
ex p − kR)

2 + (hex p
non−vis)

2). (7.18)

f) 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:

Vcup = πr2
cuphcup, (7.19)

Vmetal =
mmetal

ρmetal
, (7.20)

hadd =
Vcup − Vmetal

πr2
cup

, (7.21)

where Vcup is the volume of the cup, rcup is the inner radius of the cup (4

mm), hcup is the inner height of the cup (3 mm), Vmetal is the volume of

the metal layer, mmetal is the weight of the metal layer, ρmetal is the density

of the metal in the molten state, hadd 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 hadd , calculate the non-visible height of the slag droplet in the

experiments (in %):

hex p
non−vis(%) =

hex p
non−vis − hadd

hex p
non−vis + hex p

vis

· 100. (7.22)
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h) Calculate the average non-visible height for each experiment:

h
ex p
non−vis(%) =

∑

hex p
non−vis(%)

n
, (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 (Yslag apex) and the

edge position of the graphite cup on Y-axis (Yed ge), visible height of the slag

droplet in simulations can be obtained:

hsim
vis = Yslag apex − Yed ge. (7.24)

hsim
vis (%) =

hsim
vis

hsim
droplet

· 100. (7.25)
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c) Non-visible height is then expressed as:

hsim
non−vis(%) = 100− hsim

vis (%) (7.26)

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

state is calculated (in %):

h
sim
non−vis(%) =

∑

hsim
non−vis(%)

nt
, (7.27)

where hsim
non−vis 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) h
sim
non−vis(%)

is almost constant (±2 %) during the last 0.4 s of the simulation, i.e. after

the steady state is reached. nt is the number of time steps in the steady state

corresponding to the last 0.4 s of the simulation.

d) Linearly interpolate h
sim
non−vis(%) from the current set of simulations as a

function of the interfacial tension and determine the corresponding value

of the interfacial tension to h
ex p
non−vis.

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

h
sim
non−vis(%) as described in step c).

f) Repeat steps from c) to e) until h
sim
non−vis(%) is ±1 % from the experimental

value (h
ex p
non−vis).

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

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

C I = y ± t
s

p
n

, (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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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 rcup of 4 mm and hcup of 3 mm. Reprinted from Bublik
et al. [33] under the terms of the Creative Commons CC BY license.

Here, s is expressed as:

s =

√

√

√

∑n
i=1(yi − y)2

n− 1
, (7.29)

where yi {y1, y2, ..., yn} 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 multiphaseInterFoam 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
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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 αn 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 (ρ) or viscosity

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

ρ =
∑

n

ρnαn (8.1)

and

µ=
∑

n

µnαn. (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:

∇ ·U= 0. (8.3)

The transport equation for α is:

∂ α

∂ t
+∇ · (Uα) +∇ · [Urα(1−α)] = 0, (8.4)
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where ∇ · [Urα(1−α)] 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:

∂ α

∂ t
+∇ · (Uα) = 0. (8.5)

The momentum equation is expressed as:

∂ (ρU)
∂ t

+∇ · (ρUU) = −∇p+ g · x∇ρ +µ
�

∇U+ (∇U)T
�

+ γκ∇α, (8.6)

where µ
�

∇U+ (∇U)T
�

is the viscous term, γκ∇α is surface tension force per unit

volume, which is based on the continuum surface force model [91], κ is the mean

curvature of the free surface:

κ= −∇ ·
�

∇α
| ∇α |

�

. (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 multiphaseInterFoam 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. Rslag 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 multiphaseInterFoam is a transient solver,

transient simulations with dynamic time stepping from 10−3 to 10−6 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)

Parameter
Field

alpha pcorr p_rgh p_rghFinal U UFinal

tolerance 10−6 10−8 10−8 10−9 10−6 10−8

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 10−5

maxDeltaT 10−3

maxCo, maxAlphaCo <0.25

*Multicut Piecewise-Linear Interface Calculation.



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

Table 9.2: Physical parameters applied in simulations.

Parameter Value

ρslag , kg/m3 3077 - 3395*

ρFeMn, kg/m3 5612*

ρAr , kg/m3 1.66

νslag , m2/s varied

νFeMn, m2/s varied

νAr , m2/s varied

γslag−Ar , N/m 0.44 - 0.65

γFeMn−Ar , N/m 1.50

γFeMn−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:

• 10−6 ≤ νFeMn ≤ 10−2 m2/s.

• 10−5 ≤ νslag ≤ 10−3 m2/s.

• 10−5 ≤ νAr ≤ 10−3 m2/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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Figure 9.2: Schematic showing the general logic for optimizing and automating
OpenFOAM simulations.
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Chapter 10

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-CaO-MgO-SiO2-Al2O3 slag were used for investigating in a

sessile drop furnace at temperatures from 1583 to 1633 K in Ar atmosphere, and

two different experimental methods, as shown in Figure 10.1, were presented and

discussed:

• Method A - slag and FeMn pieces were placed on a graphite substrate with

diameter of 10 mm, and then heated up to a high temperature.

• Method B - a slag piece was placed on top of the FeMn layer in a graphite

cup with diameter of 10 mm and internal height of 1 mm.

Main results

Dynamic changes in relevant contact angles (slag-graphite, metal-graphite

and slag-metal) and shape of droplets during melting in the sessile drop furnace

were evaluated for both methods as presented in Figure 10.2 and 10.3.
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Figure 10.1: Raw materials before experiments in method A and B. Reprinted
from Bublik et al. [66].

Figure 10.2: Melting of slag (left) and FeMn (right) pieces in method A: (a)
samples before melting at 1473 K (b) samples at 1573 K, (c) samples at 1598
K, (d) samples at 1623 K. Relevant contact angles are indicated in frame (d).
Reprinted from Bublik et al. [66].

Figure 10.3: Melting of slag (left) and FeMn (right) pieces in method B: (a)
samples before melting at 1473 K (b) samples at 1573 K, (c) samples at 1598
K, (d) samples at 1623 K. The relevant contact angle is indicated in frame (d).
Reprinted from Bublik et al. [66].
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Figure 10.4: Measured contact angles in method A: (a) at different S/M ratios
at 1583 K, (b) at different temperature at S/M ratio from 0.71 to 0.74. The lines
and shaded areas represent linear regression with 95 % confidence interval.

In experiments using method A, it was found that the effect of temperature on

the measured apparent contact angles is negligible, while the contact angles vary

depending on the slag-to-metal (S/M) ratio in the range from 0.25 to 1.50 (Fig-

ure 10.4). Values of the contact angle between metal-graphite and slag-graphite

are more randomly distributed, resulting in low adjusted R-squared values (0.05

and 0.13, respectively). In contrast, values of the contact angle between slag-

metal have higher adjusted R-squared value (0.60), indicating a larger depend-

ence from the S/M ratio. This might be explained by gravity, which becomes more

pronounced when the slag droplet weight increases, while the weight of the FeMn

droplet is fixed. Here, the effect of droplets volume or weight on the gravity con-

tribution might be described by the capillary constant:

a2 =
V
l
=
σ

∆ρg
, (10.1)

where a is the capillary constant, V is the volume of liquid phase, l is the

length of the capillary perimeter, σ is the interfacial or surface tension, ∆ρ is the

density difference between two phases, g is gravitational acceleration.

In experiments using method B, the apparent interfacial tension between metal

and slag was determined using the axisymmetric drop shape analysis (ADSA) [76],

which is based on the balance between surface, interfacial tension and external

forces. S/M ratio in these experiments was limited to 0.18-0.29 to reduce the in-
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Figure 10.5: The apparent interfacial tension between slag and metal in method
B: (a) at different S/M ratios at 1583 K, (b) at different temperature at S/M ratio
of 0.19 and 0.28. The lines and shaded areas represent linear regression with 95
% confidence interval. Reprinted from Bublik et al. [66].

fluence of the gravity on the experimental results. However, even in this range of

S/M ratio, the effect of gravity becomes more noticeable with increasing it up to

0.29, which increases the interfacial tension compared to low values of S/M ratio

as shown in Figure 10.5. Therefore, it is necessary to keep the slag droplet weight

as low as possible, depending upon the surface roughness and experimental con-

siderations. The temperature seems to affect the interfacial tension very slightly,

decreasing the interfacial tension as the temperature rises from 1583 to 1623 K.

The apparent contact angle between slag and metal was found to be in the range

of 43.3-64.6° for method B, which is in good correspondence with that found with

method A.

The interface between slag and FeMn was investigated by EPMA and illus-

trated in Figure 10.6, where it can be seen that the metal-slag emulsion formed

during the experiments and a considerable amount of slag inclusions was found

near the metal-slag interface. Since the volume of the entrained molten slag is

very small, it is expected that it will remain in the metal phase due to the inter-

facial forces. The variation in the phases composition is discussed in the attached

papers (paper I and V).
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Figure 10.6: EPMA image of slag and metal after experiments using method B.
Reprinted from Bublik et al. [66].
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Summary of paper II

Inverse Modelling of Interfacial Tension Between Ferroalloy and Slag Using

OpenFOAM

Sergey Bublik, Kristian Etienne Einarsrud, Proceedings from the 14th Interna-

tional Conference on CFD in Oil & Gas, Metallurgical and Process Industries, Trond-

heim, Norway, 2020.

Author contributions

The first author (Sergey Bublik) planned and performed the experiments and

the simulations, evaluated and analyzed the results, wrote the paper and submit-

ted it to CFD2020, where the study was presented by him.

Context to the work and objective

The interfacial tension plays an important role in the interaction between fer-

roalloy and slag due its ability to modify droplet shape and flow regime [15].

Experimentally, surface tension of a material or interfacial tension between two

molten phases are determined by melting materials in a furnace equipped with an

X-ray camera [32] or by applying the sessile drop technique with a digital camera

[20]. After recording images from interfacial interaction between two different

phases and gas, surface or interfacial tension are obtained by the numerical solu-

tion of the Young-Laplace equation. However, in most cases, the measurement

of interfacial/surface tension is complicated due to high temperatures, complex

composition and chemical interaction between materials.

The main objective in Paper II was to develop a methodology allowing to meas-

uring interfacial tension between molten metal and slag in a sessile drop furnace

with reproducible results. A new inverse modelling strategy has been developed,

combining simulations and analysis of images from the sessile drop furnace. The

model applicability and sensibility has been studied for a FeMn-slag system at

1623-1673 K and discussed by comparing different settings in OpenFOAM and

the uncertainty in experimental data.

Overview of the developed methodology
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The inverse modelling methodology consist of the followings steps:

a) Conduct experiments with a single slag or FeMn alloy droplet, and determ-

ine the surface tension of each phase using the elliptic solution to the Young-

Laplace equation and the LBADSA methodology.

b) Conduct experiments in the sessile drop furnace with FeMn layer and a slag

piece on top.

c) Conduct simulations in OpenFOAM with the geometry as shown in Figure

10.7 for a certain range of interfacial tension using densities of FeMn alloy

and slag in the molten state, weight of the slag droplet and surface tensions

determined from step a).

d) Calculate visible (or non-visible) height of the slag droplet (in %), as shown

in Figure 10.8 and 10.9, both for experiments and simulations. Compare

experimental and simulation values to determine interfacial tension.

Figure 10.7: 2D axisymmetric geometry applied in simulations. Rslag varies from
0.00147 to 0.00163 m (from 1.47 to 1.63 mm), depending on the weight of a
slag droplet, and g is the gravity, acting in y-direction. Reprinted from Bublik and
Einarsrud [3].

Main results

The experimentally measured values surface tension of FeMn alloy and slag

are shown in Figure 10.10. Surface tension of FeMn alloy was found to be 1.50
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Figure 10.8: Slag droplet on top of FeMn layer in experiments: a is the base
radius of the spherical cap, hvis and hnon−vis are the height of the spherical cap
above and below the interface, respectively. Reprinted from Bublik and Einarsrud
[3].
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Figure 10.9: Slag droplet on top of FeMn bath in simulations. Reprinted from
Bublik and Einarsrud [3].
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± 0.05 N/m, while surface tension of slag was considerably lower (0.65 ± 0.01

N/m). From the confidence intervals, it is evident that the LBADSA methodology,

which was applied for the measurement of surface tension of FeMn has higher de-

viation (±0.05 N/m) than the ellipsoidal solution of the Young-Laplace equation,

where the confidence interval for surface tension of slag was ±0.01 N/m.

Figure 10.10: Surface tension of FeMn alloy and slag measured experimentally
in the sessile drop furnace. Red lines on top of bars are 95 % confidence intervals.
Reprinted from Bublik and Einarsrud [3].

Figure 10.11 shows the simulation matrix obtained after performing mul-

tiphase simulations in OpenFOAM with various values of interfacial tension and

physical parameters corresponding to the experiments in the sessile drop furnace.

The corresponding non-visible height to the values of interfacial tension from 0.85

to 1.50 N/m is illustrated in Figure 10.12. The results demonstrate that the slag

droplet remains above the interface at relatively high values of interfacial tension

(≈1.20 - 1.50 N/m), promoting better separation of FeMn alloy and slag and there-

fore less metal losses. The slag droplet begins to sink down below the interface
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at intermediate interfacial tension (≈0.85 - 1.15 N/m), contributing to emulsific-

ation of FeMn and slag.

Figure 10.11: The simulations results depending on interfacial tension between
FeMn alloy and slag from 0.85 to 1.50 N/m. Reprinted from Bublik and Einarsrud
[3].

Figure 10.12: Influence of interfacial tension on the non-visible height in the
simulations. Reprinted from Bublik and Einarsrud [3].
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Summary of paper III

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.

Author contributions

The first author (Sergey Bublik) planned the structure of the review together

with other authors, wrote the following chapters: introduction, physical and nu-

merical models, collected all the chapters from other authors in LaTeX format,

submitted the paper to Metallurgical and Materials Transactions B and was re-

sponsible for the correspondence with reviewers and addressing the feedback re-

ceived from them.

Context to the work and objective

Tapping is an important furnace operation in the ferroalloy industry and poses

a number of complex and coupled challenges of both practical and economical

importance. Owing to the hazardous high-temperature conditions surrounding

the tap hole, the application of various modelling techniques allows for develop-

ment and acquisition of both scientific and engineering knowledge of the process

through physical or numerical proxies.

Different aspects related to tapping of SAFs can be investigated using math-

ematical models and computational fluid dynamics (CFD) [77, 101, 102]. Such

approaches can provide great insight to the operation, and the knowledge gained

from properly constructed studies with such tools can ultimately improve the con-

sistency of tapping.

The main objectives of Paper III were as follows:

• review and summarize earlier studies on modelling of ferroalloy tapping.

• discuss main principles of the tapping process and multiphase interaction

of slag and metal.

• discuss advantages and disadvantages of various tapping modelling approaches,
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and assess their general applicability.

The main focus in this paper was on drainage of slag and alloys, but metal

loss, metal overflow and issues related to health, safety and environment were

considered as well. Selected studies on blast furnace tapping models were also

discussed in addition to tapping modelling of SAFs, since the drainage mechan-

isms are very similar in both furnaces.

Physical and numerical models

Different approaches to modelling of the tapping process in ferroalloy produc-

tion have been conducted; categorized as physical or mathematical modelling. An

experimental setup with a physical representation of the process or phenomena

to be studied defines a physical model. For ferroalloy tapping this should in prin-

ciple involve a drainage experiment with at least one liquid phase and a particle

bed. Although several physical drainage experiments have been reported in the

literature, few have considered the particle bed [103, 104].

Mathematical models can relate to many aspects of the process including ther-

mochemical properties, material erosion and wear and more [105, 106]. In this

paper, the main focus were on mathematical models for the drainage of slag and

metal from the furnace. In addition, it is necessary to differentiate between re-

duced order modelling and CFD. In principle, CFD can be defined to include all

mathematical models describing flow, but here CFD is limited to mathematical

models solving the full 3D (or 2D) set of conservation equations for mass and mo-

mentum by a numerical algorithm. Reduced order modelling refers to a modelling

scheme where the model complexity is reduced through various assumptions al-

lowing for reduction in solution time and/or data storage.

Reduced order modelling

In modelling the draining flow from a furnace, Bernoulli’s equation provides

a reasonable representation of the flow between two points in a geometry. The

equation is based on conservation of mechanical energy along a flow line. Models

based on this principle are used in textbooks in Fluid Dynamics with drainage
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as an example, and all known reduced order models for furnace tapping apply

Bernoulli’s equation.

The tapping rate for a tank with a liquid can be estimated by Bernoulli’s equa-

tion (see e.g. Guthrie [103]):

ṁ=
ρCDπd2

4

p

2gH (10.2)

where d is the diameter of the tap-hole, ρ is the density of liquid, CD is the

drag coefficient, g is the acceleration due to gravity. Here, the hydrostatic head H

provides a pressure which is the driving force of tapping. In a furnace, a viscous

resistance will be present due to the particle bed of carbon material and ore. The

driving force will also be affected by the furnace pressure. The tapping of a sub-

merged arc furnace is therefore more complex than tapping of water through a

hole in a tank.

Another important expression is the Kozeny-Carman expression, typically ap-

plied in laminar flow, to account for the pressure drop due to the particle bed:

∆P =
180µ
Φ2d2

p

(1− ε)2

ε3
vt rt (10.3)

where µ is liquid viscosity, vt is tapping velocity, rt is tap-hole radius, ε is particle

bed porosity, dp is particle diameter and Φ is particle sphericity. The particle bed

resistance is therefore accounted for in a similar manner as for a porous material.

Olsen and Reynolds [104] have suggested that the Ergun equation, which is

applicable to turbulent flow, can be applied for calculating the pressure drop due

to particle bed in slag and metal tapping:

∆P =
150µ
Φ2d2

p

(1− ε)2

ε3
vt rt +

1.75ρm

3Φdp

(1− ε)
ε3

v2
t rt (10.4)

The results of Olsen and Reynolds [104] indicate that the Ergun equation is

more reliable for this application than the Kozeny-Carman equation, since the

Reynolds number in the tapping process indicates turbulent flow. Results obtained
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using the Ergun equation were superior to those obtained with the Kozeny-Carman

equation when comparing with physical models (Vango et al. [106]).

CFD modelling

Computational fluid dynamics (CFD) is the method of numerically solving the

equations for conservation of mass, momentum and energy in order to compute

fluid and heat flow [107]. These equations are mathematically represented as

follows [108]:

• Conservation of mass
∂ ρ

∂ t
+∇ · (ρu) = 0. (10.5)

• Conservation of momentum

∂ ρu
∂ t
+∇ · (ρuu) = −∇P +∇ ·

�

µe f f (∇u+ (∇u)T )
�

+ρg + Su. (10.6)

• Conservation of energy

∂ ρh
∂ t
+∇ · (ρhu) = −

DP
Dt
+∇ · (k∇T ) + Sh. (10.7)

where u and ρ are the fluid velocity and density, µe f f is the effective viscosity -

accounting also for turbulence, P is the pressure in the fluid, Su is a momentum

source term, h is the enthalpy, T is the temperature, k is the thermal conductivity

of the fluid and Sh is a source/sink term accounting for instance for radiation.

The effect of the particle bed resistance in the furnace can be included by adding

the pressure drop across the bed calculated by the Kozeny-Carman equation (Eq.

10.3) or the Ergun equation (Eq. 10.4) as the source term Su to Eq. 10.6 without

affecting the simulation complexity considerably.

CFD has been applied to metallurgical processes since the 1980s but the first

work on metal tapping dates to 2001, when Dash et al. [109] optimized the length

of the tap-hole block inside the furnace to reduce the peak shear stress in the fur-

nace hearth which occurs at the tap-hole due to high velocity of metal. The authors

included the effect of porosity via the Kozeny-Carman formulation, i.e. excluding



Chapter 10: Summary of scientific contributions 103

inertial effects in the porous zone. In 2004, Dash et al. [110] expanded their re-

search and optimized the angle of tap-block to the horizontal axis to minimize

the peak shear stress. Since then, CFD modelling has been extensively used for

modelling of different tapping aspects, as such Nishioka et al. [111] studied the

effect of the particle diameter in the packed bed on tapping rates, Kadkhodabeigi

et al. [112] studied tapping of molten silicon and flow in the tap-hole depending

on different conditions inside the furnace, Reynolds et al. [113, 114] performed

optimization of the geometry of tap-hole inlet and the launder, and analyzed the

sensitivity of material properties on tapping rates.

Application to tapping

The potential inherent in modelling of tapping processes is considerably wider

in scope. With the advent of the fourth industrial revolution (4IR) modelling meth-

ods constitute a powerful toolbox that can be leveraged by high-level software

automation for design, optimization, and control purposes. This can take several

forms:

• Virtual prototyping, in which numerous variations of equipment and process

designs are tested extensively using computer models as front-line engineer-

ing tools, in order to arrive at an optimized final design [115, 116].

• Digital twinning, in which predictive numerical or computational models

are integrated with live data from furnace plants in order to provide model-

based control, operator guidance, and early warning systems.

• Inverse modelling and soft sensors, in which models are used to infer and

interpolate between real measurements (such as those obtained from fur-

nace feed and electrical systems, thermocouples, sidewall cooling elements,

etc.) in order to provide virtual sensors which can be used by plant control

systems as though they were real instruments [117, 118].

• Industrial Internet of Things (IIoT) applications, in which knowledge ob-

tained from modelling (or even simple models themselves) are directly in-

tegrated into instruments and support equipment installed on the tapping
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system, facilitating the development of more distributed and self-organizing

control strategies [119].

• Data-driven modelling, in which large quantities of measured tapping data

for a particular furnace operation are analyzed using data science and ma-

chine learning tools in order to support and augment more traditional em-

pirical or fundamental modelling [120].
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Summary of paper IV

Interfacial Behaviour in Ferroalloys: The Influence of Sulfur in FeMn and

SiMn Systems

Sergey Bublik, Sarina Bao, Merete Tangstad, Kristian Etienne Einarsrud, Me-

tallurgical and Materials Transactions B, 52, pp. 3624-3645, 2021.

Author contributions

The first author (Sergey Bublik) developed and verified the mentioned meth-

odologies, planned and performed the experiments, prepared the samples for elec-

tron microscopy and examined them by EPMA, evaluated and analyzed the res-

ults, wrote the paper, submitted it to Metallurgical and Materials Transactions B

and was responsible for the correspondence with reviewers and addressing the

feedback received from them.

Context to the work and objective

Interfacial phenomena are vital for ferroalloy production, as a better under-

standing of entrainment mechanisms can significantly help reduce ferroalloy losses

with slag. The interfacial interaction between metal and slag and the stability of

the interface between them are characterized by interfacial tension [35]. High

interfacial tension promotes better separation, while the opposite is true for low

interfacial tension [6, 14]. In metal-slag systems where surface-active elements

such as sulfur, oxygen, selenium and tellurium are present, interfacial tension de-

creases as a result of higher mass transfer rates, leading to problems with the

separation of metal and slag due to the formation of metal-slag emulsion [121].

In ferroalloys production, major elements which represent surface-active elements

are sulfur and oxygen. For such systems, the thermodynamic equilibrium between

ferroalloy and slag can be described by the reaction [122]:

[S] + (O2−)⇔ (S2−) + [O]. (10.8)

The study in Paper IV is based on methodologies for the measurement of in-
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terfacial tension and apparent contact angles between ferroalloy and slag, which

were developed and verified by the authors previously in Paper I and II [3, 66]. In-

terfacial interaction in synthetic FeMn-slag and SiMn-slag systems, both with and

without sulfur addition to ferroalloy, has been investigated by combining analysis

of images from a sessile drop furnace and multiphase flow simulations in Open-

FOAM v6 [82], and discussed together with the assessment of the sensitivity of

the results by comparing different experiments.

Main results

The experimentally measured average values of surface tension are shown in

Figure 10.13. As it is expected for metals, FeMn and SiMn have higher values of

surface tension of 1.50 and 1.20 N/m, respectively, while slags have consider-

ably lower surface tensions of 0.65 N/m for FeMn slag and 0.50 N/m for SiMn

slag. Besides, sulfur addition to ferroalloys seems to have no significant effect on

surface tension of FeMn and SiMn, which results in the same surface tension as

corresponding alloys without sulfur addition. The LBADSA methodology, which

was used for determination of surface tension of FeMn alloy, has a higher devi-

ation in values of surface tension for FeMn, ±0.05 N/m. In contrast, the LBADSA

methodology used for SiMn alloy and the ellipsoidal solution of the Young-Laplace

equation used for slags result in a smaller deviation, ±0.02 N/m. The difference

can be explained by a rough surface of FeMn compared to other materials, as

shown in Figure 10.14, which gives greater variation in measurements. The ob-

served roughness of FeMn could be attributed to a higher C content, and hence

more C can precipitate or dissolve during experiments with FeMn.

The effect of sulfur content in the SiMn alloy (SSiMn) on the average appar-

ent contact angle between SiMn and slag has been studied at constant maximum

temperature of 1873 K and constant holding time of 5 min and is shown in Fig-

ure 10.15. The increase of SSiMn from 0.02 to 0.90 wt. % decreases the average

apparent contact angle from 37.8 to 29.6°. The largest change of -6.7° is observed

between SSiMn of 0.02 and 0.25 wt. %, while the change between SSiMn of 0.25

and 0.62 wt. %, and between SSiMn of 0.62 and 0.90 wt. % was only -1.1° and
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Figure 10.13: Average values of surface tension of FeMn, SiMn and slags meas-
ured experimentally. Grey lines on top of bars represent the 95 % confidence
interval for the sample mean. Reprinted from Bublik et al. [67] under the terms
of the Creative Commons CC BY license.

Figure 10.14: Surface of FeMn, SiMn and slags during melting in the sessile drop
furnace: (a) FeMn droplet at 1723 K, (b) FeMn slag droplet at 1723 K, (c) SiMn
droplet at 1923 K, (d) SiMn slag droplet at 1923 K. Reprinted from Bublik et al.
[67] under the terms of the Creative Commons CC BY license.
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Figure 10.15: Effect of sulfur content in SiMn on average apparent contact angle
between SiMn and slag at temperature of 1873 K and holding time of 5 min. Grey
lines on top of bars represent the 95 % confidence interval for the sample mean.
Reprinted from Bublik et al. [67] under the terms of the Creative Commons CC
BY license.

-0.4°.

The average interfacial tension between FeMn and slag changes depending

upon sulfur content in the FeMn alloy (SFeMn), as shown in Figure 10.16. The

largest change of -0.30 N/m is noted when SFeMn increases from 0.03 to 0.31 wt.

%, which indicates that the equilibrium in the FeMn-slag-S system is reached in

this range of SFeMn. The further increase of SFeMn to 0.93 wt. % decreases interfa-

cial tension only slightly from 0.96 N/m to 0.88 N/m. However, the measurements

for SFeMn of 0.31 and 0.57 wt. % have a larger deviation described by confidence

intervals of ±0.09 and ±0.05 N/m, respectively, which may be attributed to sig-

nificant fluctuations in surface area of droplets during experiments due to the gas

evolution.

After reaching equilibrium between ferroalloy and slag and finishing the ex-

periments, sulfur was mainly found in the slag phase as illustrated in Figure 10.17

and 10.18, even though sulfur was initially added only to FeMn or SiMn. The sul-

fur distribution to the slag phase was confirmed further by calculating the sulfur

distribution between FeMn/SiMn and slag in FactSage [78] (Figure 10.19), from
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Figure 10.16: Effect of sulfur content in FeMn on average interfacial tension
between FeMn and slag at temperature of 1673 K and holding time of 5 min.
Grey lines on top of bars represent the 95 % confidence interval for the sample
mean. Reprinted from Bublik et al. [67] under the terms of the Creative Commons
CC BY license.

which it is evident that sulfur tends to be distributed in slag, whether added to

FeMn or SiMn.
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Figure 10.17: EPMA results of the sample from experiment 15 (0.62 wt. % SSiMn,
1873 K, 5 min holding time). (a) SiMn and slag on the BSE image, (b) EPMA
elemental mapping showing sulfur distribution between SiMn and slag. Reprinted
from Bublik et al. [67] under the terms of the Creative Commons CC BY license.

Figure 10.18: EPMA results of the sample from experiment 2 (0.31 wt. % SFeMn,
1673 K, 5 min holding time). (a) FeMn and slag on the BSE image, (b) EPMA ele-
mental mapping showing sulfur distribution between FeMn and slag. Reprinted
from Bublik et al. [67] under the terms of the Creative Commons CC BY license.
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Figure 10.19: Sulfur distribution between phases in the FeMn-slag-S-Ar and
SiMn-slag-S-Ar systems at 1673 and 1873 K, respectively. Calculated using
FactSage 7.3. Reprinted from Bublik et al. [67] under the terms of the Creat-
ive Commons CC BY license.
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Summary of paper V

Interfacial Behaviour in Ferroalloys: The Influence of FeMn Slag Composition

Sergey Bublik, Merete Tangstad, Kristian Etienne Einarsrud, Submitted to Me-

tallurgical and Materials Transactions B.

Author contributions

The first author (Sergey Bublik) developed the mentioned methodologies,

planned and performed the experiments, prepared the samples for electron micro-

scopy and examined them by EPMA, evaluated and analyzed the results, wrote the

paper, submitted it to Metallurgical and Materials Transactions B and was respons-

ible for the correspondence with reviewers and addressing the feedback received

from them.

Context to the work and objective

The carbothermic reduction of manganese ores for producing FeMn alloy in

submerged arc furnaces is related to the formation of a significant amount of mol-

ten slag, which is then tapped simultaneously with FeMn to ladles, where a metal-

slag emulsion is formed. Small FeMn droplets are entrained in the slag phase due

to the intensive mixing of FeMn and slag. This decreases efficiency of the ferroalloy

production process because further removal of metal from slag may cause logist-

ics difficulties and is heavily time- and energy-consuming [68, 123]. Interfacial

tension between molten metal and slag characterizes the metal-slag separation

[41] and thus it is important for ferroalloy production. High interfacial tension

promotes a high degree of separation of metal and slag, while a low interfacial

tension will promote formation of metal-slag emulsion and small metal droplets

in slag [40]. Several studies have shown that the interfacial tension is greatly de-

pendent upon the slag composition due to chemical reactions at the metal-slag

interface and the mass transfer across the interface [19, 20, 22, 37, 39, 61, 64,

65]. In FeMn production, the FeMn alloy is highly saturated with carbon, which

results in reduction of oxides such as MnO, FeO or SiO2 at the interface between

FeMn and slag, and subsequently in the mass transfer of Mn, Fe and Si to the
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FeMn alloy. The thermodynamic equilibrium between ferroalloy and slag can be

described by several reduction reactions [124]:

(MnO) + [C] = [Mn] + CO(g), (10.9)

(SiO2) + 2[C] = [Si] + 2CO(g), (10.10)

(FeO) + [C] = [Fe] + CO(g), (10.11)

(MnO) + [Fe] = [Mn] + (FeO), (10.12)

(SiO2) + 2[Mn] = [Si] + 2(MnO). (10.13)

In Paper V, the interfacial interaction between FeMn alloy and slags of differ-

ent compositions was investigated in a sessile drop furnace using the methodology

developed by the authors previously in Paper I and II [3, 66, 125], which was im-

proved in this study to improve reproducibility and reduce uncertainty due to the

precipitation of solid carbon during melting of FeMn alloy and slag. The improved

methodology combines analysis of images from experiments in the sessile drop

furnace, numerical data obtained in multiphase flow simulations in OpenFOAM

v8 [82], the numerical models for calculation of density and surface tension of

slag developed by Mills et al. [70, 71] and results of equilibrium calculations in

FactSage 7.3 [78]. In addition, the sensitivity of the results was assessed by com-

paring different experiments.

Main results

The surface tension and density of the slags were calculated considering the

composition of the initial slag and the liquid slag phase calculated in FactSage.

The surface tension between the initial slag and the liquid slag phase has the

maximum variation of 0.025 N/m (5.5 %), meaning that its values does not vary

significantly between the initial slag and the liquid slag phase. Higher values of

the surface tension at higher basicities may be related to the composition change

during which the content of CaO increases while SiO2 decreases. CaO has a high
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surface tension of 0.625 N/m in its pure form, whereas surface tension of pure

SiO2 (0.260 N/m) is substantially lower [70]. In addition, slags without Al2O3

addition have lower surface tension due to the low content of Al2O3 which has a

high surface tension of 0.655 N/m. However, the variation in the density between

the initial slag and the liquid slag phase is higher, reaching a maximum difference

of 301 kg/m3 or 9.6 % for slag C3. The density for the initial slags is almost

constant regardless of the slag basicity, but it increases when MnO and Al2O3

content in the slags increases as they have a higher density of 5370 and 3965

kg/m3, respectively, in their pure form compared with CaO (3340 kg/m3), MgO

(3580 kg/m3) and SiO2 (2650 kg/m3) [126]. For the liquid slag phase, the density

decreases with the slag basicity due to the significant change in the composition

of the liquid phase after reaction with the FeMn alloy, which leads to a lower MnO

content.

The interfacial tension between the FeMn alloy and the slags with and without

Al2O3 addition is shown in Figures 10.20 and 10.21, respectively. It can be seen

from the figures that the interfacial tension sharply increases with the slag basicity

for both groups of slags and that the interfacial tension change for the slags with

Al2O3 addition is more pronounceable at higher higher basicities. As such, the av-

erage interfacial tension for the slags with Al2O3 addition is 0.21-0.40 N/m higher

at the basicity of 0.8, and 0.05-0.36 N/m higher for the basicity of 1.2. In addi-

tion, the 80 % confidence intervals overlap greatly in each group of basicities due

to the low number of experiments in parallels; however, the measured values of

the interfacial tension fall within the proposed ranges of the confidence intervals.

Increasing MnO content in slag from 30.0 to 45.0 wt. % does not show statistically

significant differences in the interfacial tension for all slags. Here, it is important

to note that due to the fluctuations of the slag droplet during reaction with the

FeMn alloy, which can influence the experimental results, the non-visible height

and, accordingly, the interfacial tension were measured only at local minimum

expansion of the slag droplet as shown in Figure 10.22.

Chung and Cramb [39] suggested that the emulsification phenomena are closely
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Figure 10.20: The interfacial tension between the FeMn alloy and the slag with
the addition of Al2O3 at different slag basicities and MnO content at 1673 K. The
top part of the bars corresponds to the average interfacial tension between the
FeMn alloy and the slag. The grey lines on top of bars represent the 80 % confid-
ence interval, and the circle markers represent the experimental measurements.
Reprinted from Bublik et al. [33] under the terms of the Creative Commons CC
BY license.
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Figure 10.21: The interfacial tension between the FeMn alloy and the slag
without the addition of Al2O3 at different slag basicities and MnO content at
1673 K. The top part of the bars corresponds to the average interfacial tension
between the FeMn alloy and the slag. The grey lines on top of bars represent
the 80 % confidence interval, and the circle markers represent the experimental
measurements. Reprinted from Bublik et al. [33] under the terms of the Creative
Commons CC BY license.



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

0 1 2 3 4 5
−10

−5

0

5

10
Slag B1, basicity = 0.44
Slag B2, basicity = 0.82
Slag B3, basicity = 1.22

Time, min

Su
rfa

ce
 a

re
a 

ch
an

ge
, %

Figure 10.22: Temporal change in visible surface area for slags B1-B3 during
holding at 1673 K. The grey cross markers correspond to the local minimum ex-
pansion of the slag droplet in the experiments. Note that interfacial tension was
measured only after two minutes of holding time as indicated with the vertical
dashed line. Reprinted from Bublik et al. [33] under the terms of the Creative
Commons CC BY license.

related to the interaction of fluids at the interface and that the driving force for

fluid flow across the interface depends on reactions in the system under isothermal

conditions due to the concentration gradient at the interface. In case of the concen-

tration gradient and the fluid flow driven by the interfacial reaction, the interface

eventually becomes unstable and the metal-slag interfacial area increases (the

Kelvin-Helmholtz interfacial instability). Based on the Kelvin-Helmholtz model,

Gopal [41] discussed the mechanism of small droplet formation and emulsifica-

tion of slag and metal during reactions between them. If the mass transfer rate of

elements or compounds across the interface is low, it results in a slight destabiliz-

ation of the interface (Figure 10.23(a)), corresponding to the high slag basicity of

1.2 in this study. At higher mass transfer rates, the destabilization of the interface

is more severe as shown in Figure 10.23(b-c), which results in the formation of

the metal-slag emulsion and droplets of one phase into another as it was observed

for the low slag basicities from 0.4 to 0.8.
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Figure 10.23: Emulsification of slag and metal and formation of small droplets
due to the Kelvin-Helmholtz instability. Images (a)-(c) represent disturbances of
the interface between slag and metal at different slag basicities. Reprinted from
Bublik et al. [33] under the terms of the Creative Commons CC BY license.
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Summary of paper VI

Slag Properties in the Primary Production Process of Mn-Ferroalloys

Merete Tangstad, Sergey Bublik, Shokouh Haghdani, Kristian Etienne Einarsrud,

Kai Tang, Metallurgical and Materials Transactions B, 52, pp. 3688-3707, 2021.

Author contributions

The second author (Sergey Bublik) planned the structure of the review to-

gether with other authors, wrote the sections: density, surface and interfacial ten-

sion.

Context to the work and objective

Mn-ferroalloys are alloys containing mostly Mn, Fe, Si and C. Manganese is

the main element and typically accounts for between 60 and 80 wt. % of the

alloy. Practically, all iron from raw materials will end up in the alloy, while the

Si content is usually less than 1 wt. % in FeMn alloy and from 16 to 30 wt. % in

SiMn alloy. Mn-ferroalloys are always saturated with carbon from raw materials

and electrodes, thereby the C content in the FeMn alloy is around 7 wt. % and up

to 2 wt. % for the SiMn alloy, depending on the amount of Si.

Temperatures in closed Mn-ferroalloy furnaces can be from 200 °C to 600 °C

on the top of the charge and from 1500 °C to 1600 °C in the tapped slag. This

means that in the upper part of the furnace, the low temperature zone, the raw

materials are solid, and when they descend to the area on top of the coke-bed with

temperature from 1200 °C to 1400 °C, the raw materials will melt into a primary

slag. This slag will coexist with the solid carbon materials added to the furnace.

Paper VI discusses MnO-slags and their properties in the primary production of

FeMn or SiMn alloys in SAFs. The mechanisms of slag formation, thermodynamics,

kinetics, slag structure are considered and a summary of the key slag properties

is given. These key properties include viscosity, density, interfacial tension and

wetting properties, and electrical conductivity. The pathway of the slag considered

in this work starts with the production of primary slag from the raw materials,

followed by the reduction of valuable elements into Mn-alloy and finally tapping
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of slag and Mn-alloy from the furnace.

Slag structure

The structure of silicate melts is of fundamental importance in metallurgical

processes because the melt structure is closely linked to transport properties such

as viscosity, density, and electrical conductivity [127, 128]. The degree of poly-

merization (DOP) of silicate networks has been introduced as the most influen-

tial parameter for linking these properties and slag structure. DOP and viscosity

are proportional, while density and electrical conductivities are inversely propor-

tional to DOP [129, 130]. In silicate slags, the presence of network-former and

network-modifier elements determines the DOP of the silicate structure. SiO2 is

among the network-former oxides, while alkali and alkali-earth oxides, such as

Na2O and CaO (basic oxides), contribute to depolymerization of the silicate net-

work as network-modifying components. Amphoteric oxides, such as Al2O3, can

act as either network-former or network-modifier oxide based on the availability

of basic oxides in the silicate network [131].

Other important parameters are oxygen species, namely bridging oxygen (O0),

non-bridging oxygen (O−), and free oxygen (O2−). In silicate networks, O0 is

connected to two network-former cations (Si-O0-Si or Si-O0-Al), O− is bounded

to only one network-former cations (Ca-O−-Si), while O2− is connected to only

network-modifier cations (Ca-O2−-Ca). By increasing O2− through dissociation of

basic oxides, the DOP of silicate networks decrease because O2− reacts with O0

in the silicates to split the highly complex structures of Si-O into low polymer-

ized units. There are various types of Si-O units called Qn species where n is the

number of O0 in the unit and can be 0 to 4. These units are monomer struc-

ture (Q0), dimer structure (Q1), chain structure (Q2), sheet structure (Q3), and

3-dimensional structure (Q4) [132]. The DOP parameter can be found both exper-

imentally and theoretically through Qn species obtained by Raman analysis and

slag compositions, respectively. Oxygens species are also given experimentally us-

ing X-ray photoelectron spectroscopy and theoretically using slag compositions

[133].
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Slag viscosity

The viscosity of slag contributes to the metal-slag separation efficiency and

tapping process, and is thus closely related to operation efficiency and minimiz-

ing the energy usage [134]. Slag viscosity depends on temperature and slag com-

position as the viscosity decreases with increasing temperature and basic oxide

contents.

Viscosity measurements for the slag system with MnO-CaO-MgO-SiO2-Al2O3

have been carried out for various industrial applications [135–138]. In general,

the results of these studies have revealed the effect of both temperature and MnO

content. These findings suggest that slag viscosity decreases by increasing temper-

ature and reduces by increasing the MnO content. The latter can be understood

by considering the fact that MnO is a basic oxide and acts as a network breaker

in the silicate network.

Slag density

There is a lack of density data on slags in Mn-ferroalloy production, but some

insight may be gained by considering slags in steel production. Particularly, so-

called mould slags in steel production consist of similar components as slags in

Mn-ferroalloy production, MnO, CaO, MgO, SiO2, Al2O3, while the main difference

is the content of these components in both types of slags [139].

In general, slag density can be determined by (a) numerical calculations based

on previously established models [70] and (b) experimental methods, such as

the sessile drop technique [59], the Archimedes principle [140] or electrostatic

levitation method [141].

Results of the experimentally measured density by Lee at al. [142] and the

calculated density by the model from Mills et al. [70] for MnO-CaO-SiO2-MgO-

Al2O3 and MnO-CaO-SiO2 slags have shown that the density estimated using the

model shows fairly close values to those determined by Lee et al., and in addi-

tion, the calculated densities show the expected increase when MnO content is

increased, which may indicate that the model of Mills et al. can be applied for

slags in ferroalloy production with high reproducibility.
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Surface and interfacial tension

Surface and interfacial tensions govern important phenomena such as wet-

ting, foaming, refractory infiltration and slag-metal separation [143–145]. Inter-

facial behaviour depends upon the content of chemical elements and components

interacting at the slag-metal interface, and thus interfacial tension changes as a

function of slag composition. As with other properties of slags in ferroalloy pro-

duction, there are few published data on surface tension of multicomponent slags

and interfacial tension between slag and ferroalloys. However, studies on slags in

steel production have shown that surface tension of most multicomponent slags

lies in the range from 0.30 to 0.70 N/m [56, 57, 60]. Bublik et al. [67] have

found that surface tension of slags corresponding to FeMn and SiMn production

is 0.65 and 0.50 N/m, respectively. Mills et al. [70] have reported that surface

tension of multicomponent slags can be calculated assuming that surface tension

is temperature-dependent and that all slag components modify surface tension

depending on their content in the bulk or at the surface.
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Summary of paper VII

SlagCalculator: A Framework for Slag and Metallurgical Properties

Sergey Bublik, Sylvain Gouttebroze, Terence Coudert, Merete Tangstad, Kris-

tian Etienne Einarsrud, Proceedings of the 16th International Ferro-Alloys Congress

(INFACON XVI) 2021, Trondheim, Norway, 2021.

Author contributions

The first author (Sergey Bublik) planned the code structure and developed the

framework using Python, planned the interface of the publicly available version,

wrote the paper (except the "Overview of digital solutions"), and submitted it to

INFACON XVI.

Context to the work and objective

Metallurgical processes are complex, therefore their modelling is important

for advanced process control and optimization. There are many models which de-

scribe slag properties and processes, but these models are not gathered in one

place, and thus it is of great importance to have a framework that integrates all

available models to obtain and manipulate data in a more convenient and access-

ible way. Many properties can be extracted from commercial codes as for example

FactSage [78] or HSC Chemistry [146], but often it is required to have access to

tools that are more user-friendly. A web-based application for calculating elec-

trolyte properties [147], ElProp, has shown that it is completely possible to use

advanced frameworks to create easily accessible interactive dashboards.

The main goal of Paper VII was to develop a web-based application for calcula-

tion and search of slag properties. The publicly available version of the application

is based on models and data published in previous studies on multicomponent slag

systems. In addition, the architecture of the application was designed taking into

consideration interoperability and data security. The stored data and results gen-

erated by the models share a common representation that enables data exchange,

comparison, and visualization. Moreover, access to data sets and models is re-

stricted by user authorization to be relevant for the process industry. To further
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Figure 10.24: Schematic of slag properties in the solid and the liquid state. Re-
printed from Bublik et al. [153].

increase the modularity, the web-based application relies on micro-services called

via a standardized application programming interface (REST API), which allows

to facilitate the addition of new models or dashboard presentation in the future.

Overview of models used for calculation of slag properties

A schematic describing physical properties of slags for solid and liquid state

calculated in the application is shown in Figure 10.24. All applied models are

described in detail in previous studies:

• density, heat capacity, surface tension - Mills et al., 2016 [70].

• viscosity - Riboud et al., 1981 [148]; Urbain, 1987 [149]; Iida et al., 2000

[150].

• thermal conductivity - Mills et al., 2011 [71].

• electrical conductivity - Zhang and Chou, 2010 [151]; Zhang et al. 2011

[152].

Density, heat capacity and enthalpy are calculated both for the solid and the

liquid state, depending on slag composition and temperature range provided by

the user, while surface tension, viscosity, thermal and electrical conductivity are

calculated only for the liquid state.
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Density

The density (in kg/m3) is expressed from partial molar volumes of each com-

ponent in the slag:

ρT,sol =
M

VT,sol
, (10.14)

ρT,l iq =
M

VT,l iq
, (10.15)

where ρT,sol is density of the slag in the solid state, ρT,l iq is density of the slag

in the liquid state, M is molecular weight of the slag, VT,sol and VT,l iq is partial

molar volume of the slag at the specified temperature for the solid and liquid

state, respectively.

Heat capacity and enthalpy

The calculation for the heat capacity (in J/(mol · K) or J/(kg · K)) and the

enthalpy (in J/mol or J/kg) is based on molar heat capacity and molecular weight

of the slag:

Cp,sol =
Cm,sol · 1000

M
, (10.16)

Cp,l iq =
Cm,l iq · 1000

M
, (10.17)

∆Hp,sol =
∆Hm,sol · 1000

M
, (10.18)

∆Hp,l iq = HT,l iq − H298 = (∆Hm,sol)Tm
+∆H f us + Cp,l iq(Tl iq − Tm), (10.19)

where Cp,sol is specific heat capacity in the solid state, Cp,l iq is specific heat capacity

in the liquid state, Cm,sol is molar heat capacity in the solid state, Cm,l iq is molar

heat capacity in the liquid state,∆Hp,sol is molar enthalpy in the solid state, HT,l iq

is the enthalpy at the specified temperature for the liquid state,∆(Hm,sol)Tm
is the

enthalpy at the liquidus temperature (Tm) for the solid state, ∆H f us is enthalpy

of fusion, ∆Hp,l iq is specific enthalpy in the liquid state.

Surface tension

The surface tension (in mN/m) of the slag in the liquid state is calculated

considering the individual contribution of surfactants and bulk components to the
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surface tension, as well as the temperature dependence of the surface tension:

γT,l iq = γ1773 +
dγ
dT
(Tl iq − 1773), (10.20)

γ1773 = γbulk,1773 + γsur f ,1773, (10.21)

where γT,l iq is the surface tension at the specified temperature for the liquid state,

γbulk,1773 is the surface tension of bulk components at 1773 K, γsur f ,1773 is the

surface tension of surfactants (B2O3, K2O, Na2O, CaF2) at 1773 K [70], γ1773 is

the surface tension at 1773 K, dγ
dT is the temperature dependence of the surface

tension.

Viscosity

The viscosity of the slag in the liquid state is calculated from Riboud, Urbain

and Iida models:

• Riboud model:

η= A · Tl iq · exp(
B

Tl iq
), (10.22)

where η is the viscosity, A and B are experimental parameters.

• Urbain model:

η= A · Tl iq · exp(
103 · B

Tl iq
), (10.23)

• Iida model:

η= A ·η0 · exp(
E
Bi
), (10.24)

where A is the pre-exponential term, Bi is the basicity index, E is the activ-

ation energy, η0 is the sum of hypothetical viscosity for each component in

the slag.

Thermal conductivity

The thermal conductivity (in W/(m · K)) can be calculated from three meth-

ods, where it can be expressed from the viscosity and/or structural parameters of

the slag:
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• relation with viscosity:

k = exp(−2.178+ 0.282 · ln(η)), (10.25)

where k is the thermal conductivity of the slag, η is the viscosity calculated

from Riboud, Urbain or Iida models.

• relation to structure and viscosity:

k = exp(−1.8755− 0.0893 ln(η) + 0.0352 ln (η)2), (10.26)

η= 0.165 exp(
Q

0.817
), (10.27)

Q = 4− NBO/T, (10.28)

where Q and NBO/T are measures of slag polymerization and depolymer-

ization [70], respectively.

• relation to structure:

k = exp(−1.914+ 0.00037 · exp(
Q

0.402
)). (10.29)

Electrical conductivity

The electrical conductivity (in Ω−1 · m−1) is calculated from the viscosity or

the structure-viscosity relation if the slag contains alkali metal oxides.

• relation with viscosity:

κ= exp(
−0.08− ln(η)

1.18
), (10.30)

where κ is the electrical conductivity of the slag, η is the viscosity calculated

from Riboud, Urbain or Iida models.

• relation with structure and viscosity for alkali-containing slags:

κ= exp(0.15+ 3.87 · r −
ln(η)

1.1+ 1.77 · r
), (10.31)
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r =
2
∑

XM+
∑

(2XM+ + XM2+ + 0.667XM3+ + 0.5XM4+)
. (10.32)
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Final conclusions and further

work
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Chapter 11

Conclusions

The research work in this PhD thesis was aimed at studying the interfacial inter-

action and phenomena in ferroalloy-slag systems and evaluating the surface and

interfacial tension relevant to these systems. The proposed thesis is of relevance

for the ferroalloy industry because the separation of slag and metal is strongly in-

fluenced by interfacial phenomena and represents an important problem for the

efficiency and sustainability of the ferroalloy production process. It is expected

that the results can be practically used in the ferroalloy industry to improve slag-

metal separation and will find application in CFD studies of the molten fluid flow

in submerged arc furnaces and tapping.

The main key points and conclusions arising from this thesis are summarized

below:

1. A novel methodology for assessing the interfacial tension between metal

and slag has been developed by combining experiments in the sessile drop

furnace and multiphase modelling in OpenFOAM.

2. The developed inverse modelling methodology has several advantages over

the sessile drop and X-ray techniques because it completely avoids the need

to use X-rays and complex experimental setups. In addition, multiphase sim-

ulations in OpenFOAM and further data analysis can be fully automated.

However, the presence of solid particles at the surface and chemical reac-
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tions can affect results both from the inverse modelling methodology and

the sessile drop technique, which may require special consideration for in-

terpretation of experimental results.

3. The surface tension of ferroalloys and slags used in the proposed meth-

odology can be found either experimentally or numerically. The values of

surface tension determined in this study by experiments in the sessile drop

furnace were 1.50 N/m for FeMn alloy, 1.20 N/m for SiMn alloy, 0.65 N/m

for FeMn slag and 0.50 N/m for SiMn slag. In addition, the surface tension

of slags of different composition have been assessed by applying the numer-

ical models proposed by Mills et al. [70, 71]. The surface tension of the slags

obtained from calculations varied from 0.45 to 0.53 N/m depending on the

slag composition.

4. There is a maximum of the extent to which sulfur can change the interfacial

tension and the apparent contact angle between ferroalloy and slag. The

largest change in the apparent contact angle between SiMn and slag of -

6.7° (from 37.8 to 31.1°) is noted when the sulfur content in SiMn increases

from 0.02 to 0.25 wt. %. The interfacial tension between FeMn and slag

changes in a similar way – the largest change of -0.30 N/m (from 1.26 to

0.96 N/m) is observed when the sulfur content in FeMn increases from 0.03

to 0.31 wt. %. For all sulfur additions to ferroalloys, it is observed that sulfur

distributes mainly to the slag after reaching equilibrium and the amount of

sulfur remaining in the metal phase is less than 15 %.

5. It has been found that the effect of temperature on the interfacial tension

and the apparent contact angle is more noticeable in ferroalloy-slag systems

with the sulfur addition, which can be explained by a higher mass transfer

rate and a larger interfacial area in such systems.

6. The interfacial tension between FeMn alloy and slag increases when the

slag basicity changes from 0.4 to 1.2. It was also found that the addition

of Al2O3 to the slag with basicity of 0.8 and 1.2 increases the interfacial

tension, while increasing MnO content from 30.0 to 45.0 wt. % does not
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have any statistically significant influence on the interfacial tension.

7. EPMA analysis has revealed an important phenomenon which contributes

to the understanding of interfacial tension drop at low slag basicity. SiO2

in the slag is reduced by the saturated carbon from the FeMn alloy at the

interface and afterwards Si distributes to the metal phase. The mass transfer

of Si across the interface creates the interface instability due to the growing

interfacial area between slag and FeMn, leading to the formation of small

metals droplets in slag and a metal-slag emulsion.

8. The above-mentioned interfacial phenomena related to the mass transfer

of species or elements across the interface is crucial for the separation of

metal and slag as it causes a change in the interfacial energy at the metal-

slag interface and thus to additional metal losses with slag.

Table 11.1 shows the main results of the publications and how each publica-

tion answers the research questions.
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Chapter 12

Topics for future research

The proposed methodology allows to determine the interfacial tension between

metal and slag and investigate interfacial phenomena in these systems. However,

the methodology can be further refined to improve the reproducibility of results,

as well as for its application to metal-slag systems outside of ferroalloy production.

Given below are some suggestions for improving this methodology:

1. Solid carbon particles observed around the surface of the ferroalloys and

the slags, therefore, the improvement of the materials preparation method-

ology might be necessary to reduce the influence of surface roughness on

experimental results. A possible solution to this problem could be the use

of crucibles made of materials other than graphite or the use of more pure

reagents for material preparation.

2. A study of substrates and cups used in the sessile drop furnace made of

different materials can also expand the range of systems in which interfa-

cial tension or surface tension can be determined, as this will allow more

flexibility in controlling wettability in a desired system.

3. Further experiments, using a broader range of MnO content in the slag,

could provide more data on the effect of MnO influence on the interfacial

tension between slag and metal, which might be crucial for the ferroalloy

industry.
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4. Study the effect of oxygen on the surface tension of ferroalloys.

5. The modelling framework for multiphase simulations in OpenFOAM can be

further extended from 2D to 3D geometry, which will improve the sens-

itivity of simulation results and provide more comprehensive sight on the

interfacial interaction between metal and slag.

6. The proposed values of the interfacial and surface tension can be directly

applied in CFD modelling of tapping into ladles to improve the slag-metal

separation.

7. Further development of the inverse modelling methodology to determine

the interfacial tension between metal and slag droplets, which will also al-

low obtaining interfacial tension in SiMn-slag systems.
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Abstract 
FeMn-alloys are produced by transforming ore and carbon materials into FeMn and slag at high 
temperatures in a furnace. Entrainment of FeMn in slag during tapping reduces the yield. 
Entrainment and subsequent separation are strongly influenced by slag-metal interfacial properties. 
In the current work, interfacial properties, including the contact angle, in the FeMn-slag graphite 
system have been investigated using the sessile drop technique at temperatures above 1573 K. Two 
experimental configurations are proposed: (a) slag and metal placed beside each other on graphite; 
and (b) slag placed on top of the metal layer. The average interfacial tension between slag and 
metal over the temperature interval was found to be 1.08±0.10 N/m for slag-to-metal weight ratio 
0.19, and 1.30±0.32 N/m for slag-to-metal weight ratio 0.28. In addition, wetting properties are 
considerably influenced by the variation of slag-metal weight ratio in the range from 0.25 to 1.50 
and only marginally by temperature. 
 

I. INTRODUCTION 
At the present time, the production of ferromanganese and other types of ferroalloys is 

consistently growing, which is partly caused by the increased demand for steel and these alloys[1,2]. 
High carbon FeMn production (78 per cent Mn, 15 per cent Fe, 7 per cent C) reached the level of 
4.2 million t in 2017[3]. FeMn and most of the ferroalloys (SiMn, FeSi, FeCr) are produced in 
submerged arc furnaces (SAF) during high-temperature reduction of the oxide raw materials by 
carbon (coke, anthracite, charcoal). In addition to the ferroalloy, a significant amount of slag is 
generated[4]. The slag-to-metal ratio depends upon the quality of raw materials and operational 
conditions: for FeMn production, the slag-to-metal ratio varies from 0.60 to 1.22[5].  There are 
several methods for tapping of products from the SAF, such as combined metal and slag tapping, 
dedicated metal-slag tapping and slag-only tapping[6]. In the ferroalloy production industry, the 
combined method is typically used, where both slag and metal are tapped periodically every 2-3 
hours. The taphole can be changed in order to prevent operational difficulties and to stabilize the 
molten bath level[7]. As a consequence, slag and metal must be separated after tapping to obtain 
the required quality of FeMn. Typically, this is performed in a cascade of ladles, where the 
separation takes place due to the density difference between products, and liquid slag overflows to 
the following ladles. The slag overflow, nevertheless, entrains unseparated FeMn droplets, 
resulting in metal losses and thereby decreasing the process efficiency. The entrainment of the 
molten FeMn droplets by the slag phase is greatly affected by interfacial phenomena, which are 
mainly determined by the interfacial tension[8–11].  

The measurement of the interfacial tension between two molten phases is extremely 
challenging due to the high temperature and the complexity of phase composition. Specifically, 



the presence of dissolved surface active elements (oxygen, sulphur) at the interface between slag 
and metal could considerably modify the interfacial tension[12,13].  Moreover, available methods 
for the determination the interfacial tension are complicated and do not allow to investigate 
interfacial phenomena with stable and reproducible results.  

In the present work, the interfacial properties between high carbon FeMn and FeMn slag 
(MnO-CaO-MgO-SiO2-Al2O3) have been studied using the sessile drop technique. Two different 
experimental methods are presented and discussed, aiming to determine their applicability to the 
current system. 

 

II. EXPERIMENTAL PROCEDURE 
A. Materials preparation 

FeMn slag and HC FeMn compositions and densities were selected corresponding to that 
of industrial products, which are presented in Table I. Both FeMn and slag were made from pure 
powder materials. The purity of powders and the weight of powders are shown in Table II.  

The powders were mixed and melted in a graphite crucible in a graphite tube furnace in 
argon at 1773 K. The obtained product after melting and solidification was then removed from the 
crucible and crushed.  

It is noteworthy to mention that carbon materials were not added during the mixing of 
powders for HC FeMn due to the carbon available from the graphite crucible.  
Table I. Chemical composition of the industrial FeMn and FeMn slag. 

Material 
Chemical composition, wt. %[14] Density, 

kg/m3[15] Mn Fe C MnO CaO MgO SiO2 Al2O3 

HC FeMn 78.0 15.0 7.0 - - - - - 5612 

FeMn slag - - - 38.0 23.0 6.0 23.0 10.0 3300 

Table II. The purity and the weight of powders for the mixing. 

Material 
Purity, % 

Mn Fe MnO CaO MgO SiO2 Al2O3 

Powder 99.99 98.00 99.00 98.00 98.00 99.99 
95.00  
(5 % 
SiO2) 

Synthetic 
material 

Weight of mixed powders, g 
Mn Fe C MnO CaO MgO SiO2 Al2O3 Total 

HC FeMn 41.94 8.23 - - - - - - 50.17 
FeMn slag - - - 19.19 11.73 3.06 11.24 5.26 50.48 

B. Experimental Setup 
In order to study the interfacial properties between synthetic FeMn slag and HC FeMn, the 

sessile drop technique was applied. The experimental equipment is illustrated schematically in Fig. 
1.  

Two experimental methods were made:  



Method A – slag (15-125 mg) and FeMn (60-120 mg) placed beside each other on a graphite 
substrate (d = 1 cm);  

Method B – slag (~60-90 mg) placed on the top of the FeMn layer (~300 mg), which is in 
contact with a graphite substrate (d = 1 cm).   

Slag and FeMn pieces, as shown in Fig. 2, were located on a graphite substrate (ISO-88), 
which was cleaned by compressed air. Subsequently, the chamber of the sessile drop furnace was 
closed, evacuated, rapidly heated in argon atmosphere up to 1423 K in 3.75 minutes (300 K/min) 
and then heated up to 1623 K in 10 minutes (20 K/min). After reaching 1623 K, the furnace was 
turned off and samples cooled down. Thereafter the samples were cast in epoxy, sectioned in the 
centre and prepared for the electron microprobe analysis (EPMA) by wavelength-dispersive 
spectroscopy. The composition of slag and FeMn before and after the sessile drop test were 
measured in several points and then average composition of each phase was calculated. The 
experimental matrix for both methods is represented in Table III. 

The chamber of the furnace was equipped with windows in order to allow a digital video 
camera (Sony XCD-SX910CR, Sony Corporation, Millersville, MD) with a telecentric lens 
(Navitar 1-50993D) to record images from the molten samples with the resolution of 1280x1024 
pixels at one frame per second. This means three frames per degree of temperature increase from 
1423 K and above.  

The contact angles between different phases in method A were measured directly from the 
image using the image processing software (ImageJ[16]). Values for surface- and interfacial tension 
were not obtained for method A due to challenges in fitting regular shapes to the interfaces in 
question.  

For method B, the interfacial and the surface tension were estimated from the contour of 
droplets during experiments in the sessile drop furnace using the axisymmetric drop shape analysis 
(ADSA)[17], which is based on the balance between surface, interfacial tension and external forces.  

The figures after analysing the raw data were produced using a data visualization toolbox 
for MATLAB (Gramm[18]). The confidence bands for fitted lines are given by: 

 C b t S= ±  [1] 
where b  are the coefficients produced by the fit, t  is the value, which depends on the confidence 
level and is computed using the inverse of Student's t  cumulative distribution function, S  is a 
vector of the diagonal elements from the estimated covariance matrix of the coefficient estimates. 

 
Fig. 1 – Schematic illustration of the sessile drop technique[19]. 



 
Fig. 2 – Raw materials before experiments: A, slag and metal side by side on a graphite disk; B, 
slag on the metal layer in a graphite cup. 

Table III. The experimental matrix. 

Experiment 
Slag-to-metal weight ratio (S/M) 

Average Min Max 
Method A 

A1-A3 0.25 0.22 0.27 
A4-A6 0.49 0.46 0.52 
A7-A9 0.73 0.71 0.74 

A10-A12 0.97 0.92 1.00 
A13-A15 1.26 1.21 1.29 
A16-A18 1.54 1.52 1.56 

Method B 
B1-B3 0.19 0.18 0.20 
B4-B6 0.28 0.26 0.29 

III. RESULTS AND DISCUSSION 
The changes in the droplets shape during melting are presented for both methods in Fig. 3 

and Fig. 4, respectively, together with a schematic view of relevant contact angles. The contact 
angles were defined geometrically as described below: 

- slag-graphite (θs-gr) is the angle formed by the tangent to the slag-graphite interface; 
- metal-graphite (θm-gr) is the angle formed by the tangent to the metal-graphite interface; 
- slag-metal (θs-m) is the angle formed by two tangent lines from the contact point of slag 

and metal.  



 
Fig. 3 – Experiment A9, S/M = 0.73, melting of the slag (left) and FeMn (right): (a) samples before 
melting, T = 1473 K; (b) T = 1573 K; (c) T = 1598 K; (d) T = 1623 K. Relevant contact angles are 
indicated in frame (d).  

 
Fig. 4 – Experiment B4, S/M = 0.28, melting of slag placed on the FeMn layer: (a) slag before 
melting, T = 1473 K; (b) T = 1573 K; (c) T = 1598 K; (d) T = 1623 K. The relevant contact angle 
is indicated in frame (d). 

A. Wetting according to the method A 
Melting points of FeMn and slag were found to be 1533 K and 1563 K, respectively. In 

order to represent conditions relevant to the tapping process, contact angles were determined 
between 1583 and 1623 K. The rate of reduction increases at higher temperatures, thereby 
contributing to uncertainties. 

Fig. 5(a) shows that the measured contact angle varies, depending on the interface and the 
slag-to-metal ratio in the range from 0.25 to 1.50. Values of the contact angle between metal-
graphite and slag-graphite are more randomly distributed, resulting in low adjusted R-squared 
values (0.05 and 0.13, respectively). In contrast, values of the contact angle between slag-metal 
have higher adjusted R-squared value (0.60), indicating a larger dependence within the limits of 
the plotted linear model. 

The apparent contact angle at the metal-graphite interface changes considerably with the 
slag-to-metal ratio due to the gravity effect, which become more substantial with increasing the 
volume of the slag droplet, while the volume of the FeMn droplet is fixed.  

Below a certain value of the drop volume, the dominant forces are capillary terms and any 
gravity effects in the system can be ignored. However, with increasing droplet volumes, the gravity 
influence becomes more pronounced, which contributes to a stronger effect of gravity[20] and a 
change in the apparent interfacial (or surface) tension, which is determined by[21]: 

 2 Va
l g

σ
ρ

= =
∆

 [2] 

where a  is the capillary constant, V  is the volume of raised liquid, l  is the length of the capillary 
perimeter, σ  is the interfacial or surface tension of the liquid, ρ∆  is the density difference 
between two phases, g  is gravitational acceleration. 



 
Fig. 5 – Experiments A1-A18: Measured contact angles and linear regression with 95 % 
confidence bands (lines and shaded areas): (a) at different slag-to-metal ratio at 1583 K, (b) at 
different temperature at S/M from 0.71 to 0.74. 

The results of the contact angle at different temperatures and at fixed slag-to-metal ratio 
(close to 0.75) demonstrate that the effect of temperature in the range from 1583 to 1623 K is 
negligible (Fig. 5(b)). Values of the contact angle for different interfaces are: 

- slag-graphite: 144.4–146.4°; 
- metal-graphite: 105.8–106.5°; 
- slag-metal: 55.8–60.0°. 

 
B. Interfacial behaviour according to the method B 

The apparent interfacial tension between slag and metal at the slag metal ratio from 0.18 to 
0.29 is demonstrated in Fig. 6(a). The value of the interfacial tension, calculated based on the 
ADSA approach, is 1.03–1.18 N/m when the slag-to-metal ratio is in the range from 0.18 to 0.21, 
while increasing the slag-to-metal ratio to 0.26–0.29 leads to the higher values of the interfacial 
tension (1.20–1.56 N/m).    

In case of higher values of the slag-to-metal ratio, the apparent interfacial tension has higher 
values due to the gravity effect, which becomes more pronounced with increasing the slag volume 
when the volume of the FeMn layer is fixed. According to the Eq. [2], higher volume results in 
higher values of the interfacial tension. Calvimontes[22] has shown that the interfacial properties 
can be greatly modified by the gravitational force, resulting in increased apparent wetting and 
considerably lower measured contact angles. As indicated in Fig. 6(b), the slag-Ar surface tension 
does not show a (statistically) significant influence from the slag-to-metal ratio, which is as 
expected as the curvature of the upper surface of the droplet is relatively straight forward to fit to 
an oblate. The mean value of the slag surface tension is found to be 1.14 N/m.  

As presented in Fig. 7, both the interfacial and surface tension tend to slightly decrease as 
the temperature rises in the experimental range. Several studies[23–26] have shown a similar 
temperature dependence. 



 
Fig. 6 – Experiments B1-B6: the interfacial tension between slag and metal (a) and the surface 
tension of slag in Ar (b) at different slag-to-metal ratio at 1583 K and linear regression with the 95 
% confidence band (lines and the shaded areas). 

 
Fig. 7 – Experiments B1-B6: the interfacial tension between slag and metal (a) and the surface 
tension of slag in Ar (b) as a function of temperature and linear regression with the 95 % confidence 
bands (lines and shaded areas). 

The apparent contact angle between slag and metal was found to be in the range of 43.3-
64.6° for method B, determined by image analysis, in good correspondence with that found with 
method A. 

 
C. EPMA of the raw materials and samples after the experiments 

The EPMA images with 200 times magnification both for FeMn slag and FeMn after 
melting in the graphite crucible are presented in Fig. 8. The initial average chemical compositions 
of slag and FeMn are summarized in Table IV. Comparing to the Table I, we can see that the raw 
materials are close in composition to the industrial FeMn slag and FeMn. According to the Kim et 
al. (2003)[27], the carbon solubility in Mn-Fe melts (15 % Fe) at 1773 K is 7.5 %. The graphite 
crucible introduced expected amounts of carbon into the FeMn.  

The results from the point analysis by EPMA (Table V) demonstrates that the slag contains 
two phases: the matrix and dendrites (MnO and MgO). Fig. 8(b) shows that FeMn consists of four 
different phases, the composition of which is demonstrated in Table VI.  

Fig. 9(a) shows the slag phase of the sample after experiment in the sessile drop furnace 
using method B. The point analysis by EPMA (Table VII) illustrates that the slag matrix has the 
similar composition to the slag prior the experiment, while dendrites contain slightly higher MgO 
content (mean value of 12.5 %) and lower MnO content (mean value of 84.5 %). 



  
Fig. 8 – EPMA image of FeMn slag (a) and FeMn (b) before the experiments. 

Table IV. The average chemical composition of materials before the experiments in the 
sessile drop furnace. 

Material 
Average chemical composition, wt. % 

Mn Fe C MnO CaO MgO SiO2 Al2O3 FeO Total 
FeMn 80.4 14.9 6.7 - - - - - - 102.0 

FeMn slag - - - 35.2 22.7 5.6 23.0 10.5 0.1 97.1 

Table V. Chemical composition of slag phases, measured at different points. 

Phase Average chemical composition, wt. % 
MnO CaO MgO SiO2 Al2O3 FeO Total 

Dendrites 87.1 1.5 8.8 0.0 0.4 0.2 97.9 
Matrix 27.0 26.7 5.3 22.7 12.7 0.0 94.4 

Table VI. Chemical composition of FeMn phases, measured at different points. 

No. Average chemical composition, wt. % 
Mn Fe C Total 

1 75.5 28.0 2.8 106.3 
2 79.0 18.4 5.6 103.1 
3 80.0 15.0 6.3 101.3 
4 79.6 14.4 6.4 100.5 

However, it has been observed that the metal phase of the sample after experiment B6 (Fig. 
9(b)) consist of only two phases, the chemical analysis of which is presented in Table VIII, 
compared to the FeMn sample before the experiment, which has four phases. This was found for 
all samples considered. 

The interface between slag and FeMn is shown in Fig. 9(c). As demonstrated, the slag 
penetrates the metal, resulting in a significant amount of slag inclusions near the interface. The 
point analysis of the inclusions, obtained from samples after experiments B1-B5, is presented in 
Table IX. 



 
Fig. 9 – EPMA images of the sample after experiment B6: (a) slag phase, (b) metal phase, (c) the 
interface between slag and metal phase. 

Table VII. Chemical composition of the slag phase of the sample after experiment B6. 

No. Average chemical composition, wt. % 
MnO CaO MgO SiO2 Al2O3 FeO Total 

Dendrites 84.5 1.4 12.5 0.0 0.4 0.2 98.9 
Matrix 28.8 26.0 5.2 24.3 11.2 0.1 95.5 

Table VIII. Chemical composition of the metal phase of the sample after experiment B6. 

No. Average chemical composition, wt. % 
Mn Fe C Total 

1 78.3 19.0 5.6 102.8 
2 78.8 17.2 6.2 102.2 

Table IX. Chemical composition of the slag inclusions in the metal phase. 

Average chemical composition, wt. % 
MnO CaO MgO SiO2 Al2O3 FeO Total 
27.0 26.8 4.6 27.5 11.1 0.2 97.2 

 
IV. CONCLUSIONS 

Two methods for the measurement of the interfacial properties between FeMn and FeMn 
slag were studied in the sessile drop furnace at temperature from 1583 to 1623 K under Ar 
atmosphere. Both methods are suitable for the investigation of interfacial properties, however, 
method B allows for easier determination of the droplet shape, thereby enabling estimates of 
interfacial and surface tensions. The average interfacial tension between slag and metal over the 
temperature interval was found to be 1.08±0.10 N/m for S/M 0.19, and 1.30±0.32 N/m for S/M 
0.28, whereas the surface tension of slag in Ar is 1.13±0.52 N/m for S/M 0.19, and 1.10±0.30 N/m 
for S/M 0.28. Both interfacial and surface tension was found to decrease slightly with increasing 
temperature. Moreover, it has been observed that both methods are sensitive to the slag-to-metal 
ratio, which modifies the gravity effect and therefore the force balance in the system. Future work 
aims to improve the processing procedure so that the true tensions can be determined from the 
apparent values presented here as well as taking actions to reduce the uncertainty in measurements.  
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ABSTRACT
The entrainment of molten ferroalloy droplets in slag during tapping
operations is strongly related to turbulence and interfacial forces
between alloy and slag. Therefore, interfacial phenomena are of
great importance for the ferroalloys industry and a better under-
standing of entrainment mechanisms can reduce ferroalloy losses
with slag flow. The interfacial tension plays an important role in the
interaction between ferroalloy and slag due to the ability to modify
droplets shape and the flow regime. However, the measurement of
interfacial tension between two molten phases is challenging due
to high temperatures and complex composition. In particular, sur-
face active elements significantly influence the interfacial tension.
Available methods for determining the interfacial tension are of-
ten based on using complex equipment (e.g. a furnace equipped
with an X-ray camera) and tend to have significant uncertainty
in measurements. In this study, a methodology for inverse mod-
elling of interfacial tension between ferroalloys and slag was devel-
oped and investigated by combining experimental measurements,
reduced order modelling and simulations in OpenFOAM. The pro-
posed method relies upon experimental determination of the shape
of single droplets, from which surface tension can be determined
using numerical procedures such as elliptic fitting and the low-bond
axisymmetric drop shape technique. Given relevant material prop-
erties for single phases, parameters governing the interactions be-
tween the phases, e.g. interfacial tension, can be determined by
comparing parametric simulations to experiments in which inter-
actions are present. Simulations are realized using multiphaseIn-
terFoam for a slag droplet at rest on molten metal in an inert at-
mosphere. The current work describes the modelling strategy and
demonstrates its applicability to recent experiments for the FeMn-
slag system. The uncertainty and sensibility of the method are as-
sessed by comparing different available simulation settings, resolu-
tion and the uncertainty in the experimental data.

Keywords: Inverse modelling, interfacial phenomena, interfacial
tension, slag metal separation.

NOMENCLATURE

Greek Symbols
α Phase fraction within the range 0 < α < 1.
γ Surface or interfacial tension, [N/m].
θ Contact angle, [°].
µ Dynamic viscosity, [Pa · s].
ν Kinematic viscosity, [m2/s].

ρ Density, [kg/m3].
∆ρ Density difference between two phases,

[kg/m3].

Latin Symbols
a Length of the semi-major axis of an ellipse,

[m].
b Length of the semi-minor axis of an ellipse,

[m].
c Capillary constant, [m−2].
g Gravitational acceleration, 9,81, [m/s2].
h Height, [m].
m Weight, [kg].
P Pressure, [Pa].
∆P Pressure difference across the interface, [Pa].
∆P0 Pressure difference at a reference plane, [Pa].
R0 Radius of curvature at the droplet apex, [m].
R1,R2 Principal radii of curvature, [m].
U Fluid velocity, [m/s].
Ur Compression velocity, [m/s].
V Volume, [m3].
x Position vector, [m].

Sub/superscripts
n Phase.
exp Corresponding to experiments.
sim Corresponding to simulations.
vis Visible.
non− vis Non-visible.
slag Corresponding to slag.
FeMn Corresponding to FeMn.
Ar Corresponding to argon atmosphere.
slag−Ar Interface between slag and Ar.
FeMn−Ar Interface between FeMn and Ar.
FeMn− slag Interface between FeMn and slag.

INTRODUCTION

Ferroalloys are widely used to improve various properties of
steels and alloys, for example, hardness, ductility and cor-
rosion resistance (Holappa, 2013). Ferroalloys are produced
mainly by carbothermic reduction in submerged arc furnaces
(SAFs), where raw materials are heated up by applying the
electric current to electrodes. Raw materials in the produc-
tion of ferroalloys are complex in chemical composition and
therefore all other elements, which do not end up in the alloy
phase, need to be separated from the alloy and removed as the
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slag. The removal of molten material (a mixture of slag and
alloy) is carried out through an operation which is called tap-
ping. During this operation, the SAF is opened by a drilling
machine and thereafter the molten material comes out from
the furnace into a cascade of ladles (Tangstad, 2013). The
first ladle in the cascade is used for separation of slag and al-
loy due to the density differences, and storing the alloy, while
the following ladles are used only for the slag (Fig. 1). The
molten flow typically disintegrates after the impact with ei-
ther the surface of the alloy ladle or the molten material due
to turbulence and interfacial forces between alloy and slag
(Lee, 2016). It results in the formation and entrainment of
small alloy droplets in slag phase, which then overflows to
slag ladles, contributing to the alloy losses. For this reason,
the interfacial phenomena are vital for the ferroalloys indus-
try and a better understanding of entrainment mechanisms
can reduce ferroalloy losses with slag flow.

Figure 1: Tapping of the SAF.

The interfacial tension characterizes the interaction between
slag and metal and the stability of the interface between slag
and alloy (Ooi et al., 1974). High interfacial tension results
in better separation, while its lower values promote the for-
mation of slag-metal emulsion. Furthermore, surface active
elements, which can significantly reduce the interfacial ten-
sion, are typically present in molten systems (Li et al., 2003).
In ferroalloys production, the surface active elements are rep-
resented by sulphur and oxygen. The thermodynamic equi-
librium between alloy and slag is described by the reaction
(Saridikmen et al., 2007):

(1)[S] + (O2−)⇔ (S2−) + [O],

where [S], [O] are sulphur and oxygen in alloy, (S2−),(O2−)
are sulphur and oxygen in slag.
In addition, the interfacial tension can affect the terminal
(settling) velocity of alloy droplets in slag phase. Droplets
can have various regimes (Clift et al., 1978), which are based
on physical properties such as density, interfacial tension
and viscosity. Hence, depending on the regime, the surface
area of a droplet can be significantly different from its ini-
tial shape, meaning that the drag force which acts in the flow
direction will also be affected by the regime.
Experimentally, surface and interfacial tension between two
molten materials are determined by melting materials in a
furnace equipped with an X-ray camera (Jakobsson et al.,
2000) or by applying the sessile drop technique with a digital
camera (Kim et al., 2010). After recording images from in-
terfacial interaction between two different phases and a gas,

surface or interfacial tension are obtained by the numerical
solution of the Young-Laplace equation. However, in most
cases, the measurement of interfacial/surface tension is ex-
tremely complicated due to high temperatures and complex
composition of materials.
The equilibrium in the three-fluid interaction is described
schematically as shown in Fig. 2a and consequently the sur-
face and interfacial tension vectors are characterized by ap-
plying the Neumann vectorial triangle (Fig. 2b). At the equi-
librium the sum of surface forces equals to zero, therefore
the force balance for all interfaces (αβ, αδ, βδ) is written as
(Rowlinson and Widom, 2002):

(2)

γαβ + γβδ cosβ + γαδ cosα = 0

γαβ cosβ + γβδ + γαδ cosδ = 0

γαβ cosα + γβδ cosδ + γαδ = 0,

where γαβ, γαδ, γβδ is the tension of the αβ, αδ, βδ interface,
respectively.

Figure 2: (a) The equilibrium between a fluid droplet, resting on
the interface between two fluids of different densities,
(b) the Neumann’s triangle; γαβ corresponds to surface
tension between slag and gas, γαδ corresponds to surface
tension between FeMn alloy and gas, γβδ corresponds to
interfacial tension between FeMn alloy and slag.

Based on the law of cosines, the force balance can be rewrit-
ten in order to obtain a numerical value of cosβ:

(3)cosβ =
γ2

αδ − γ2
αβ − γ2

βδ

2γαβγβδ
.

A methodology allowing for the observations of interfacial
flow between ferromanganese alloys (FeMn) and slag, was
developed by the authors (Bublik et al., 2019), based on ex-
periments using a sessile drop furnace and recording of im-
ages.
In this work, the interfacial tension between FeMn alloy and
slag has been determined based on a new inverse modelling
strategy, combining simulations with analysis of images from
the sessile drop furnace. The model applicability and sensi-
bility has been studied and discussed by comparing different
settings in OpenFOAM and the uncertainty in experimental
data.

METHOD DESCRIPTION

A. Materials preparation
The synthetic FeMn alloy and slag for experiments in the
sessile drop furnace were prepared from pure powders ac-
cording to the industrial composition (Table 1). The powders
were mixed and melted separately in a graphite crucible in
an induction furnace in Ar atmosphere at 1773 K, 60 min
of holding for FeMn and 5 min of holding for slag. After
the first melting, both FeMn and slag were removed from

2
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the crucible, ground into small pieces in a ball mill and then
remelted in the graphite crucible in the induction furnace at
the same operational parameters.

Table 1: Chemical composition of materials used for the experi-
ments in the sessile drop furnace.

Material
Chemical composition, wt. %

Mn Fe C MnO CaO MgO SiO2 Al2O3

HC FeMn 78 15 7 - - - - -

FeMn slag - - - 38 23 6 23 10

B. Experimental setup

The sessile drop technique was applied in order to determine
surface tension of alloy/slag and to investigate the interfacial
behaviour between FeMn and slag:

• In experiments, where surface tension was measured, a
piece of slag or FeMn alloy was placed on a graphite
substrate (ISO-88) as shown in Fig. 3 and Fig. 4, the
furnace is heated up and images of interaction between
slag-graphite or alloy-graphite were recorded. There-
after, the images were analyzed by means of the Young-
Laplace equation.

• In experiments for measurement of interfacial interac-
tion, small FeMn pieces were placed in a graphite cup
(Fig. 5) and a slag piece was placed on top of the FeMn
layer. Subsequently, the interfacial tension is measured
by inverse modelling in OpenFOAM.

Figure 3: Slag on a graphite substrate before experiments for mea-
surement of surface tension in the sessile drop furnace.

Figure 4: FeMn alloy on a graphite substrate before experiments
for measurement of surface tension in the sessile drop
furnace.

Figure 5: Slag on top of FeMn pieces in a graphite cup before ex-
periments for measurement of interfacial tension in the
sessile drop furnace.

The sessile drop furnace (Fig. 6) was equipped with a digi-
tal video camera (Sony XCD-SX910CR, Sony Corporation,
Millersville, MD) with a telecentric lens (Navitar 1-50993D)
to record images from the molten samples with the resolu-
tion of 1280x1024 pixels. The experiments were done at the
maximum temperature of 1623, 1673, 1723 K and holding
time of 5, 10, 15 min.

Figure 6: Schematic illustration of the sessile drop furnace.

C. Methodology for inverse modelling
The methods consist of the followings steps:

a) Conduct experiments with a single slag or FeMn alloy
droplet and determine the surface tension of each phase.

b) Conduct experiments in the sessile drop furnace with
FeMn layer and a slag piece on top.

3
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c) Conduct simulations in OpenFOAM for a certain range
of interfacial tension using densities of FeMn alloy and
slag in the molten state, weight of the slag droplet and
surface tensions determined from step a).

d) Calculate visible (or non-visible) height of the slag
droplet (in %) both for experiments and simulations.
Compare experimental and simulation values to deter-
mine interfacial tension.

Determination of surface tension

The Young-Laplace equation describes the relationship be-
tween the curvature of a droplet and surface tension:

(4)∆P = γ
(

1
R1

+
1

R2

)
.

If external forces are not applied on a droplet, except of the
gravity, the pressure difference is expressed as:

(5)
∆P = ∆P0 + ∆ρgh

=
2γ
R0

+ ∆ρgh.

a) Surface tension of slag is determined by the elliptic
solution of the Young-Laplace equation (Hernandez-
Baltazar and Gracia-Fadrique, 2005), implemented in
MATLAB. Surface tension (in N/m) is determined from
the expression:

(6)γ =
a2(ρslag − ρAr)g

a3

b3 + a
b − 2

,

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). The elliptic solution fails if
contact angle (θ) between the droplet and the substrate
is lower than 90°, giving wrong values for surface ten-
sion. In addition, there is a significant uncertainty in
measurements by this method if droplet’s surface dur-
ing experiments is rough.

Figure 7: Ellipsoidal fitting to the slag droplet during experiments
in the sessile drop furnace.

b) The contact angle between FeMn alloy and the graphite
substrate is lower than 90°, and the surface roughness is
high (Fig. 8). For this reason, surface tension of FeMn
alloy is measured by a plugin for ImageJ (Rueden et al.,
2017), which is based on the low-bond axisymmetric
drop shape analysis (LBADSA) (Stalder et al., 2010).
The plugin extracts parameters of droplet’s contour after
the fitting of the Young-Laplace equation to the image
data (Fig. 9). The output from the plugin is the capillary
constant c, which is related to surface tension of FeMn
(γ) through the equation:

(7)c =
(ρFeMn − ρAr)g

γ
.

Figure 8: FeMn alloy surface during experiments in the sessile
drop furnace.

Figure 9: Fitting and measurement of parameters of a FeMn
droplet from the image data by LBADSA plugin for Im-
ageJ.

Simulations using multiphaseInterFoam

Simulations were carried out in OpenFOAM 6 (Weller et al.,
1998) using multiphaseInterFoam, a solver for N incom-
pressible fluids which captures the interfaces and includes
surface tension and contact angle effect for each phase, with
optional mesh motion and topology changes.
multiphaseInterFoam is based on the volume-of-fluid (VOF)
method (Hirt and Nichols, 1981), where a transport equation
is applied to define the volume fraction αn of each of the
phases (Andersson, 2010). The transport equation is solved
with the continuity and momentum equation for each phase
(Damian, 2012). The continuity equation is defined as:

(8)∇ · U = 0.
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The transport equation for α is:

(9)
∂α
∂t

+ ∇ · (Uα) + ∇ · [Urα(1− α)] = 0,

and the momentum equation is expressed as:

(10)
∂(ρU)

∂t
+ ∇ · (ρUU) = −∇p + g · x∇ρ

+ µ
[
∇U+ (∇U)T ]+ γκ∇α,

where µ
[
∇U+(∇U)T

]
is the viscous term, γκ∇α is surface

tension force per unit volume, which is based on the contin-
uum surface force model (Berberovic et al., 2009), κ is the
mean curvature of the free surface:

(11)κ = −∇ ·
(

∇α
| ∇α |

)
.

The mixture density (ρ) and viscosity (µ) are calculated as
weighted averages based on the phase fraction in a control
volume, i.e.:

(12)ρ = ∑
n

ρnαn

and

(13)µ = ∑
n

µnαn.

Evidently, cells with only a single phase, retain the material
properties of the phase in question.

Reduced order modelling

In order to determine the interfacial tension between slag and
alloy, the non-visible height of droplets (in %) both in ex-
periments and simulations was calculated by the following
procedure:
A. Procedure for slag droplets in experiments
1. Measure the weight of the slag droplet before experiments,
mslag.
2. Calculate the (total) volume of the slag droplet in molten
state, V slag

total :

(14)V slag
total =

mslag

ρslag
.

3. The slag droplet resting on top of the FeMn layer is as-
sumed to be a spherical cap both above and below the FeMn-
Ar interface as shown in Fig. 10. According to the geo-
metric properties of the spherical cap, a and hexp

vis can be ob-
tained directly by measuring corresponding distances, while
the height below the interface, hexp

non−vis, is unknown, and
therefore it has to be determined via additional calculations.

Figure 10: Slag droplet on top of FeMn layer in experiments: a is
the base radius of the spherical cap, hvis and hnon−vis
are the height of the spherical cap above and below the
interface, respectively.

4. Calculate the visible volume of the slag droplet, V slag
vis :

(15)V slag
vis =

1
6

πhexp
vis

(
3(aexp)2 + (hexp

vis )
2) .

5. Calculate the non-visible volume of the slag droplet,
V slag

non−vis:

(16)V slag
non−vis = V slag

total −V slag
vis .

6. Determine the height of the spherical cap below the inter-
face in meters, hexp

non−vis. In this study, a MATLAB script has
been developed, allowing to solve the equation for the vol-
ume of a spherical cap (eq. 17) and calculate hexp

non−vis, given
that a, hexp

vis , V slag
non−vis are known.

(17)V slag
non−vis =

1
6

πhexp
non−vis

(
3(aexp)2 + (hexp

non−vis)
2) .

7. Calculate the non-visible height of the slag droplet in %:

(18)hexp
non−vis(%) =

hexp
non−vis

hexp
non−vis + hexp

vis
· 100.

B. Procedure for slag droplets in simulations

1. In simulations, the height of slag droplets both below and
above the interface can be obtained directly from measuring
distances as shown in Fig. 11.
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Figure 11: Slag droplet on top of FeMn bath in simulations.

2. Calculate the non-visible height of the slag droplet in %:

(19)hsim
non−vis(%) =

hsim
non−vis

hsim
non−vis + hsim

vis
· 100.

3. The non-visible height of the slag droplet in simula-
tions obtained from equation 19 is compared with experi-
mental values from equation 18 to find the corresponding
non-visible height and thereby also the corresponding inter-
facial tension, which in the simulations was varied according
to a range of expected values.

EXPERIMENTAL CONDITIONS AND NUMERICAL
SETTINGS

Experimental conditions

The experimental parameters used in experiments in the ses-
sile drop furnace are shown in Table 2.

Table 2: Experimental conditions in the sessile drop furnace.

Parameter
Value in measurement of

Surface tension Interfacial tension

mslag, g 0,120 ≈0,050 - 0,060

mFeMn, g 0,120 ≈0,300 - 0,350

Ar flow, NLPM 0,1 0,1

Pressure inside the chamber,
Pa

101325 101325

Maximum temperature, K 1723 1623, 1673, 1723

Holding time at maximum
temperature, min

5 5, 10, 15

Heating rate to 1473 K,
K/min

300 300

Heating rate from 1473 K to
maximum temperature,

K/min

≈25 ≈25

Numerical settings and simulation procedure

Simulations were carried out on an axisymmetric 2D geom-
etry as shown in Fig. 12, where the following boundary con-
ditions were applied:

• Left wall - symmetry.

• Right, top and lower wall - no-slip condition with a fixed
flux pressure (P = 0 Pa).

The initial number of cells in the simulations was 5000. In
order to increase the resolution at the interfaces (slag-Ar,
FeMn-Ar, FeMn-slag), 2D dynamic mesh refinement (CFD
Online Discussion Forums, 2018) was applied, which allows
increasing the number of cells up to 20000 for the given sim-
ulation setup. All simulations were performed on resourses

Figure 12: 2D axisymmetric geometry applied in simulations.
Rslag varies from 0,00147 to 0,00163 m (from 1,47 to
1,63 mm), depending on the weight of a slag droplet,
and g is the gravity, acting in y-direction.

provided by the NTNU IDUN computing cluster (Sjalander
et al., 2019) using modified settings for damBreak4phase tu-
torial case (cf. The OpenFOAM Foundation, 2016) with mul-
tiphaseInterFoam solver, as shown in Table 3. The presence
of so-called spurious currents in VOF simulations results in
considerable challenges when aiming to reach a static steady
state and therefore low values of under-relaxation factors
were applied to reduce spurious currents as it was proposed
by Vachaparambil and Einarsrud, 2019. Simulations were
aiming to reach steady state conditions corresponding to a
droplet at rest. As multiphaseInterFoam is a transient solver,
transient simulations with dynamic time stepping from 10−5

to 10−6 s and the maximum Courant number of 0,25 until 1 s
flow time was attained - sufficient to obtain a (quasi) steady
state for all simulations considered. The simulations were
initialized with a slag droplet with radius from 1,47 to 1,63
mm, depending on the weight of the slag droplet, initially
positioned 1,50 mm above the alloy interface.
In addition, a numerical calculation using equation 3 has
been carried out to evaluate a relevant range of interfacial
tension for the simulations. Values of cosβ, as illustrated in
Fig. 13, are greater than 1 when interfacial tension is smaller
than 0,85 N/m. Interfacial tension of 0,85 N/m has there-
fore been used as the minimum value in simulations, while
the maximum interfacial tension is assumed to be identical
to surface tension of FeMn - 1,50 N/m.
The physical parameters used in simulations are shown in
Table 4.
In order to reduce the effects of spurious currents even more,
the viscosity was set to an (artificial) elevated value. Since
the steady state is static - the actual value of the viscosity
should not impact the final converged result. In order to de-
termine a suitable value for the viscosity - a parametric study
was performed, in which the steady state solutions (if found)
were compared, according to the values indicated below.

• 10−6 ≤ νFeMn ≤ 10−2 m2/s.
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Table 3: Numerical solution parameters used in the simulation
setup.

Solution and algorithm control settings (fvSolution)

Parameter
Field

alpha pcorr p_rgh p_rghFinal U UFinal

tolerance 10−6 10−8 10−8 10−9 10−6 10−8

relTor 0 0 0 0 0 0

maxIter 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 1

nOuterCorrectors 1

momentumPredictor false

Numerical schemes settings (fvSchemes)

Time derivatives Value

ddtSchemes CrankNicolson 0,50

Time and data input/output control settings (controlDict)

Parameter Value

deltaT 10−6

maxDeltaT 10−5

maxCo 0,25

maxAlphaCo 0,25

• 10−5 ≤ νslag ≤ 10−3 m2/s.

• 10−5 ≤ νAr ≤ 10−3 m2/s.

In addition, a parametric study of the mesh resolution, qual-
ity of the dynamic mesh refinement (DMR) and geometry
size has been carried out to determine the most appropriate
parameters to be used in simulations without affecting the
results and changing the convergence time significantly. For
all simulations in the parametric study, γslag−Ar, γFeMn−Ar and
γFeMn−slag were 0,70, 1,00 and 0,70 N/m, respectively.

RESULTS AND DISCUSSION

A. Surface tension of FeMn alloy and slag

Figure 13: Values of cosβ calculated by equation 3.

Table 4: Physical parameters applied in simulations.

Parameter Value

ρslag , kg/m3 3300*

ρFeMn , kg/m3 5612*

ρAr , kg/m3 1,66

νslag , m2/s varied

νFeMn , m2/s varied

νAr , m2/s varied

γslag−Ar , N/m 0,65

γFeMn−Ar , N/m 1,50

γFeMn−slag , N/m 0,85 - 1,50

*Density of slag and FeMn alloy in molten state (Muller et al., 2015)

The values surface tension of FeMn alloy and slag, obtained
after the experimental measurement, are shown in Fig. 14.
Surface tension of FeMn alloy was found to be 1,50 ± 0,05
N/m, while surface tension of slag was considerably lower
(0,65 ± 0,01 N/m). From the confidence intervals, it is evi-
dent that the LBADSA methodology, which was applied for
the measurement of surface tension of FeMn has higher devi-
ation (±0,05 N/m), that the ellipsoidal solution of the Young-
Laplace equation, where the confidence interval for surface
tension of slag was ±0,01 N/m.
B. Parametric study: influence of viscosity
For simulations with νFeMn ≤ 10−6 m2/s, the alloy interface
failed to stabilize as indicated in Fig. 15. For values of
10−4 ≤ νFeMn ≤ 10−2 m2/s, the interface was stable, also
for a wide range of viscosities for the remaining phases;
10−4 ≤ νslag ≤ 10−5 m2/s and 10−3 ≤ νAr ≤ 10−5 m2/s, in-
dicated in Fig. 16. Increasing the viscosity further led to
unphysical numerical artifacts.
From the parametric study, it was concluded to choose
νFeMn = 10−4 m2/s, νslag = 10−5 m2/s and νAr = 10−5 m2/s.
The kinematic viscosity of FeMn differs from the real kine-
matic viscosity of FeMn, which is usually in the order of
10−6 m2/s; however, the assumed kinematic viscosity of
FeMn should not influence the steady state of the simulations
as discussed earlier.
C. Parametric study: influence of mesh resolution and geom-
etry size
Studied settings of DMR and mesh resolution, total number
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Figure 14: Surface tension of FeMn alloy and slag measured ex-
perimentally in the sessile drop furnace. Red lines on
top of bars are 95 % confidence intervals.

Figure 15: Surface instabilities induced by spurious currents.

Figure 16: The simulation results for the kinematic viscosity:
νFeMn = 10−4 m2/s, νslag = 10−4-10−5 m2/s, νAr =

10−3-10−5 m2/s.

of cells before and after DMR as well as maximum time step
and convergence time are presented in Table 5. In addition,
the influence of geometry size has been studied with the pa-
rameters as shown in Table 6. Since the non-visible height of
the slag droplet is crucial for obtaining the interfacial tension
based on the inverse modelling strategy, it has been applied
for comparing the steady state in various simulations.
The non-visible height obtained at different time steps in tests
of different mesh resolution and DMR quality is shown in
Fig. 17. In test A1 and A2, the slag droplet has reached a
steady state as represented in Fig. 18, while the convergence
time increases with increasing the quality of DMR as well as
the total number of mesh cells after DMR increases up to 2,0

and 3,6 times for low (A1) and average (A2) quality of DMR,
respectively. On the contrary, test A3 with the highest quality
of DMR and test A5 with the highest number of cells after
DMR, have instabilities in achieving the steady state, which
leads to higher values of the average non-visible height. Sim-
ilarly to tests A1 and A2, the increasing of mesh resolution in
test A4 does not have any influence on the simulation results,
however, the convergence time increases to 24784 s. For the
proposed simulation setup, the settings from test A2 with av-
erage quality of DMR has been chosen as optimal since it
requires slightly higher convergence time compared to test
A1 with low quality.
The influence of geometry size in x- and y-direction on the
non-visible height of the slag droplet is demonstrated in Fig.
19. Tests B2-B5 have shown similar steady results with rel-
atively close values of the average non-visible height, while
test B1 has instabilities at the FeMn-Ar interface, resulting in
the average non-visible height two times higher compared to
other simulations. Test B2 has been chosen as optimal since
it requires the lowest convergence time compared to tests B3-
B5 with higher geometry size.
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A1: 100x50, DMR - low quality

A3: 100x50, DMR - high quality
A2: 100x50, DMR - average quality

A4: 200x100, DMR - low quality
A5: 300x150, DMR - low quality

Figure 17: Effect of mesh resolution and DMR quality on the non-
visible height of slag droplet in the parametric study.
The average non-visible height in percent at the steady
state (after 0,2 s of simulation time) for each test is: A1
- 7,4; A2 - 11,2; A3 - 18,9; A4 - 11,2; A5 - 18,4.

Figure 18: The steady state of slag droplet reached in simulations
in the parametric study.

D. Interfacial tension between FeMn alloy and slag
Fig. 20 shows the simulation matrix obtained after perform-
ing simulations with various values of interfacial tension and
parameters as shown in Table 4, with viscosities and resolu-
tion as determined in previous sections. The corresponding
non-visible height to the values of interfacial tension from
0,85 to 1,50 N/m is illustrated in Fig. 21. The results demon-
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Table 5: Settings for mesh resolution and DMR quality used in the parametric study.

Mesh DMR quality Mesh resolution, mm2 Initial total number
of cells

Total number of cells
after DMR

Maximum
time step, s

Convergence
time, s

A1 Low 0,200 x 0,200 5000 10000 10−5 8541
A2 Average 0,200 x 0,200 5000 18000 10−5 14009
A3 High 0,200 x 0,200 5000 44000 10−5 52366
A4 Low 0,100 x 0,100 20000 31800 10−5 24784
A5 Low 0,066 x 0,066 45000 66500 10−5 64886

Table 6: Geometry size used in the parametric study.

Mesh DMR quality Mesh resolution, mm2 Geometry size
in x-direction, mm

Geometry size
in y-direction, mm

Surface area
of the geometry, mm2

Maximum
time step, s

Convergence
time, s

B1 Low 0,200 x 0,200 10 10 100 10−5 5013
B2 Low 0,200 x 0,200 20 10 200 10−5 8375
B3 Low 0,200 x 0,200 20 20 400 10−5 11189
B4 Low 0,200 x 0,200 20 40 800 10−5 21703
B5 Low 0,200 x 0,200 50 10 500 10−5 17822
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B1: x - 10 mm; y - 10 mm
B2: x - 20 mm; y - 10 mm
B3: x - 20 mm; y - 20 mm
B4: x - 20 mm; y - 40 mm
B5: x - 50 mm; y - 10 mm

Geometry size in 
x- and y-direction:

Figure 19: Effect of the geometry size on the non-visible height of
slag droplet in the parametric study. The average non-
visible height in percent at the steady state (after 0,2 s
of simulation time) for each test is: B1 - 22,3; B2 - 7,4;
B3 - 9,0; B4 - 8,8; B5 - 7,4.

strate that the slag droplet remains above the interface at rel-
atively high values of interfacial tension (≈1,20 - 1,50 N/m),
which promotes better separation of FeMn alloy and slag and
therefore less metal losses. The slag droplet begins to sink
down below the interface at intermediate interfacial tension
(≈0,85 - 1,15 N/m), contributing to emulsification of FeMn
and slag.

Figure 20: The simulations results, depending on interfacial ten-
sion between FeMn alloy and slag from 0,85 to 1,50
N/m.
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Figure 21: Effect of interfacial tension on the non-visible height in
the simulations.

The simulations shown in Fig. 20 were compared to the non-
visible part of slag droplets from corresponding experiments,
from which the interfacial tension could be estimated under
various conditions. Figure 22 shows a comparison of the
non-visible surface to that obtained under simulations under
similar conditions. The estimated interfacial tension between
FeMn alloy and slag at different temperatures and holding
time is presented in Fig. 23 and Fig. 24, respectively. Ac-
cording to Fig. 23, the interfacial tension gradually decreases
from 1,50 ± 0,05 N/m to 1,15 ± 0,04 N/m when temper-
ature increases. Fig. 24 shows that the holding time of 5
and 10 min has no effect on the interfacial tension; however,
interfacial tension slightly decreases to 1,25 N/m when the
holding time is 15 min.

Figure 22: Comparison of the slag surface obtained experimentally
at 1673 K (a) and in simulations (b), corresponding to
interfacial tension of 1,30 N/m.
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Figure 23: Effect of the temperature on interfacial tension between
FeMn alloy and slag. Red lines on top of bars are 95 %
confidence intervals.
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Figure 24: Effect of the holding time on interfacial tension between
FeMn alloy and slag at constant temperature. Red lines
on top of bars are 95 % confidence intervals.

F. Previous research on surface tension of FeMn alloy and
slag
Lee et al., 2011 have reported that the surface tension of
FeMn alloys without carbon decreases with increasing the
Mn content - from≈1,90 N/m for a pure Fe-system to≈1,00
N/m for a pure Mn-system. According to their data, the cor-
responding value of surface tension is 1,10 N/m for the com-
position used in this study, assuming that no carbon is present
in FeMn alloy (≈84 wt. % Mn, ≈16 wt. % Fe). However,
they have not studied the influence of carbon on the Fe-Mn
system, which can explain the difference in the surface ten-
sion of FeMn alloy - 1,10 N/m in Lee et al., 2011 compared
to 1,50 N/m in the present work for high-carbon saturated
FeMn alloy. Xin et al., 2019 developed a numerical model
for calculation of the surface tension of molten slags which
predicts that molten slags generally have surface tension in
the range from 0,30 to 0,70 N/m, depending on the composi-
tion, again corresponding well to that identified in the current
work.
While there to our best knowledge is no data for interfacial
tension between FeMn alloy and slag, Park et al., 2009 have
reported interfacial tension between molten iron and CaO-
SiO2-MgO-Al2O3-FeO slag between 0,72 and 1,44 N/m, de-
pending on slag composition and oxygen content in iron.
Surface tension of FeMn slag (0,65 N/m) and interfacial ten-

sion between FeMn alloy and FeMn slag (1,15-1,50 N/m),
again in the range of that found in the current work.

SUMMARY AND CONCLUSIONS

The current paper presents a method in which images from
a sessile drop furnace are combined with multiphase simula-
tions in order to determine material properties which other-
wise are not easily accessible. The method is demonstrated
for a FeMn-slag system with constant composition.
The proposed method estimates interfacial tensions of 1,50
± 0,05 N/m, 1,30 ± 0,03 N/m and 1,15 ± 0,04 N/m at
temperatures of 1623, 1673 and 1723 K, respectively. Fur-
thermore, it has been found that changing the holding times
from 5 to 15 minutes does not affect the interfacial tension
significantly. Surface active elements, such as S, can have a
considerable impact on interfacial tension. Although it is not
addressed in the current work, experiments considering such
effects have been carried out recently, and will be published
in the near future (Bublik et al., 2021).
The methodology developed here is demonstrated only for
FeMn; however, it is expected that it could also be applied
for other processes, i.e. metal refining and for other metals,
for instance, SiMn, FeSi, Si and Fe. Future work will explore
these possibilities as well as the influence of slag composi-
tion for the FeMn system.
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A Review of Ferroalloy Tapping Models

SERGEY BUBLIK, JAN ERIK OLSEN, VARUN LOOMBA,
QUINN GARETH REYNOLDS, and KRISTIAN ETIENNE EINARSRUD

Tapping is an important furnace operation in the ferroalloy industry and poses a number of
complex and coupled challenges of both practical and economical importance. Owing to the
hazardous high-temperature conditions surrounding the tap hole, the application of various
modeling techniques allows for development and acquisition of both scientific and engineering
knowledge of the process through physical or numerical proxies. In this review, earlier work on
modeling of ferroalloy tapping is summarized and main principles of the tapping process and
multiphase interaction of slag and metal are discussed and summarized. The main focus is on
drainage of slag and alloys, but some attention will also be given to metal loss, metal overflow
and health, safety and environment. Our review shows that although considerable progress has
been made in computational capability over the last decades, However, it is clear that research
and development in the field of ferroalloy furnace tapping remains at a relatively nascent stage.
The most progress up to date has happened in the area of so called reduced-order models. Such
models are robust and simple, and may be easily fitted to process data from a particular
operation in order to develop tailored solutions. Such models are more easily combined with
software and instruments, ultimately enabling improved automation, process control and
ultimately improved tapping consistency.

https://doi.org/10.1007/s11663-021-02134-5
� The Author(s) 2021

I. INTRODUCTION

FERROALLOYS refer to different alloys of iron
with high content of other elements (i.e. Mn, Si, Cr, Ti),
used in the production of steels and alloys to improve
properties such as strength, ductility, and fatigue or
corrosion resistance. The ferroalloy production volume
is greatly dependent on steel production, which means
that the production of ferroalloys changes alongside
steel production. In the period from 1990 to 2010, the
total world steel production has increased from 770 to
1400 million tones and, similarly, ferroalloy production
has risen from 20 to 45 million tones.[1]

Ferroalloys are mostly produced in submerged arc
furnaces (SAF) during carbothermic reduction of oxide
raw materials at high temperatures, where the main
smelting products are molten metal and slag. A ferroal-
loy producing furnace is shown in Figure 1 with a
schematic of the entire production process as presented
in Figure 2.
The processes taking place in the SAF are typically a

combination of solid-gas, solid-solid, solid-liquid and
liquid-liquid reactions, with an overall reaction ‘‘MO +
C ! M + CO’’, i.e. producing metal from the
corresponding metal oxide, which often can be in
multiple oxidation states. In addition to metal, slag is
also produced as a by-product in the SAF. The slag in
ferroalloy production consists of a mixture of different
oxides (e.g. MnO, CaO, MgO, SiO2, Al2O3). The overall
process is endothermic, meaning that heat must be
supplied to the furnace. The heat required for endother-
mic reactions, heating the coke bed and to compensate
for heat losses is supplied by electrodes, which are
submerged in the coke bed. Heating in the SAF takes
place by the flow of electricity between the electrodes,
through the coke bed and slag to molten metal.[2]

The removal of the molten material from a furnace is
performed through a process called tapping. Tapping is
the transitional process step where the alloys are
transferred from a furnace in which they are produced
into a ladle or a set of ladles where further processing
may take place. The furnace tapping can be illustrated
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schematically as shown in Figure 3. In the ferroalloy
production industry, tap-holes are made from carbon,
silicon carbide or other refractory materials.[3–5] Some
furnaces operate with a continuous tapping scheme, but
most of them are tapped every 2 to 4 hours.[5,6] The
tapping operation usually lasts 10-15 min, depending on
the size of the furnace and ladles, and consist of several
stages:

(A) Tap-hole opening by an automatic or semi-auto-
matic tap-hole drill. Besides that, oxygen lancing
can be carried out in case of viscous flow or clog-
ging of the tap-hole. This auxiliary operation sup-
plies oxygen as a source of heat to the tap-hole,
thereby melting and penetrating the materials
clogging the tap-hole.[7] Excessive lancing is highly
undesirable and must be used only when drilling
fails because it results in difficulties during next
tapping and extensive wear of the tap-hole refrac-
tory. This stage often involves manual work of
operators near the tap-hole area and therefore is
considered a most dangerous operation.[8]

(B) Filling of metal and slag ladles. At this stage, the
tapping flow rate is determined by physico-chemical
properties of the molten material and the geometry
of the furnace and the tap-hole.[9] In addition, the
hydrostatic equilibrium plays an important role
because it acts as the driving mechanism of tapping.
It can be characterized as the balance between three
forces: downward force due to the pressure from
fluid above in the furnace (pressure), weight of fluid
contained in volume (gravity), and upward force

due to pressure from fluid below, physical barriers
and solid particles (resistance). In the metal ladle,
the slag and alloy separate from each other due to
density differences, and as soon as it is filled, liquid
slag overflows to the slag ladle, often involving a
significant amount of alloy droplets.[4]

(C) After the metal ladle is filled with molten alloy, the
tap-hole is plugged by a mudgun loaded with a
tap-hole clay (mixture of Al2O3, SiO2 and C).[2,10]

(D) Post-tap-hole processing: slag remaining on top in
the metal ladle has to be removed by manual tilting
the ladle and skimming off the slag with a
mechanical rake.[11] This stage results in additional
losses of ferroalloy with slag.

There are several alternative methods for tapping of
products from the SAF; combined metal and slag
tapping, dedicated metal-slag tapping and slag-only
tapping.[4] Each of these methods have different oper-
ational difficulties, which may result in non-stable fur-
nace operation and hazardous environmental
conditions. This includes, for example, challenges with
tap-hole opening due to viscous flow or a significant
amount of solid coke particles in the molten flow.
Another important aspect of the furnace tapping is

the entrainment of ferroalloy droplets by slag.[13] The
interactions between metal and slag are governed by
interfacial phenomena, which are characterized by the
interfacial tension.[14–16] Surface-active elements (e.g.
oxygen, sulphur) in the ferroalloy-slag system result in
intensive reactions at the alloy-slag interface,[17] which

Fig. 1—Schematic of a submerged arc furnace for production of
ferroalloys.

Fig. 2—Simplified ferroalloy production flowsheet.

Fig. 3—Tapping of SAF.[12]
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contribute to a dynamic change of the interfacial tension
between alloy and slag until thermodynamic equilibrium
is reached.[18,19] This affects metal loss to the slag phase
during cascade tapping—see Figure 3.

Different aspects related to tapping of SAFs can be
investigated using mathematical models and computa-
tional fluid dynamics (CFD).[9,20,21] Such approaches
can provide great insight to the operation, and the
knowledge gained from properly constructed studies
with such tools can ultimately improve the consistency
of tapping.

In this review, earlier work on modeling of ferroalloy
tapping is summarized and main principles of the
tapping process and multiphase interaction of slag and
metal are discussed. Moreover, advantages and disad-
vantages of various approaches are given, followed by
an assessment of their general applicability. The main
focus is on drainage of slag and alloys, but some
attention will also be given to metal loss, metal overflow
and issues related to health, safety and environment
(HSE). Although the focus of the current work is
modeling of ferroalloy tapping SAFs, selected studies on
blast furnace tapping models are also discussed, since
the drainage mechanisms are very similar. However, this
is not a full review of blast furnace tapping models.

II. PHYSICAL AND NUMERICAL MODELS

Different approaches to modeling of the tapping
process in ferroalloy production have been conducted;
categorized as physical or mathematical modeling. We
will mainly focus on mathematical modeling since the
work on physical modeling is very scarce. An experi-
mental setup with a physical representation of the
process or phenomena to be studied defines a physical
model. For ferroalloy tapping this should in principle
involve a drainage experiment with at least one liquid
phase and a particle bed. Although several physical
drainage experiments have been reported in the litera-
ture, few have considered the particle bed.

Nouchi et al.[22] performed a drainage experiment
resembling a scaled down version of a blast furnace with
two liquids (paraffin and fluoride) in a particle bed of
plastic beads, highlighting that liquid drainage velocities
are dominated by the permeability in front of tap-hole.

A similar study was performed by Vango et al.,[23]

considering a water tank experiment with spherical
wood particles. They designed the experiment such that
the particle bed could be sitting or floating. The results
showed that a floating particle bed adds weight and thus
driving pressure, resulting in faster drainage.

Mathematical models can relate to many aspects of
the process including thermochemical properties, mate-
rial erosion and wear and more. In this paper, we focus
on mathematical models for the drainage of slag and
metal from the furnace. In addition, it is necessary to
differentiate between reduced order modeling and CFD.
In principle, CFD can be defined to include all math-
ematical models describing flow, but here we limit CFD
to mathematical models solving the full 3D (or 2D) set
of conservation equations for mass and momentum by a

numerical algorithm. With reduced order modeling we
refer to a modeling scheme where the model complexity
is reduced through various assumptions allowing for
reduction in solution time and/or data storage. An
overview of published work is discussed in the following
sections.

A. Reduced Order Modeling

In modeling the draining flow from a furnace,
Bernoulli’s equation provides a reasonable representa-
tion of the flow between two points in a geometry. The
equation is based on conservation of mechanical energy
along a flow line. Models based on this principle are
used in textbooks in Fluid Dynamics with drainage as
an example, and all known reduced order models for
furnace tapping apply Bernoulli’s equation to our best
knowledge.
The tapping rate for a tank with a liquid can be

estimated by Bernoulli’s equation (see e.g. Guthrie[24]):

_m ¼ qCDpd2

4

ffiffiffiffiffiffiffiffiffi

2gH
p

½1�

where d is the diameter of the tap-hole, q is the density
of liquid, CD is the drag coefficient, g is the accelera-
tion due to gravity. Here, the hydrostatic head H pro-
vides a pressure which is the driving force of tapping.
In a furnace, a viscous resistance will be present due
to the particle bed of carbon material and ore. The
driving force will also be affected by the furnace pres-
sure. The tapping of a submerged arc furnace is there-
fore more complex than tapping of water through a
hole in a tank. Mitsui et al.[25] modified the above
expression by accounting for a furnace pressure (crater
pressure) and by applying the idealized pressure drop
through a channel for the pressure drop through the
tap-hole:

_m ¼ qpd2

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gHþ P=q
1þ kl=d

s

½2�

where k is the wall friction constant of the tap-hole
and l is the length of the tap-hole. They did not
account for the pressure drop due to the particle bed.
The particle bed pressure drop was included in the
reduced order model of Nouchi et al.[22] and Iida
et al.[26] for iron and slag tapping from a blast furnace.
They also accounted for two liquids (metal and slag)
with a mixture model which in principle is a sin-
gle-phase model, but material properties are derived
by an average of the two liquids’ properties. Shao and
Saxen[27] derived a drainage model for blast furnaces
treating the two liquids as segregated immiscible
phases. This allowed for separated estimates of metal
and slag tapping rates, whereas earlier models only
provided a total tapping rate.

All of the above-mentioned work on reduced order
modeling was applied towards blast furnaces and steel
production. Muller et al.[9] applied the modeling concept
of Iida et al.[26] to manganese ferroalloy tapping and
included a substantial study on slag properties. Metal
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and slag were treated as a mixture and thus a total
tapping rate was calculated, not the individual tapping
rates of slag and metal. They applied the Kozeny–Car-
man expression, typically applied in laminar flow, to
account for the pressure drop due to the particle bed:

DP ¼ 180l

U2d2p

ð1� eÞ2

e3
vtrt ½3�

where l is liquid viscosity, vt is tapping velocity, rt is
tap-hole radius, e is particle bed porosity, dp is particle
diameter and U is particle sphericity. The particle bed
resistance is, therefore, accounted for in a similar man-
ner as for a porous material. Olsen and Reynolds[28]

also focused on tapping of manganese alloys and pub-
lished a model for slag and metal tapping where slag
and metal were treated as separate phases providing
individual tapping rates for these immiscible phases.
The Ergun equation, which is applicable to turbulent
flow, was used for calculating the pressure drop due to
the particle bed:

DP ¼ 150l

U2d2p

ð1� eÞ2

e3
vtrt þ

1:75qm
3Udp

ð1� eÞ
e3

v2t rt ½4�

The results of Olsen and Reynolds[28] indicate that the
Ergun equation is more reliable for this application
than the Kozeny–Carman equation, since the Reynolds
number in the tapping process indicates turbulent flow.
Results obtained using the Ergun equation were supe-
rior to those obtained with the Kozeny–Carman equa-
tion when comparing with the experiments of Vango
et al.[23]

Table I summarizes the work done in reduced order
modeling of tapping flow.

B. CFD Modeling

Computational fluid dynamics (CFD) is the method
of numerically solving the equations for conservation of
mass, momentum and energy to compute fluid and heat
flow.[29] These equations are mathematically represented
as follows[30]:

� Conservation of mass

@q
@t

þr � ðquÞ ¼ 0 ½5�

� Conservation of momentum

@qu
@t

þr�ðquuÞ¼�rPþr� leffðruþðruÞTÞ
h i

þqgþSu

½6�
� Conservation of energy

@qh
@t

þr � ðqhuÞ ¼ �DP

Dt
þr � ðkrTÞ þ Sh ½7�

where u and q are the fluid velocity and density, leff is
the effective viscosity—accounting also for turbulence,
P is the pressure in the fluid, Su is a momentum source
term, h is the enthalpy, T is the temperature, k is the
thermal conductivity of the fluid and Sh is a source/sink
term accounting for instance for radiation. The effect of
the particle bed resistance in the furnace can be included
by adding the pressure drop across the bed calculated by
the Kozeny–Carman equation (Eq. [3]) or the Ergun
equation (Eq. [4]) as the source term Su to Eq. [6]
without affecting the simulation complexity consider-
ably. The interface between the different fluids is often
tracked using a Volume of Fluid (VOF) method. Other
multiphase flow approaches, such as Euler-Euler and
Euler-Lagrangian, are rarely used in tap-hole flow
simulations as the interface between the immiscible
fluids (metal and slag) is not traced. The Euler-La-
grangian approach, which is also called discrete element
method (DEM), has however been used to study the
movement of solid particles forming the porous zone.[23]

There are several commercial and open source CFD
software available in the market such as Ansys�
Fluent,[31] OpenFOAM�,[32] FLOW-3D�,[33] COM-
SOL Multiphysics�[34] and STAR-CCM+�.[35] Many
of them are user-friendly packages with a graphical user
interface (GUI), reducing the mathematical and pro-
gramming complexity. On the other hand, open source
software often requires, more programming and math-
ematical skills, but can provide better control over
parameters that need to be solved, as the source code is
available and can be modified according to
requirements.
CFD has been applied to metallurgical processes since

the 1980s but the first work on metal tapping dates to
2001, when Dash et al.[36] optimized the length of the
tap-hole block inside the furnace to reduce the peak
shear stress in the furnace hearth which occurs at the
tap-hole due to high velocity of metal. The authors
included the effect of porosity via the Kozeny–Carman
formulation, i.e. excluding inertial effects in the porous

Table I. Overview Over Work Done and Strategies Employed in Reduced Order Modeling of Tapping

Article Entry Losses Channel Losses Interface Deformation Ferroalloy Porous Model Phase Model

Mitsui et al.[25] + single
Nouchi et al.[22] + Kozeny–Carman mixed
Iida et al.[26] + Kozeny–Carman mixed
Shao & Saxen[27] + + Kozeny–Carman immiscible
Muller et al.[9] + + Kozeny–Carman mixed
Olsen & Reynolds[28] + + + + Ergun immiscible
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zone. In 2004, Dash et al.[37] expanded their research
and optimized the angle of tap-block to the horizontal
axis to minimize the peak shear stress. Their results
showed that a tap-hole block length of 0.75 m and an
angle of 15 deg with the horizontal led to minimum peak
stress during tapping.

The effect of the particle diameter in the packed bed
on tapping rates was studied in 2005 by Nishioka
et al.[38] As in previous studies, the effect of the particle
bed was included using the Kozeny–Carman formula-
tion. The authors reported that the tapping flow rate
increases by up to five times when doubling the diameter
of the tap-hole. At a constant porosity, changing the
particle size from 15 to 60 mm led to a maximum
difference of 13 pct for overall tapping rate, while the
maximum metal tapping rate decreased by 16 pct and
slag tapping rate increased by almost 50 pct. Nishioka
et al.[39] further simulated the effect of other parameters
such as porosity, particle diameter distribution, the
presence of an impermeable zone, slag viscosity and
presence of a coke free zone on the tapping rates.
Changing the porosity from 0.2 to 0.5, resulted in a
maximum difference of 12 pct in the overall tapping
rate, while the maximum slag tapping rate increased by
approximately 10 pct. The metal flow rate decreased
insignificantly by these changes. The presence of a coke
free zone or impermeable zone of 2.2 m height from the
bottom had no effect on the tapping rates. Viscosity was
found to have an strong effect on the tapping rates,
increasing with 11 pct when the slag viscosity was
reduced by 75 pct.

Kadkhodabeigi et al.[40] studied tapping of molten
silicon and found that the flow in the tap-hole is highly
dependent on the conditions inside the furnace. They
found an increase in tapping flow rates with increasing
crater pressure in a submerged-arc furnace. This study
was extended by Kadkhodabeigi et al.[20] to include the
influence of other parameters such as metal column
height and permeability of the packed bed on the
tapping flow rate, gassing and tapping time. The effect
of the porous particle bed on the flow was considered
using the Ergun equation (Eq. [4]). The mass flow rate
was almost doubled by increasing the crater pressure
from 30 to 200 mbar, while the effect of metal height
was less significant as the mass flow rate increased by
only 33 pct on increasing the metal column from 4.5 to
12 cm. Finally, a reduction of 60 pct in the perme-
ability of the packed bed (only reducing particle
diameter) did not lead to a significant change in the
flow rates.

Shao et al.[41] simulated the two-phase flow in the
tap-hole of a blast furnace for a short period (10
seconds) during which the slag-iron interface falls from
above to below the tap-hole. The results show tap-hole
flow of iron and slag with a well-defined interface
between them during the middle stages of tapping (2-5
seconds). In the beginning and the end of tapping,
largely one phase dominates with a wavy interface. A
developing velocity profile for iron and slag in the
entrance region and fully developed flow in the rest of
the tap-hole is also observed.

In 2017, Reynolds and Erwee[42] performed an opti-
mization of the shape of the tap-hole inlet and the
launder and visualized their effect on the flow of metal
and slag in the tap-hole and ladle respectively. The
authors utilized large eddy simulation (LES) to better
understand the turbulent effects in the tap-hole and the
transition from laminar to turbulent flow. Their results
showed that a rounded entrance showed delayed onset
of turbulence and v-shaped launder resulted in narrower
cross-section of metal falling into the ladle compared to
rectangular shaped launder, reducing the chances of
re-oxidation. The importance of the tap hole shape was
also considered by Kirschen et al.,[43] aiming to optimize
the design of the tap-hole in an electric arc furnace used
for steel production. A conical shaped tap-hole was
found to lead to a more stable flow of metal compared
to standard cylindrical channel.
Reynolds et al.[44] extended their work from 2017[42] by

including the presence of a particle bed and analyzed the
sensitivity of material properties on tapping rates. The
presence of a particle bed in either phase reduced the
tapping rates of the respective phase. The particle bed
parameters affected the flow rates the most, slag viscosity
and metal density were also found to have a significant
effect, while the effect of metal viscosity was insignificant.
Varying the design parameters such as increasing tap-hole
diameter led to a considerable increase in the mass flow
rate of the metal and slag, while the length of the tap-hole
did not contribute significantly.
Vango et al.[23] in 2018 applied the VOF method to

solve the flow and interface of a single liquid phase and
coupled this to the discrete element method (DEM) in
order to account for the particle bed. Their results were
validated against their own experimental data. In 2019,
the authors extended the study in Vango et al.[21] and
prepared a database of packed bed states consisting of
the bed porosity, mass of the metal/slag and Sauter-
mean diameter of the bed particles from the information
of metal/slag height, weight of the burden and particle
size distribution of the packed bed using the CFD-DEM
coupling approach. This database was then used to
obtain dynamic packed bed void fraction and solid
phase configuration for simulating the flow during
tapping. The effect of porosity was modelled by the
Koch and Hill drag relation, which has similar proper-
ties to the Kozeny–Carman formulation.
Olsen et al.[45] demonstrated coupled heat and fluid

flow simulation to understand the factors affecting the
temperature profile in the tap block and the surrounding
region. They reported high effectiveness of water-cooled
system compared to natural cooling and high temper-
atures in the tap block with convection (when metal is
being tapped) compared to heat conduction of the
refractory material (no tapping).
In addition to the above-mentioned studies on fluid

drainage in the tapping process, work has also been
conducted on other aspects of tapping. In 2018,
Johansen et al.[46] modified the tap-hole and the ladle
configuration in cascade tapping of ferrochrome to
reduce the loss of metal overflowing from the metal- to
slag ladles. By reducing the fall height and increasing the
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angle of the ladle outlet, the metal loss could be reduced
by up to a factor of 30. This is consistent with
experimental studies from the steel industry by Kim
et al.[47] and the review of Lee.[48] Some work has also
been on safety and environmental issues around the
tap-hole. Metal droplets may disperse and re-oxidize
during tapping, and suspend as oxides in the air leading
to pollution in the working area around the furnace.
This issue was addressed by Ravary et al.[49] in 2010,
suggesting design modifications to the tapping area with
an objective of preserving the health of workers, leading
to an improved ventilation of dust and process gases. In
2015, the flow patterns of the pollutants exiting from the
tap-hole were studied by Ma et al.,[50] utilizing
CFD-DEM coupling to visualize the dispersion of
suspended particles. They observed that high winds in
the furnace area leads to faster reduction of the particle
content in the environment and compared the effect of
different wind speeds and direction.

Table II highlights the application of CFD in the
pyrometallurgical field for determination of fluid and
heat flow in the furnace hearth as well as in the
tap-holes. Fluid flow simulation are frequently per-
formed compared to heat flow simulation because many
of the factors affecting the furnace operation are fluid
flow related. It can be seen in Table II that the Ergun
equation has been applied in recent work as an
alternative to Kozeny–Carman, thereby allowing for
inclusion of inertial effects on the flow in the packed bed.
ANSYS Fluent has historically been the most com-
monly used simulation software, while open source
CFD software such as OpenFOAM and CFDEM[51]

have received attention more recently.

C. Conceptual Model for Tapping

From the knowledge and findings given in the
literature cited above, it is possible to design an outline
of a conceptual model for furnace tapping. There are
still details which have to be studied, but the main
principles are starting to be revealed.

For drainage of slag and metal through a tap-hole, it
is known from the models that the hydrostatic pressure
head is the driving mechanism of drainage and therefore
the molten bath level as well as gas pressure are of great
importance for tapping. Pressure created from gas
producing reactions vary between different ferroalloy
production processes, meaning that the gas contribution
is insignificant for certain ferroalloys, while for others it
should not be neglected. However, the hydrostatic
pressure head from slag and metal is the dominating
driving force. This has been shown by several CFD
studies, but it can also be seen from Eq. [1] based on
Bernoulli’s principle for the tapping rate. It is evident
from this equation that liquid density is the most
significant material property affecting the tapping pro-
cess—heavy liquids will drain faster from the tap-hole
than light liquids owing to gravity. Moreover, the
tapping rate directly depends on the tap-hole diame-
ter—a bigger opening will naturally promote a higher
tapping rate.
For tapping of slag and metal from a furnace, we need

to look beyond Bernoulli’s equation in its simplest form
since two immiscible liquids are present and they reside
in a particle bed. The particle bed forms a resistance to
the flow which reduces the tapping flow rate. The
resistance is given by the particle size, particle packing
(i.e. bed porosity), the liquid viscosity and the liquid
density. It is much easier for a gas than a highly viscous
slag to flow through a particle bed. The resistance
increases with decreasing particle size and decreasing
porosity. Studies with both CFD and reduced order
models show that most of the particle bed resistance is
found in the region near the tap-hole. This is explained
by the acceleration of slag and metal happening in that
region as it converges into a narrow tap-hole.
Since the two liquids are immiscible, they will drain

with different tapping rates. Normally the lower liquid,
which for most smelting processes is metal, will drain
first. It will stop draining once the level goes beneath the
tap-hole level. However, if the level of the metal is below
the tap-hole upon the start of the tapping, metal may

Table II. Overview Over Work Done and Strategies Employed in CFD Simulations of the Tapping Process

Article

Flow

3D Transient Multiphase Ferroalloy Software PorosityFluid Heat

Dash et al.[36] + + Phoenics Kozeny–Carman
Dash et al.[37] + + Phoenics Kozeny–Carman
Nishoka et al.[38] + + + + Kozeny–Carman
Nishoka et al.[39] + + + + Kozeny–Carman
Kirschen et al.[43] + + + + Ansys Fluent
Kadkhodabeigi et al.[40] + + + + + Ansys Fluent Ergun
Ravary et al.[49] + + + + Ansys Fluent
Kadkhodabeigi et al.[20] + + + + + Ansys Fluent Ergun
Shao et al.[41] + + + + Ansys Fluent
Ma et al.[50] + + + + + Ansys Fluent
Johansen et al.[46] + + + + Ansys Fluent
Olsen et al.[45] + + + + + + Ansys Fluent
Vango et al.[23] + + + + CFDEM�coupling
Reynolds et al.[44] + + + + OpenFOAM Ergun
Vango et al.[21] + + + OpenFOAM Koch and Hill
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not be tapped at all. The upper liquid, i.e. slag, will
normally start draining after metal starts to drain. It
should be noted that slag and metal will drain simulta-
neously if the interface between them is somewhat close
to the height levels covered by the tap-hole. This feature
is illustrated in Figure 4,[28] where tapping rates for slag
and metal in a FeMn furnace are plotted for a case with
initial metal and slag levels of 30 cm each. Both slag and
metal are tapped simultaneously throughout the given
time interval, while their tapping rates are not equal.
Metal has a higher tapping rate in the beginning of the
tap, and towards the end, the metal tapping stops while
slag continuous to be tapped. This applies to slag and
metal being tapped through a single tap-hole.

It should also be noted that the interface between slag
and metal and slag and gas is not flat. Due to the
drainage velocities a suction force (i.e. dynamic pres-
sure) causes the interface to deform towards the
tap-hole. This will cause slag to tap earlier than expected
from its average level, while metal tapping will take

longer. This is illustrated in Figure 5 which is created
from a CFD simulation. This will result in slag tapping
occurring earlier than expected from its average level,
and metal tapping will take longer.
The mechanisms mentioned here can be explained and

calculated with the models cited in the preceding
sub-chapters. The knowledge and techniques associated
with the models can be applied to enhance tapping as
discussed in the following chapter.

III. APPLICATION TO TAPPING

The application of modeling methods to real-world
problems in the ferroalloy industry remains at an early
stage of development. As is clear from the previous
sections, the majority of work in this field has so far
been focused in two main areas. The first is specific
design verification or modification, in which a physical
or numerical model of an individual component of the
tapping system is constructed after it has been designed
using more traditional engineering methods. The second
is broad fundamental studies of various aspects and
phenomena in generic tapping systems, in which the
parameter spaces of simplified models are explored in
order to build deeper understanding of the tapping
process in general.
While these approaches have been largely successful

to date, the potential inherent in modeling of tapping
processes is considerably wider in scope. With the
advent of the fourth industrial revolution (4IR) model-
ing methods constitute a powerful toolbox that can be
leveraged by high-level software automation for design,
optimization, and control purposes. This can take
several forms:

� Virtual prototyping, in which numerous variations of
equipment and process designs are tested extensively
using computer models as front-line engineering
tools, in order to arrive at an optimized final design,

� Digital twinning, in which predictive numerical or
computational models are integrated with live data
from furnace plants in order to provide model-based
control, operator guidance, and early warning sys-
tems,

� Inverse modeling and soft sensors, in which models
are used to infer and interpolate between real mea-
surements (such as those obtained from furnace feed
and electrical systems, thermocouples, sidewall cool-
ing elements, etc.) in order to provide virtual sensors
which can be used by plant control systems as though
they were real instruments,

� Industrial Internet of Things (IIoT) applications, in
which knowledge obtained from modeling (or even
simple models themselves) are directly integrated into
instruments and support equipment installed on the
tapping system, facilitating the development of more
distributed and self-organizing control strategies,

� Data-driven modeling, in which large quantities of
measured tapping data for a particular furnace
operation are analyzed using data science and ma-

Fig. 4—Tapping rates for slag and metal in a FeMn furnace as a
function of time.[28]

Fig. 5—Example of slag (green) and metal (red) phases during
tapping from a FeMn furnace. The tap-hole diameter is 10 cm
(Color figure online).
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chine learning tools in order to support and augment
more traditional empirical or fundamental modeling.

The utility of virtual prototyping has already been
demonstrated in the HSE field for the development of
new equipment and operational procedures for manag-
ing gas and dust emissions during ferroalloy tap-
ping.[49,52] Advanced models of other parts of furnace
tapping systems are potentially able to predict a wide
range of phenomena relevant in HSE applications
including tap-hole wear and damage, splashing and
accidental overflows from tapping runners and ladles,
thermal radiation loads from molten metal and slag
surfaces, outcomes of different equipment failure
modes, and so forth. In the more general virtual
prototyping space it is expected that computational
modeling of ferroalloy furnace tapping systems will be
able to provide tangible economic benefits by suggesting
design optimizations that improve phase separation
efficiencies, increase robustness and tolerance to tapping
variability, and reduce maintenance and consumables.

Digital twinning is expected to evolve naturally from
developments in virtual prototyping as models become
more sophisticated and available computational power
advances. It is expected that while virtual prototyping
focuses on the detailed design of individual components
of the furnace tapping system, digital twin models will
unify component models into a single framework in
order to account for interaction effects. An example of
this is shown in Figure 6, in which information from
various sub-models carries through a simple flowsheet
for a ferroalloy furnace tapping system. The availability
of powerful software integration and automation tools

in high-level general purpose languages like Python is
expected to be a key driver of digital twin development
in the future.
The use of inverse modeling and soft sensors to

expand measurements from instrumentation is already
quite commonplace in blast furnace operations for
hearth and sidewall integrity monitoring.[53,54] It is
anticipated that extension of such techniques to furnace
tapping systems will give plant operators a clearer
picture of the interior condition of tap-holes and
tapblock lining assemblies in particular, facilitating
efficient just-in-time maintenance practices and averting
catastrophic failures.
IIoT applications[55] are still in their infancy in the

ferroalloy industry. However, it is expected that with
ongoing advances of instruments and sensors, modeling
technologies from virtual prototyping and digital twin-
ning will trickle down to this level in due course. A
network of smart instrumentation and equipment will be
capable of not only communicating and sharing infor-
mation with each other, but also running simulations to
enhance their knowledge of the tapping system and
improve their actions. Automation and control of
tapping systems are therefore likely to become consid-
erably more distributed in such environments, requiring
only supervisory monitoring and high-level objectives to
be provided by plant operators.
Data-driven modeling is expected to see greatly

increased application in the control and management
of furnace tapping systems in the future. The enabling
technologies of data science and machine learning are
already seeing significant adoption in other areas of
pyrometallurgy such as quality monitoring and con-
trol.[56] By combining the top-down approach of data
science methods with bottom-up models based on
process fundamentals, powerful augmented modeling
frameworks can be conceived which are fitted optimally
to large dynamic real-world datasets while remaining
flexible enough to extrapolate realistically beyond the
bounds of that data. Together with IIoT, such tech-
niques are also expected to feed back into the develop-
ment of more advanced modeling methods for virtual
prototyping and digital twinning, closing the loop of
new applications for modeling in furnace tapping
systems.

IV. CONCLUSIONS AND OUTLOOK

Tapping is a ubiquitous and cross-cutting furnace
operation in the ferroalloy industry, and poses a number
of challenges ranging from the complexity of the physics
involved to the extreme hazards faced by the personnel
who work on it. It would, therefore, seem to be an ideal
subject for the application of modeling techniques,
which are able to build scientific and engineering
knowledge of a process via physical or numerical
proxies. However, it is clear from the present review
that research and development in the field of ferroalloy
furnace tapping remains at a relatively nascent stage.Fig. 6—Furnace tapping system (top) with corresponding integrated

modeling flowsheet (bottom).
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Arguably, the most progress to date has happened in
the area of reduced-order models, with refinements and
advances in the state of the art contributed by many
different authors over a number of years. Such models
are robust and simple, and may be easily fitted to
process data from a particular operation in order to
develop tailored solutions. They also lend themselves
naturally to new applications in software automation
and control.

Applications in physical modeling have been some-
what limited in recent times, despite the fact that this
can add significant value to other types of modeling
work; very little industrial data on furnace tapping are
available in the open literature, and as such physical
experiments are frequently the only accessible datasets
against which to test and validate numerical models.

Computational modeling methods have great poten-
tial and are seeing rapid growth in both research and
engineering environments. The high level of multi-
physics coupling in the tapping problem together with
limited data for parameters and validation means that
they are primarily useful in gaining an understanding of
general trends and phenomena rather than performing
detailed equipment and process design at this time—but
this area of tapping modeling will evolve rapidly in the
future. Although we already have obtained good insight
from CFD studies, more information about the condi-
tions inside the furnace can be obtained when simula-
tions are linked to new and better knowledge. Most
modeling studies assumes uniform conditions in the
particle bed, while in reality the particle bed is non-uni-
form with varying particle size, cracks and impermeable
zones. If CFD can include such defects into the
simulations, we might be able to explain inconsistency
between taps. This will, however, require a deeper
knowledge of the furnace internal conditions, which can
be gathered from furnace excavations,[10,57] but more
details are needed, especially on the conditions near the
tap-hole.

It is anticipated that the adoption of methods and
technologies from 4IR (including virtual prototyping
and digital experimentation, digital twinning, the Inter-
net of Things and data science) will be a strong driver
for modeling of ferroalloy tapping processes. These
applications are already gaining acceptance in many
other parts of pyrometallurgical furnace operations, and
they offer a unique opportunity to repurpose many
traditional modeling methods in new and interesting
ways.

Finally, it is important to appreciate that many
similarities exist between tapping operations for differ-
ent types of furnaces and commodities, and this should
be explored further in order to build better knowledge,
models, and toolsets with reduced effort and cost.
modeling research from the iron and steel industry has
already been used extensively in many aspects of
ferroalloy smelting, and tapping is no exception. Going
forward, building on such synergies to expand the
capabilities and applications of modeling methods in
ferroalloy furnace tapping is likely to continue to the
benefit of all parties.
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TOPICAL COLLECTION: TOPICAL COLLECTION: SCIENCE AND TECHNOLOGY OF MOLTEN SLAGS,

FLUXES, AND SALTS

Interfacial Behaviour in Ferroalloys: The Influence
of Sulfur in FeMn and SiMn Systems

SERGEY BUBLIK, SARINA BAO, MERETE TANGSTAD,
and KRISTIAN ETIENNE EINARSRUD

The present study has investigated the influence of sulfur content in synthetic FeMn and SiMn
from 0 to 1.00 wt pct on interfacial properties between these ferroalloys and slags. The effect of
experimental parameters such as temperature and holding time was evaluated. Interfacial
interaction between ferroalloys and slags was characterized by interfacial tension and apparent
contact angle between metal and slag, measured based on the Young–Laplace equation and an
inverse modelling approach developed in OpenFOAM. The results show that sulfur has a
significant influence on both interfacial tension and apparent contact angle, decreasing both
values and promoting the formation of a metal-slag mixture. Despite the fact that sulfur was
added only to the ferroalloys, most of sulfur is distributed into slag after reactions with the
metal phase. Increasing the maximum experimental temperature in the sessile drop furnace also
resulted in a decrease of both interfacial properties, resulting in higher mass transfer rates and
intensive reactions between metal and slag. The effect of holding time demonstrated that after
reaching equilibrium in FeMn-slag and SiMn-slag systems (both with and without sulfur),
interfacial tension and apparent contact angle remain constant.
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I. INTRODUCTION

HIGH-CARBON FeMn and SiMn are produced in
submerged arc furnaces (SAF) by carbothermic reduc-
tion of manganese ores with the addition of carbon
materials and fluxes. The main products generated in
SAFs in ferroalloy production are molten metal and slag
which accumulate during smelting and, therefore, must
be removed from the furnace by performing an opera-
tion called tapping. During tapping, molten materials
flow out through a tap-hole and into ladles, where the
first ladle usually serves as a metal reservoir and
subsequent ladles are used as slag reservoirs. Since the
separation of metal and slag in the metal ladle occurs
naturally due to their difference in density, slag tends to
accumulate at the top of the metal ladle while metal
settles to the bottom. Due to the turbulence of the
tapping flow and interfacial interaction of metal and
slag, metal droplets are formed in slag, forming a

so-called metal-slag emulsion.[1] After the first ladle is
completely filled, slag begins to overflow to the slag
ladles, entraining a large number of metal droplets.
Metal entrained in slag is considered a loss, and this
generally reduces the process efficiency,[2,3] mainly for
the reason that further post-processing of slag with
entrained metal droplets requires additional costs.
Interfacial phenomena are vital for ferroalloy pro-

duction, as a better understanding of entrainment
mechanisms can significantly help reduce ferroalloy
losses with slag. The interfacial interaction between
metal and slag and the stability of the interface between
them are characterized by interfacial tension.[4] High
interfacial tension promotes better separation, while the
opposite is true for low interfacial tension. In metal-slag
systems where surface-active elements such as sulfur,
oxygen, selenium and tellurium are present, interfacial
tension decreases as a result of higher mass transfer
rates, leading to problems with the separation of metal
and slag due to the formation of metal-slag emulsion.[5]

In ferroalloys production, major elements which repre-
sent surface-active elements are sulfur and oxygen. For
such systems, the thermodynamic equilibrium between
ferroalloy and slag can be described by the reaction[6]:

½S� þ ðO2�Þ , ðS2�Þ þ ½O�; ½1�

where [S], [O] are sulfur and oxygen in alloy,
ðS2�Þ; ðO2�Þ are sulfur and oxygen in slag.
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Experimentally, the interfacial tension between two
molten materials is typically determined by melting
materials in a furnace equipped with an X-ray camera[7]

or by applying the sessile drop technique with a digital
camera.[8] After recording images of the interfacial
interaction between two phases, interfacial tension is
obtained by solving the Young–Laplace equation
(Eq. [2]) numerically,

DP ¼ c
1

R1
þ 1

R2

� �
; ½2�

where DP is the pressure difference at the interface, c
is interfacial tension, R1 and R2 are the principal radii
of curvature,[9] which describes the relationship
between interfacial tension and the shape of the inter-
face. However, in most cases, the measurement of
interfacial tension is extremely complicated due to high
temperatures and complex composition of molten
materials.

The present study is based on methodologies for the
measurement of interfacial tension and apparent contact
angles between ferroalloy and slag, which were devel-
oped and verified by the authors previously.[10,11]

Interfacial interaction in synthetic FeMn-slag and
SiMn-systems, both with and without sulfur addition
to ferroalloy, has been investigated by combining
analysis of images from a sessile drop furnace and

multiphase flow simulations in OpenFOAM v6,[12] and
discussed together with the assessment of the sensitivity
of the results by comparing different experiments.

II. EXPERIMENTAL

A. Material Preparation

Synthetic FeMn, SiMn and their corresponding slags
have been prepared from pure powders for studying
interfacial interactions in the sessile drop furnace. The
composition of the synthetic materials has been chosen
according to the composition of the industrial materi-
als[2] as shown in Table I. The purity of chemicals used
for material preparation is specified in Table II. The
amount of each chemical required to produce corre-
sponding synthetic materials has been calculated taking
into account both the purity of chemicals and the
composition of industrial materials and is presented in
Table III.
The powders were mixed and melted separately in a

graphite crucible in an induction furnace in Ar atmo-
sphere at temperatures up to 1773 K for FeMn and 1873
K for SiMn. The holding time for preparation of FeMn
and SiMn was 60 min, and for slags—5 min. After the
melting, both ferroalloys and slags were ground in a ball
mill and divided into batches of 50 g. Iron(II) sulfide

Table III. Weight of Pure Chemicals Used for Producing Synthetic FeMn, SiMn and Slags

Material

Weight of Pure Chemicals (g)

Mn Fe Si MnO CaO MgO SiO2 Al2O3 Total

FeMn 209.89 40.33 — — — — — — 250.22
SiMn 173.64 30.62 45.96 — — — — — 250.22
FeMn Slag — — — 95.96 60.53 15.15 57.79 25.51 254.94
SiMn Slag — — — 27.78 60.53 15.15 108.04 43.37 254.87

Table II. Purity of Chemicals

Material

Purity (Pct)

Mn Fe Si MnO CaO MgO SiO2 Al2O3 FeS

Chemicals 99.90 99.98 99.90 99.00 95.00 99.00 99.50 98.00 99.90

Table I. Chemical composition of industrial FeMn, SiMn and Slags
[2]

Material

Chemical Composition (Wt Pct)

Mn Fe Si C MnO CaO MgO SiO2 Al2O3

FeMn 78 15 – 7 – – – – –
SiMn 68 12 18 2 – – – – –
FeMn Slag – – – – 38 23 6 23 10
SiMn Slag – – – – 11 23 6 43 17
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powder has been added to batches of FeMn and SiMn
to provide 0.33, 0.66 and 1.00 wt pct of sulfur as shown
in Table IV. Thereafter, both ferroalloys and slag were
remelted at the same operational parameters in the
induction furnace. Note that the carbon has not been
added as a raw material for melting as it is contained in
the graphite crucible, which allows ferroalloys to be
saturated with the required amount of carbon—7 and 2
wt pct for FeMn and SiMn, respectively.

B. Experimental Setup

The sessile drop furnace, as sketched in Figure 1, has
been applied for investigating the interfacial interaction
between FeMn-slag and SiMn-slag. The sessile drop
furnace was equipped with a pyrometer and a C-type
thermocouple for measuring temperature, and with a
digital video camera (Sony XCD-SX910CR, Sony
Corporation, Millersville, MD) with a telecentric lens
(Navitar 1-50993D) for recording images of the molten
samples with the resolution of 1280 � 1024 pixels at one
frame per second after reaching the melting point of
ferroalloys and slags. Every 10 to 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 in Ar atmosphere (6 N grade)
according to the experimental matrices as demonstrated
in Tables V and VI. Additionally, the surface of the
graphite substrates and cups was cleaned with a paper
towel dipped in ethanol or acetone and then dried using
compressed air.

Two experimental methods (Figure 2), were employed
in this study:

– Method A (Figure 3(a)), allowing to measure appar-
ent contact angles between metal and slag.

– Method B (Figure 3(b)), allowing to determine both
interfacial tension and apparent contact angle be-
tween metal and slag.

Initially, it was planned to apply only method B for
studying interfacial interaction for both FeMn-slag and
SiMn-slag systems, but subsequently it was found that
SiMn has a poor wetting towards graphite, forming a
SiMn droplet instead of a molten layer in the graphite
cup as it is illustrated in Figure 4. Therefore, method A
was adopted for the SiMn-slag system.
After the experiments, the ferroalloys and slags were

cast in epoxy, sectioned in the centre of the slag droplet,
re-cast into epoxy, polished and coated with carbon
prior to analysis in EOL JXA-8500F Electron Probe
Micro Analyzer (EPMA). The composition of the
ferroalloy and slag phases were measured in several
points and then average composition of each phase was
calculated. Elemental mapping was performed for sev-
eral samples to show sulfur distribution between metal
and slag. Additionally, the chemical composition of
ferroalloys and slags prior to experiments was deter-
mined by X-ray fluorescence (XRF) and the combustion
infrared detection technique (combustion-IR). The fer-
roalloys were analyzed for Mn, Fe, Si, S and C, whereas
slags were analyzed for MnO, CaO, MgO, SiO2, Al2O3

and FeO.
In addition, the surface tension of FeMn, SiMn and

slags was measured using the sessile drop furnace by
melting ferroalloy or slag pieces on a graphite substrate.
Surface tension for FeMn and FeMn slag was measured
at temperature of 1723 K and at 1923 K for SiMn and
SiMn slag.

C. Methodology for Measurement of Surface
and Interfacial Tension

The methodology for determination of slag-metal
interfacial tension is based on measurements of surface
tension, followed by a comparison of geometrical
features obtained from multiphase computational fluid
dynamics (CFD) simulations using OpenFOAM[12] and
experiments in the sessile drop furnace. The complete
procedure is described in Reference 11, with a summary
is given in the following for reference.
The elliptic solution of the Young–Laplace equa-

tion[14] has been applied for measurements of slag
surface tension. Here, surface tension is expressed as:

Fig. 1—Schematic overview of the sessile drop furnace. Modified from Ref. 13 under the terms of the Creative Commons CC BY license.

Table IV. Weight of Iron(II) Sul de Added to FeMn and

SiMn (in g)

Material

Corresponding to

0.33 wt pct S 0.66 wt pct S 1.00 wt pct S

FeS 0.45 0.90 1.37
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c ¼
a2ðqslag � qArÞg

a3

b3
þ a

b � 2
; ½3�

where g is the gravitational acceleration, qAr is the

density of Ar ð1:66 kg/m3Þ, qslag is the density of slag

in liquid state ð3300 kg/m3Þ for FeMn slag and

2700 kg/m3 for SiMn slag.[15] Values of a and b are the
length of the semi-minor and semi-major axis—respec-
tively—found by fitting an ellipse to the slag contour.
The elliptic solution results in a significant error in

measurements in case if the droplet has a high wetta-
bility towards the substrate (contact angle < 90�) or if
the surface of the droplet does not form a perfect cir-
cle or ellipse.
Surface tension of ferroalloys was measured by a

plugin for ImageJ[16] based on low-bond axisymmetric
drop shape analysis (LBADSA), which allows to fit the
Young—Laplace equation to images and extract param-
eters of droplet’s contour.[17] The main output from the
plugin is the capillary constant c, which is used then to
calculate the surface tension via the equation:

Table V. Experimental Matrix Used in Experiments for the FeMn-Slag System

Experiment Calculated S Content (Wt Pct) Maximum Temperature (K) Holding Time at Maximum Temperature (Min)

1 0 1673 5
2 0.33 1673 5
3 0.66 1673 5
4 1.00 1673 5
5 0 1623 5
6 0 1723 5
7 0.66 1623 5
8 0.66 1723 5
9 0 1673 10
10 0 1673 15
11 0.66 1673 10
12 0.66 1673 15

Table VI. Experimental Matrix Used in Experiments for the SiMn-Slag System

Experiment Calculated S Content (Wt Pct) Maximum Temperature (K) Holding Time at Maximum Temperature (Min)

13 0 1873 5
14 0.33 1873 5
15 0.66 1873 5
16 1.00 1873 5
17 0 1823 5
18 0 1923 5
19 0.66 1823 5
20 0.66 1923 5
21 0 1873 10
22 0 1873 15
23 0.66 1873 10
24 0.66 1873 15

Fig. 2—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). Please note that the roughness on the surface of the droplets is related to the formation of solid carbon particles during the melting, which
will be discussed further in Sect. III.B.
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c ¼ ðqmetal � qArÞg
c

; ½4�

where c is the capillary constant in m�2, qmetal is the

density of ferroalloys in liquid state � 5612 kg/m3 for

FeMn and 4449 kg/m3 for SiMn.[15]

The apparent contact angle between SiMn and slag
has been measured every 30 to 60 seconds after 30
seconds of holding time—directly from images using the
open source image processing software (ImageJ[18]).

The interfacial tension between FeMn and slag has
been measured by method B approximately every 30
seconds after 2 minutes of holding time at minimum
volume expansion of slag droplet to minimize the
influence of volume fluctuations on the results. Method
B, which is essentially based on comparing geometrical
features obtained from simulations and experiments,
consists of the following steps[11]:

(a) Conduct experiments in the sessile drop furnace with
a single ferroalloy or slag droplet and determine
surface tension of each material.

(b) Conduct experiments in the sessile drop furnace
with a slag droplet placed on top of ferroalloy.

(c) Perform simulations in OpenFOAM for a defined
range of interfacial tension using densities of fer-

roalloy and slag in the molten state, weight of the
slag droplet and surface tensions determined at the
first step. Calculate the non-visible height of the slag
droplet (in pct) in the simulations.

(d) Measure the surface roughness correction coefficient
(kR) directly from experimental images as the aver-
age size of solid particles found at the FeMn-gas and
slag-gas interface. In this study, kR was up to 0.25
mm, depending on the surface roughness.

(e) Calculate the total volume of the slag droplet using
slag density in the molten state and weight of the
slag droplet measured before experiments:

Vtotal ¼
mslag

qslag
; ½5�

where mslag is weight of the slag droplet.
(f) Calculate the visible volume of the slag droplet (Vvis)

in experiments assuming that the slag droplet forms
a spherical cap both above and below the FeMn-gas
interface and subtracting kR from the visible height
and the radius of the slag droplet:

Vvis ¼
1

6
pðhvis � kRÞð3ða� kRÞ2 þ ðhvis � kRÞ2Þ; ½6�

where hvis is visible height of the slag droplet and a is
radius of the slag droplet.

Fig. 3—Schematic demonstrating slag and ferroalloys at fully molten state in experiments. Image (a) shows slag and SiMn droplets in Ar
atmosphere. hs�m is the contact angle between slag and SiMn. Image (b) shows the slag droplet floating on top of molten FeMn in Ar
atmosphere. cFeMn is surface tension of FeMn, cslag is surface tension of slag, cFeMn�slag is interfacial tension between FeMn and slag.

Fig. 4—Melting of SiMn layer and slag in the graphite cup in the sessile drop furnace. Image (a) shows the slag droplet and the SiMn layer
before melting at 1475 K. Image (b) illustrates formation of a droplet rather than a layer.
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(g) Calculate the non-visible volume of the slag droplet
(Vnon�vis):

Vnon�vis ¼ Vtotal � Vvis; ½7�

(h) Calculate the non-visible height of the slag droplet
(hnon�vis) in the experiments:

Vnon�vis ¼
1

6
phnon�visð3ða� kRÞ2 þ h2non�visÞ; ½8�

(i) Calculate the non-visible height of the slag droplet in
pct:

hnon�vis(pct) ¼
hnon�vis

hnon�vis þ hvis
� 100: ½9�

(j) Compare experimental and simulation values to
determine interfacial tension.

The 95 pct confidence interval for the sample mean was
calculated based on the Student’s t-distribution[19]:

CI ¼ y� t
sffiffiffi
n

p ; ½10�

where y is the sample mean, t is the critical value
found from the confidence level and degrees of free-
dom of the sample, s is unknown sample standard
deviation and n is the number of observations—from 6
to 31 in this study. Here, s is expressed as:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðyi � yÞ2

n� 1

s
; ½11�

where yi y1; y2; . . . ; ynf g represents one measured value
of the sample (i.e. single observation).

III. RESULTS AND DISCUSSION

A. Chemical Composition of Synthetic Ferroalloys
and Slags

The chemical composition of ferroalloys before
experiments was analyzed by XRF and combustion-IR
and is summarized in Table VII, while the chemical
composition of slags before experiments was analyzed
by XRF and is given in Table VIII. Due to formation of
FeMn dust and MnO2 particles during combustion
which then settle in the filter and lead to substantially
lower sulfur values in the samples, sulfur content in
FeMn could not reliably be determined by XRF and
combustion-IR. Consequently, sulfur content in FeMn
was estimated by EPMA from BSE images based on the
surface area of the sulfide phase to the total area of the
sample. The estimated sulfur content by EPMA is
provided in Table IX.
Comparing the composition of the synthetic ferroal-

loys and slags with the composition of the industrial
materials given in Table I, it is obvious that their
compositions are close to a large extent, which indicates
the correctness of the methodology used for the mate-
rials preparation in the current work.

B. Surface Tension of FeMn, SiMn and Corresponding
Slags

The experimentally measured average values of sur-
face tension by employing the aforementioned method-
ologies are presented in Figure 5. As it is expected for
metals, FeMn and SiMn have higher values of surface
tension – 1.50 and 1.20 N/m, respectively, while slags

Table VII. Measured Chemical Composition (In Wt Pct) of FeMn and SiMn Alloys Before the Experiments in the Sessile Drop

Furnace

Calculated S Content Mn Fe Si C S Total

FeMn Alloy
0 wt pct 76.60 15.20 0.81 7.26 0.03 99.90
0.33 wt pct 75.50 15.70 0.57 7.22 0.04 99.03
0.66 wt pct 75.90 16.40 0.20 7.18 0.05 99.73
1.00 wt pct 74.50 17.10 0.20 7.18 0.11 99.09

SiMn Alloy
0 wt pct 67.30 12.50 17.80 1.80 0.02 99.42
0.33 wt pct 67.40 12.90 16.30 2.00 0.25 98.85
0.66 wt pct 66.80 13.50 16.50 1.80 0.62 99.22
1.00 wt pct 66.80 14.00 16.50 1.70 0.90 99.90

Table VIII. Measured Chemical Composition (In Wt Pct) of FeMn and SiMn Slags Before the Experiments in the Sessile Drop
Furnace

Material MnO CaO MgO SiO2 Al2O3 FeO Total

FeMn Slag 36.13 23.82 6.76 23.54 10.41 1.42 102.32
SiMn Slag 13.02 21.38 6.43 42.80 16.84 1.85 102.32
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have considerably lower surface tensions – 0.65 N/m for
FeMn slag and 0.50 N/m for SiMn slag. Besides, sulfur
addition to ferroalloys seems to have no significant
effect on surface tension of FeMn and SiMn, which
results in the same surface tension as corresponding
alloys without sulfur addition. The LBADSA method-
ology, as it can be concluded from the confidence
intervals, has a higher deviation in measurements of
surface tension for FeMn, �0:05 N/m. In contrast, the
LBADSA for SiMn and the ellipsoidal solution of the
Young-Laplace equation for slags result in smaller
deviation, �0:02 N/m. The difference can be explained
by a rough surface of FeMn compared to other
materials, as shown in Figure 6, which gives greater
variation in measurements. The observed roughness of
FeMn could be attributed to a higher C content, and
hence more C can precipitate or dissolve during exper-
iments with FeMn.

In all experiments with FeMn, solid carbon particles
have been observed on top of FeMn layer as illustrated
in Figure 7. Their formation may be caused by different
temperatures during the materials preparation and the
experiments. As it can be seen from Figure 8, the carbon
saturation in FeMn is estimated to be 7.4 wt pct at
melting temperature of 1773 K used in the induction
furnace. However, at experimental temperatures of 1623
to 1723 K used in the sessile drop furnace, the carbon
saturation decreases down to 7.0–7.3 wt pct and the rest

of carbon remains in solid state, which can consequently
be observed on top of the FeMn layer in the experi-
ments. A similar phenomenon of floating carbon par-
ticles on top of the FeMn melt was suggested by
Hoel,[20] where it was discussed that excess carbon
precipitates as graphite from the supersaturated melt as
the temperature decreases. Figure 6(c) demonstrates that
the amount of solid carbon precipitation on surface of
the SiMn alloy is significantly lower compared to the
FeMn alloy, since the melting of SiMn in the induction
furnace at 1873 K and holding time of 60 minutes
allowed to dissolve only �2 wt pct of carbon in the
SiMn alloy and, as shown in Figure 9, this amount of
carbon is completely dissolved in liquid SiMn at 1873 K.
It is worth mentioning that the evaporation of slag

and metal droplets was not observed at the proposed
temperatures (Figure 6) in the experiments for measure-
ments of surface tension. The sample size over time only
increased in all experiments due to thermal expansion.
For instance, the volume change of the FeMn droplet
was up to 10 pct higher after increasing temperature
from the melting point (� 1533 K) to 1773 K, when
surface tension was measured. The given sample size in
this study was chosen to reduce the effect of solid carbon
particles precipitation on the surface of FeMn, as
decreasing the sample size is expected to introduce more
uncertainty associated with the surface roughness. On
the contrary, the variation in the droplet size (e.g. an
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Fig. 5—Average values of surface tension of FeMn, SiMn and slags measured experimentally. Grey lines on top of bars represent the 95 pct
confidence interval for the sample mean.

Table IX. Sulfur Content in FeMn Estimated by EPMA

Calculated S Content (Wt Pct) MnS in the Total Area (Pct)

Chemical Composition of MnS Phase (Wt
Pct)

S in FeMn (Wt Pct)Mn S Total

0 0.08 62.62 38.27 100.90 0.03
0.33 0.80 63.33 38.87 102.20 0.31
0.66 1.48 63.36 38.70 102.50 0.57
1.00 2.40 63.21 38.62 101.83 0.93
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unreasonably big droplet) will also affect surface ten-
sion, as it can be inferred from Eq. [12], where the
Eötvös number characterizes the balance between the
gravitational force and the surface tension force,[21] and
therefore the surface profile of a liquid droplet. How-
ever, no surface tension change was observed in the
present study either using a droplet twice smaller or the
given droplet size.

Eo ¼ DqgD2

c

�
gravitational force

surface tension force

�
½12�

where Eo is the Eötvös number, Dq is the density dif-
ference between two phases, D is the diameter of the
droplet. High values of Eo specify that the droplet is

strongly affected by the gravitational force, flattening
the droplet, while low Eo values indicate that the dro-
plet has the spherical shape.[22]

As it is has been reported by Lee et al.,[23] the surface
tension of a pure Fe-system is 1.90 N/m, while Mn
addition decreases the surface tension,[24] reaching
surface tension of 1.00 N/m for a pure Mn-system
without C addition. Assuming that there is no carbon
present in FeMn used in the current work, which
corresponds to 84 wt pct Mn and 16 wt pct Fe, the
surface tension of FeMn of this composition according
to Lee et al. is 1.10 N/m compared to 1.50 N/m
measured experimentally for the high-carbon saturated
FeMn alloy. There is no data published on surface
tension of SiMn; therefore, as an analogue of the Fe-Mn

Fig. 6—Surface of FeMn, SiMn and slags during melting in the sessile drop furnace: (a) FeMn droplet at 1723 K, (b) FeMn slag droplet at 1723
K, (c) SiMn droplet at 1923 K, (d) SiMn slag droplet at 1923 K.

Fig. 7—(a) Slag droplet and solid carbon particles on top of FeMn layer during experiments. (b) EPMA image of the area indicated by the red
box after experiments (Color figure online).
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Fig. 8—Fe-Mn-C phase diagram calculated in FactSage 7.3 for constant Fe content of 15 wt pct.

Fig. 9—Fe-Mn-Si-C phase diagram calculated in FactSage 7.3 for constant Fe and Mn content of 12 and 68 wt pct, respectively.
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system, surface tension can be alternatively described
only for the Fe-Si system. The similar negative trend of
Si on surface tension has been observed for a Fe-Si
system,[25,26] where the addition of Si to pure Fe
decreases surface tension from � 1.80–1.90 to 0.70 N/m.

Lee and Morita[27] studied the surface tension of a
Fe-C-S system, where they found that surface tension of
a pure Fe gradually decreases with sulfur addition,
which is caused by a high concentration of sulfur at the
surface. In the present study, even though sulfur acts as
a surface-active element, there is no interaction between
sulfur in ferroalloys, the graphite substrate and Ar
during melting in the sessile drop furnace. In addition,
the applied LBADSA methodology is not able to
determine small changes in surface tension due to the
uneven surface of ferroalloy droplets. These two factors
can explain constant surface tension with increasing
sulfur content in ferroalloys from 0 to 1.00 wt pct.

Besides that, Lee and Morita[27] showed that C
addition to pure Fe on alumina or aluminium nitride
substrates increases surface tension. As it can be
adopted for ferroalloys studied in this work, both FeMn
and SiMn, being completely saturated with carbon after
melting in the graphite crucible in the induction furnace,
do not react with the graphite substrate, which results in
a higher surface tension compared to non-carbon
ferroalloy systems.

Depending on the composition, multicomponent slags
generally have surface tension in the range from 0.30 to
0.70 N/m,[28,29] which corresponds to the ranges of
surface tension found in the present study.

C. Effect of Sulfur Addition to Ferroalloy-Slag Systems

The effect of sulfur content in the SiMn alloy (SSiMn) on
the average apparent contact angle between SiMn and slag
has been studied at constant maximum temperature of
1873 K and constant holding time of 5 minutes and is
shown inFigure 10. The increase of SSiMn from 0.02 to 0.90

wt pct decreases the average apparent contact angle from
37.8 to 29.6�. The largest change of � 6.7� is observed
between SSiMn of 0.02 and 0.25 wt pct, while the change
between SSiMn of 0.25 and 0.62 wt pct , and between SSiMn

of 0.62 and 0.90 wt pct was only � 1.1� and � 0.4�.
The average interfacial tension between FeMn and

slag changes depending upon sulfur content in the
FeMn alloy (SFeMn), as shown in Figure 11. The largest
change of � 0.30 N/m is noted when SFeMn increases
from 0.03 to 0.31 wt pct, which indicates that the
equilibrium in the FeMn-slag-S system is reached in this
range of SFeMn. The further increase of SFeMn to 0.93 wt
pct decreases interfacial tension only slightly from 0.96
N/m to 0.88 N/m. However, the measurements for
SFeMn of 0.31 and 0.57 wt pct have a larger deviation
described by confidence intervals of �0:09 and �0:05 N/
m, respectively. As illustrated in Figure 12, these two
experiments have significant fluctuations in surface area
due to the gas evolution after 2 minutes of holding time
at the maximum temperature, which most likely con-
tributes to the variance observed in the experiments.
Sulfur, as a surface-active element, mainly concen-

trates at the surface or the interface and therefore the
concentration of sulfur in the bulk does not play a
significant role on the interfacial mass transfer, which
reasonably means that the maximum concentration of
sulfur at the interface is reached at SSiMn of 0.25 wt pct
and SFeMn of 0.31 wt pct and the further increase of
sulfur content in ferroalloys does not affect interfacial
interaction in the FeMn-slag-S and SiMn-slag-S systems
significantly. Suzuki et al.[30] have studied the effect of
sulfur in a Fe-slag system on the dynamic change of
apparent contact angle, where they found that sulfur
absorbs at the Fe-slag interface and the apparent
contact angle gradually decreases during reactions
between metal and slag which is more pronounced with
sulfur addition. Kim and Tangstad[31] studied the
reduction kinetics of FeMn and SiMn slags in CO
atmosphere at temperatures up to 1873 K. The authors

Fig. 10—Effect of sulfur content in SiMn on average apparent contact angle between SiMn and slag at temperature of 1873 K and holding time
of 5 min. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.
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reported that the initial sulfur content in slags changes
the rate constant non-linearly, meaning that the rate
constant reaches a maximum at a certain sulfur content
in slag – 0.29 wt pct in their work. This may explain the
surface area fluctuations in the experiments with SFeMn

from 0.31 to 0.57 wt pct in the given study, which are
caused by higher reaction rates and thereby faster
reactions between FeMn and slag.

Even though sulfur has not been added in experiment
13, sulfur is found to be evenly distributed between
SiMn and slag as shown in Figure 13. This may indicate
that sulfur was introduced to the SiMn-slag system from
the powders or the graphite crucible during materials
preparation or from the graphite substrate during the
experiments. After increasing sulfur content in SiMn to
0.62 wt pct, the sulfur distribution shifts towards the
slag phase and sulfur mainly concentrates in the bulk of

slag (Figure 14). The similar distribution of sulfur has
been observed for the FeMn-slag-S system, in which
sulfur is predominately found in the slag phase as
illustrated in Figure 15. This was confirmed further by
calculating the sulfur distribution in FactSage[32] (Fig-
ure 16), from which it is evident that sulfur tends to be
distributed in slag, whether added to FeMn or SiMn.

D. Effect of Temperature

The effect of temperatures from 1823 to 1923 K on
average apparent contact angle between SiMn and slag
for SSiMn of 0.02 and 0.62 wt pct at holding time of 5
minutes is shown in Figure 17. From this figure, one can
notice that temperature has almost no effect on the
apparent contact angle for SSiMn of 0.02 wt pct, slightly
decreasing it from 37.3� at 1823 K and 37.8� at 1873 K

Fig. 11—Effect of sulfur content in FeMn on average interfacial tension between FeMn and slag at temperature of 1673 K and holding time of 5
min. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.

Fig. 12—Temporal change in visible surface area for experiments 2 to 4 during holding.
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to 35.6� at 1923 K, D1823!1923K = � 1.7�, D1873!1923K =
� 2.2�. However, for SSiMn of 0.62 wt pct, the temper-
ature influence is more evident, resulting in almost
complete covering of SiMn by slag (Figure 18) and in a
sharp decrease of apparent contact angle from 30.0 to
5.0� with increase of temperature from 1873 to 1923 K,
D1873!1923K = � 25.0�. Please note that the contact
angle is challenging to determine from images as shown
in Figure 18; however, the full dynamics observed in the
recorded videos from the experiments allowed the
contact angle to be determined based on the initial
position of both droplets.

Similarly to the SiMn-slag-S system, temperature
affects interfacial behaviour between FeMn and slag
both with and without sulfur. As shown in Figure 19,
average interfacial tension decreases considerably with
temperature in the FeMn-slag-S system with 0.57 wt pct
S, D1623!1723K = � 0.36 N/m, compared to the system
without sulfur addition, D1623!1723K = � 0.21 N/m.
As it was found in other studies,[31,33] the mass

transfer rate of sulfur tends to increase with tempera-
ture, resulting in more intensive reactions and therefore
lower values of interfacial tension between metal and
slag.

Fig. 13—EPMA results of the sample from experiment 13 (0.02 wt pct SSiMn, 1873 K, 5 min holding time). (a) SiMn and slag on the BSE image,
(b) EPMA elemental mapping showing sulfur distribution between SiMn and slag.

Fig. 14—EPMA results of the sample from experiment 15 (0.62 wt pct SSiMn, 1873 K, 5 min holding time). (a) SiMn and slag on the BSE image,
(b) EPMA elemental mapping showing sulfur distribution between SiMn and slag.
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Due to the higher temperatures in experiments with
the SiMn system, slag could be reduced by solid carbon,
changing the initial slag composition and hence affecting
the results. As found by EPMA and shown in Table X,

slag composition changes after reaction with the SiMn
alloy at different temperatures and, at lower tempera-
tures, MnO reduces first.

Fig. 15—EPMA results of the sample from experiment 2 (0.31 wt pct SFeMn, 1673 K, 5 min holding time). (a) FeMn and slag on the BSE image,
(b) EPMA elemental mapping showing sulfur distribution between FeMn and slag.
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Fig. 16—Sulfur distribution between phases in the FeMn-slag-S-Ar and SiMn-slag-S-Ar systems at 1673 and 1873 K, respectively. Calculated
using FactSage 7.3.

Table X. Slag Composition (In Wt Pct) After Reaction With the SiMn Alloy at Different Temperatures in the Sessile Drop
Furnace

Temperature (K) MnO CaO MgO SiO2 Al2O3 FeO Total

1823 7.28 24.37 5.97 45.92 17.90 0.02 101.46
1873 6.38 25.14 6.17 44.71 18.65 0.01 101.06
1923 5.40 26.65 6.30 43.09 19.71 0.01 101.16
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E. Effect of Holding Time

Figure 20 shows the influence of holding time of 5, 10
and 15 minutes on average apparent contact angle
between SiMn and slag for SSiMn of 0.02 and 0.62 wt pct
at 1873 K. Similarly to temperature, holding time seems
to have no effect on average apparent contact angle for
SSiMn of 0.02 wt pct, D5!15min = � 1.0�. Increasing
holding time from 5 to 15 minutes for SSiMn of 0.62 wt
pct decreases average apparent contact angle between
SiMn and slag from 30.0 to 20.1�. However, the largest
change is observed with increasing holding time from 5
to 10 min, D5!10min = � 9.4�, while the change of
holding time from 10 to 15 minutes has no significant
effect on apparent contact angle, D10!15min = � 0.5�.

The effect of holding time on average interfacial
tension between FeMn and slag is presented in Fig-
ure 21. For the FeMn system, varying holding time from
5 to 15 minutes seem to have no to little effect on
interfacial tension, only insignificantly decreasing in
experiments without sulfur and increasing when sulfur
has been added to FeMn. Nevertheless, it should be
noted that the confidence intervals for all holding
experiments overlap, therefore, it is not possible to
conclude about the negative or positive effect of holding
time on interfacial tension.
Constant interfacial tension for the FeMn system and

apparent contact angle for the SiMn system may
indicate that the equilibrium in these systems has been
reached and further holding does not affect the interfa-
cial interaction. This also accords with previous obser-
vations,[30,34–36] where it was concluded that apparent
contact angle between metal and slag dynamically
changes with holding time, decreasing down to a certain
minimum during the absorption of sulfur at the
metal–slag interface. Subsequently, apparent contact
angle stabilizes after increasing to a certain constant
value, when sulfur is desorbed from the interface into
the bulk of the molten metal and slag.
The sulfur distribution has been measured after the

experiment with SFeMn of 0.57 wt pct and holding time
of 10 minutes (Figure 22). It can seen by comparison
with Figure 15, that the distribution of sulfur to the slag
phase does not change significantly as holding time
increases from 5 to 10 min, further indicating that the
equilibrium has already been achieved at holding time of
5 min.

Fig. 18—SiMn and slag droplets at temperature of 1923 K. The
hatched area represents the visible part of the SiMn droplet.

Fig. 17—Effect of temperature on average apparent contact angle between SiMn and slag at holding time of 5 min and different sulfur addition
to SiMn. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.

METALLURGICAL AND MATERIALS TRANSACTIONS B



The data described statistically for experiments with
the FeMn-slag-S and SiMn-slag-S systems is shown in
Appendix A. Dynamic evolution towards the steady
state for both systems is illustrated in Appendix B,

where it is clear that there is a strong indication of
reactions between slag and metal during the experi-
ments, which partially explains uncertainties in the
measured values.

Fig. 19—Effect of temperature on average interfacial tension between FeMn and slag at holding time of 5 min and different sulfur addition to
FeMn. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.

Fig. 20—Effect of holding time on average apparent contact angle between SiMn and slag at temperature of 1873 K and different sulfur addition
to SiMn. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.

METALLURGICAL AND MATERIALS TRANSACTIONS B



IV. CONCLUSIONS

Sulfur plays a major role in the separation of metal
and slag in ferroalloy production due to its ability to
change the interfacial energy at the metal-slag interface,
which leads to the formation of metal-slag emulsion and
therefore additional metal losses with slag. In this study,
the influence of sulfur added to FeMn or SiMn on the
interfacial interaction between ferroalloy and slag has
been investigated in a sessile drop furnace by applying

different methodologies for FeMn and SiMn systems
and comparing statistical data calculated from experi-
mental results.
One of the more significant findings to emerge from

this study is that there is a maximum of the extent to
which sulfur can change interfacial tension and apparent
contact angle between ferroalloy and slag—the maxi-
mum change was found at 0.25 wt pct sulfur in the SiMn
alloy and 0.31 wt pct sulfur in the FeMn alloy. For all
sulfur additions to ferroalloys, it is observed that sulfur

Fig. 21—Effect of holding time on average interfacial tension between FeMn and slag at temperature of 1673 K and different sulfur addition to
FeMn. Grey lines on top of bars represent the 95 pct confidence interval for the sample mean.

Fig. 22—EPMA results of the sample from experiment 11 (0.57 wt pct SFeMn, 1673 K, 10 min holding time). (a) FeMn and slag on the BSE
image, (b) EPMA elemental mapping showing sulfur distribution between FeMn and slag. Note that the images were taken from the same
region at different magnifications.
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distributes mainly to slag after reaching equilibrium and
the amount of sulfur remaining in the metal phase is less
than 15 pct.

It has been also noted that the effect of temperature
on interfacial tension and apparent contact angle is
more noticeable in ferroalloy-slag systems with sulfur
addition, which can be explained by a higher mass
transfer rate and a larger interfacial area in such
systems.

The holding time seems to have a limited effect on
both interfacial tension and apparent contact angle.
Despite small changes observed for both systems, these
results must be interpreted with caution, since the
confidence intervals in all holding time experiments
overlap greatly. These small changes in interfacial
properties may indicate that equilibrium in the SiMn-
slag system and FeMn-slag system with and without
sulfur is achieved before 5 minutes of holding time,
while for the SiMn-slag-S system equilibrium is reached
at 10 minutes of holding.

Solid carbon particles have been found on top of the
FeMn layer and thereby the improvement of the
materials preparation methodology might be necessary
to reduce the uncertainty in measurements—for exam-
ple, using crucibles made of other materials than
graphite or chemical reagents of a higher purity.
However, this might also introduce additional experi-
mental difficulties in saturating the required amount of
carbon, since in this case it has be added as a raw
material. Besides, interfacial tension has not been
measured for the SiMn system due to the fact that only
graphite cups were used in the sessile drop furnace and a
limited wettability of SiMn towards graphite. Therefore,
experiments with cups made of different materials can be
a further development of the current methodology.
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APPENDIX A

See Appendix Tables XI and XII.

Table XI. Statistical Data for the Experiments With FeMn and Slag

Experiment

Interfacial Tension Between FeMn and Slag (N/m)

Mean Standard Deviation Standard Error 95 Pct Margin of Error

1 1.26 0.04 0.02 0.04
2 0.96 0.12 0.05 0.11
3 0.93 0.07 0.03 0.07
4 0.88 0.04 0.01 0.03
5 1.40 0.06 0.02 0.05
6 1.19 0.06 0.02 0.05
7 1.35 0.06 0.02 0.06
8 0.99 0.07 0.03 0.06
9 1.24 0.05 0.01 0.03
10 1.20 0.06 0.01 0.02
11 1.01 0.02 0.01 0.01
12 1.03 0.05 0.01 0.02
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APPENDIX B

See Appendix Figs. 23, 24, 25, 26, 27, 28.

Fig. 23—Effect of sulfur on dynamic evolution of apparent contact angle between SiMn and slag at temperature of 1873 K and holding time of
5 min. The grey shaded area and the black dashed line represent the 95 pct confidence interval and the linear regression, respectively. Images (a)
through (d) represent sulfur content in SiMn from 0.02 to 0.90 wt pct.

Table XII. Statistical Data for the Experiments With SiMn and Slag

Experiment

Apparent Contact Angle Between SiMn and Slag ð�Þ

Mean Standard Deviation Standard Error 95 Pct Margin of Error

13 37.8 2.4 0.8 1.73
14 31.1 7.6 2.4 5.5
15 30.0 2.7 0.9 1.9
16 29.6 1.9 0.6 1.4
17 37.3 2.0 0.6 3.1
18 35.6 5.8 1.7 3.9
19 29.5 4.0 1.2 2.7
20 5.0 7.8 2.4 5.3
21 37.4 4.8 1.4 3.1
22 36.8 3.0 0.7 1.6
23 20.6 11.5 2.5 5.2
24 20.1 9.8 1.8 3.6
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Fig. 25—Effect of temperature on dynamic evolution of apparent contact angle between SiMn and slag at holding time of 5 min. Black markers
and lines refer to 0.02 wt pct SSiMn, while blue markers and lines refer to 0.62 wt pct SSiMn. The grey shaded area and dashed lines represent
the 95 pct confidence interval and the linear regression, respectively. Images (a) through (c) represent temperature from 1823 to 1923 K.

Fig. 24—Effect of sulfur on dynamic evolution of interfacial tension between FeMn and slag at temperature of 1673 K and holding time of 5
min. The grey shaded area and the black dashed line represent the 95 pct confidence interval and the linear regression, respectively. Images (a)
through (d) represent sulfur content in FeMn from 0.03 to 0.93 wt pct.
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Fig. 27—Effect of holding time on dynamic evolution of apparent contact angle between SiMn and slag at temperature of 1873 K. Black
markers and lines refer to 0.02 wt pct SSiMn, while blue markers and lines refer to 0.57 wt pct SSiMn. The grey shaded area and dashed lines
represent the 95 pct confidence interval and the linear regression, respectively. Images (a) through (c) represent holding time from 5 to 15 min.

Fig. 26—Effect of temperature on dynamic evolution of interfacial tension between FeMn and slag at holding time of 5 min. Black markers and
lines refer to 0.03 wt pct SFeMn, while blue markers and lines refer to 0.62 wt pct SFeMn. The grey shaded area and dashed lines represent the 95
pct confidence interval and the linear regression, respectively. Images (a) through (c) represent temperature from 1623 to 1723 K.
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ORIGINAL RESEARCH ARTICLE

Interfacial Behaviour in Ferroalloys: The Influence
of FeMn Slag Composition

SERGEY BUBLIK, MERETE TANGSTAD, and KRISTIAN ETIENNE EINARSRUD

The present study investigated the interfacial interaction between FeMn alloy and slags of
different compositions and basicity from 0.4 to 1.2 in a sessile drop furnace. Interfacial tension
between the FeMn alloy and the slags was measured, and the results were analyzed to assess the
sensitivity of the applied methodology. The measurement of the interfacial tension was based on
combining the results from experiments, multiphase flow simulations in OpenFOAM,
equilibrium calculations in FactSage, and calculation of slag density and surface tension
based on numerical models. The results demonstrate that the interfacial tension between the
FeMn alloy and slag increases with the slag basicity. It was found that the addition of Al2O3 to
the slag with basicity of 0.8 and 1.2 increases the interfacial tension, while increasing MnO
content from 30.0 to 45.0 wt pct does not have any statistically significant influence on the
interfacial tension. EPMA analysis of slag and FeMn phases showed that slags at lower
basicities and the FeMn alloy form a metal–slag emulsion due to the destabilization of the
interface induced by chemical reactions, partial reduction of SiO2 in the slag and the mass
transfer of Si across the metal–slag interface.

https://doi.org/10.1007/s11663-022-02605-3
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I. INTRODUCTION

THE carbothermic reduction of manganese ores for
producing FeMn alloy in submerged arc furnaces is
related to the formation of a significant amount of
molten slag, which is then tapped simultaneously with
FeMn to ladles, where a metal–slag emulsion is formed.
Small FeMn droplets are entrained in the slag phase due
to the intensive mixing of FeMn and slag. This decreases
efficiency of the ferroalloy production process because
further removal of metal from slag may cause logistics
difficulties and is heavily time- and energy-consum-
ing.[1,2] Interfacial tension between molten metal and
slag characterizes the metal-slag separation[3] and thus it
is important for ferroalloy production. High interfacial
tension promotes a high degree of separation of metal
and slag, while a low interfacial tension will promote
formation of metal–slag emulsion and small metal
droplets in slag.[4] Several studies have shown that the
interfacial tension is greatly dependent upon the slag
composition due to chemical reactions at the metal–slag
interface and the mass transfer across the interface.[5–12]

In FeMn production, the FeMn alloy is highly saturated
with carbon, which results in reduction of oxides such as
MnO, FeO or SiO2 at the interface between FeMn and
slag, and subsequently in the mass transfer of Mn, Fe
and Si to the FeMn alloy. The thermodynamic equilib-
rium between ferroalloy and slag can be described by
several reduction reactions:[13]

ðMnOÞ þ ½C� ¼ ½Mn� þ COðgÞ; ½1�

ðSiO2Þ þ 2½C� ¼ ½Si� þ 2COðgÞ; ½2�

ðFeOÞ þ ½C� ¼ ½Fe� þ COðgÞ; ½3�

ðMnOÞ þ ½Fe� ¼ ½Mn� þ ðFeOÞ; ½4�

ðSiO2Þ þ 2½Mn� ¼ ½Si� þ 2ðMnOÞ; ½5�

where [] and () denote chemical constituents in the
FeMn alloy and the slag, respectively.
The determination of the metal–slag interfacial ten-

sion is challenging as it requires applying high temper-
atures and recording metal–slag interaction with X-ray
imaging[14] or a digital camera.[6] Generally, these
methods may have significant experimental uncertainty
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due to sensitivity to impurities present in raw mate-
rials and crucibles, or the resolution of X-ray
images.[15] Therefore, the use of advanced analysis
and modelling tools can be of great help in under-
standing the interfacial phenomena and in improving
and simplifying the experimental setup for measuring
interfacial tension.

In the current study, the interfacial interaction
between FeMn alloy and slags of different compositions
was investigated in a sessile drop furnace using the
methodology developed by the authors previously,[16,17]

which was improved in this study to improve repro-
ducibility and reduce uncertainty due to the precipita-
tion of solid carbon during melting of FeMn alloy and
slag. The improved methodology combines analysis of
images from experiments in the sessile drop furnace,
numerical data obtained in multiphase flow simulations
in OpenFOAM v8,[18] the numerical models for calcu-
lation of density and surface tension of slag developed
by Mills et al.[19,20] and results of equilibrium calcula-
tions in FactSage 7.3.[21] In addition, the sensitivity of
the results was assessed by comparing different
experiments.

II. EXPERIMENTAL

A. Material Preparation

Synthetic FeMn alloy and slags have been prepared
from pure powders for studying interfacial tension in the
sessile drop furnace. Compositions of the FeMn alloy
and the slags have been selected based on the compo-
sition of industrial materials and, in addition, the
synthetic slags have been selected to cover the most
relevant slags for FeMn production. The calculated
composition of the synthetic raw materials and the
purity of powders used for material preparation are
specified in Tables IV and V in ‘‘Appendix A’’,
respectively. The composition of FeMn alloy and slag
measured by the X-ray fluorescence (XRF) and the
combustion infrared detection (combustion-IR) tech-
niques is shown in Table I. The corresponding normal-
ized data is given in Table VI in ‘‘Appendix A’’.

The powders were mixed and melted separately in
graphite crucibles in an induction furnace in Ar atmo-
sphere at temperature of 1773 K and holding time of 60
minutes for the FeMn alloy and 5 minutes for master
slags. After the first melting, the FeMn alloy and the
master slags were cooled down in the crucibles and
ground in a ball mill. Thereafter, the master slags were
divided into batches of 20 g and an additional amount
of the oxide powders has been added according to the
composition of the final slags. Both the FeMn alloy and
the master slags were then remelted using the same
operational parameters in the induction furnace. The
amount of the powders required to produce the syn-
thetic materials has been calculated taking into account
the purity of the powders and the composition of the
industrial materials[1] and is presented in Table VII in
‘‘Appendix A’’. Note that carbon has not been added as
a raw material for melting of the FeMn alloy as it is

contained in the graphite crucible—this allows to
saturate the required amount of carbon, � 7 wt pct
for the FeMn alloy.

B. Experimental Setup

A sessile drop furnace (Figure 1) has been applied for
investigating the interfacial interaction between the
FeMn alloy and the slags as shown in Figure 2. The
sessile drop furnace was equipped with a pyrometer and
a C-type thermocouple for measuring temperature, and
with a digital video camera (Allied Vision Prosilica
GT2000, Edmund Optics, Inc., Barrington) with a
telecentric lens (Navitar 1-50993D) for recording images
of molten samples with the resolution of 2048� 1088
pixels at one frame per second after reaching melting
temperature of the FeMn alloy and the slags. Every 10
to 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 cups in Ar atmosphere
(6N grade) at temperature of 1673 K and holding time
of 5 minutes in sets, where three parallels were per-
formed for each slag composition. The heating rate was
300 K/min up to 1473 K and approximately 25 K/min
from 1473 K to 1673 K. The graphite cups were cleaned
before the experiments with a paper towel dipped in
ethanol or acetone and then dried using compressed air.
A schematic representation of the slag and the FeMn
alloy in the graphite cup before and during the exper-
iments is shown in Figure 3.
After the experiments, the FeMn alloy and the slags

were cast in epoxy, sectioned in the centre of the slag
droplet, re-cast into epoxy, polished and coated with
carbon prior to analysis in EOL JXA-8500F Electron
Probe Micro Analyzer (EPMA). The composition of
FeMn and slag phases were measured in several points,
and the average composition of each phase was calcu-
lated based on this. Additionally, the chemical compo-
sition of the synthetic FeMn alloy and the slags before
the experiments was determined by XRF and combus-
tion-IR. The FeMn alloy was analyzed for Mn, Fe, Si
and C, and the slags were analyzed for MnO, CaO,
MgO, SiO2, Al2O3 and FeO.

C. Methodology for Determination of Interfacial Tension

The methodology for determination of the interfacial
tension is based on a comparison of geometrical features
obtained from multiphase CFD simulations and the
experiments in the sessile drop furnace[17] as illustrated
in Figure 4. This methodology was developed by the
authors previously[16,17] and has been modified in this
paper to improve reproducibility and reduce uncertainty
due to the precipitation of solid carbon on the surface of
FeMn and slag during the experiments in the sessile
drop furnace.
The experimental step is performed to obtain images

of slag and metal interaction in the molten state. Here, a
set of three individual experiments with the slag droplet
placed on top of the FeMn layer in the graphite cup are
conducted for each slag composition.
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The composition of the slag and metal changes during
the experiments, and therefore the composition of the
liquid slag and the formed solid monoxide phase must
be taken into account to address the change in compo-
sition. The amount and composition of liquid slag phase
is determined at the adjustment step, which is then used
to estimate surface tension and density of the slag
droplet at the equilibrium using numerical models
developed by Mills et al. [19,20] The adjustment step is
performed as follows:

(a) Calculate amount and composition of the liquid slag
and solid phases after interaction with the FeMn
alloy at 1673 K in FactSage in the equilibrium
module using FactPS, FToxid and FTmisc data-
bases.

(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.

Table I. The Measured Chemical Composition of the Synthetic FeMn Alloy and Slags

Material

Chemical Composition (Wt Pct)

Mn Fe Si C MnO CaO MgO SiO2 Al2O3 FeO Total Basicity*

FeMn Alloy 77.30 14.50 0.11 7.52 — — — — — — 99.43 —
Slags with Al2O3 Addition
Slag A1 — — — — 30.62 14.23 6.77 39.52 10.23 0.89 102.26 0.42
Slag A2 — — — — 29.30 25.50 6.75 29.18 10.17 0.79 101.69 0.82
Slag A3 — — — — 28.91 32.00 6.64 22.14 10.19 0.79 100.67 1.20
Slag B1 — — — — 37.90 12.87 6.72 34.15 10.18 0.77 102.59 0.44
Slag B2 — — — — 36.77 22.50 6.58 25.21 10.08 0.74 101.88 0.82
Slag B3 — — — — 37.53 27.87 6.83 18.33 10.01 0.74 101.31 1.22
Slag C1 — — — — 45.43 10.76 6.61 28.84 10.23 0.73 102.60 0.44
Slag C2 — — — — 44.65 19.04 6.83 20.80 10.19 0.73 102.24 0.83
Slag C3 — — — — 45.39 23.92 6.70 15.04 10.01 0.72 101.78 1.22

Slags Without Al2O3 Addition
Slag D1 — — — — 30.67 14.76 6.10 48.83 0.67 0.89 101.92 0.42
Slag D2 — — — — 29.83 25.30 6.31 38.32 0.77 0.85 101.38 0.81
Slag D3 — — — — 29.27 31.91 6.18 32.23 0.61 0.80 101.00 1.16
Slag E1 — — — — 38.68 12.93 6.09 43.32 0.58 0.77 102.37 0.43
Slag E2 — — — — 37.01 22.69 6.16 34.40 0.69 0.75 101.70 0.82
Slag E3 — — — — 37.24 28.17 6.10 28.36 0.68 0.61 101.16 1.18
Slag F1 — — — — 46.00 10.58 6.23 38.14 0.69 0.71 102.35 0.43
Slag F2 — — — — 44.33 19.64 6.10 30.53 0.56 0.68 101.84 0.83
Slag F3 — — — — 45.33 24.53 6.01 25.02 0.47 0.70 102.06 1.20

�Basicity (B) =
CaOþMgO
SiO2þAl2O3

, calculated on mass basis.

Fig. 1—Schematic of the sessile drop furnace. Reprinted from Ref. [22] under the terms of the Creative Commons CC BY license.

Fig. 2—FeMn alloy and slag in the graphite cup before the
experiments in the sessile drop furnace. Reprinted from Ref. [17].
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(c) Calculate the average surface tension and the aver-
age density which can be found as the average be-
tween the slag droplet and its liquid phase.

Then, a geometric analysis of the slag droplet in the
experiments is carried out to characterize the interfacial
interaction between the FeMn alloy and the slags and
measure geometrical parameters of the slag droplet.
These are assessed after 2 minutes of holding time at the
minimum volume expansion of the slag droplet to
minimize the influence of volume fluctuations due to
chemical reactions and gas evolution on experimental

results. In addition, the surface roughness due to the
formation of solid carbon and the amount of FeMn
layer filling the graphite cup are addressed. The follow-
ing substeps are conducted at this step:

(a) Determine the surface correction coefficient for each
experiment, kR, by direct measurement and averag-
ing of the size of particles at the interfaces. In this
study, kR was up to 0.7 mm, depending on the
surface roughness, which corresponds to 25 pct of
the typical droplet size.

(b) Calculate total volume of the slag droplet, Vtotal,
using slag density in the molten state and weight of
the slag droplet measured before the experiments:

Vtotal ¼
mslag

qslag
; ½6�

where mslag is the weight of the slag droplet.
(c) Calculate visible volume of the slag droplet in the

experiments, Vexp
vis , assuming that the slag droplet

forms a spherical cap both above and below the
FeMn–gas interface and subtracting kR from visible
height and radius of the slag droplet:

Vexp
vis ¼ 1

6
pðhexpvis � kRÞð3ðaexp � kRÞ2 þ ðhexpvis � kRÞ2Þ;

½7�

where hexpvis is the visible height of the slag droplet and
aexp is the measured radius of the slag droplet.
(d) Calculate non-visible volume of the slag droplet in

the experiments, Vexp
non�vis:

Vexp
non�vis ¼ Vexp

total � Vexp
vis : ½8�

(e) Calculate non-visible height of the slag droplet in the
experiments, hexpnon�vis, by expressing it from the
equation:

Vexp
non�vis ¼

1

6
phexpnon�visð3ða

exp � kRÞ2 þ ðhexpnon�visÞ
2Þ: ½9�

(f) The FeMn layer does not completely fill the graphite
cup, therefore, distance from the FeMn–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 FeMn alloy in the molten
state and weight of the FeMn layer:

Fig. 3—(a) Schematic cross section of the slag droplet on top of the FeMn alloy in the graphite cup before the experiments. (b) The force
balance at the contact point of Ar, slag and FeMn during the experiments. cFeMn is surface tension of FeMn, cslag is surface tension of slag,
cFeMn�slag is interfacial tension between FeMn and slag. It should be observed that the slag droplet is small compared to the surface of FeMn,
ensuring that it does not come in contact with the graphite cup.

Fig. 4—Schematic describing steps for the determination of
interfacial tension in the experiments based on the geometrical
parameters of the slag droplet.
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Vcup ¼ pr2cuphcup; ½10�

VFeMn ¼ mFeMn

qFeMn

; ½11�

hadd ¼ Vcup � VFeMn

pr2cup
; ½12�

where Vcup is the volume of the cup, rcup is the inner
radius of the cup (4 mm), hcup is the inner height of
the cup (3 mm), VFeMn is the volume of the FeMn
layer, mFeMn is the weight of the FeMn layer, qFeMn is
the density of FeMn in the molten state (5612 kg/
m3[23]), hadd is the distance from the FeMn–gas inter-
face to the edge of the graphite cup, correcting for the
cup not being 100 pct filled. A visual explanation of
all geometrical parameters is shown in Figure 5.
(g) Considering hadd, calculate the non-visible height of

the slag droplet in the experiments (in pct):

hexpnon�vis ðpctÞ ¼
hexpnon�vis � hadd

hexpnon�vis þ hexpvis

� 100: ½13�

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

h
exp

non�vis ðpctÞ ¼
P

hexpnon�visðpctÞ
n

; ½14�

where n is the number of observations, considering
the minimum volume expansion of the slag droplet.

Furthermore, at the modelling step, simulations are
performed using the physical properties and parameters
from the experiments: surface tension (assumed to be a
constant value of 1.50 N/m as was calculated previ-
ously[24] by the authors for the FeMn alloy composition
considered in this study) and the density of the FeMn
alloy 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 FeMn layer. As shown
in Figure 6, the interfacial interaction between the FeMn

alloy 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 com-
pared to the non-visible height in the experiment, and if
they differ significantly, a new simulation is started.
Here, the following substeps are performed:

(a) Perform three parallel simulations using the inter-
facial 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 (Yslag apex) and the edge position of the gra-
phite cup on Y-axis (Yedge), visible height of the slag
droplet in simulations can be obtained:

hsimvis ¼ Yslag apex � Yedge; ½15�

hsimvis ðpctÞ ¼ hsimvis
hsimdroplet

� 100: ½16�

(c) Non-visible height is then expressed as:

hsimnon�vis ðpctÞ ¼ 100� hsimvis ðpctÞ: ½17�

Fig. 5—Geometrical parameters of the slag droplet (a) and the real position of the interface (b) used in the calculations. Note that the lines
shown in the figures are schematic only and may not represent actual measured geometrical parameters.

Fig. 6—The slag droplet at the FeMn–Ar interface in the steady
state in the simulations. The semi-transparent blue filled area
represents the walls of the graphite cup with rcup of 4 mm and hcup
of 3 mm (Color figure online).
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Consequently, the average non-visible height of the
slag droplet in a steady state is calculated (in pct):

h
sim

non�vis ðpctÞ ¼
P

hsimnon�vis ðpctÞ
nt

; ½18�

where nt is the number of time steps in the steady state
corresponding to the last 0.4 seconds of the simula-
tion. hsimnon�vis is calculated for each time step and the
simulation is stopped when two conditions are met:
simulation time is higher than 0.8 seconds and

h
sim

non�vis ðpctÞ is almost constant (�2 pct) during the last
0.4 seconds of the simulation, i.e., when the steady
state is reached.
(d) Linearly interpolate h

sim

non�vis ðpctÞ from the current
set of simulations as a function of the interfacial
tension and determine the corresponding value of
the interfacial tension to h

exp

non�vis.
(e) Perform a simulation using the interpolated inter-

facial tension and calculate h
sim

non�vis ðpctÞ as de-
scribed in step (c).

(f) Repeat steps from (c) to (e) until h
sim

non�vis ðpctÞ is �1

pct from the experimental value (
h
exp

non�vis).
The 80 pct confidence interval was calculated for each

set of three experiments based on the Student’s
t-distribution[25]:

CI ¼ y� t
s
ffiffiffi

n
p ; ½19�

where y is the sample mean, t is the critical value
found from the confidence level and degrees of free-
dom of the sample (1.886 for a two-tailed test with a
statistical significance of 0.2 and two degrees of free-
dom), s is the sample standard deviation and n is the
number of experiments in a set. Here, s is expressed
as:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1ðyi � yÞ2

n� 1

s

; ½20�

where yi y1; y2; . . . ; ynf g represents one measured value
of the sample (i.e., interfacial tension in a single
experiment).

III. RESULTS AND DISCUSSION

A. Surface Tension and Density of Slags

The composition of liquid slag phase of the slags after
interaction with the FeMn alloy at 1673 K was
calculated in FactSage and is shown in Table II. As
can be seen from this table, the composition of the liquid
slag changes after reacting with FeMn, which can be
partially attributed to the reduction of MnO to Mn by
Reaction (1) and mainly due to the formation of solid
MnO–MgO–CaO phase resulting in a lower MnO and
MgO content in the liquid slag when the basicity
increases. In addition, there is no solid slag phase at
low slag basicity of 0.4 and SiO2 in the slag is partially

reduced to the metal phase by Reaction (2). Note that
Al2O3 remains in the liquid slag phase and FeO
introduced into the slag by impurities in the raw
materials is completely reduced to the metal phase
through Reaction (3).
The surface tension and density of the slags, as given

in Table III, were calculated considering the composi-
tion of the initial slag (Table I) and the liquid slag phase
calculated in FactSage. The surface tension does not
vary significantly between the initial slag and the liquid
slag phase; the maximum variation of 0.025 N/m (5.5
pct) was observed for slag D1. Higher values of the
surface tension at higher basicities are related to the
composition change, thereby the content of CaO
increases while SiO2 decreases. CaO has a high surface
tension of 0.625 N/m in its pure form, whereas surface
tension of pure SiO2 (0.260 N/m) is substantially
lower.[20] In addition, slags without Al2O3 addition
have lower surface tension due to the low content of
Al2O3 which has a high surface tension of 0.655 N/m.
However, the variation in the density between the initial
slag and the liquid slag phase is higher and reaches 301
kg/m3 or 9.6 pct for slag C3. The density for the initial
slags is almost constant regardless of the slag basicity,
but it increases when MnO and Al2O3 content in the
slags increases as they have a higher density of 5370 and
3965 kg/m3, respectively, in their pure form compared
with CaO (3340 kg/m3), MgO (3580 kg/m3) and SiO2

(2650 kg/m3).[26] For the liquid slag phase, the density
decreases with the slag basicity due to the significant
change in the composition of the liquid phase after
interacting with the FeMn alloy, which leads to a lower
MnO content.

B. Effect of Slag Composition on Interfacial Tension

The interfacial tension between the FeMn alloy and
the slags with and without Al2O3 addition is shown in
Figures 7 and 8, respectively. It can be seen from the
figures that the interfacial tension sharply increases with
the slag basicity for both groups of slags. Moreover, for
slags with Al2O3, the increase in interfacial tension is
more pronounceable at higher basicities. As such, the
average interfacial tension for the slags with Al2O3

addition is 0.21 to 0.40 N/m higher at the basicity of 0.8,
and 0.05 to 0.36 N/m higher for the basicity of 1.2. In
addition, the 80 pct confidence intervals overlap greatly
in each group of basicities due to the low number of
experiments in parallels; however, the measured values
of the interfacial tension fall within the proposed ranges
of the confidence intervals. Increasing MnO content in
slag from 30.0 to 45.0 wt pct does not show statistically
significant differences in the interfacial tension for all
slags. Here, it is important to note that due to the
fluctuations of the slag droplet during reaction with the
FeMn alloy, which can influence the experimental
results, the non-visible height and, accordingly, the
interfacial tension were measured only at local mini-
mum expansion of the slag droplet as shown in
Figure 9.
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Previous studies[5,8,27] investigated the mechanisms of
the interfacial interaction between molten Fe and
CaO–SiO2–Al2O3 slag, where it was suggested that the
interfacial tension between slag and metal changes due
to reduction or oxidation reactions in molten Fe
containing Al (Eq. [21]) or decomposition and dissolu-
tion of SiO2 into molten Fe without Al (Eq. [22]). The
interfacial tension rapidly decreases due to the proposed

reactions, and then gradually increases before reaching a
constant value at the equilibrium between slag and
metal. As shown in Figure 9, the similar behaviour can
be observed in the current study, when the visible
surface area of slag B1 and B2 sharply changes in the
beginning of the holding period (0 to 1.5 minutes) and
then remains practically constant. This may indicate
that the dynamic interfacial oxygen potential and the

Table II. The Chemical Composition of the Liquid Slag Phase After Interaction with the FeMn Alloy Calculated in FactSage

Liquid Phase Corresponding to

Chemical Composition (Wt Pct)

MnO CaO MgO SiO2 Al2O3

Slags with Al2O3 Addition
Slag A1 34.76 14.05 6.68 34.41 10.10
Slag A2 26.60 26.22 6.95 29.72 10.46
Slag A3 21.15 36.27 4.92 25.57 12.11
Slag B1 38.15 12.96 6.77 31.87 10.25
Slag B2 31.42 24.09 6.68 27.02 10.79
Slag B3 22.82 35.91 3.92 24.26 13.09
Slag C1 42.75 11.11 6.82 28.75 10.56
Slag C2 33.28 23.20 5.52 25.53 12.46
Slag C3 24.77 34.36 3.33 22.70 14.83

Slags Without Al2O3 Addition
Slag D1 42.66 13.56 5.60 37.55 0.62
Slag D2 31.69 25.55 6.37 35.61 0.78
Slag D3 26.18 33.26 6.51 33.39 0.65
Slag E1 44.43 12.76 6.01 36.22 0.58
Slag E2 35.92 23.33 6.34 33.70 0.71
Slag E3 29.87 31.51 6.14 31.72 0.76
Slag F1 48.34 10.65 6.28 34.03 0.69
Slag F2 40.96 20.64 6.41 31.41 0.59
Slag F3 31.82 30.69 5.47 31.42 0.59

Table III. The Calculated Surface Tension and Density of the Initial Slag and the Liquid Slag Phase

Slag

Surface Tension (N/m) Density (kg/m3)

Initial Slag Liquid Phase Average Initial Slag Liquid Phase Average

Slags with Al2O3 Addition
A1 0.460 0.472 0.466 3138 3223 3181
A2 0.502 0.501 0.502 3170 3126 3148
A3 0.529 0.521 0.525 3187 3076 3132
B1 0.474 0.485 0.479 3270 3313 3292
B2 0.510 0.506 0.508 3292 3209 3251
B3 0.536 0.524 0.530 3318 3108 3213
C1 0.486 0.486 0.486 3414 3376 3395
C2 0.519 0.508 0.514 3426 3247 3337
C3 0.541 0.527 0.534 3446 3145 3296

Slags Without Al2O3 Addition
D1 0.429 0.454 0.442 3025 3266 3146
D2 0.470 0.476 0.473 3083 3115 3099
D3 0.493 0.491 0.492 3103 3050 3077
E1 0.441 0.458 0.450 3169 3298 3234
E2 0.477 0.478 0.478 3201 3185 3193
E3 0.499 0.493 0.496 3229 3110 3170
F1 0.453 0.462 0.458 3311 3375 3343
F2 0.484 0.482 0.483 3327 3270 3299
F3 0.505 0.492 0.499 3360 3139 3250
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mass transfer rate across the interface decrease as
reactions between slag and metal proceed as previously
was found by Gu et al.[28]

4½Al� þ 3ðSiO2Þ ! 2ðAl2O3Þ þ 3½Si�; ½21�

ðSiO2Þ ! ½Si� þ 2½O�: ½22�

Nakashima and Mori[11] studied interfacial interaction
between molten Fe and CaO–SiO2–Al2O3, and
CaO–MgO–Al2O3 slags, where it was concluded that
the interfacial tension can be greatly modified due to
the change of slag composition. Several research-
ers[10,29–31] have shown that a decrease of SiO2 in slag
with increasing CaO/SiO2 ratio decreases oxygen

content and therefore oxygen activity in molten Fe,
which causes an increase of the interfacial tension.[6,7]

As such, the addition of CaO and Al2O3 to the slag
slightly increases the interfacial tension, while the addi-
tion of MnO and FeO substantially decreases it. How-
ever, it was pointed out that the interfacial tension,
depending on MnO content, decreases exponentially,
reaching a steady value at high MnO content (after
adding 20 mol pct MnO). As it is shown in the present
results, the interfacial tension does not change with the
MnO content, meaning that a steady value has been
reached, after which the interfacial tension does not
change after the addition of MnO. The Al2O3 addition
and the slag basicity also show a similar effect on the
interfacial tension, similar to what was reported in the
literature.

Fig. 7—The interfacial tension between the FeMn alloy and the slag with the addition of Al2O3 at different slag basicities and MnO content at
1673 K. The top part of the bars corresponds to the average interfacial tension between the FeMn alloy and the slag. The grey lines on top of
bars represent the 80 pct confidence interval, and the circle markers represent the experimental measurements.

Fig. 8—The interfacial tension between the FeMn alloy and the slag without the addition of Al2O3 at different slag basicities and MnO content
at 1673 K. The top part of the bars corresponds to the average interfacial tension between the FeMn alloy and the slag. The grey lines on top of
bars represent the 80 pct confidence interval, and the circle markers represent the experimental measurements.
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Interfacial interaction of the slag droplet with the
FeMn alloy in the graphite cup depending on different
slag composition is shown in Figures 10, 11 and 12. The
non-visible height of the slag droplet with MnO content
of 30 wt pct decreases with the basicity (Figure 10),
which means that the droplet tends to stay at the

interface and leads to better separation of slag and
metal. Furthermore, the angle between the tangent of
the droplet and the top of the crucible hs�cr increases
from 73.8 to 90.4 deg, indicating a reduced contact area
between slag and metal owing to increased interfacial
tension between these phases.

Fig. 9—Temporal change in visible surface area for slags B1–B3 during holding at 1673 K. The grey cross markers correspond to the local
minimum expansion of the slag droplet in the experiments. Note that interfacial tension was measured only after 2 minutes of holding time as
indicated with the vertical dashed line.

Fig. 10—Slag droplets with various basicity and constant MnO content of 30 wt pct during interaction with the FeMn alloy at 1673 K: (a) slag
A1, (b) slag A2, and (c) slag A3. The droplet contour and the real position of the interface are shown by the solid and the dashed line,
respectively.
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Fig. 11—Slag droplets with constant basicity of 0.8 and various MnO content during interaction with the FeMn alloy at 1673 K: (a) slag A2, (b)
slag B2, and (c) slag C2. The droplet contour and the real position of the interface are shown by the solid and the dashed line, respectively.

Fig. 12—Slag droplets with various basicity and constant MnO content of 37.5 wt pct during interaction with the FeMn alloy at 1673 K. Images
(a) and (c) correspond to slags B1 and B2 (with Al2O3 addition); images (b) and (d) show slags E1 and E2 (without Al2O3 addition). The droplet
contour and the real position of the interface are shown by the solid and the dashed line, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 53B, OCTOBER 2022—3285



As illustrated in Figure 11, the variation in MnO
content in the slag from 30.0 to 45.0 wt pct at basicity of
0.8 shows that both the non-visible height of the slag
droplet and the angle between slag and the top of the
crucible are nearly constant which results in comparable
values of the interfacial tension for all MnO contents.
Similarly, the addition of Al2O3 to the low basicity slag
(Figures 12(a) and (b)) does not show any influence on
the non-visible height and the angle hs�cr, while the
effect of alumina addition is more obvious at a higher
slag basicity of 0.8 (Figures 12(c) and (d)) as the angle
hs�cr decreases and the non-visible height increases
which leads to lower values of the interfacial tension
and therefore worse separation of slag and metal.

C. EPMA Results

A general view of the FeMn alloy and slags with and
without Al2O3 addition after the experiments in the sessile
drop furnace is shown in Figures 13 and 14, respectively. As
observed for the slags with low basicities (0.4 and 0.8), the
slagpenetrates theFeMnphase, indicating that the interface

is disturbed and the interfacial area increases due to the
chemical reactionsbetween the slagandmetal.The chemical
compositionof slag andmetal phases (TablesVIII and IX in
‘‘AppendixB’’) confirms that interfacial tensiondecreases at
low slag basicity due to chemical reactions between slag and
FeMn alloy and mass transfer of Si to the metal phase. As
such, Si can be found in the metal phases after interaction
with the low basicity slags at high temperatures, despite the
fact that Si was not originally added to the FeMn alloy,
which indicates that SiO2 in the slag is reduced through
Reaction (2). In addition, FeMn droplets were observed on
top of the slag phase (Figures 13(a) and 14(a)), specifying
that the slag of low basicity and the FeMn alloy form a
metal–slag emulsion during the reactions, resulting in their
poor separation.
Chung and Cramb[12] suggested that the emulsifica-

tion phenomena are closely related to the interaction of
fluids at the interface and that the driving force for fluid
flow across the interface depends on reactions in the
system under isothermal conditions due to the concen-
tration gradient at the interface. In case of the concen-
tration gradient and the fluid flow driven by the

Fig. 13—BSE images of the FeMn alloy and slags with Al2O3 addition after the experiments: (a) slag B1 (basicity = 0.4), (b) slag B2 (basicity
= 0.8), and (c) slag B3 (basicity = 1.2).

Fig. 14—BSE images of the FeMn alloy and slags without Al2O3 addition after the experiments: (a) slag E1 (basicity = 0.4), (b) slag E2
(basicity = 0.8), and (c) slag E3 (basicity = 1.2).
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interfacial reaction, the interface eventually becomes
unstable and the metal–slag interfacial area increases
(the Kelvin–Helmholtz interfacial instability). Based on
the Kelvin–Helmholtz model, Gopal[3] discussed the
mechanism of small droplet formation and emulsifica-
tion of slag and metal during reactions between them. If
the mass transfer rate of elements or compounds across
the interface is low, it results in a slight destabilization of
the interface (Figure 15(a)), corresponding to the high
slag basicity of 1.2 in this study. At higher mass transfer
rates, the destabilization of the interface is more severe
as shown in Figures 15(b) and (c), which results in the

formation of the metal–slag emulsion and droplets of
one phase into another as it was observed for the low
slag basicities from 0.4 to 0.8.
Solid carbon particles in the form of graphite whiskers

have been observed on top of FeMn layer and along the
walls of the graphite cup in all experiments as illustrated in
Figure 16. The formation of the solid carbon particles
may be attributed to different temperatures used for the
materials preparation and the experiments.[24] Bao
et al.[32] also confirmed this finding and showed that solid
carbon particles can form extensively when non-carbon
saturated FeMn alloy reacts with slag and a graphite
substrate, especially if CO is present in the system. In
addition, carbon is consumed from the FeMn alloy due to
the partial reduction ofMnO, SiO2 andFeObyReactions
(1), (2) and (3), therefore this creates an additional driving
force for the FeMn alloy to dissolve carbon from the
graphite cup, which causes the molten FeMn alloy to
penetrate the walls of the graphite cup.

IV. CONCLUSIONS

In the present study, the interaction between FeMn
alloy and slags of different compositions has been
studied by comparing experimental results from a sessile
drop furnace and modelling results from multiphase
flow simulations in OpenFOAM.
The current results show that the interfacial tension

between FeMn alloy and slag increases when the slag
basicity changes from 0.4 to 1.2. It was also found that
the addition of Al2O3 to the slag with basicity of 0.8 and

Fig. 15—Emulsification of slag and metal and formation of small
droplets due to the Kelvin–Helmholtz instability. Images (a) through
(c) represent disturbances of the interface between slag and metal at
different slag basicities.

Fig. 16—FeMn alloy inclusions in the graphite cup and graphite whiskers formed along the walls of the graphite cup.
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1.2 increases the interfacial tension, while increasing
MnO content from 30.0 to 45.0 wt pct does not have any
statistically significant influence on the interfacial
tension.

EPMA analysis demonstrates an important phe-
nomenon which contributes to the understanding of
interfacial tension drop at low slag basicity. SiO2 in the
slag is reduced by the saturated carbon from the FeMn
alloy at the interface and afterwards Si distributes to the
metal phase. The mass transfer of Si across the interface
creates the interface instability due to the growing
interfacial area between slag and FeMn, which leads to
the formation of a metal–slag emulsion and small
droplets and, thus, to an increase in losses of the FeMn
alloy with the slag.

Since the study was limited to using only graphite
crucibles for the materials preparation and graphite cups
for the melting experiments in the sessile drop furnace,
solid carbon particles were observed on the surface of
the slag and the FeMn alloy in the experiments, which
may introduce additional uncertainty to the experimen-
tal results. However, the surface roughness correction
coefficient has been used in this study to address this
issue.

Further experiments, using a broader range of MnO
content in the slag, could provide more data on the
effect of MnO influence on the interfacial tension
between slag and metal, which might be crucial for the
ferroalloy industry. In addition, experiments in the
sessile drop furnace with cups made of different mate-
rials can be a further development of the current
methodology.
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APPENDIX A

See Tables IV, V, VI and VII.

Table IV. The Calculated Chemical Composition of the Synthetic FeMn Alloy and Slags

Material

Chemical Composition (Wt Pct)

Mn Fe C MnO CaO MgO SiO2 Al2O3 Basicity

FeMn Alloy 78.00 15.00 7.00 — — — — — —
Slags with Al2O3 Addition
Master Slag #1 — — — 38.00 23.00 6.00 23.00 10.00 0.9
Slag A1 — — — 30.00 14.00 6.00 40.00 10.00 0.4
Slag A2 — — — 30.00 25.11 6.00 28.89 10.00 0.8
Slag A3 — — — 30.00 32.18 6.00 21.82 10.00 1.2
Slag B1 — — — 37.50 11.86 6.00 34.64 10.00 0.4
Slag B2 — — — 37.50 21.78 6.00 24.72 10.00 0.8
Slag B3 — — — 37.50 28.09 6.00 18.41 10.00 1.2
Slag C1 — — — 45.00 9.71 6.00 29.29 10.00 0.4
Slag C2 — — — 45.00 18.44 6.00 20.56 10.00 0.8
Slag C3 — — — 45.00 24.00 6.00 15.00 10.00 1.2

Slags Without Al2O3 Addition
Master Slag #2 — — — 42.52 25.74 6.00 25.74 — 1.2
Slag D1 — — — 30.00 14.00 6.00 50.00 — 0.4
Slag D2 — — — 30.00 25.11 6.00 38.89 — 0.8
Slag D3 — — — 30.00 32.18 6.00 31.82 — 1.2
Slag E1 — — — 37.50 11.86 6.00 44.64 — 0.4
Slag E2 — — — 37.50 21.78 6.00 34.72 — 0.8
Slag E3 — — — 37.50 28.09 6.00 28.41 — 1.2
Slag F1 — — — 45.00 9.71 6.00 39.29 — 0.4
Slag F2 — — — 45.00 18.44 6.00 30.56 — 0.8
Slag F3 — — — 45.00 24.00 6.00 25.00 — 1.2
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Table VI. Normalized Values of the Measured Chemical Composition of the Synthetic FeMn Alloy and Slags

Material

Chemical Composition (Wt Pct)

Mn Fe Si C MnO CaO MgO SiO2 Al2O3 FeO Total Basicity

FeMn Alloy 77.75 14.58 0.11 7.56 — — — — — — 100.00 —
Slags with Al2O3 Addition
Slag A1 — — — — 29.94 13.92 6.62 38.65 10.00 0.87 100.00 0.42
Slag A2 — — — — 28.81 25.08 6.64 28.70 10.00 0.78 100.00 0.82
Slag A3 — — — — 28.72 31.79 6.60 21.99 10.12 0.78 100.00 1.20
Slag B1 — — — — 36.94 12.55 6.55 33.29 9.92 0.75 100.00 0.44
Slag B2 — — — — 36.09 22.08 6.46 24.74 9.89 0.73 100.00 0.82
Slag B3 — — — — 37.04 27.51 6.74 18.09 9.88 0.73 100.00 1.22
Slag C1 — — — — 44.28 10.49 6.44 28.11 9.97 0.71 100.00 0.44
Slag C2 — — — — 43.67 18.62 6.68 20.34 9.97 0.71 100.00 0.83
Slag C3 — — — — 44.60 23.50 6.58 14.78 9.83 0.71 100.00 1.22

Slags Without Al2O3 Addition
Slag D1 — — — — 30.09 14.48 5.99 47.91 0.66 0.87 100.00 0.42
Slag D2 — — — — 29.42 24.96 6.22 37.80 0.76 0.84 100.00 0.81
Slag D3 — — — — 28.98 31.59 6.12 31.91 0.60 0.79 100.00 1.16
Slag E1 — — — — 37.78 12.63 5.95 42.32 0.57 0.75 100.00 0.43
Slag E2 — — — — 36.39 22.31 6.06 33.82 0.68 0.74 100.00 0.82
Slag E3 — — — — 36.81 27.85 6.03 28.03 0.67 0.60 100.00 1.18
Slag F1 — — — — 44.94 10.34 6.09 37.26 0.67 0.69 100.00 0.43
Slag F2 — — — — 43.53 19.29 5.99 29.98 0.55 0.67 100.00 0.83
Slag F3 — — — — 44.42 24.03 5.89 24.51 0.46 0.69 100.00 1.20

Table VII. Weight of the Powders Used for the Preparation of the Synthetic Raw Materials

Material

Weight of Powders (g)

Mn Fe MnO CaO MgO SiO2 Al2O3 Total

FeMn 211.16 40.73 — — — — — 251.89
Slags with Al2O3 Addition
Master Slag #1 — — 95.00 57.50 15.00 57.50 25.00 250.00

Powders Addition to Master Slag #1, g
Slag A1 — — 2.28 — 0.78 8.59 1.30 12.95
Slag A2 — — — 1.85 0.32 2.73 0.54 5.44
Slag A3 — — — 3.74 0.32 0.93 0.54 5.53
Slag B1 — — 7.02 — 1.14 8.88 1.90 18.94
Slag B2 — — 0.32 — 0.07 0.63 0.11 1.13
Slag B3 — — 1.79 2.55 0.30 — 0.50 5.14
Slag C1 — — 13.85 — 1.66 9.31 2.76 27.58
Slag C2 — — 3.66 — 0.30 0.53 0.50 4.99
Slag C3 — — 6.26 2.91 0.65 — 1.08 10.90

Slags Without Al2O3 Addition
Master Slag #2 — — 106 64 15 64 — 250.00

Powders Addition to Master Slag #2, g
Slag D1 — — 3.47 0.58 1.02 13.85 — 18.92
Slag D2 — — 0.91 2.65 0.51 6.46 — 10.53
Slag D3 — — 0.91 4.76 0.51 4.44 — 10.62
Slag E1 — — 8.77 0.58 1.42 14.86 — 25.63

Table V. The Purity of the Powders Used for the Preparation of the Synthetic Raw Materials

Purity of Corresponding Powders (Pct)

Mn Fe MnO CaO MgO SiO2 Al2O3

99.30 99.00 99.00 95.00 99.00 99.50 99.00
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APPENDIX B

See Tables VIII and IX.

Table VIII. Average Chemical Composition (in Wt Pct) of Slag Phases after the Experiments in the Sessile Drop Furnace

Slag Matrix* Dendrites* MnO CaO MgO SiO2 Al2O3 FeO Total

Bulk
B1 100 — 28.85 16.23 8.01 33.35 13.35 0.09 99.89
B2 100 — 27.30 25.78 7.36 27.01 12.72 0.06 100.21
B3 82 18 30.20 30.36 6.43 19.77 13.11 0.08 99.95
E1 70/30** — 40.86 13.58 8.44 36.54 0.46 0.10 99.98
E2 87/13** — 34.79 22.51 7.15 34.36 0.54 0.10 99.45
E3 87 13 33.65 28.13 7.97 29.53 0.05 0.09 99.43

Slag Inclusions in the Metal Phase
B1 100 — 32.41 14.88 7.59 32.87 12.21 0.15 100.11
B2 100 — 27.94 25.38 7.24 27.02 13.02 0.40 101.00
B3 — — — — — — — — —
E1 70/30** — 37.94 13.84 9.95 37.41 0.64 0.18 99.96
E2 87/13** — 35.26 22.52 6.91 33.17 0.77 0.20 98.82
E3 — — — — — — — — —

�Percentage from the total surface area of the slag phase.
��Matrix consists of two distinctive phases: bright and grey.

Table IX. Average Chemical Composition (in Wt Pct) of the FeMn Alloy After the Experiments in the Sessile Drop Furnace

Slag in experiment Phase Mn Fe Si C Total

Bulk
B1 Bright 75.90 19.23 0.57 5.07 100.78

Grey 79.23 13.61 0.00 6.12 98.96
Dark 79.46 13.69 2.78 5.18 101.11

B2 Bright 75.61 19.57 0.12 4.69 99.98
Dark 79.39 13.53 0.00 5.87 98.79

B3 Bright 73.79 22.66 0.10 5.19 101.75
Grey 75.74 19.15 0.00 6.19 101.08
Dark 78.78 14.30 0.00 6.96 100.04

E1 Bright 67.95 26.10 3.95 4.59 102.58
Grey 72.79 21.00 1.28 5.73 100.80
Dark 79.08 14.66 0.00 5.80 99.55

E2 Grey 79.96 13.76 0.01 6.49 100.23
E3 Bright 72.51 27.54 0.32 4.11 104.48

Grey 77.66 17.54 0.00 5.62 100.82
Dark 80.19 13.63 0.00 6.08 99.89

Near the Interface
B1 Bright 72.36 22.12 2.32 4.43 101.22

Dark 80.25 13.35 0.01 6.22 99.83

Table VII. continued

Material

Weight of Powders (g)

Mn Fe MnO CaO MgO SiO2 Al2O3 Total

Slag E2 — — 1.28 0.58 0.22 3.63 — 5.71
Slag E3 — — 0.91 1.86 0.16 1.85 — 4.78
Slag F1 — — 16.41 0.58 2.00 16.30 — 35.29
Slag F2 — — 5.01 0.58 0.48 3.95 — 10.02
Slag F3 — — 2.07 0.58 0.09 0.77 — 3.51
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Table IX. continued

Slag in experiment Phase Mn Fe Si C Total

B2 Bright 75.57 23.56 0.13 2.98 102.24
Grey 79.59 15.31 0.00 5.16 100.06
Dark 79.74 13.81 0.00 5.75 99.30

B3 Bright 74.52 23.03 0.03 4.64 102.22
Grey 76.77 17.88 0.00 6.22 100.87
Dark 79.40 13.85 0.00 6.83 100.08

E1 Bright 73.13 20.09 4.50 4.87 102.58
Dark 81.68 11.76 0.03 5.92 99.39

E2 Bright 77.25 17.81 0.01 6.00 101.07
Grey 79.71 14.15 0.00 6.63 100.50

E3 Bright 74.56 23.87 0.19 3.80 102.42
Grey 76.59 19.20 0.02 5.76 101.56
Dark 79.89 13.41 0.00 6.42 99.72

FeMn Inclusions in the Graphite Cup
B1 Bright 77.17 14.82 0.02 8.08 100.08
B2 Bright 75.93 14.81 0.00 7.67 98.42
B3 Bright 76.42 14.18 0.00 8.99 99.60
E1 Bright 77.32 13.83 0.00 7.32 98.48
E2 Bright 76.79 14.89 0.00 8.10 99.79
E3 Bright 73.84 14.60 0.03 9.48 97.94
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Slag Properties in the Primary Production Process
of Mn-Ferroalloys
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The thermodynamic and kinetic properties of the carbothermic reduction of MnO in the
five-component slag, MnO-SiO2-CaO-MgO-Al2O3, is critical in the production process of
Mn-ferroalloys. While the reduction rate is mainly dependent on the presence of a solid MnO
phase in the slag for Mn-Fe-alloys, the rate for the Mn-Si-Fe alloys has two distinct steps, a slow
step followed by a fast step. The extent of the slow step has been shown to be dependent on the S
content in the slag. The thermo-physical properties of viscosity, density, interfacial tension and
electrical resistivity is reviewed, and these properties are mainly determined by the total basicity.
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I. OVERVIEW OF THE MN-ALLOY
PRODUCTION PROCESS

MN-FERROALLOYS are alloys containing mostly
Mn, Fe, Si and C. Manganese is the main element and
typically accounts for between 60 and 80 wt pct of the
alloy. Iron will always follow the raw materials and
practically all iron in the raw materials will end up in the
alloy. Silicon may be less than 1 pct or up to 30 pct. Less
than 1 pct Si is usually called FeMn (ferromanganese)
and alloys with 16 to 30 pct is called SiMn (silicoman-
ganese). The metal will be saturated with carbon from
the furnace and will be 7 pct C for FeMn and for SiMn
the carbon content is dependent on the amount of
silicon. Typically, for 18 pct Si the carbon content is less
than 2 pct C. As for most reduction processes, the metal
composition is determined by the slag properties, and
the slag in the Mn-ferroalloy will mainly be MnO, SiO2,
MgO, CaO and Al2O3 as all the iron ends up in the
metal. There are a number of definitions of slag basicity
that can be used to describe the composition of the slag.
In this paper, the basicity will be given as

B ¼ CaOþMgO
SiO2þAl2O3

. Trace elements are counted as basic

or acid oxides, depending on their nature.

The temperatures in the closed Mn-ferroalloy fur-
naces can be from 200 �C to 600 �C on the top of the
charge to 1500 �C to 1600 �C in the tapped slag. This
means that in upper part of the furnace, the low
temperature zone, the raw materials will be solid, and
when it enters the area on top of the coke-bed, around
1200 �C to 1400 �C, the raw materials will melt into a
primary slag. This slag will coexist with the solid carbon
materials added to the furnace (Figure 1). This paper
will discuss the knowledge we have on MnO-slags
related to the primary production of FeMn or SiMn
inside the Submerged Arc Furnace. First we will discuss
the mechanism of slag formation, the thermodynamics,
and the kinetics. Next, a summary of key slag properties
is presented. These key properties include the MnO slag
structure, viscosity, density, interfacial tension and
wetting properties, and electrical conductivity. The
pathway of the slag considered in this work will start
with the production of a primary slag from the raw
materials, followed by the reduction of valuable ele-
ments into a Mn-alloy and finally the drainage, or
tapping, from the furnace.
Most of the slag will as discussed later, follow the

increasing temperature. Some slag may however be
circulated into the low temperature area. In Mn-alloy
production, slags have been known to be sputtered up to
the cold furnace top from the high temperature area as
seen in Figure 2.[2,3] This is believed to happen if the
permeability of the charge is poor, and the raw materials
are not heated gradually, or if too violent foaming of the
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II. MELTING OF ORES AND REDUCTION
OF PRIMARY SLAGS

The melting of the raw materials to a primary slag and
the following reduction to Mn-ferroalloys are closely
related. It is hence appropriate to start with the
Mn-bearing raw materials and the primary slag it
produces at around 1200 �C and up. Table I show some
typical ores, where the metallurgical grade ore typically
have more than 35 pct Mn. After being heated in solid
state in the prereduction zone, all higher manganese
(MnO2, Mn2O3 and Mn3O4) has been reduced to MnO,
the iron oxides are reduced to metallic phase, and all the
carbonates (CaCO3, MgCO3, MnCO3) are decomposed
to basic oxides (CaO, MgO and MnO). The main
elements in the oxide phase will now be the 5 compo-
nents MnO-SiO2-Al2O3-CaO-MgO. Table II shows the
chemical composition calculated from the chemical
analyses of the ore of the primary slag. It can be noted
that there will also be a number of trace elements like
TiO2, K2O, BaO, however these will not be discussed
further here.

The five-component pre-reduced Mn-ores, typically
containing around 70 pct MnO, will as it melts down
dissolve fluxes. The fluxes can typically be ‘‘pre-re-
duced’’ limestone or dolomite or quartz and reduced
MnO-slags if SiMn is produced. In the liquid (or partly
liquid) state , the MnO and SiO2 may be reduced to
metallic Mn-Fe-Si-Csaturated alloy according to reactions
[1] and [2], where the parentheses denote a slag phase
and underscored denotes metallic phases. The carbon
can be solid carbon, i.e., coke particles, or carbon
dissolved in the metal. Some of the MnO and SiO2 still
will remain in the slag, and the tapped slag will thus be
the same 5-component slag containing MnO, SiO2,
Al2O3, CaO and MgO.

MnOð Þ þ C ¼ Mnþ COg ½1�

SiO2ð Þ þ 2C ¼ Siþ 2COg ½2�

Fig. 1—Overview of a typical closed furnace producing Mn-alloys (left) and an illustration of zones and reactions around one of the electrodes
(right).[1] (Figure is reprinted with permission from Ref. 1).

Fig. 2—Slag infiltrated charge sample at top of the furnace charge taken from a FeMn furnace (left picture) showing low alkali binder phase
(right)[4].
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A number of industrial-, and pilot scale- tap-slag
composition have been reported. For FeMn slags the
MnO content varies from 15 to 40 wt pct depending on
the basicity.[1,5,7–12] High basicity charges, that is basic-
ities above 1.1, typically have less than 25 pct MnO.
Basicities around 0.7 typically has 35-40 pct MnO, and
this is close to the liquidus line at 1500 �C, which is
reported to be close to the tapping temperature.[13] Some
smaller furnaces, e.g., a 21 MVA furnace,[9] show an
MnO content as low as 19 pct MnO with a basicity of
0.9, and it is speculated if smaller furnaces may produce
lower MnO contents. Acid slags with a basicity 0.2-0.3
will also tap at about 40 pct MnO.

For SiMn slags a typical Si content is 15-18 pct Si,
and to obtain this around 40 pct SiO2 is needed in the
slag. Industrially, less than 20 pct MnO is remaining in
the slag, and it can be down to 5-10 pct. In pilot scale
operation the MnO content in SiMn slags are typically
seen to be a bit higher than the industrial slags, that is
up to 25 pct MnO.[1,5,14–19]

To sum this up, FeMn charges will be reduced from a
primary slag with more than 60 pct MnO to 15 to 40 pct
MnO in the tapped slag, while SiMn charge mixes is
reduced from a primary slag with more than 35 pct
MnO (as the Mn-sources are mixed with both fluxes and
quartz) to around 10 pct MnO tapped at 1600 �C.[16]

The slag composition will of course be affected by the
temperature. Due to reported tapping temperatures of
around 1500 �C for FeMn[13] and 1600 �C for SiMn
tappings,[16] one assumes that this can also be the
temperatures inside the high temperature zones in the
furnaces. As the temperatures are varying both due to
the electrode paths in the furnace, given by the coke-bed
size and shape, and raw material properties, the tem-
perature in the high temperature zone will vary both in
space and in time.

A. Phase Composition in Mn-Slags and Melting
Behaviour Of Ores.

The melting behaviour of the above described 5
component system can be simplified to the MnO-SiO2

system where ‘‘MnO’’ in reality represents the basic
oxides MnO, CaO, and MgO and ‘‘SiO2’’ represent the
acid oxides SiO2 and Al2O3 as illustrated in Figure 3.
Although Al2O3 is an amphoteric oxide, it will for
manganese slags behave as an acidic oxide, though less
acid in more acid SiMn slags vs. more basic FeMn
slags.[16,20]

For FeMn slags, containing a high amount of MnO,
the reduction will start when a liquid phase is present in
the material that is above the solidus, represented by the
1306 �C horizontal line in Figure 3. The reduction may
hence start in the area of 1300 �C according to the
equilibrium state. At this point, the reduction starts and
hence it is believed that the endothermic reaction
(reaction [1]) will consume more energy and hence the
heating rate will decrease drastically. The reduction will
go through a two-phase area, and the primary slag will
consist of a liquid with a solid MnO phase as seen in
Figure 4. The presence of a solid MnO phase has two
major consequences; first it will have a high impact on
the activity of MnO and secondly it will have a large
effect on the flow properties (i.e., viscosity) of the slag.
Even if the slag is partly molten, it will not be able to

flow into a coke-bed as illustrated by an ore particle
being heated and reduced in Figure 5. The partly liquid
slag will not flow into the coke bed until it is reduced
down to the point where no solid MnO is present, where
the slag viscosity will be at its minimum as indicated in
Figure 6 (left figure). It must also be mentioned that in
addition to slag viscosity being affected by solid MnO
particles, the size of the coke particles will also affect the

Table I. Typical Analyses of Mn-Ores[1,5,6]

Manganese Ore Mn Fe SiO2 Al2O3 MgO CaO P CO2

Comilog MMA Gabon 50.5 2.7 4.0 5.5 0.3 0.2 0.11 0.1
Comilog Sinter 58.5 3.5 7.0 6.5 0.0 0.1 0.12 0.0
Mn-Nodules Mexico 37.7 7.9 14.9 3.9 8.1 0.085
Asman 48 South Africa 51.3 10.1 5.5 0.4 0.7 4.3 0.04 0.8
Mamatwan 37.8 4.6 4.0 0.5 3.5 14.7 0.02 17.0
Gloria 39.1 5.0 5.7 0.3 3.8 12.7 0.02 15.4
Wessel 38 pct 42.3 13.2 4.9 2.5 1.0 6.0 0.04 3.6
Wessel 50 pct 50.2 10.0 3.6 0.4 1.0 5.6 0.04 2.6
Groote Eylandt Australia 48.8 4.2 6.9 4.2 0.1 0.1 0.09 0.5
Amapa Sinter Brazil 49.1 9.6 7.6 7.6 0.5 0.8 0.10 0.0
Amapa Miudo 40 41.3 12.5 5.9 8.1 0.1 0.3 0.11 3.5
CVRD Sinter 54.5 4.7 5.4 8.7 0.5 1.9 0.11 0.2
CVRD Lump 45.0 4.7 2.6 8.6 0.2 0.2 0.09 14.4
Nikopol-Oxide Ukraine 29–43 1–3 11–24 1.4–3.3 0.8–2 4–10 0.15–0.3
Nikopol-Pyrolusite 47.5 0.65 8.6 1.6 0.6 2 0.2
Nikopol-Carbonate 22–28 1.5–3 13–16 1.7–2.3 1.5–2.2 7–13 0.3–0.6
Tchiatura-Oxide Georgia 30–44 0.7–4 6–17 1.3–2.6 1–2.5 3.8–5.5 0.1–0.4
Tchiatura-Pyrolusite 28 1.3 17.6 2.9 1.5 8.2 0.2
Tchiatura-carbonate 23–25 1.3 16–17 2 2.5 10 0.15
Zapadny Kamys Kazakhstan 17–19 5–6 40–42 5–6.5 1–1.5 1.2–1.7 0.035
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flow of the slag into the coke bed as seen in Figure 6
(right picture) where the reduced slag is lingering on top
of the coke particles.
The phase composition in slags from primary slag

composition to tap-slag compositions may be illustrated
with the ternary phase diagrams MnO-SiO2-Al2O3 that
represents the Comilog ore, Groote Eyland ore and the
South-American ores, and the MnO-SiO2-CaO diagram
representing the South-African ores. While experimental
work determining the slag phases exists,[22–24] we will in
this paper use the FactSage databases to illustrate the
reduction path, which equal the basicity line, as shown
in Figure 7. There may of course be some deviations
between experimental work and FactSage,[23] but the
overall correlation is expected to be acceptable. From
the Figure 7, the main reduction path seen in the binary
MnO-SiO2 phase diagram can be found. The high MnO
ores will, when enough liquid phase is formed, start to
reduce in a liquid+solid MnO phase area. As the
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Fig. 3—MnO-SiO2 phase diagram indicating the primary slag in
FeMn and SiMn production, where MnO represents the basic oxides
of MnO+CaO+MgO and SiO2 represents the acid oxides such as
SiO2+Al2O3.

Fig. 4—Partly reduced FeMn slag containing solid MnO spheres in
a liquid phase (adapted from Ref. 13).
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reduction proceeds to a lower MnO content, the solid
MnO phase will gradually dissolve until the saturation
composition is reached. It is also seen that this satura-
tion compostion will be reached at a lower MnO content
with higher basicities, which can also be seen in Figure 8.
As mentioned above, the tap-slag is quite close to the
saturation composition of around 30-40 pct MnO for a
basicity of 0.7 and around 20 pct MnO at basicities of
1.1. This is believed to be due to the activity of MnO,
and the effect the activity of MnO has on the reaction
rate, as will be discussed later.

Depending on the mineralogy and distribution of
minerals in the original ores, the raw materials will not
always behave close to the equilibrium state given by the
phase diagrams. A large effort has hence been done to
find the melting behaviour of the ores under a certain
heating rate with carbon present, that is when it starts to
soften, also called initial melting, when it melts, and
when it is completely molten (i.e the liquidus is obtained
either due to a high temperature and/or to a low MnO
content.[3,6,19,25–31]) These stages represent the steps an
ore particle experiences in the Submerged Arc Furnace
and are illustrated in Figure 5. While large variation
exists in the results, the main trend is that more acid
materials will produce a larger amount of liquid phase at
a lower temperatures, in agreement with the phase
diagrams already discussed. The materials will also

produce a larger amount of liquid phase at low
temperatures when it has been heat-treated at high
temperatures. This can be explained by the basic and
acid minerals mixed in an ore has dissolved into silicate
phases when heat-treated and will hence melt at lower
temperatures. To exemplify this according to Figure 3
for a constant heating rate: if a pre-reduced ore contains
the two individual phases MnO, with a melting point
above 1800 �C, and SiO2, with a melting point above
1700 �C, it will start to behave as partly liquid material
at higher temperatures, than a Mn2SiO4 phase that has a
melting point of 1363 �C due to kinetic restraints. It is of
course the time to reach equilibrium state that will
increase, however in a furnace with a fixed heating rate,
this will then happen at a higher temperature (Figure 9).
When it comes to the primary slag formation for

SiMn production, the average composition will be in the
green area in Figure 3, as quartz is also added to the
charge mix. Many producers are also using tap-slag
from the FeMn production as a raw material. Since this
slag contains around 30-40 pct MnO, it will be molten
already at around 1250 �C, in the same area as the
average primary slag composition. Two hypotheses exist
for the reduction step in SiMn furnaces:

1. The Mn-sources will dissolve the quartz first, and the
reduction will hence be from the average charge
composition, that is the average primary slag com-

Fig. 5—Mn-ore particle being heated in CO gas on a carbon substrate.

Fig. 6—FeMn-production: Slag viscosity during cooling adapted from Ref. 1 (left) and example of reduced slag from Comilog ore at 1600 �C[21]

(right).
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position. For quartz particles smaller than 2 cm it has
been experimentally found that the quartz will dis-
solve in the Mn-source at temperatures less than 1400
�C, and that the reduction will not occur until around
1500 �C.[32–35] This step thus seems to hold for
smaller quartz particles with good contact to the
Mn-ore.

2. The reduction of Mn occurs from the partly molten
Mn-source due to a slow quartz dissolution. The
reduction of Si is thus determined by the quartz
dissolution in the Mn-sources. Partly molten quartz
has been found in the high temperature area in some
industrial excavations, however it is rarely seen in
pilot scale excavations. The dissolution of large
quartz particles may hence be a larger problem for

the electric current paths in the furnace, than for the
average slag reduction.

As the effect of dissolution rate of quartz is yet not
agreed upon, one can mention that Maroufi et al.[36]

investigated the quartz dissolution in a SiMn slag and
found that the dissolution rate was determined by mass
transfer of silica in the slag.

B. High Temperature Thermodynamics

The thermodynamics of the alloy-slag-gas-solid car-
bon system is investigated by a number of researchers
like.[13,37–40] In the following, FactSage will be used to
highlight the main issues regarding the thermodynamics
in the FeMn and SiMn process.
In the two-phase reaction area in Figure 14, it can also

be seen that the higher basicity has a slightly lower
reduction rate than the lower basicity slags. As a higher
basicity will have more solid MnO phase, and hence a
higher viscosity, the mass transport of MnO in the slag
may be contributing to the reduced reaction rate. It was
however concluded that the chemical reaction was rate
determining reaction as no MnO gradients was found in
the liquid phase in the slag.[13,44] The effect on the
reduction rate on the basicity is not yet fully understood.
Both Ngoy[45] and Li[46] investigated Nchwaning and
Comilog ores at various basicities from 0.04 to 1.3 by
adding either quartz or lime to the ore. In the basicity
area of 0.4-1, the effect of basicity was not seen. It was
however seen that Comilog was reduced much faster
than Nchwaning ore, for all basicities, and hence it is
believed that the reduction rate may also be affected by
trace elements as seen also for the reduction of SiMn
slags.
The metal produced in the FeMn process is typically

78 pct Mn, 7 pct C, less than 1 pct Si and the rest is iron,
typically ~ 14 pct (ASTM, grade B[41]). The equilibrium
constant for reaction [1] can be expressed by
equation.[3]

K ¼ aMn � pCO
aMnO � aC

¼ aMn � pCO
XMnO � cMnO � aC

½3�

where K is the equilibrium constant, aMn is the activity
of Mn in the metal, pCO is the partial pressure of CO
in the gas phase, aMnO is the activity of MnO in the
slag, aC is the activity of carbon, XMnO is the mole
fraction of MnO in slag and cMnO is the activity coeffi-
cient of MnO in the slag. As there is solid coke pre-
sent, the activity of carbon is close to 1. The partial
pressure of CO in equilibrium with solid carbon above
1200 �C is also close to 1, and as the metal composi-
tion is fixed at a fixed temperature, aMn is fixed. The
amount of MnO in the slag can thus be determined by
Eq. [4]. Evidently, the only variables affecting the
MnO content in the slag is K and cMnO.

XMnO ¼ 1

K
� aMn

cMnO

½4�

Fig. 7—Liquidus surface of MnO-SiO2-Al2O3-CaO-MgO (A/S=0.8,
C/M=7) slags calculated by FactSage software package. The
basicity line of 0.8 is indicated.

Fig. 8—Liquidus content of MnO vs. slag basicity in the
MnO-SiO2-CaO-Al2O3-5 pct MgO (Al2O3/SiO2 = 0.57).
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The practical aspects of Eq. [4] is that the MnO
content in the slag will be determined by temperature,
mainly through the equlibrium constant, and the slag
composition, through the activity coefficient. The
equlibrium constant is, as seen in Figure 10, strongly
dependent on temperature, and hence a lower MnO
content will be achieved at higher temperatures. The
activity coefficient of MnO will increase with the basic
oxides CaO and MgO, and decrease with the acid oxides
SiO2 and Al2O3. According to Gibbs phase rule one can
then determine the MnO content as a function of
basicity and temperature when two variables are fixed
like e.g., the Al2O3/SiO2 ratio and pct MgO, as shown
in Figure 11 for typical FeMn slags.

For SiMn slags, one needs to take into account
reaction (2), that is the silicon distribution between the
slag and the metal. Doing the same exercise as for the
Mn distribution through Eqs. [5] and [6], it is seen that
the silicon content in the metal is determined by the
amount of SiO2 in the slag, the temperature (f Tð Þ,
mainly given by the equilibrium constant), the other slag
constituents, and the metal composition (h mcð Þ) as
shown in Eq. [7]. The metal composition, that is the Mn/
Fe ratio is not affecting the silicon content in the same
manner as temperature and slag composition.[1] The
correlation between the slag composition and tempera-
ture is shown in Figure 12. In order to obtain about
18 pct Si in the metal, the slag should be slightly below
40 pct SiO2 at 1600 �C for a (CaO+MgO)/Al2O3 ratio
of 1, which corresponding to most tapped slags. At low
Al2O3 contents, i.e., a high (CaO+MgO)/Al2O3 ratio, a
higher pct SiO2 is needed to compensate for the lack of
acid components.

K ¼ aSi � p2CO
aSiO2

� a2C
¼ XSi � cSi � pCO

XSiO2
� cSiO2

� aC
½5�

XSi ¼ XSiO2
� K � cSiO2

� 1

cSi
½6�

Pct Si ¼ pct SiO2 � f Tð Þ � g pctCaO þ pctMgO

pctAl2O3

� �

� h mcð Þ ½7�

The function f() describes the temperature-dependent
part, g() the slag composition and h() the metal
composition. The MnO content in equilibrium with
SiMn alloys is relatively low, as seen in Figure 13,
typically around 10 pct at 1600 �C. This is quite low
compared to what is typically tapped between 10-20 pct
as discussed above.

C. Reaction Rates and Reduction Mechanism

The reduction mechanisms for FeMn and SiMn are
quite different, and will in this part be discussed
separately. For industrial conditions in Submerged Arc
Furnaces, Mn has not been seen to be reduced in solid
state more than a couple of percentages. This indicates
that the major part of the reduction is occurring in
liquid state. As discussed above, and illustrated in
Figure 3, it means for FeMn primary slags, that the
reduction will initiate in the two phase area of liquid
phase and a solid MnO-phase. SiMn primary slag will

Fig. 9—Initial melting for various raw materials with various basicities and pre-treatment methods. Blue and red notation indicates the same ore
with different pre-treatment (Color figure online) (adapted from Brynjulfsen 2013,[26] Ringdalen 2015[28]).
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probably be all liquid when the reduction starts. The
mechanism during reduction will hence be affected by
the phases in the primary slag.

The kinetics of a FeMn slag is described by a rapid
reaction when the activity of MnO is high and close to 1
(above the liquidus composition) followed by a slow
reaction step below the liquidus composition as the

activity of MnO is drastically reduced, as shown in
Figure 14. This is since the reaction rate will follow the
activity of MnO according to reaction (8).

d Pct MnO

dt
¼ A � k � aMnO � aMnOðeq:Þ

� �
½8�

Fig. 10—Equilibrium constant of MnO and SiO2 reduction according to reactions (1) and (2) (calculated from HSC Chemistry v.10).

Fig. 11—MnO content vs. basicity for a Al2O3/SiO2 ratio of 0.57
with 5 pct MgO in equilibrium with a FeMn where the Mn/Fe ratio
is 7.8. Fig. 12—Pct Si in the metal as a function of pct SiO2 and

temperature (for a fixed slag and metal composition)[1]. (Figure is
reprinted with permission from Ref. 1).
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where k is rate constant and A is the reaction area
between the slag and the carbon material.[13,30,42] When
the solid MnO phase is in equilibrium with the liquid
slag, the activity of MnO is close to 1. Less than 20 pct
MgO has been found to be present in the solid MnO
phase[13] and according to Geldenhuis 43, the MnO
activity in an MnO-MgO solid solution are ideal in this
area. The activity will hence be high in the two-phase
area, and when reaching the one phase liquid area, the
reduction rate will decrease due to lower MnO activity.
The MnO activity in the two and one phase area is
shown in Figure 15.
The kinetics for the reduction of SiMn-slag is quite

different. The reduction will occur while the slag is in
liquid state above 1500 �C, above liquidus composition.
It has previously been observed that sulfur in small
amounts would increase the reaction rate, correspond-
ing to iron in the metal.[47,48] This was in the later years
verified by Referencs 32, 33, 49 through 51. The reaction
rate will be very different when sulfur is present, as

Fig. 13—Pct Si in the metal and wt pct MnO in the slag as a function of slag composition for SiMn slags at 1600 �C. Slag composition is given
by R = (CaO+MgO)/Al2O3.

Fig. 14—Weight loss, representing the reaction rate of reaction (1) from 72 to 73 pct MnO with (a) Al2O3/SiO2 ratio of 0.25 and basicity of 0.67
and (b) at 1500 �C and Al2O3/SiO2 ratio of 0.5 (adapted from Ref. 40).

Fig. 15—MnO activity as a function of pct MnO at various
basicities and Al2O3/SiO2 ratios at 1500 �C.
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shown in the work from Tranell 52 and Hosum 53,
where it was seen that the reaction rate was faster with
charcoal compared to coke, when 0.3 pct S was present
in the slag. When no slag was present, the coke would
give a higher reaction rate, probably because of the high
inherent S content in the coke.

In the SiMn reaction, the slag will initially react with a
slow reduction step, followed by a fast reduction step as
shown in Figure 16. Foaming has been observed in the
slag after the initial step[33,50,53,54] and hence both a
larger reduction area towards the coke as well as
convection in the slag phase may increase the reduction
rate. When enough sulfur was present (~ 0.3 pct S) it is
seen that the first slow step, would hardly be present,
and that the reduction would only go through the fast
second step. The reaction rate for both MnO and SiO2

can be calculated based on reaction (8).[50,55]

III. FUNDAMENTAL SLAG PROPERTIES
IN THE FIVE COMPONENT MNO, MGO, CAO,

SIO2, AL2O3 SYSTEM

Numerous slag properties that are important for the
Mn-ferroalloy productionare reviewed in this part of the
paper. Specifically the slag structure, viscosity, density,
surface- and interfacial tension and the electrical con-
ductivity of the five-component slag system will be
considered.

A. Slag Structure

The structure of silicate melts is of fundamental
importance in metallurgical processes because the melt
structure is closely linked to transport properties such as
viscosity, density, and electrical conductivity.[56,57] The
degree of polymerization (DOP) of silicate networks has
been introduced as the most influential parameter for
linking these properties and slag structure. DOP and
viscosity are proportional, while density and electrical
conductivities are inversely proportional to DOP.[58,59]

In silicate slags, the presence of network-former and
network-modifier elements determines the DOP of the
silicate structure. SiO2 is among the network-former

oxides, while alkali and alkali-earth oxides, such as
Na2O and CaO(basic oxides), contribute to depolymer-
ization of the silicate network as network-modifying
components. Amphoteric oxides, such as Al2O3, can act
as either network-former or network-modifier oxide
based on the availability of basic oxides in the silicate
network.[60]

Other important parameters are oxygens species,

namely bridging oxygen (O0), non-bridging oxygen

ðO�), and free oxygen ðO2�). In silicate networks, O0

is connected to two network-former cations (Si�O0�Si

or Si�O0�Al), O� is bounded to only one net-

work-former cations (Ca�O��Si), while O2� is con-

nected to only network-modifier cations (Ca�O2��Ca).

By increasing O2� through dissociation of basic oxides,

the DOP of silicate networks decrease because O2�

reacts with O0 in the silicates to split the highly complex
structures of Si�O into low polymerized units. There are
various types of Si�O units called Qn species where n is

the number of O0 in the unit and can be 0 to 4. These
units are monomer structure (Q0), dimer structure (Q1),
chain structure (Q2), sheet structure (Q3), and 3-dimen-
sional structure (Q4).[61] The DOP parameter can be
found both experimentally and theoretically through Qn

species obtained by Raman analysis and slag composi-
tions, respectively. Oxygens species are also given
experimentally using X-ray photoelectron spectroscopy
(XPS) and theoretically using slag compositions.[62]

Raman spectroscopy has been employed to obtain
information on the structural properties of various slags.
So far, extensive research has been conducted on the
silicate systems using Raman spectroscopy technique
including the influence of basic and amphoteric oxides
on the silicate structures.[61]

Although the five-component slag system MnO-
SiO2-CaO-MgO-Al2O3 has not been studied through
Raman spectroscopic yet, there are several studies that
have investigated slags containing MnO using Raman
analysis.[58,59,63–66] Slag structure has been reported for
the ternary systems of CaO-SiO2-MnO[58,59,63] and
MnO-SiO2-Al2O3

[66] as well as the quaternary systems
of CaO-SiO2-MnO-xCaF2 [x = 0.0 to 14.5 wt pct],[63]

Fig. 16—Reduction rate of primary SiMn slag based on Assmang ore at 1540, 1610 and 1660�C (left figure)[50] and the reduction rate with
varying S content (right figure), given as wt pct in the figure, at non-isothermal conditions.[55]
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TiO2-MnO (30 wt pct)-SiO2-Al2O3,
[64] MO-SiO2-MnO-

yCaF2 [M(=Ca or Ba)O, y=0 to 15 mol pct],[65] and
MnO-SiO2-Al2O3-zCe2O3 [z = 0.0 to 5.6 mol pct].[66]

Park[58] studied the structure of the CaO-SiO2-MnO
system using micro-Raman spectroscopic analysis quan-
titively. In this slag system, CaO, SiO2, and MnO were
varied from 0 to 52 mol pct, 36 to 63 mol pct, and 0 to
58 mol pct, respectively. The compositions containing
around 10 to 20 and 40 to 50 mol pct MnO can be
considered as simpler representatives of SiMn and
FeMn slags, respectively. The variations of Qn (Q0 to
Q3) species were investigated with respect to MnO
content, the substitution of CaO with MnO, and the
ratio of CaO to SiO2.

The influence of MnO addition was investigated for
the CaO-SiO2-MnO system at CaO/SiO2 equal to 0.5
and 1.1 as shown in Figures 17(a) and (b), respectively.
For both ratios of CaO/SiO2, the variations of Q

0 to Q3

showed similar behavior of increasing MnO. The Q3

unit reduced and the fractions of Q1 and Q0 units
increased continuously, while the fraction of Q2 illus-
trated a maximum at around SiO2 40 mol pct.
Figure 18(a) presents the fractions of Qn units with

respect to the MnO/(MnO+CaO) changes in the
CaO-SiO2 (~ 50 mol pct)-MnO system. By the substitu-
tion of CaO by MnO, the Raman analysis found that
the Q3 unit slightly decreased while the Q2 unit
increased. The fractions of Q1 and Q0 units were slightly
reduced by increasing MnO/(MnO+CaO). The effect of

Fig. 17—Fraction of Qn units vs. the MnO (mol pct) content. (a) the CaO-SiO2-MnO (CaO/SiO2 = 0.5) system and (b) the CaO-SiO2-MnO
(CaO/SiO2 = 1) system (data from Ref. 58).

Fig. 18—(a) Fraction of Qn units vs. the MnO/(MnO+CaO) (mol pct) content in the CaO-SiO2 (50 mol pct)-MnO. (b) Fraction of Qn units vs.
the CaO/SiO2 (mol pct) content in the CaO-SiO2-MnO (8 mol pct) (data from Ref. 58).
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CaO/SiO2 changes on the slag structure was studied in
the CaO-SiO2-MnO (8 mol pct) system. Figure 18(b)
displays the fractions of Qn units vs. increasing CaO/

SiO2. The fraction of Q3 unit was reduced while the
fractions of Q1 and Q0 units were increased by increas-
ing CaO/SiO2 from 0.5 to 1.1, demonstrating that the
depolymerization of the silicate network (or reducing
DOP of the silicate structure) as the ratio of CaO to
SiO2 was increased at a fixed MnO content.

In this study, the Q3/Q2 ratio was proposed for
determining DOP of the silicate network. The results
shown in Figures 17 and 18 indicate that MnO is a
network-modifier element in the silicate systems simi-
larly to CaO, because the Q3/Q2 ratio reduced by
increasing the MnO content, thereby the silicate net-
work was depolymerized. Also, a linear correlation
between ln (Q3/Q2) and viscosity, density, and electrical
conductivity were explored, demonstrating the influence
of slag structure (DOP of the slag network) on these slag
properties. It was found that log viscosity increases
linearly by increasing ln (Q3/Q2) while log density and
log electrical conductivity reduce with increasing ln (Q3/
Q2) linearly.[58]

B. Slag Viscosity

The viscosity of slag contributes to the metal-slag
separation efficiency and tapping process, and is thus
closely related to operation efficiency and minimizing
the energy usage.[67] Slag viscosity depends on temper-
ature and slag composition as the viscosity decreases
with increasing temperature and basic oxide contents.

Viscosity measurements for the slag system MnO-
SiO2-CaO-MgO-Al2O3 have been carried out for vari-
ous industrial applications.[68–71] A wide variation of
slag compositions has been investigated which were
close to slags in Mn-ferroalloy production in the
submerged arc furnace. In addition to MnO-SiO2-
CaO-MgO-Al2O3, viscosity has been measured for its
various subsystems such as the binary MnO-SiO2

system,[72,73] the ternary systems of MnO-SiO2-
CaO[72,74,75] and MnO-SiO2-Al2O3

[73] as well as the
quaternary systems of MnO-SiO2-CaO-MgO[76] and
MnO-SiO2-CaO-Al2O3.

[68,77] In general, the results of
these investigations have revealed the effect of both
temperature and MnO content. These findings suggest
that slag viscosity decreases by increasing temperature
and reduces by increasing the MnO content. The latter
can be understood by considering the fact that MnO is a
basic oxide and acts as a network breaker in the silicate
network. In the following, some of the results and
observations will be reviewed in more detail.

Viscosity measurements for MnO-SiO2-CaO have
been performed for a wide variety of compositions. In
Segers et al. study,[72] the SiO2 content was given as 32 to
50 wt pct while the contents of MnO and CaO were
varied from 10 to 64 and 0 to 45 wt pct, respectively.
The measurements were carried out at 1500 �C and
illustrated the effect of SiO2 and the substitution of CaO
by MnO. In Ji’s (2001) work,[75] SiO2, MnO, and CaO
were changed from 33 to 50 wt pct, 15 to 56 wt pct, and

8 to 45 wt pct. The viscosity measurements were
reported for the temperature range from 1300 �C to
1480 �C. In Figure 19, the viscosity (dPa.s) is plotted as
a function of the slag basicity (wt pct) introduced as
(MnO+CaO)/SiO2 for the MnO-SiO2-CaO system to
compare the results found by Segers et al.[72] at 1500 �C
and Ji75 at 1480 �C. As seen, the viscosity results of these
two studies display the same trend, revealing that the
viscosity reduces with increasing the basicity through
increasing the basic oxides, namely MnO and CaO.
Woollacott et al.69 reported the experimental viscosi-

ties at 1500 �C for a group of MnO-SiO2-CaO-
MgO-Al2O3 compositions related to slags in the pro-
duction of high-carbon ferromanganese alloys. The
MnO and SiO2 contents were changed from 7 to 35
and 27 to 37 mol pct, respectively. Al2O3 was fixed at 10
mol pct, CaO and MgO were varied from 13 to 45
mol pct and 6 to 21 mol pct, respectively. It was found
that SiO2 content induces the major effect on viscosity.
While an increase in the SiO2 content increased the
viscosity, MnO proved the strongest ability for reducing
the viscosity among the involved basic oxides in the slag
systems.
In another study published by Persson,70 for slags

associated with Mn-ferroalloy production in the sub-
merged arc furnace, viscosity measurements were car-
ried out within four groups of synthetic slags (called
Slag A, B, C, and D) over wide composition ranges as
presented in Table III. Each group includes composi-
tions containing 30, 40, and 50 wt pct MnO, while SiO2

and Al2O3 were varied from 14 to 33 and 8 to 33 wt pct
respectively. CaO and MgO as basic oxides in the slag
systems were changed from 4 to 29 and 0.3 to 7 wt pct,
respectively. Table III displays the lower and higher
measured temperatures which were limited by the
presence of MnO precipitates and the use of alumina
tube in the viscometer apparatus, respectively. The
viscosities were measured over the temperature range
from 1265 �C to 1712 �C where this range was varied
based on the compositions.

Fig. 19—Experimental viscosities (dPa.s) with respect to total
basicity (wt pct) for the MnO-SiO2-CaO system. Comparing results
from Segers et al.72 at 1500 �C and Ji75 at 1480 �C.
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Figure 20 shows the viscosity measurements (dPa s)
with respect to the temperature (�C) for Slag A, B, and
C. As expected, viscosities were decreased by increasing
MnO from 30 to 50 wt pct for all slag groups.

Comparing the viscosities for slags containing the same
amount of MnO suggested that slags with the highest
amount of CaO possess the lowest viscosities, namely
Slag D, while the highest viscosity values were reported
for slags containing the highest amounts of SiO2 and
Al2O3, namely Slag C. It was also noted that the
viscosity increases significantly below liquidus tempera-
ture because of the presence of solid particles. It is worth
noting that MnO content further enhances the viscosity,
due to higher amount of solid particles, compared to
counterparts with a low amount of MnO, with smaller
amount of solid particles.
Yan et al.[71] studied viscosity both experimentally

and theoretically for the MnO (0 to 55 wt pct)-SiO2-
CaO-MgO (5 wt pct)-Al2O3 (20 wt pct) system in the
temperature range from 1300 �C to 1600 �C. The SiO2

and CaO contents were varied from 11 to 48 and 7 to 45
wt pct, respectively. The studied compositions were
similar to the slags in FeMn- and SiMn-production.
The results showed that the viscosity goes down by
increasing MnO, specifically in melts with higher ratio of
CaO to SiO2.

[71] The addition of 5 wt pct MnO
increased the viscosities considerably for melts with the
ratio of CaO to SiO2 equal to 1.0 and 1.5, while the
viscosity was only slightly reduced for the slag system
with the ratio of CaO to SiO2 equal to 0.6.

Table III. Compositions (Wt Pct), Viscosity Measurements (dPa.s), and Temperature Ranges (�C) for Four Groups of Slags

Associated With Mn-Ferroalloy Production (Data from Ref. 70)

Slag name MnO SiO2 CaO Al2O3 MgO Viscosity (dPa.s) Temperature (�C)

A50 51.08 20.8 15.04 9.49 4.39 0.29–2.50 1321–1703
A40 40.8 25.29 18.21 11.34 5.25 0.38–2.86 1277–1706
A30 30.61 29.58 21.36 13.14 6.12 0.50–7.46 1265–1698
B50 50.69 14.38 10.63 24.65 0.35 0.34–4.48 1275–1696
B40 40.49 17.34 12.76 29.84 0.36 0.42–3.10 1355–1703
B30 31.47 20.19 14.99 33.15 0.62 0.66–4.55 1430–1712
C50 49.44 22.02 3.69 23.82 1.51 0.41–7.51 1284–1710
C40 39.96 27.2 4.49 27.33 1.83 0.77–6.47 1333–1703
C30 31.96 32.65 4.87 28.86 2.15 1.02–10.90 1368–1699
D50 50.84 15.62 21.13 8.09 4.94 0.23–0.56 1617–1695
D40 40.62 19.44 25.43 9.66 6 0.22–0.44 1449–1704
D30 32.14 22.07 28.69 11.44 6.65 0.31–0.65 1486–1694

Fig. 20—Viscosity measurements (dPa.s) vs. temperature (�C) for Slag A, B, C, presented in Persson.[70]

Fig. 21—Experimental viscosities (dPa.s) with respect to total
basicity (wt pct) for the MnO-SiO2-CaO-MgO-Al2O3 system.
Comparing results from Persson 70 at 1550 �C to 1555 �C and Yan
et al.71 at 1550 �C.
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Figure 21 exhibits the viscosity variations with respect
to the total basicity (wt pct) defined as [(MnO+
CaO+MgO)/(SiO2+Al2O3)] for data reported by Pers-
son (2007)[70] at 1550 �C to 1555 �C and Yan et al. [71] at
1550 �C. As expected, the viscosity reduces by increasing
the basicity in both studies, while the measured viscosity
magnitudes by Yan et al. is larger than those viscosity
values by Persson, specifically in lower basicities.

Although viscosity measurements have been per-
formed on various slag systems, it is extremely chal-
lenging to produce experimental data for the entire
range of compositions and temperatures. Furthermore,
the high-temperature viscosity measurement is practi-
cally both time-consuming and high-cost. Accordingly,
several models have been developed to predict slag
viscosity for systems containing MnO.[71,74,76,78–83] The
viscosity has been estimated for various binary, ternary,

quaternary, and multicomponent systems. Comparing
predicted viscosity values with experimental data has
demonstrated that the models can provide reliable
estimations of viscosity behavior with respect to both
temperature and slag compositions.
In Figure 22, experimental viscosity results from

Persson 70 are compared to the models proposed by
Riboud 84, Urbain 85, and Iida 86 which depend only
on slag compositions and temperature. It can be found
that while the Urbain model overestimates the experi-
mental data for all compositions presented, two other
models predict better values especially the Iida model
for the temperatures above 1550 �C. For slags in group
B containing the lowest content of SiO2 and highest
content of Al2O3, the Iida model shows large variations
with respect to temperatures lower than 1500 �C.

Table IV. Chemical Composition of Slags in FeMn and SiMn Production

Slag

Chemical Composition (Wt Pct)

MnO CaO MgO SiO2 Al2O3 Other

High MnO-
FeMn production[94]

28.0 to 30.0 28.0 to 30.0 6.0 to 6.5 28.0 to 30.0 5.0 to 5.5 1.0 to 1.3

Low MnO-
SiMn production[95]

10.9 28.1 7.3 32.5 21.1 0.1

Fig. 22—Viscosity variations (dPa.s) vs. temperature (�C). Comparison of viscosities reported by Persson[70] with models from Riboud[84],
Urbain[85], and Iida[86] for Slags A to C containing 30 and 50 wt pct MnO. (a) to (f) represents slag composition from Table III. (a) Slag A30,
(b) Slag B30 (c) Slag C30, (d) Slag A50, (e) SlagB50 and (f) Slag C50.
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C. Density

There is a lack of density data on slags in Mn-fer-
roalloy production, but some insight may be gained by
considering slags in steel production. Particularly,
so-called mould slags in steel production consist of
similar components as slags in Mn-ferroalloy produc-
tion, MnO, CaO, MgO, SiO2, Al2O3, while the main
difference is the content of these components in both
types of slags.[87]

In general, slag density can be determined by (a)
numerical calculations based on previously established
models[88] and (b) experimental methods, such as the
sessile drop technique,[89] the Archimedes principle[90] or
electrostatic levitation method.[91]

One of the most well-known numerical methods for
calculating density of a multicomponent slag in liquid
state is based on calculation of partial molar volumes,[88]

which are expressed as:

V1773 ¼
XN
i¼1

XiVi

VT ¼ V1773 þ 0:01 T� 1773 Kð Þ
½9�

where V1773 is slag partial molar volume of at 1773
K,[88,92] Xi is molar fraction of a component, Vi is par-
tial molar volume of a component at 1773 K, VT is
slag partial molar volume at a certain temperature in
liquid state and T is the certain temperature in liquid
state.

Subsequently, density is defined as:

qT ¼ M

VT
½10�

where qT is density liquid state, M is mean molecular
weight of all components in slag.
Figure 23 illustrates a comparison of the experimen-

tally measured densities by Lee at al.93 and the
calculated densities by the model from Mills et al.2 for
MnO-CaO-SiO2-MgO-Al2O3 and MnO-CaO-SiO2

slags. The density of MnO-CaO-SiO2 slag estimated
using the model shows fairly close values to those
determined by Lee et al., and in addition, the calculated
densities show the expected increase when MnO content
is increased, which may indicate that the model of Mills
et al. can be applied for slags in ferroalloy production
with high reproducibility.

D. Surface and Interfacial Tension

Surface and interfacial tensions govern important
phenomena such as wetting, foaming, refractory infil-
tration and slag-metal separation.[96–98] Interfacial
behaviour depends upon the content of chemical ele-
ments and components interacting at the slag-metal
interface, and thus interfacial tension changes as a
function of slag composition. As with other properties
of slags in ferroalloy production, there are few published
data on surface tension of multicomponent slags and
interfacial tension between slag and ferroalloys. How-
ever, studies on slags in steel production have shown
that surface tension of most multicomponent slags lies in
the range from 0.30 to 0.70 N/m.[99–101] Bublik et al.102

have found that surface tension of slags corresponding
to FeMn and SiMn production are 0.65 and 0.50 N/m,
respectively.

Fig. 23—Density of multicomponent MnO-containing slags. Composition of low and high MnO slags is shown in Table IV.
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Mills et al.88 have reported that surface tension of
multicomponent slags can be calculated assuming that
surface tension is temperature-dependent and that all
slag components modify surface tension depending on
the mole fraction and their content in the bulk or at the
surface. As such, Na2O, K2O, CaF2 and B2O3 are
treated as surfactants, while others as bulk components.
Surface tension is then calculated using a system of
equations:

cT ¼ c1773 þ dc
dT

T� 1773 Kð Þ

c1773 ¼
XN
i¼1

Xici

 !
bulk

þ
XN
i¼1

Xici

 !
surf

dc
dT

¼
XN
i¼1

Xi
dci
dT

½11�

Fig. 24—Surface tension of high and low MnO slags. Composition of low- and high-MnO slags is shown in Table IV.

Fig. 25—Electrical conductivity vs. total basicity in wt pct for slags with various Al2O3 contents. The 4 non-linear points giving the electrical
resistivity 250 S/m, are the slags with an MnO content above 65 wt pct [data used[108]].
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Fig. 26—Activation energy of the conductivity of slags vs. total basicity in wt pct for slags with various Al2O3 content (data from Ref. 108).

Fig. 27—Comparison of electrical conductivity (S/m) measured by Segers et al. with models from Riboud, Urbain and Iida of close to two SiMn
slags and one FeMn slag. Though there are some differences, it is the alkali Riboud model that has the smallest deviation from the experimental
data, followed by the Riboud model.
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where cT and c1773 are surface tension at a certain tem-
perature and 1773 K, respectively.

Values of surface tension calculated using this model
for slags as shown in Table IV is illustrated in Figure 24.

Sulfur and other surface-active elements have a
significant influence on interfacial tension in liquid
systems because they can affect the interfacial interac-
tion at the slag-metal interface.[103–105] As a result, low
interfacial tension leads to the formation of a slag-metal
emulsion, metal droplet entrainment during tapping,
and therefore poor slag-metal separation. Cramb
et al.106 have shown that interfacial tension between
steel and slag sharply decreases with an increase of
sulfur or oxygen activity. Bublik et al.102 have suggested
that higher sulfur content in ferroalloy-slag systems
results in a higher mass transfer rate at the slag-metal
interface, which again decreases both interfacial tension
and apparent contact angle between slag and
ferroalloys.

E. Electrical Conductivity

The electrical conductivity of slags in the steelmaking
area, that is MgO, CaO, SiO2 and Al2O3 has been
investigated by several researchers and to mention one
recent review on this system Wang et al.107 can be
mentioned. In the five component system including
MnO, there is one main reference and that is Seger
et al.108. Seger and his group experimentally determined
the slag from a basicity [= (CaO+MgO)/
(SiO2+Al2O3)] from 0 to 0.93 and from 10 to 73 pct
MnO, that is within the area of FeMn and SiMn
production. The electrical conductivity at 1500 �C are
shown in Figure 25. The tapping slags for FeMn and
SiMn will typically be above 150 S/m and 40-120 S/m
respectively. Overall, the electrical conductivity
increases with basicity, and as the conductivity is shown
as a function of the total basicity, including all 5
components, the conductivity of slags with higher
alumina contents will be slightly higher, as alumina is
less acid compared to silica. Most of the slags have a
linear relationship between the total basicity and the
conductivity, and the only exemption is the 4 points with
higher than 65 wt pct MnO and no CaO and MgO,
which shows conductivities higher than 300 S/m. It can
however be mentioned that the MnO/(CaO+MgO)
ratio has no significant effect on the rest of the data.

The electrical conductivity is dependent on tempera-
ture and can be given by the Arrhenius equation where
X (S/m) is conductivity, A is pre-exponential factor (S/
m), E is activation energy in kJ/mol, R is gas constant
(8.314 J/mol/K) and T is temperature (K):

X ¼ A � exp �E

RT

� �
½12�

The activation energy, representing the temperature
dependence of the conductivity of the slag, varies
between 50-350 kJ/mol as can be seen in Figure 26.
There is an indication that the activation energy of the
low alumina slags decreases with basicity, while it
increases for the high alumina slags.

As both the viscosity and the electrical conductivity is
dependent on the slag structure, a correlation between
the electrical conductivity and the viscosity has been
proposed.[109] Based on the viscosity models of Riboud
110, Urbain 85 and Iida 86 one can hence calculate the
electrical conductivity from slag composition and tem-
perature, and in Figure 27 the experimental data from
Segers et al. has been compared to the models. It can be
seen that the experimental data are much higher
compared to the models, however the Riboud alkali-
model[109,110] gives the best fit.
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Abstract – Physical properties of multi-component slag systems are of great importance for 
metallurgical processes, thereby many studies have shown that properties such as density, surface 
tension or viscosity can be predicted using previously developed models. However, nowadays there 
is no such framework integrating published models for calculation of slag properties and allowing 
for user-friendly post-processing of data. In this study, a web-based application for calculation of 
slag properties both in solid and liquid state was developed in Python. The web-application predicts 
density, heat capacity, surface tension and other properties from temperature and slag composition 
provided by the user and subsequently the user has the possibility to interact with and visualize data,  
and compare results from various models. The architecture of the web-application was designed to 
address interoperability and data security concepts. In addition, the modularity of the web-
application was based on standardized web architectural styles to facilitate the addition of new 
models or functions in the future. The current work is aimed at demonstrating the key functionality 
of the application and initiating discussion and further collaboration for its development. 

 
 

INTRODUCTION 
Metallurgical processes are complex, therefore their modelling is important for advanced 
process control and optimization. There are many models which describe slag properties and 
processes, but these models are not gathered in one place, and thus it is of great importance to 
have a framework that integrates all available models to obtain and manipulate data in a more 
convenient and accessible way. Many properties can be extracted from commercial codes as 
for example FactSage (Bale et al. 2016) or HSC Chemistry (HSC Chemistry. 2021), but often it 
is required to have access to tools that are more user-friendly. A web-based application for 
calculating electrolyte properties (Electrolyte Properties. 2021), ElProp, has shown that it is 
completely possible to use advanced frameworks to create easily accessible interactive 
dashboards. To the best of our knowledge, there is no such tool for pyrometallurgical 
processes, especially for slags, and that is what we would like to address with this study.  
 
The main goal of the present study was to develop a web-based application for calculation and 
search of slag properties. The publicly available version will be based on models and data 
published in previous studies on multi-component slag systems. In addition, the architecture 
of the application was designed taking into consideration interoperability and data security. 
The stored data and results generated by the models share a common representation that 
enables data exchange, comparison, and visualization. Moreover, access to data sets and 
models must be restricted by user authorization to be relevant for the process industry. To 
further increase the modularity, the web-based application will rely on micro-services called 
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via standardized REST API. It will facilitate the addition of new models or dashboard 
presentation in the future. 
 
The application for calculating slag properties was developed in Python (Python.org. 2021) 
using four main tools: 1) Django framework for the front-end, 2) FastAPI for the micro-
services, 3) Plotly for the interactive plots, 4) Azure Active Directory (AZD) for user 
authentication (via msal and fastapi_auth_aad libraries).  The deployment and storage of the 
database were done on Microsoft Azure, with App Services and Cosmos Azure DB, 
respectively. The goal of this paper is to demonstrate the key functionality of the framework 
and initiate discussion and further collaboration for its development. Please note that the 
framework under development has no intrinsic restrictions on properties, slag system or 
model type (empirical, physical, neural network, etc.).  
 
 

OVERVIEW OF MODELS 
A schematic describing physical properties of slags for solid and liquid state calculated in the 
application is shown in Figure 1. All applied models are described in detail in previous studies: 

- density, heat capacity, surface tension - (Mills et al. 2016). 
- viscosity – (Riboud et al. 1981; Urbain 1987; Iida et al. 2000). 
- thermal conductivity – (Mills et al. 2011). 
- electrical conductivity - (Zhang and Chou 2010; Zhang et al. 2011). 

 
Density, heat capacity and enthalpy are calculated both for the solid and the liquid state, 
depending on slag composition and temperature range provided by the user, while surface 
tension, viscosity, thermal and electrical conductivity are calculated only for the liquid state. 
 

 
Figure 1: Schematic of slag properties in the solid and the liquid state calculated in SlagCalculator. 

 
Molar quantities 
The molar quantities are calculated based on slag composition, which is provided initially by 
the user. The following molar quantities are used in various models in SlagCalculator: 

- mass fraction ( iw ):  

 
1

    1,
=

= =∑
ni

i i
itot

mw w
m

  [1] 
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where im  is the mass of i-component in the slag, totm  is the total weight of the slag. 
- mass percentage (in wt pct):  

 100.⋅iw   [2] 
- number of moles ( in ):  

 
1

    ,
ni

i tot i
ii

mn n n
M =

= = ∑   [3] 

where iM  is the molar mass of i-component in the slag, totn is the total number of moles of all 
components. 

- molar fraction ( ix ):  

 
1

    1.
=

= =∑
ni

i i
itot

nx x
n

  [4] 

- molar percentage (in mol pct):  
 100.⋅ix   [5] 
 
Density 
The density (in kg/m3) is expressed from partial molar volumes of each component in the slag:  

- solid state:  

 298 298,
1

,
=

=∑
N

i i
i

V x V   [6] 

 3
, 298(1 ) ,α= +T sol solV V T   [7] 

 , ,
, ,

,ρ
ρ

= ⇒ =T sol T sol
T sol T sol

M MV
V

  [8] 

where 298V  is partial molar volume of the slag at 298 K, 298,iV  is partial molar volume of i-
component at 298 K (Mills et al. 2016), α  is the average linear thermal expansion coefficient 
(9ꞏ10-6 K-1), solT is the temperature for the solid state calculations specified by the user, ,T solV  is 
partial molar volume of the slag at the specified temperature for the solid state, M is molecular 
weight of the slag, ,ρT sol  is density of the slag in the solid state. 

- liquid state:  

 1773 1773,
1

,
N

i i
i

V x V
=

=∑   [9] 

 , 1773 0.01( 1773),T liq liqV V T= + −   [10] 

 , ,
, ,

,T liq T liq
T liq T liq

M MV
V

ρ
ρ

= ⇒ =   [11] 

where 1773V  is partial molar volume of the slag at 1773 K, 1773,iV is partial molar volume of the 
slag at 1773 K (Mills et al. 2016), liqT is the temperature for the liquid state calculations specified 
by the user, ,T liqV  is partial molar volume of the slag at the specified temperature for the liquid 
state, ,ρT liq  is the density of the slag in the liquid state. 
 
Heat capacity and enthalpy 
The calculation for the heat capacity (in J/(molꞏK) or J/(kgꞏK)) and the enthalpy (in J/mol or 
J/kg) is based on relationship between the heat capacity and temperature:  

- solid state:  

 
*

* *
, 2 2

1 1 1
,

N N N
i i

m sol sol i i i i sol
i i isol sol

x ccC a b T x a x b T
T T= = =

= + − = + −∑ ∑ ∑   [12] 
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 ,
,

1000
,m sol

p sol
C

C
M
⋅

=   [13] 

 
* *

* * 2 2
, , 298 ,298

 ( 298) 0.5 ( 298 ) ,
298

solT
m sol T sol m sol sol sol

sol

c cH H H C dT a T b T
T

∆ = − = = − + − + −∫   [14] 

 ,
,

1000
,m sol

p sol
H

H
M

∆ ⋅
∆ =   [15] 

where ,m solC  is molar heat capacity in the solid state, *a , *b and *c are constants treated as 
partial molar quantities, ia , ib and ic are constants for i-component in the slag (Mills et al. 2016), 

,p solC  is specific heat capacity, ,∆ m solH  is molar enthalpy in the solid state, ,T solH is the enthalpy 
at the specified temperature for the solid state, 298H is the enthalpy at 298 K, ,∆ p solH is specific 
enthalpy in the solid state. 

- liquid state:  

 , ,
1

,
N

m liq i m i
i

C x C
=

=∑   [16] 

 ,
,

1000
,m liq

p liq
C

C
M
⋅

=   [17] 

 
1

,
N

fusfus
i i

i
S x S

=

∆ = ∆∑   [18] 

 ,fus fus
liqH T S∆ = ∆   [19] 

 , , 298 , ,( ) ( ),
m

fus
p liq T liq m sol T p liq liq mH H H H H C T T∆ = − = ∆ + ∆ + −   [20] 

 
where ,m liqC  is molar heat capacity in the liquid state, ,m iC is molar heat capacity of i-

component in the slag (Mills et al. 2016), ,p liqC  is specific heat capacity in the liquid state, ∆ fusS

is entropy of fusion, ∆ fus
iS  is entropy of fusion of i-component in the slag, ∆ fusH is enthalpy 

of fusion, ,T liqH is the enthalpy at the specified temperature for the liquid state, ,( )∆
mm sol TH is 

the enthalpy at the liquidus temperature (Tm) for the solid state, ,∆ p liqH is specific enthalpy in 
the liquid state. 
 
Surface tension 
The surface tension (in mN/m) of the slag in the liquid state is calculated considering the 
individual contribution of surfactants and bulk components to the surface tension, as well as 
the temperature dependence of the surface tension: 

 
1

,
N

i
i

i

dd x
dT dT

γγ

=

=∑   [21] 

 1773 ,1773 ,1773
1 1

( ) ( ) ,
N N

bulk surf i i bulk i i surf
i i

x xγ γ γ γ γ
= =

= + = +∑ ∑   [22] 

 , 1773 ( 1773),T liq liq
d T
dT
γγ γ= + −   [23] 

where d
dT
γ  is the temperature dependence of the surface tension, id

dT
γ  is the temperature 

dependence for i-component in the slag, 1773γ  is the surface tension at 1773 K, ,1773bulkγ  is the 
surface tension of bulk components at 1773 K, ,1773surfγ  is the surface tension of surfactants 
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(B2O3, K2O, Na2O, CaF2) at 1773 K (Mills et al. 2016), ,T liqγ  is the surface tension at the specified 
temperature for the liquid state. 
 
Viscosity 
The viscosity of the slag in the liquid state is calculated from Riboud, Urbain and Iida models: 

- Riboud model:  

 exp( ),liq
liq

BA T
T

η = ⋅ ⋅   [24] 

 
2

exp( 19.81 1.73 5.82 7.02 35.76 ),basic CaF alkali amphotericA x x x x= − + ⋅ + ⋅ + ⋅ − ⋅   [25] 
 

2
31140 23896 46356 39159 68833 ,basic CaF alkali amphotericB x x x x= − ⋅ − ⋅ − ⋅ + ⋅   [26] 

 
2 3 2 3

,basic CaO MgO FeO Fe O MnO NiO CrO ZnO Cr Ox x x x x x x x x x= + + + + + + + +   [27] 
 

2 2 2
,alkali Na O K O Li Ox x x x= + +   [28] 

 
2 3 2 3

,amphoteric Al O B Ox x x= +   [29] 
where η is the viscosity, A and B are experimental parameters. Note that the viscosity in 
Riboud model is expressed via the Weymann-Frenkel relation (Eq. [24]) and given in poise or 
dPaꞏs, therefore, the viscosity has to be divided by ten to convert it to Paꞏs. 

- Urbain model:  

 
310exp( ),liq
liq

BA T
T

η
⋅

= ⋅ ⋅   [30] 

 exp(0.29 11.57),A B= +   [31] 
 2 3

0 1 2 3 ,G G GB B B x B x B x= + + +   [32] 
 2

0 13.8 39.9355 44.049 ,B α α= + −   [33] 
 2

1 30.481 117.1505 139.9978 ,B α α= − +   [34] 
 2

2 40.9429 234.0486 300.04 ,B α α= − + −   [35] 
 2

3 60.7619 153.9276 211.1616 ,B α α= − +   [36] 

 ,M

M A

x
x x

α =
+

  [37] 

 
2

,G SiOx x=   [38] 
 

2 2 2 2
,M CaO MgO FeO MnO NiO CrO ZnO Na O K O Li O CaFx x x x x x x x x x x x= + + + + + + + + + +   [39] 

 
2 3 2 3 2 3 2 3

,A Al O B O Cr O Fe Ox x x x x= + + +   [40] 
whereα is a constant describing the fraction of network modifiers and amphoterics, Gx , Mx
and Ax  is the molar fraction of glass formers, network modifiers and amphoteric oxides in the 
slag, respectively. Note that the viscosity in Urbain model is expressed via the Weymann-
Frenkel relation written in a modified form (Eq. [30]) and given in poise or dPaꞏs, therefore, 
the viscosity has to be divided by ten to convert it to Paꞏs. 

- Iida model:  

 0 exp( ),
i

EA
B

η η= ⋅ ⋅   [41] 

 3 6 21.029 2.078 10 1.050 10 ,liq liqA T T− −= + ⋅ + ⋅   [42] 

 2 6 228.46 2.884 10 4 10 ,liq liqE T T− −= − ⋅ + ⋅   [43] 

 0 0 ,i ixη η=∑   [44] 
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( )

,
( )

i i basic
i

i i acidic

w
B

w
α
α

= ∑
∑

  [45] 

where A  is the pre-exponential term, iB is the basicity index, E is the activation energy, 0η is 
the sum of hypothetical viscosity ( 0iη ) for each i-component in the slag, iα is the specific 
coefficient for i-component in the slag (Iida et al., 2000). Here, CaO, MgO, FeO, MnO, CrO, 
BaO, Na2O, K2O, Li2O,CaF2 are treated as basic oxides; SiO2, ZrO2, TiO2 are acidic oxides; Al2O3, 
B2O3, Fe2O3, Cr2O3 are amphoteric oxides. For a more extensive description of Iida model, refer 
to (Iida et al. 2000) and (Kekkonen et al. 2012). 
 
Thermal conductivity 
The thermal conductivity (in W/(mꞏK)) can be calculation from three methods, where it can 
be expressed from the viscosity and/or structural parameters of the slag: 

- relation with viscosity:  
 exp( 2.178 0.282 ln( )),k η= − + ⋅   [46] 
where k  is the thermal conductivity of the slag, η is the viscosity calculated from Riboud, 
Urbain or Iida models. 

- relation to structure and viscosity:  
 2exp( 1.8755 0.0893ln( ) 0.0352 ln( ) ),k η η= − − +   [47] 

 0.165exp( ),
0.817

Q
η =   [48] 

 4 / ,Q NBO T= −   [49] 
where Q  and NBO /T are measures of slag polymerization and depolymerization (Mills et al. 
2016), respectively. 

- relation to structure:  

 exp( 1.914 0.00037 exp( )).
0.402

Qk = − + ⋅   [50] 

  
Electrical conductivity 
The electrical conductivity (in Ω-1ꞏm-1) is calculated from the viscosity or the structure-viscosity 
relation if the slag contains alkali metal oxides. 

- relation with viscosity:  

 0.08 ln( )exp( ),
1.18

η
κ

− −
=   [51] 

where κ  is the electrical conductivity of the slag, η is the viscosity calculated from Riboud, 
Urbain or Iida models. 

- relation with structure and viscosity for alkali-containing slags:  

 ln( )exp(0.15 3.87 ),
1.1 1.77

r
r

η
κ = + ⋅ −

+ ⋅
  [52] 

 
2 3 4

2
,

(2 0.667 0.5 )
M

M M M M

x
r

x x x x
+

+ + + +

=
+ + +

∑
∑

  [53] 

where r is the ratio between M+ ions and M2+, M3+, M4+ ions in the slag. 
 
 

OVERVIEW OF DIGITAL SOLUTIONS 
Platform security 
The web-based application needs to be secured both on the front-end and back-end, as the aim 
is to enable the use of public model and data but also in-house or confidential data 
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corresponding to industrial processes. The solution adopted is based on AZD: Microsoft’s 
cloud-based identity and access management service. The platform uses AZD as a standards-
based approach for adding single sign-on (SSO) to the app, allowing it to work with a user's 
pre-existing credentials. The allowed users are registered on the Azure portal for that 
application and are associated to roles. The role will grant different privileges. For example, a 
guess will have access only to public models and data, while a contributor will be able to add 
new experimental data to the database. The token received after the authentication by AZD 
while also be added to the request send to the different services. In the app, two types of 
services are implemented: query to the material database, and calculation of slag properties. 
The data is not access directly but through dedicated APIs (Application Programming 
Interface) following the REST standard and requiring authentication. This approach allows a 
more agile development and avoid availability of confidential information in the frontend 
part. 
 
Slag properties calculation 
The model presented in the previous section are implemented as separated Python codes that 
are executed by sending a request to a service provider. As an example, the calculation of the 
density (Table I) will require the application to send the temperature and slag composition, to 
receive density values. The parameters and even the content of the model is not accessible to 
the users. The input and output are standardised in order to interchange models. It also allows 
for any other program to access the models and get results. The FastAPI library automatically 
generates an interactive documentation of the entry points. 
 

Table I: Input, output and parameters stored in the code in calculation of density. 
Input 

(send in request) 
Parameters 

(stored in code) 
Output 

(send back to client) 
Slag composition 

Temperature 
Model 

Authentication token 

,T solV  

,T liqV  
,T solρ  

,T liqρ  

 
Slag properties search and comparison 
The central idea behind a unified platform is data integration from various sources to form a 
data lake. The data sets are represented in a shared database with a common data model. 
Similarly numerical models accept similar inputs (outside specific model parameters) and the 
output data could be stored next to experimental models. The web application will also allow 
for searching the database of experimental (or later model) results and visualize the results. 
Availability of large amount of formatted experimental data also enables the application of 
machine learning techniques such as Artificial Neural Network. Tang et al. 2021 have 
successfully applied this approach to the prediction of slag viscosity. 
 
User interface of the web application 
Figure 2 shows a sketch of the graphical user interface for the slag properties calculation. The 
user interface is under development and different scenarios are studied. Two main scenarios 
are: 1) calculation of the properties for a specific slag composition, 2) exploration in a 
composition range. In the first case, after the definition of the reference composition, the 
interface will provide the closest data set available in the database before suggesting the 
properties available and the models valid for that composition. Then the user can select the 
models and a temperature interface to compute the properties. In the second scenario, a range 
of composition is defined, the available experimental data are found and then the selected 
models are run for the identified experimental compositions. 
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Figure 2: Sketch of the graphical user interface of SlagCalculator. MO* are other oxides in the slag. Please note 

that the web application is under development and its interface is evolving. 
 
Deployment of the web application 
The application is deployed on Azure Services and relies on three services: App Service for the 
web front-end acting as the user interface, Cosmos DB for the storage of data in a NoSQL 
database, and Azure Functions for the models. Azure Functions is a serverless solution to 
execute simple models that allows for easy scalability. The current demonstrator is available 
at https://slagcalulator-v1.azurewebsites.net. 
 
 

FUTURE WORK 
The future of the platform will depend on the improvement of two critical points: useability 
and accuracy. Therefore, the future work will focus on both model development and 
enrichment to provide accurate and relevant data, and on user experience and integration of 
this tool in the engineer workflow. 
For further development of the application, it can be proposed to:  

- include models for automatic calculation of liquidus and solidus temperature for slags. 
- consider properties change in the glassy state. 
- expand the available models for a more accurate calculation of physical properties of 

ferroalloy slags.  
- provide access to public and restricted access to material databases. 
- integration of neural network model development.  

 
 

CONCLUSIONS 
In the current work, we have presented a framework for easy, secure, and consistent access to 
slag data and properties. The present version of the framework includes only data based on 
the literature, but we aim to extend the database in the future in close collaboration with 
industry, research institutes and other stakeholders.  
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Appendix A

Computational resources

The multiphase simulations in OpenFOAM were performed on resources provided

by the NTNU IDUN/EPIC computing cluster [93]. The cluster has more than 70

nodes and 90 GPGPUs. Each node contains two Intel Xeon cores, at least 128 GB

of main memory, and is connected to an Infiniband network. Half of the nodes

are equipped with two or more Nvidia Tesla P100 or V100 GPGPUs. Storage is

provided by two storage arrays and a Lustre parallel distributed file system.
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