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Document Purpose

The purpose of this manual is to empower readers to pursue new innovations in the field
of pyrometallurgical material property modelling by equipping them with knowledge and
understanding of the models available in auxi-mpp.

Target Audience

This user manual is intended for the Groeien met Groen Staal (GGS) consortium involved
in developing new Reducing Electric Furnace (REF) technologies, particularly the Theme
Il partners. It guides users through the underlying theory the material physical property
models in auxi-mpp is based on.

The Theme Il partners include process, metallurgical, chemical, and mechanical engi-
neers from Tata Steel Netherlands, along with PhD students and their supervisors from
TU Delft, TU Eindhoven, and the University of Twente.

Document Overview

The manual is divided into three parts.

Part | (Executive Summary) provides an overview of the purpose, contents, and outcomes
of this manual. Part Il (Slag Material Properties), covers the theory and validation of the
models that describe slag physical properties. And Part Il (Appendices) contains defini-
tions of words and abbreviations used throughout the document.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903
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Disclaimer

This Report has been prepared for the purpose set out in the brief provided to Ex Mente
Technologies (Pty) Ltd (Ex Mente) by Groeien met Groen Staal: WP-I1.6 (GGS) and was not
prepared for any third party or for any other purpose than that detailed in the engagement
terms with GGS.

The contents of this document relate specifically to the project referenced herein, and Ex
Mente cannot accept responsibility for use of the contents of this document other than
for its intended purpose.

The information contained in this document is current as of the date of the Report, and
may not reflect any event or circumstance which occurs after the date of the Report.

The opinions contained herein are expressed in good faith and whilst every care has been
taken in preparing this Report in accordance with standards of engineering practice (cus-
tomary in the engineering profession for services of a similar nature), Ex Mente shall not,
in any event, be liable for any indirect or consequential damages, including, without lim-
itation, loss of profit or interruption of business arising from the recipient's use of this
document or the contents hereof.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903



% Groeien met
Groen Staal

Document Identification

Distribution This document is distributed under the MIT License. Ex
Statement Mente retains copyright.

Project Label NLG-176-603

Project Name Material Data Framework

Document Name Reducing Electric Furnace Material Physical Property In-

frastructure - Theory Manual
Document Number NLG-176-603-DOC-1228 Rev. 1
Release Date 2025-07-01

Compiled For Groeien met Groen Staal: WP-I11.6

Contact person: Vinod Dhiman
Tel.: +31(0)251 49 35 62
E-mail: Vinod.Dhiman@tatasteeleurope.com

Compiled By Ex Mente Technologies (Pty) Ltd

Postal address:
P.O. Box 10214, Centurion, 0046, SOUTH AFRICA

Tel.; +27 87 808 1903
E-mail; info@ex-mente.co.za
Website: www.ex-mente.co.za

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903



CCo

Document Authorisation

Groeien met
Groen Staal

Release Name Signature

Author Hanno Muire Hanno Muire 5225025701 o404 0200
Author Stefan Koning Stefan Koning ot ezso7or 10110 o200
Reviewer Dr Johan Nell Johan Nell ate, 2035.00.01 11543138 40700
Approver Dr Johan Nell Johan Nell  o237er 1287 oo

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

iv



% Groeien met
Groen Staal

Document History

Revision Release Date Description
Rev.1 2025-07-01 Second formal release to GGS.
Rev. O 2025-02-18 First formal release to GGS.
Draft 1 2025-02-14 Draft 1 release for internal review.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

\



% Groeien met
Groen Staal

Contents

Title Page (o)
Preliminaries 1
Document PUrpose . . . . . . i
Target Audience . . . . . . i
Document Overview . . . . . . . [
Disclaimer . . . . . ii
Document Information iii
Identification . . . . . . . i
Authorisation . . . . iv
History . . o %
Contents vi
List of Figures ix
List of Tables X
| Executive Summary 1
1 Introduction 2
2 Focus 3
3 Highlights 4
Il Slag Material Properties 6
4 Density 9
41 Thibodeau DensityModel . . . ... ... ... .. 9
411 Introduction . . .. 9

412 ModelOverview . . . . . . . ., 9

413 Model Formulation . . . . ... . 10

Unary . .. e 10

Binary . .. e 10
Multicomponent . . ... .. 12

Density . . . . e 12



% Groeien met
Groen Staal

414 Variable Declarations . . . . . .. ... . 12

415 Assumptions . . . .. 13

416 ModelValidation . ... ... ... 13
Molar Volume, Fe-free Systems . . .. . ... ... ... .. ... ... .. 13

Molar Volume, Fe-bearing Systems . . . . . .. ... ... ... ... 20

5 Electrical Conductivity 22
51 Thibodeau Electrical Conductivity Model . . . ... .. ... ... .. .. .. .. 22
511 Introduction . .. ... . .. 22

512 ModelOverview . ... . . . 22

513 Model Formulation. . . ... .. . 23

514  AsSSUMPLIONS . . . . . . 23

515 Literature lnaccuracies . . .. .. ... ... o 23

516 ModelValidation . ... ... .. . . . .. 24

52 Hundermark Electrical Conductivity Models . . . . ... ........ ... ... 30
521 Introduction . . ... .. ... 30
522 ModelOverview . ... ... . 30
523 Model Formulation. . .. ... ... ... . 30
524 Assumptions . . . ... 31
525 Model Validation . ... ... .. . 32

6 Diffusivity 37
6.1 Thibodeau Diffusivity Model . . ... ... ... . ... ... ... .. 37
611 Introduction . .. ... . ... 37

6.12 ModelOverview . ... ... . 37

6.13 ModelFormulation. . ... .. ... ... ... 38

6.14 Variable Declarations . . .. ... ... ... o 38

6.15 Assumptions . . . ... 38

6.16 Simplifications . . . . .. ... 39

6.17 ModelValidation . . ... ... .. ... 39

7 Viscosity 40
71  Grundy-Kim-Brosch ViscosityModel . . .. ........... ... .. .. .. 40
711 Introduction . .. ... 40

712 ModelOverview . . ... . 40

713 Unary and Binary Model Formulation . . ... ........ ... ... . 41
UnaryModel . . ... ... 41

Binary Model . .. .. .. . . . 41

Estimating Polymerisation . . .. ... ... ... ... . o L 41

714  Multicomponent Model Formulation . . ............ ... ... . 42
Systems Without Alumina . . ... ... ... ... ... . 42

Systems Containing AlbOsorFe,O3 . . . o o oo 0oL 43

715 Variable Declarations . . . . . .. ... . 46

716  Assumptions . . . ... 47

717 Simplifications . . . . . .. 47

718 Literature Inaccuracies . . . . . ... .o 47
Background . . ... 47
Inaccuracies . . . . . . . . e 47

719 Model Validation . . .. ... .. . 49
Unary Systems . . . . . . e 50

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

Vii



% Groeien met
Groen Staal

Binary Systems . . . ..
Multicomponent Systems . . . . . .. . .
Multicomponent Fe-bearing Systems . . . . ... ... ... ... .. ..
ISSUES . . .

Il Appendices

A Definitions

References

Glossaries

ACIONYMS .« o o

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

viii

51
52
55
57

58
59

60

62



% Groeien met
Groen Staal

List of Figures

41
42
4.3
44
4.6

51
52
53
55
56
57
58

/1
7.4
75
7.6
7.7

Molar volume vs temperature of unary systems. . . . ....... ... ... .. 15
Molar volume vs mole fraction of binary systems. . . . ... ... ... .. .. 16
Molar volume vs mole fraction for the ternary systems. . . . ... ... ... .. 17
Molar volume vs mole fraction for quaternary systems. . . . ... ... ... .. 18
Fraction of non-bridging oxygens for binary systems. . . . . ... ... ... .. 20
Electrical conductivity vs temperature for unary systems. . . . ... ... . .. 25
Electrical conductivity vs mole fraction of binary systems. . . . . ... ... .. 26
Electrical conductivity vs mole fraction of ternary systems. . . ... ... . .. 27
Electrical conductivity vs temperature for unary systems. . ... ... ... .. 33
Electrical conductivity vs mole fraction of binary systems. . . . . ... ... .. 34
Electrical conductivity vs mole fraction of ternary systems. . . . ... ... .. 35
Electrical conductivity vs mole fraction for FeO - Fe,O3 - SiO, system. . . . . 36
Inaccurate plots. . . . . . 48
Viscosity model estimates and comparisons for binary slag systems. .. .. 52
Viscosity model estimates for ternary slag systems without alumina. . . . . . 53
Viscosity model estimates for ternary slag systems containing alumina. . . . 54

Viscosity model estimates for the Al,O3 - CaO - MgO - SiO, quaternary slag
systemat 1773 K. . o o 55



% Groeien met
Groen Staal

List of Tables

41
4.2

51
52

6.1

71
7.2

7.3

Empirical model parameters for molar volume calculation of SiO; slags. . . 12
Molar Volume ValidationRanges . . . ........... ... .. .. .. ..... 14
Electrical Conductivity ValidationRanges . . . .. .. ... .. .. .. .. .. ... 24
Electrical Conductivity ValidationRanges . . . .. .. .. ... .. ... . .. ... 32
Electrical Conductivity Parameters (Thibodeau 2014) . . . ... ... ... . .. 38
Optimised viscosity parameters . . . . . .. . .. .. o 46
Optimised values of AG* for the associate species for slag systems con-

taining AlOy5 (Grundy etal. 2008a). . . . .. . ... ... ... ... . 46

Viscosity ValidationRanges . . . . . . . . ... . ... . o 50



% Groeien met
Groen Staal

Part |

Executive Summary



% Groeien met
Groen Staal

Chapter1

Introduction

The pyrometallurgy industry plays an important role in the global economy but faces
growing challenges that demand innovative solutions. These challenges include stricter
environmental regulations, such as the EU's target of a 30% reduction in CO, emissions
by 2030, alongside the rising global demand for high-grade steel and increased reliance
on lower-quality ores due to the depletion of high-grade resources. Consequently, tra-
ditional Blast Furnace-Basic Oxygen Furnaces (BF-BOFs) must be replaced with more
efficient smelting technologies, such as the proposed REF process unit, to help the in-
dustry adapt.

Innovation requires advancements in existing tools, particularly in pyrometallurgy. There
is a growing need to describe processes more fundamentally through improved mate-
rial property models, process models, and multiphysics models. These improved mod-
els can assist the industry in developing new REF process units more quickly and cost-
effectively.

This manual supports the GGS Theme Il partners in developing new REF processes
with well documented theory on material property models. The property models docu-
mented here are implemented in an open-source python package called auxi-mpp. This
manual therefore gives the theoretical background and insight necessary to arrive at bet-
ter innovations using the models available in auxi-mpp.
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Chapter 2

Focus

This iteration of the manual covers physical property models for slags, addressing den-
sity (molar volume), viscosity, electrical conductivity, and diffusivity. Future versions will
expand to include other materials, such as alloys, gases, pellets, and multiphase materi-
als like pellet beds, all accessible through auxi-mpp.

The models take temperature, pressure, composition, and for multi-component mod-
els also phase constituent activities, as inputs. The underlying theory for each property
model is explained to help readers understand its operation and the specific component
systems for which it is valid. The models have been validated against extracted model
and experimental data to demonstrate accurate implementation in auxi-mpp.
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Chapter 3

Highlights

Density Model (Thibodeau): The Thibodeau density model, which estimates slag den-
sity via molar volume, has been successfully implemented in auxi-mpp. This model is
fundamentally based on the structural Q-species concept, accounting for variations in
melt composition and temperature. The auxi-mpp implementation demonstrates good
agreement with literature models and experimental data for unary, binary, ternary, and
quaternary Fe-free systems. For Fe-bearing systems, while parameters have been re-
fitted due to changes in Fe bond fraction parameters in the underlying Modified Quasi-
chemical Model (MQM) model, further refinement is still required to fully align with ex-
tracted literature model data.

Electrical Conductivity Models:

1. Thibodeau Electrical Conductivity (ThibodeauEC) Model: This structural model
uses the Nernst-Einstein relationship and relies on the molar volume and diffusivity
models to predict electrical conductivity . The auxi-mpp implementation of this
model closely reproduces literature and experimental data for unary, binary, and
ternary Fe-free systems.

2. Hundermark Electrical Conductivity Models: This unified, semi-empirical modelis
particularly useful for Fe-bearing slags, although it can apply to others. For non-Fe
bearing systems, auxi-mpp's implementation generally reproduces literature mod-
els well, with some exceptions for Al2O3-containing systems. For Fe-bearing sys-
tems, current auxi-mpp estimates deviate from Hundermark's extracted data due
to updated Fe bond fraction parameters, necessitating additional validation plots in
future updates.

Diffusivity Model (Thibodeau): This model calculates diffusivity from slag polymerisation
and is integral to the electrical conductivity calculation within the ThibodeauEC model.
While not independently validated due to a lack of direct literature data for comparison,
its successful incorporation and indirect validation through the accurate performance of
the Thibodeau electrical conductivity model indicate its correctness.

Viscosity Model (Grundy-Kim-Brosch): The Grundy-Kim-Brosch viscosity model has
been implemented and successfully validated against literature models and experimen-
tal data across unary, binary, and multicomponent systems. For multicomponent Fe-
bearing systems, auxi-mpp generally performs well, however, visible deviations from
literature for systems like CaO -Fe,0O3-SiO, and AlLbO3; -CaO - Fe, O3 - SiO, were ob-



% Groeien met
Groen Staal

served, where auxi-mpp's results align more closely with FactSage 8.3, suggesting po-
tential inaccuracies in the original literature data or changes in underlying thermody-
namic databases.
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Background

Slags are integral to pyrometallurgical processes, serving crucial roles in metal extraction,
purification, and environmental control. These molten materials, predominantly com-
posed of metal oxides, form during the smelting, refining, and alloying of metals. Slags
not only facilitate the separation of metals from their ores but also play a significant role in
controlling reactions, heat transfer, and minimising environmental impacts such as emis-
sions and waste generation. Controlling the slag properties is therefore essential for op-
timal yields and minimal waste. To effectively control slag properties, it is important to
understand the underlying principles that govern them.

The physical properties of slags are intricately interconnected, primarily due to the slag's
structure. This structure, specifically the degree of polymerisation (Q)) of the silicate net-
work, acts as the fundamental characteristic influencing the slag's properties like diffu-
sivity (D), viscosity (u), electrical conductivity (o), thermal conductivity (x), and density (p)
(Mysen and Richet 2019).

A highly polymerised network, characterised by long, interconnected chains of silicate
tetrahedra, restricts the movement of all slag components. This restricted movement
results in higher pu, as the slag becomes more resistant to flow. Similarly, D decreases,
as the interconnected network hinders the movement of ions. ¢ is also reduced, as the
movement of charge-carrying cations is impeded by the tightly bound structure. « is
increased, as the interconnected structure presents a lower resistance to the flow of
phonons, resulting in higher thermal conductivity.

Conversely, a less polymerised network with more non-bridging oxygen atoms, allows
for greater freedom of movement. This leads to lower p, higher D, increased o, but de-
creased k. The molar volume (V) and p is also affected by @, as the arrangement of
silicate tetrahedra and the packing of cations influence the overall volume occupied by

the slag.

The structure of silicate melts is characterised by the three types of bridging oxygen
atoms. A free oxygen separates a metal-metal (M - M) pair, a non-bridging oxygen sepa-
rates a metal-silicon (M - Si) pair, and a bridging oxygen separates a silicon-silicon (Si - Si)
pair. From the Si atom'’s perspective, silicon atoms are always tetrahedrally bonded to
four oxygen ions such that the basic silicate melts mainly consist of M?*, 02~ and SiO,*".
As the silica content increases beyond the orthosilicate composition, the SiO,*" tetrahe-
dra begin to polymerise, forming more bridging oxygens and gradually creating a three-
dimensional network.

The degree of polymerisation of a slag is described by the @Q"-species which is the
fraction of SiO4*~ ions that contains n bridging oxygens. In pure SiO,, all four oxygens
surrounding each silicon are bridging oxygens, with the Q*-species fraction being 1.0,
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whereas an isolated SiO4*~ ion is a Q°-species (Kim et al. 2012a).

The structure of a slag is significantly affected by both temperature (T') and composition
(z). Increasing T' generally leads to a decrease in polymerisation, as the thermal energy
breaks the bonds between silicate tetrahedra, resulting in shorter chains and a more fluid
slag. = also plays a crucial role, with network-forming oxides like SiO, and Al,O3 promot-
ing polymerisation by forming extensive interconnected networks. Conversely, network-
modifying oxides such as CaO, MgO, Na;O, and K>O disrupt the network by breaking
the Si- O -Si bonds, resulting in shorter chains and a less polymerised structure. Al,O3
is also amphoteric and may act as a network modifier depending on the availability of
other network-modifying oxides, such as CaO or Na,O, to charge compensate for Al3*
ions.

In short, the specific type and concentration of these oxides, along with 7', ultimately
determine the structure and resulting physical properties of slag.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903
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Chapter 4

Density

4.1 Thibodeau Density Model

A model developed by Thibodeau et al. (2016a).

411 Introduction

The density is closely related to the molar volume of a slag, it is essentially the reciprocal
thereof. Estimation of the density is therefore not limited to models strictly for density, as
molar volume models will achieve the same goal. Hence, the structural molar volume
model developed by Thibodeau et al. (2016a) was implemented with the intention to
estimate slag density.

412 Model Overview

This model is based on the concept of silicate tetrahedral @ -species. QQ-species repre-
sent different structural units defined by silicon tetrahedra with varying numbers of bridg-
ing oxygens (oxygen atoms shared between two tetrahedra), non-bridging oxygens (oxy-
gen atoms bonded to only one silicon atom), and free oxygens (oxygen atoms not bonded
to silicon).

The original literature model uses the MQM found in ChemApp for Python and the
FactSage FToxid database to calculate the quantity of each @-species in a given melt
(Thibodeau et al. 2016a). Each @Q-species is assigned a molar volume that changes lin-
early with temperature. The model calculates the total molar volume of the melt by
summing the contributions from each Q)-species and free oxide species. This allows the
model to account for the non-linear behaviour of molar volume in silicate melts that arises
from the changing distribution of Q)-species with composition and temperature.

It is important to note that this model is formulated strictly for liquid slag systems - the
user should therefore ensure that his/her system is above the liquidus temperature be-
fore performing calculations. Also, we recommend the model to be used within the vali-
dation ranges specified in Table 4.2. The validation ranges are based on selected figures
from the original articles. To peruse the full range of systems the model were validated
for, the user is directed to the original article.
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Finally, for systems containing Fe, the correct ratio of Fe(ll) and Fe(lll) has to be provided.
This means the user needs to know the oxidation environment of the system, and from
that estimate this ratio before passing it on to the model.

41.3 Model Formulation

Molar volume for a multicomponent system is typically expressed with Equa-
tion (4.1).

‘7slag - ZZ i (41)
pslag

However, the molar volume of the metal oxide melt (slag) can also be expressed as the
sum of molar volumes for each phase constituent scaled by its mole fraction in the slag,
according to Equation (4.2).

Vi =D Vo, (4.2)

Thibodeau et al. (2016a) and Thibodeau et al. (2016b) developed more funda-
mental, structure-based equations based on Equations (4.1) and (4.2) to model
the molar volume in binary and multicomponent slag systems containing
Li>O-Na>O - K,0 -MgO - CaO - MnO -PbO - ALO3 - SiO». This model was further
extended to include FeO and Fe O3 in Thibodeau et al. (2016¢), demonstrating its
applicability across a wide range of SiO;-based slag systems. The following information
describes the model and its implementation.

Unary

The molar volume of a unary system is simply calculated as a linear combination of a
pure oxide's parameters at a specific temperature, as shown in Equation (4.3).

1
‘/;lag

=a+bT (4.3)

Binary

The level of oxygen in slag determines the types and quantities of bonding scenarios
that develop between non-oxygen atoms. There are types of bonding scenarios corre-
sponding to the three possible structural states for oxygen shown in Equation (4.4). O°
represents a bridging oxygen: Si- 0 -Si, O~ refers to a free oxygen; M—O-M, and O~
denotes a non-bridging oxygen; Si-O - M.

0’ + 0% =20 (4.4)

If we are dealing with one mole of slag, the total moles of oxygen per mole of slag is
calculated by summing the oxygen contributions from each species in the slag system,
as shown in Equation (4.5).

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903
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Ny = Typ,0 T Tyo T 30,0, T 2000, (4.5)

The number of bridging oxygen atoms is calculated using Equation (4.6), which incorpo-
rates the bond fraction of Si- O - Si contacts and can be obtained from the MQM model
found in ChemApp for Python. Likewise, Equation (4.7) is used to determine the number
of M-0O-M contacts.

Noo = Tgi_gj " Ty (4.6)

Nyv—M = Tv—Mm - T 4.7)

Now, the number of Si-0° bonds per mole of solution is simply twice the number of
bridging oxygens; 2n,. The average number of bridged oxygens per silicon atom is
therefore 2n, /x40, Assuming that all Si atoms are tetrahedrally coordinated with four
oxygens, the probability that one of the oxygens will be bridging is therefore a quarter of
this, as given by Equation (4.8).

1 2n n
Poo _ L 4npy Moo

(4.8)

4 510, 220,

If the probability of an oxygen in a Q-species being a bridging oxygen is known, the
probability to have a given Q™ (where n = 0,1,2,3, or 4) can be calculated with Equa-
tion (4.9);

4
Wn N (4 - H)lnlpgo(l - POO)(4_H) n= 07 ]-7 27 37 or 4 (49)

The amount of each @-species per mole of slag can be determined from their probabili-
ties to form, calculated with Equation (4.10). This is achieved by multiplying W, with zg;q,,,
since the latter gives the mole fraction of all Q-species combined;

ngn = W, - g0, forn =0,1,2,3,0or 4 (4.10)

The molar volume is then calculated by Equation (4.11) as a linear combination of the
molar volume for each species, weighted by the amount of the associated species
present.

3
1 1 =T —T
Vlag = ”Q4V3102 + Z ngn VQn + v Var-um (411

s
n=0

In Equation (4.11), the species specific molar volume is calculated with Equation (4.12),
where the two empirical parameters a and b were fitted to the pure oxide slags, assuming
that their molar volumes varies linearly with temperature.

Vi=a +bT (4.12)

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903
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Multicomponent

To calculate the molar volume for multicomponent systems, Equation (4.11) was adapted
to account for the different cations that Si can be connected to and for the different ways
in which the cations can connect to each other. This is given in Equation (4.13). The mo-
lar volume of a given @Q-species is therefore calculated as a linear combination of the
different non-bridging oxygen, Si-M;, scenarios. The contribution from free oxygen con-
tacts, VMi,Mj, are taken as the average of their pure oxides' molar volumes as per Equa-

tion (4.14).
T > i Tsiom VQn
Vslag - nQ4vsloz + Z ”anx— Z ZnM —M; M —M; (413)
n=0 1 Si—M
=T T
_ 4+ Vi
Vl\z;ifMj = % (4.14)
Density

Once the molar volume is known, the density can be calculated. The density can be
calculated from molar volume with Equation (4.15).

Detag = va o (4.15)

slag

If the molar volume model proofs to be accurate, accurate density values can be calcu-
lated from it.

4.1.4 Variable Declarations

The parameters used in Equation (4.12) is tabulated in Table 4.1

Table 4.1: Empirical model parameters for molar volume calculation of SiO; slags.

Q3 Q? Q' Q° Pure Oxide
Oxides a bx103 a bx103 a bx103 a bx103 a bx103
SiOs - - - - - - - - 27.3  0.00

Li,O 2996 280 3573 5.00 41.66 650 4818 820 13.52 3.30
NaO 3441 350 43.11 8.00 53.22 100 63.78 13.0 25.32 5.95
KO 3817 6.00 54.75 12.00 6892 16.50 87.63 21.00 37.85 8.83
MgO 3042 1.00 3479 240 37.66 4.00 4234 5.00 14.05 0.70
CaO 3260 1.70 3560 3.50 42.60 6.00 50.70 7.00 19.54 0.85
MnO 31.00 1.60 34.50 3.50 3880 6.50 43.00 7.00 16.09 0.95
PbO  39.00 1.00 4450 3.00 56.00 5.00 65.00 830 23.86 3.21
Alb,O3 3598 0.00 36.89 0.00 47.69 0.00 50.30 0.00 11.15 0.47
FeO* 2990 3.50 31.10 2.00 40.80 5.20 48.70 6.70 13.46 1.17
FeoO3* 40.60 0.00 4820 0.00 82.60 0.00 44.20 0.00 10.05 1.38

* The model parameters for FeO and Fe,O3 had to be refitted due to a change in Fe parameters
used in the MQM model of ChemApp for Python.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903
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415 Assumptions
The structural molar volume model for oxide slags is based on several key assump-
tions.
1. It relies on accurately estimated molar volumes of pure liquid oxide components.
2. It assumes that the molar volume of each component, including pure oxides and
Q-species, changes linearly with temperature.
3. The model uses Q-species as the fundamental structural units, assuming they are
the minimal units needed to explain silicate melt volumes.
4. It considers the excess molar volume from medium-range structures formed by
(Q)-species to be negligible.
5. ltassumes that the MQM, with the FactSage FToxid database, accurately calculates
bond fractions.
6. It assumes a single liquid melt without solid phases or liquid miscibility gaps.
7. It assumes Al,O3 to be a network modifier.
8. It assumes other potentially important anions (e.g. S?~, SO4%~, CO3%~, etc.) will not
disrupt the oxygen network.
4.1.6 Model Validation

Molar Volume, Fe-free Systems

The

Thibodeau density model implemented in auxi-mpp, was evaluated by compar-

ing its inverse (molar volume) against both the literature model and experimental data.
Data were extracted directly from figures in Thibodeau et al. (2016a) and Thibodeau et
al. (2016b). The models were validated for the systems and temperatures shown in Ta-
ble 4.2.
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Table 4.2: Molar Volume Validation Ranges

Model Systems Composition (mol mol™) Temperature (K)
Unary SiO7 pure substance 0 — 3000
AlO3 pure substance 2000 — 3250
MgO pure substance 300 — 4000
Cao pure substance 300 — 3500
Binary Al O3 - SiO» XAl,O3 = 0—-1 2073
Ca0 -SiO; Xcao =0—1 1773,1973
MgO - Si02 XMgO = 0-—-1 1973
Ternary Ca0-MgO -SiO; XMgo = 0 — 1, Xsi0,/Xca0 = 1 1723,1873
CaO—MgO—Si02 Xcao =0 — 1vXSiOg/XMgO =2 1723,1873
Al203 - MgO -SiO2 XSi0, = 0—-1, XMgO/XAIQOg =1 1873,1973
Al O3 -MgO -SiO; XMgo = 0 — 0.5, Xsi0, = 0.5 1873,1973
AlbO3 - Ca0 -SiO; XSi0y = 0—1, Xca()/XA1203 =1 1773, 1873
AL O3 -CaO-SiO, Y Al,03,C20,8i02 = 0—1 1873
CaOo - MgO - Si02 YCa0,Mg0,5i0, = 0-—1 1873
Quaternary  Al,O3-CaO-MgO-SiO2  yYa1,04,ca0,810, = 0 — 0.9, ymgo = 0.1 1873
AlzO3 -Ca0-MgO-SiO2  Ycao,Me0,5i10, = 0 — 0.8, Ya1,0, = 0.2 1873
Al,03 -Ca0-MgO-SiO2  yYcao,Mgo,si0; = 0 — 0.7, Ya1,0, = 0.3 1873

The auxi-mpp model agrees well with the literature model across unary, binary, ternary
and quaternary systems. Figure 4.1 shows that auxi-mpp aligns with the literature model
(*2016: Thibodeau et al”) for unary systems, plotting molar volume against tempera-

ture.
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Figure 4.1: Molar volume vs temperature of unary systems.

Similarly, Figure 4.2 and Figure 4.3 confirm this agreement for binary and ternary systems,
where molar volume is plotted against mole fraction.
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Figure 4.2: Molar volume vs mole fraction of binary systems.
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Figure 4.3: Molar volume vs mole fraction for the ternary systems.

auxi-mpp was also validated for AlbO3 - CaO -MgO - SiO,. In Figure 4.4, the ternary dia-
grams display the molar volume contour lines as calculated by Thibodeau et al. (2016b).
For each point on the contour line, the composition were extracted and used to calculate
the molar volume using auxi-mpp to see if the contour line's value could be reproduced.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

17



% Groeien met
Groen Staal

The green points in Figure 4.4 indicate auxi-mpp's estimations that lies within a 1% error
threshold compared to the value of the contour line.
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(a) AlbO3 - CaO -MgO - SiO; system at 1873 K and yngo = 0.1
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(b) Al,O3 - CaO - MgO - SiO; system at 1873 K and y 1,0, = 0.3

Figure 4.4: Molar volume vs mole fraction for quaternary systems.

Finally, Figure 4.5 gives an oversight of how auxi-mpp compares with literature for ternary
and quaternary systems.
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Figure 4.5: Comparing auxi-mpp's contour plots with literature.
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Molar Volume, Fe-bearing Systems

The original parameters were refitted due to a change in the Fe parameters used in the
MQM model of ChemApp for Python which resulted in a change in bond fraction es-
timates. This is shown with Figure 4.6 for the fraction of non-bridging oxygens in the
SiO; - FeO system compared to SiO, - CaO and SiO; - MgO systems.

Binary SiO,-MO (M= Ca, Fe, Mg) Systems. T=1873 K

ChemApp estimates: Si e

10

0.8 1

0.6

XnBo

0.4 4

0.2 4

0.0

0.0 02 0.4 0.6 0.8 L0
Xsi0,

Figure 4.6: Fraction of non-bridging oxygens for binary systems.

Correlation plots were generated for the following Fe-bearing systems using both the
original and the updated parameters for FeO and Fe;O3 from Table 4.1. There is still devi-
ation between the extracted model data and estimated model data from auxi-mpp with
respect to temperature as shown in Figure 4.8. Further refinement of the parameters are
required and will be addressed in a later update.
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Figure 4.7: auxi-mpp vs Thibodeau (2014) for correlation plots for hypothetical Fe-
bearing binary systems, original (left) and updated (right) for FeO and Fe,O3
parameters.
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Figure 4.8: auxi-mpp vs Thibodeau (2014) correlation plots, original (left) and updated
(right) for FeO and Fe,O3 parameters.
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Chapter 5

Electrical Conductivity

5.1 Thibodeau Electrical Conductivity Model

A model developed by Thibodeau (2016).

5.1.1 Introduction

The electrical conductivity model is a structural model that uses the Nernst-Einstein re-
lationship to predict the electrical conductivity of oxide melts. The model is built on the
concept of ionic conduction, where cations act as charge carriers, and their movement
is influenced by the slag's polymerisation.

5.1.2 Model Overview

The model relies on Thibodeau's molar volume (density) model, Chapter 4, to calculate
the degree of polymerisation (Q)), enabling it to account for variations in melt composition.
Its parameters for individual cations are derived from unary and binary silicate systems,
allowing it to estimate the electrical conductivities of higher-order systems without ad-
ditional parameters.

The model only deals with the role of ionic conduction in the electrical conductivity of
oxide melts. When these melts contain substantial amounts of iron oxide and manganese
oxide (transition metal oxides), they can host significant quantities of both divalent and
trivalent Fe and Mn cations. In such instances, the contribution of electronic conduction to
electrical conductivity must also be considered. Thibodeau (2014) does consider Fe" and
Fe* electronic contributions in a later modified version of his model, but indicates that
the model is not reliable for estimating electrical conductivity in Fe-bearing systems. It is
recommended to use Hundermark's unified model, Equation (5.4), for systems containing
FeO and Fe,Os.

It is important to note that this model is formulated strictly for liquid slag systems - the
user should therefore ensure that his/her system is above the liquidus temperature be-
fore performing calculations. Also, we recommend the model to be used within the vali-
dation ranges specified in Table 5.1. The validation ranges are based on selected figures
from the original articles. To peruse the full range of systems the model were validated
for, the user is directed to the original article.
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Finally, for systems containing Fe, the correct ratio of Fe(ll) and Fe(lll) has to be provided.
This means the user needs to know the oxidation environment of the system, and from
that estimate this ratio before passing it on to the model.

5.1.3 Model Formulation

This model is based on the work of Thibodeau (2016). It estimates the total electrical
conductivity, assuming it to be equal to the total ionic conductivity, by calculating the
sum of the contributions from each cationic species, as shown in Equation (5.1).

o= Z ; (5.1)

For each cationic species, electrical conductivity is defined as per Equation (5.2), indicat-
ing a dependence on molar volume and diffusivity;

n.x: 22 F?

— 17t D 2

0= —5pr s (5.2)

The molar volume and diffusion coefficient values are obtained from the models de-
scribed in Chapter 4 and Chapter 6, respectively.

5.1.4 Assumptions

Equation (5.2) makes several assumptions.

1. It assumes that all cations are available to carry charge, meaning there are no neu-
tral species or complexes.

2. Itis assumed that the mechanism for ionic conductivity is the same as tracer diffu-
sion.

3. It assumes that the velocity of an ion is determined solely by the forces acting on
that specific ion. Thus, the electric field does not influence the medium through
which the cations diffuse.

5.1.5 Literature Inaccuracies

The contour mapping of electrical conductivity shown in Thibodeau (2016) Figure 34 is
likely incorrect. auxi-mpp were successfully validated against all Cartesian plots in Thi-
bodeau (2016), but could not reproduce their contour mapping - see Figure 54. Fig-
ure 5.4a shows all composition slices for which auxi-mpp were successfully validated,
yet the contour plot for Al,O3 - CaO - SiO, differs. Single point calculations for several
selected compositions on Figures 5.4b to 5.4c also consistenty agreed with auxi-mpp's
contour mapping. Finally, the same method to create the ternary plots in Figure 5.4 were
used to create those in Figure 4.5 where there were no issues.

Ex Mente Technologies (Pty) Ltd | www.ex-mente.coza| P.O. Box 10214 | Centurion | 0046 | SOUTH AFRICA | +27 87 808 1903

23



% Groeien met
Groen Staal

5.1.6 Model Validation

The Thibodeau electrical conductivity (ThibodeauEC) model implemented in auxi-mpp
was validated against the literature model and experimental data extracted from Thi-
bodeau (2016). The systems and temperatures for which the models were validated are

given in Table 5.1.

Table 5.1: Electrical Conductivity Validation Ranges

Model Systems Composition Temperature (K)
Unary SiO» pure substance 1500 — 3000
AlOs3 pure substance 2200 — 3200
MgO pure substance 2000 — 3400
Cao pure substance 1800 — 3400
Binary AlbO3 -SiO» XAlLos =0—1 1873,1973,2073
Ca0-SiOy Xcao = 0.2 —-0.7 1823,1873,1923
MgO - SiO», XMgo = 0.2 —0.8 1873,1973,2073
Temary A[gOg -Ca0-SiO YAlLOs = 0-—1, ,VCaO/YSiOQ =1 1673,1773,1873
AlbO3 - Ca0 -SiO; Ycao =0—0.9, Ysioy, = 0.1 1673,1773,1873
AlbO3 - Ca0 -SiO» Ycao = 0—0.8, ¥sio, = 0.2 1673,1773,1873
AlbO3-Ca0-SiO, Ycao = 0—0.7, Ysio, = 0.3 1673,1773,1873
AlbO3 - Ca0 -SiO; Ycao = 0—0.6, ysio, = 0.4 1673,1773,1873
A[gOg -Ca0- Si02 Yca0o = 0—0.95, YAL,O; = 0.05 1673, 1773, 1873
AlbO3-Ca0-SiOs, Ycao = 0—0.9, Ya1,0, = 0.1 1673,1773,1873
A[203 -Ca0- Si02 Yca0 = 0-0.8 YAL,O; = 0.2 1673, 1773, 1873
Al,O3 -MgO -SiO; YMego = 0 — 0.5, ysio, = 0.5 1873,1973, 2073
CaO - MgO - SiOg XMgO =0-04, XCaO/X8102 =1 1773, 1823, 1873
A|.203 -Ca0O- Si02i )/A1203,CaO,SiOZ =0-1 1873
CaO- MgO - SiOgi YCa0O,Mg0,8i02 = 0-—1 1873
Quaternary*  AlbO3-CaO-MgO-SiO2  Yca0Mg0.5i0, = 0 — 0.9, Ya1,0, = 0.1 1873
AlbO3-Ca0 - MgO -SiO, YA1,03,C20,8105 = 0-0.9, YMg0O = 0.1 1873

I See Figure 5.4

auxi-mpp's ThibodeauEC model closely reproduces the literature model, which itself
shows good agreement with experimental data (Thibodeau 2016). See Figures 5.1to 5.3
for model performance for unary, binary and ternary systems.
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Figure 5.1: Electrical conductivity vs temperature for unary systems.
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Figure 5.2: Electrical conductivity vs mole fraction of binary systems.
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Figure 5.3: Electrical conductivity vs mole fraction of ternary systems.

When reproducing the contour mapping of electrical conductivity for ternary and qua-
ternary systems, as shown in Figure 5.4, there is not an exact agreement with literature,
however,
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Figure 5.4: Comparing auxi-mpp's contour mapping of electrical conductivity with liter-

Ature
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We believe this to be a mistake in the literature plots for a few good reasons. Figure 5.4a
shows all composition slices for which the model were successfully validated against Thi-
bodeau’'s own figures. There were no Cartesian plot in Thibodeau (2016) that auxi-mpp
could not reproduce. Secondly, the method used to create the plots could exactly repro-
duce the contour mapping for ternary and quaternary systems for molar volume - see
Figure 4.5. This also confirms that there are no issues with the bond fractions used. Finally,
calculations performed on selected points in Figures 5.4b to 5.4d consistently agreed
with auxi-mpp's mapping. Nevertheless, the contour mappings are relatively close to
that in literature.

Issues

There are no current issues with this model.
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5.2 Hundermark Electrical Conductivity Models

Models developed by Hundermark (2003).

5.2.1 Introduction

The unified model for estimating the electrical conductivity of melter-type slags, de-
veloped by Hundermark (2003), originated from challenges in the electrical control of
furnaces used by South African platinum producers. The initial design was an iron-free
model for Al,O3 - CaO - MgO - SiO; slags, based on the principle of ionic conduction as
the sole operating mechanism. This foundational work was later integrated with data
from iron-containing systems to create the comprehensive unified model.

5.2.2 Model Overview

Hundermark's unified model estimates the electrical conductivity of melter-type slags
based on their composition, temperature, and oxidation state (Hundermark 2003).
It is applicable to slags containing two or more of the following components:
Al,O3, Ca0, FeO,, MgO, and SiO,. The model is particularly useful for Fe-bearing slags
where other models, like Thibodeau's, have shown to be unreliable (Thibodeau 2014).
While empirical, the model provides reasonably accurate estimates for a wide range of
slag systems, achieving an average correlation coefficient of 0.9743 with experimental
values.

The model was developed by integrating two separate datasets. The first part was a foun-
dational Fe-free model for the Al,O3; - CaO - MgO -SiO, system represented by Equa-
tion (5.3). This initial model, which assumed that ionic conduction is the sole mechanism,
used multiple linear regressions to correlate slag composition with conductivity, yielding
a correlation coefficient of 0.8358 for temperatures between 1623 to 2023 K.

The second part incorporated data from Fe-containing systems. By combining both
datasets, the unified model, represented by eq. (5.4), explicitly accounts for the fractions
of ferrous (Fe?") and ferric (Fe*) ions, allowing it to estimate conductivity changes with
varying slag oxidation states.

It is important to note that this model is formulated strictly for liquid slag systems - the
user should therefore ensure that his/her system is above the liquidus temperature be-
fore performing calculations. Also, we recommend the model to be used within the vali-
dation ranges specified in Table 5.2. The validation ranges are based on selected figures
from the original articles. To peruse the full range of systems the model were validated
for, the user is directed to the original article.

Finally, for systems containing Fe, the correct ratio of Fe(ll) and Fe(lll) has to be provided.
This means the user needs to know the oxidation environment of the system, and from
that estimate this ratio before passing it on to the model.

5.2.3 Model Formulation

The model formulation is the foundational Fe-free model is given by Equation (5.3), while
the unified model, which includes the contribution of ferrous and ferric ions, is repre-
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(5.3)
N (17 1 40544)
A — — | T
T SiO2
47348 24087 14151

th' = (199 — T) .TA1203 + (154 — T) Z’Cao + (92 — T) ‘/L‘MgO

7478 9140
+ (—05 — T) ﬂjSio2 + <100 — T) l'Feow . $Fe2+ (54)

82447 6642
+ (654 — T) LE%GOZ . .’EFe2+ : xFe3+ + (—26 + T) mFeOE . xFe3+

Where o represents the electrical conductivity, with units of Scm™, z, is the mole fraction
of component 4, and T is the temperature in Kelvins. z._ is the equivalent mole fraction
of the total ferrous and ferric oxide in the slag, while z,, and =, refer to the ferrous
and ferric fractions, respectively.

5.2.4 Assumptions

Several assumptions were made in the development of the Hundermark model, which
are important to consider when applying the model. These assumptions include:

1. A primary assumption for the Fe-free model is that ionic conduction is the only

mechanism operating in these Fe-free systems and it results solely from the move-
ment of cations like Mg®* and Ca®".

The Fe-free model assumes that the temperature dependence of the conductivity
obeys the Arrhenius relationship. Furthermore, it was observed and incorporated
into the model that the activation energy for conduction and the natural logarithm
of the pre-exponential factor are linearly related, following a compensation law.

. The Fe-free model is specifically developed for slags containing Al,O3, CaO, MgO,

and SiO; in a temperature range of 1623 to 2023 K.

. The models are fundamentally semi-empirical, meaning they are based on ob-

served relationships and regressions techniques rather than being derived purely
from first principles of slag structure or ion transport mechanisms.

The unified model is specifically designed for slags containing two or more of
Al,O3, Ca0, FeO,, MgO, and SiO, components, and a temperature range of 1623 to
2023 K.

Only electrical conductivity data for fully molten slags (above their liquidus tem-
perature) were considered for the models’ development to avoid inconsistencies
arising from the presence of solid phases.
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5.2.5 Model Validation

Hundermark's, Fe-free, electrical conductivity model, implemented in auxi-mpp, was
validated against literature model data and experimental data extracted from Thibodeau
(2016) and Thibodeau (2014), as Hundermark (2003) did not contain such plots for vali-
dation. The systems and temperatures for which the models were validated are given in

Table 5.2.
Table 5.2: Electrical Conductivity Validation Ranges

Model Systems Composition Temperature (K)

Unary SiO; pure substance 1500 — 3000

MgO pure substance 2000 — 3400

Cao pure substance 1800 — 3400
Ca0-SiO; Xcao = 0.2 -0.7 1823, 1873, 1923
MgO -SiO; XMgo = 0.2 —0.8 1873,1973,2073

Ternary CaO-MgO-SiO,  xygo = 0 — 0.4, Xca0/Xsi0, = 1 1773,1823,1873

For Fe-free systems, auxi-mpp's implementation of Hundermark's Fe-free model closely
reproduces the literature model for all but accept systems containing Al,O3 (Thibodeau
2014). See Figures 5.5 to 5.7 for model performance for unary, binary and ternary sys-
tems.

For the Fe-bearing system in Figure 5.8, Hundermark's unified model in auxi-mpp was
used to estimate the electrical conductivity value. It is clearly evident from Figure 5.8
that the auxi-mpp estimates are not the same as Hundermark's extracted model data.
In later updates this will be investigated further and additional validation plots for Fe-
bearing systems will be added.
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Figure 5.5: Electrical conductivity vs temperature for unary systems.
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Figure 5.6: Electrical conductivity vs mole fraction of binary systems.
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Figure 5.7: Electrical conductivity vs mole fraction of ternary systems.
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Figure 5.8: Electrical conductivity vs mole fraction for FeO - Fe,O3 - SiO, system.

Issues

Systems containing Al,O3 could not be validated. Despite the agreement of the imple-
mented parameters of Al,O3 with literature, auxi-mpp's Hundermark (2003) model could
not replicate the electrical conductivity for systems containing Al,Os, as reported by Thi-
bodeau et al. (2016a).

The electrical conductivity could also not be replicated for the FeO - Fe,O3 - SiO; sys-
tem.

These issues will be investigated in the future.
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Chapter 6

Diffusivity

6.1 Thibodeau Diffusivity Model

A model implemented by Thibodeau (2016).

6.1.1 Introduction

As with all physical properties, the diffusivity is also affected by the structure of the slag.
The higher the polymerisation, the more rigid the slag structure and therefore the more
difficult particles will diffuse through it. A model that calculates diffusivity (diffusion coef-
ficients) from slag polymerisation is thus presented here.

6.1.2 Model Overview

Variations in slag composition affecting polymerisation are accounted for using bond
fractions, calculated with the MQM model in ChemApp for Python and data from Fact-
Sage's FToxid database. The model's parameters for individual cations are determined
using data from unary and binary silicate systems, and is capable of estimating the elec-
trical conductivity of higher-order systems without additional parameters.

The bond fractions with the model parameters are then used to scale the activation en-
ergy that dictates the rate of diffusion. This is done in an Arrhenius-like equation which is
similar to Equation (6.1). Arrhenius-like equations are typically used to calculate temper-
ature dependence for reaction rates.

E

It is important to note that this model is formulated strictly for liquid slag systems - the
user should therefore ensure that his/her system is above the liquidus temperature be-
fore performing calculations. Finally, for systems containing Fe, the correct ratio of Fel(ll)
and Fe(lll) has to be provided. This means the user needs to know the oxidation en-
vironment of the system, and from that estimate this ratio before passing it on to the
model.
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6.1.3 Model Formulation

The diffusivity used in the calculation of the electrical conductivity described in Equa-
tion (5.2), is determined in Equation (6.2) with parameters for systems containing network
formers such as SiO, and ALLOs.

B; + C_gigiTsi_si T Ci_siaTsial + Ci—AlAlel—M) 6.2)

D, = Aexp <— AT

The bond fractions (z;_;) calculated from the MOM model are combined with the param-
eters A,, B,, and C; from Thibodeau (2016).

This model is limited to the following cations; Mg®', Ca®', Mn?', Pb®", Fe®", Fe* Al*', and
Si*,

6.1.4 Variable Declarations

The parameters used in the model are extracted from Thibodeau (2014) and are given in
Table 6.1.

Table 6.1: Electrical Conductivity Parameters (Thibodeau 2014)

A em?sh) B kkdmol™h) O gq (kImol™) €y (kImol™)  Cp s (kd mol™)

1 1 1

Mg?+ 0.03448 118.6 42.1 10.0 10.0
Ca?t 0.02600 115.0 35.0 35.0 35.0
Mn2t 0.05421 104.2 55.4 20.0 20.0
Pbh2* 0.00936 65.4 90.4 90.4 90.4
Fe?t 0.04200 95.0 - - -
Fe3t 0.00358 158.3 - - -
APt 0.00358 158.3 - - -
Sitt 5.22600 380.9 - - -

6.1.5 Assumptions

In this diffusivity model, the following assumptions were made.

1. Itisassumed that the activation energy of the ionic conductivity is linearly increasing
with the bond fractions of Si-Si and Al-AL

2. Itisassumed that that C,_g;,, Will be equalto C;_,,,,. instead of the average between
C._aa @Nd C_g;;. This is because it will be significantly more likely for the cations

1

to take the lower energy route, which is on the Al side of the bond.

3. Itis assumed that Al,O3 behaves like a network former, despite its amphoteric be-
haviour.

4. Parameters for Fe*" were fixed to the same values as A" as there was no data avail-
able capable of providing a better first estimate.
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6.1.6 Simplifications

For applying Equation (6.2), interactions between diffusing network modifier cations are
neglected. This simplifies the model, allowing it to estimate diffusion coefficients of
higher-order systems from unary and binary parameters without additional parame-
ters.

6.1.7 Model Validation

This model is not independently used or implemented due to lack of literature data for
comparison. However, Chapter 5's electrical conductivity estimates incorporate the dif-
fusivity model's results. This model was successfully validated and thereby indirectly
validates the diffusivity model.
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Chapter 7

Viscosity

71 Grundy-Kim-Brosch Viscosity Model

Model developed by Grundy et al. (2008b), Grundy et al. (2008b), Kim (2011), and Brosh
et al. (2012).

711 Introduction

The Grundy-Kim-Brosch viscosity model, which accounts for silicate structure estimated
using the MQM model with ChemApp for Python and the FactSage FToxid database,
is currently implemented for unary through multi component systems containing SiO»,
Ca0, MgO, AlLO3, FeO and Fe;Os.

71.2 Model Overview

The principle equation implemented in the model to calculate the viscosity () for a slag
is an Arrhenius-like equation, Equation (71). It is a function of both temperature and com-
position where 1 is the viscosity in Pas, R is the gas constant and T' is the temperature in
Kelvin.

E

The parameters A and E depends on the slag composition. For unary systems the com-
pound specific A and E parameters are simply plugged into Equation (7.1) together with
the system temperature. However, with silicate binary or multicomponent systems, A and
E are not only determined by the pure substance character, but also by the interaction
between the components and by the degree of polymerisation.

It is important to note that this model is formulated strictly for liquid slag systems - the
user should therefore ensure that his/her system is above the liquidus temperature be-
fore performing calculations. Also, we recommend the model to be used within the val-
idation ranges specified in Table 7.3 and Figure 7.8. The validation ranges are based on
selected figures from the original articles. To peruse the full range of systems the model
were validated for, the user is directed to the original article.
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Finally, for systems containing Fe, the correct ratio of Fe(ll) and Fe(lll) has to be provided.
This means the user needs to know the oxidation environment of the system, and from
that estimate this ratio before passing it on to the model.

7.1.3 Unary and Binary Model Formulation
Unary Model

For unary systems, Equation (7.1) is used directly, where A and E are unique to each com-
ponent. For systems containing two or more components, the structure of the slag be-
comes more complex, requiring A and E to be estimated based on several structural
contributions.

Binary Model

Starting with the Arrhenius-like equation, Equation (71), instead of using a single parame-
ter for A and E, these are weighted based on different structural contributions. For binary
sytsems, A is calculated as in Equation (7.2);

A= AMII%/(I) + xg?[ Siop T AgiOQPLlO + AMfSixf/? + AN _si (0" = p")] (7.2)

and F is calculated as in Equation (7.3);

E = Efo/(f + 352? [ESio, + Egi02p40 + EMfSixI%g + Eyi_gi(p* — p")] (7.3)

where p is a probability factor used to estimate the degree of polymerisation in the sys-
tem, and is calculated in Equation (7.4).

Estimating Polymerisation

Silicate melt structure is defined by the bridging behaviour of oxygen atoms, influenc-
ing the polymerisation of SiO,4 tetrahedra into three-dimensional networks. The degree
of polymerisation, quantified by the average number of bridging oxygens around silicon,
can be estimated from bond fractions calculated using the MQM. The first step to esti-
mate the degree of polymerisation is to know the probability for a given Si atom to form
one Si-Si bridge. This propapility is given by p in Equation (7.4).

2”8'—8'
D= i—Si (7.4)
2ng g + ZM Ngi—m
xSi—Si (75)

2%g; g+ D on Tsim

As a first approximation, p can be calculated by dividing the total number of Si-Si
bridges from all silicon atoms by the combined total of Si-Si and Si-M bridges. Each
Si-Si bridge is counted twice since an O° bond emanates from each silicon atom in the
bridge.
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The probability that a given silicon atom is a Q*-species is p*, as this atom is connected to
four Si - Si bridges. This principle extends to Si - Si bridges forming chains. The probability
of encountering m Si-Si bridges connected to form a chain of length m is proportional
to p™.

Thus, p™, where m is a natural number, serves as a measure of the abundance of various
Si-Si cluster sizes present in the slag (Kim et al. 2012a). A critical cluster size can be
defined to represent the formation of a percolating SiO, network. Once this cluster size
is reached, the p increases dramatically. Analysis of the viscosity data suggests that a
cluster of 40 interconnected Si-Si pairs is an appropriate choice for the critical cluster
size (Kim et al. 2012a).

714 Multicomponent Model Formulation
Systems Without Alumina

For the implemented model, both A and E are functions of slag composition, «, and
are expressed in terms of multiple additional contributing parameters shown in Equa-
tion (76) and Equation (77). These equations provide estimates for A and E for unary,
binary, and multi-component systems, with the primary constraint of having the appro-
priate optimised binary parameters to describe the system of interest. As indicated by
Equation (7.6) and Equation (7.7), each individual parameter within these equations are
multiplied with ionic compositions of x¢? or xM to account for their contributions to the
overall viscosity of the slag.

Therefore, it is important to note that the input compositions that are generally expressed
\X/ith the formulas of the oxide components, need to be converted to ionic compositions

(958102 — :csl) to be used in the model.

A= Z AMJj$0 + Aslxsl Aéﬁflfz? 0
M=Na,Ca,Mg,...
(7.6)
.T
+ ZAM Slxifxz) 31 (p* —p" ZAM S — M
M M
FE = Z EMJ] + E§1 —i— Egl]g? 40
M=Na,Ca,Mg,...
$o
x (7.7)
+ ZEM Sll’i}ffﬂgf 81 p _p X ZEﬁ Si . ¢ —M
> oM 37M

Background to these individual parameters is given as follows.

The parameters A, and E,, are the contributions to the viscosity of the pure liquid oxides
MO,, Equation (7.8). These are non-network formers.

EM

RT (7.8)

n ppjo, = An
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Similarly, Equation (7.9), describes the hypothetical viscosity of SiO, if it behaved as a
basic oxide and did not form a network.

Lgi
RT

In pigi0, = Ag + (7.9)

The excess contribution per Si atom from large clusters of Q*-species, where a silicon
atom is at the center of a group containing at least 40 interconnected Si - Si pairs, is pro-
portional to p*°. This contribution is expressed through A and EE. For a system with a

composition of xg?. the clustering effect is given by ng -p%, as shown in Equation (7.6) and
Equation (7.7).

By combining the contributions of Af, and EE with those of A, and Eg, and assuming
that the excess contributions of the silica network are independent of other cations M,
the viscosity of pure SiO, can be calculated using Equation (7.10).

(E& + ES)

T (710)

In psio, = (Ag + A§) +

The excess contribution per Si atom from the remaining Q*-species, particularly from
smaller clusters with fewer than 40 interconnected Si-Si pairs, is proportional to (p* -
p%). These smaller clusters, containing less than 40 Si - Si pairs, also affect viscosity and
interact more directly with other oxides in the slag. The M cations are positioned closer to
a given Si atom, making their contribution to viscosity system-dependent, and are com-
bined with the binary parameters AY, ¢, and EY_ .

Finally, the binary parameters A, g, and E,;_g;, are cross-terms used to account for small
nonlinearities of the viscosity, if any, for binary systems M - Siand are therefore multiplied
by the concentrations of both respective ions, xf} and :UZ;J, associated with a binary oxide

system.

The parameters A, AL, E3 and EE are properties of pure SiO, and so are common for all
binary systems. (A%, + AE) and (EZ, + EE) are equal to experimentally determined viscosity
parameters Ag, and Eg; from pure SiO».

The parameters Ay, . By o AN and EY o are characteristic of each binary system
and are the only true binary viscosity parameters. The values for these parameters were
optimised using critically evaluated experimental viscosity data. For binary systems stud-
ied, except for the AlO; 5 - SiO, system, the parameters A4,; ¢ and A}, were not required
and are set to zero. The optimised parameters for the model are shown in Table 7.1 (Kim
2011; Kim et al. 2012b).

Systems Containing Al;O3 or Fe,0;

In the binary AlO;5 — SiO» system, Al*" is assumed to be octahedrally coordinated by six
oxygens, similar to its coordination in the aluminosilicate minerals mullite and sillimanite.
In this state, AI*" disrupts the silica network, forming non-bridging oxygens and acts as
a network modifier, which lowers the viscosity of the silicate melt. However, in a melt
containing both AlO;5 and MO, Al® can partially substitute for Si* in the silica network,
acting as a network former. This substitution is possible as long as the network-forming
Al* remains associated with the M* or M? ions that compensate for the missing charge.
The same concept applies to Fe,O3, where Fe* will act as a network former. This concept
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is known as the charge-compensation effect, and has become generally accepted. Due
to its ability to act both as a network former and a network modifier, AlO;5 and FeO, 5 are
termed "amphoteric” components.

The thermodynamic database of the MQM parameters, which the viscosity model is
based on to determine z,_;, does not consider the different structural roles of Al*" and
Fe® because the thermodynamic properties do not strongly depend on the different
structural states. Therefore, to model a viscosity maximum induced by the amount of
network-forming Al** and Fe* in a slag, they have to be separately evaluated.

It is assumed that the charge-compensated Al*" and Fe*" in the silicate network have the
same impact on viscosity as Si*". The quantity of network-forming associate species, in
relation to temperature and composition, can be determined from the equilibrium con-
stant (K) of the following equilibria, Equations (7.11) to (7.14).

2 AlO0; 5 + CaO <« CaAl,0O4 (71D
2A10: 5 + MgO <« MgAl,O4 (712)
2 AlO; 5 + FeO <« FeAl,O4 (713)
2FeO, 5 + CaO <« CaFey,Oy (7.14)

(7.15)

- : i ? ? ? ?
The concentrations of the associate species, x, A}, Tyigal, Troal, aNd Tehg,, COrrespond

to the concentration of network formers while the concentration of xilhs. x%é and xf@w
corresponds to the concentration of network modifiers. By increasing the Si content by
the amount of the associate species calculated from Equations (7.11) to (7.14) it is possible
to estimate values of A and E for Al-containing systems with Equation (7.6) and Equa-

tion (7.7).

Therefore, to accurately model the viscosity, equilibrium constants, Equations (7.16)
to (7.19), of the reactions are required.

Kean, = aglc[;lc (716)
Kyjgar, = a;ill\/[fgzilg (717)
Kpons, = (&“IF—ZIFO (718)
Kcape, = ﬁ (7.19)

(7.20)

The activity coefficients a, of the species Al Na, Ca, and Mg can be obtained from the
implemented MQM model in FactSage. However, the activities of the associated species
are not available, as they are not included in the thermodynamic database. Therefore, itis
assumed that the activities of all species in Equations (7.16) to (7.19) can be approximated

by their concentrations, i.e,, ah

Using an equation for K, the concentration of an associate species can be determined

by calculating the Gibbs free energy of the reaction, Equation (7.21), coupled with an op-
timised value for AG®, from Table 7.2.
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AG°=—-RTIh K (7.21)

An example case is provided for Equation (7.11) to determine the composition of the as-

sociate species x?;am?, using the combined equations Equations (7.16) and (7.21) and the
optimised value of AG?,,,;, from Table 7.2. The combined equation, Equation (7.22), is

expressed in terms of compositions z;!, with the superscript 4, indicating compositions
that now include the associate species.

1

€T
5000 — 10000027 = —RT In ;C—Abé (722)
(z31)? - (2¢s)
The compositions l‘?zlaAb- x?;&, and xill can be expressed in terms of n; with Equations (7.23)
to (7.27).
1 1
n Ne,
22 a, = RN S—— - (7.23)
N (NCaal, T 7a1 + Nca)
1 1
o = DG fca (7.24)
a 1 1 1 1
Mroal (NCaal, + Ml T 1ca)
? ?
xgl — nAll — nAll (7.25)
Al $1 ( $1 + $1 + $1> '
N Total Ncaal, T A1 T Nea
neh, = ngh — nghan, (7.26)
nill = niﬂ — 2n$éla Al (7.27)

A careful evaluation of Equations (7.22) to (7.27) reveals that nilaAlg is the only unknown.
This value can be determined through a root-finding procedure constrained by an el-
emental mass balance, ensuring the correct root is selected to satisfy mass conserva-
tion.

For MeO, - AlO;5/Fe0;5 - SiO; systems, AG® varies linearly as a function of SiO, con-
tent, with no temperature dependence. It becomes more negative with increasing SiO,
concentration (Kim 2011).

Finally, calculating A and FE using Equation (7.6) and Equation (7.7) requires updating the

mole fractions to “equivalent” mole fractions x?? as shown in Equations (7.28) to (7.31).
This adjustment accounts for the network-forming effect of the associated species. In
this approach, the slag is considered to have the same viscosity as an “equivalent” slag

without network-forming AL, which is compensated by x??
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2l = 28 + 2080, + 2050, + 20000, + 2080,/ Voot (7.28)

2% = (23] Neo (720)

x%i [xséla]/Ntot (7.30)

xl%/fg [ng]/NtOt (7.31)

xf‘io = [xFeO]/NtOt (7.32)

P01 = [P0, )/ Niot 733)

(7.34)

" N =a§! + a3 + ¢, + 2l + ko + 7o, . e

b B 3 $
+ 220G, a1, + 28\ gal, T 2%Fea1, T 2%Care,

7.1.5 Variable Declarations

Table 7.1: Optimised viscosity parameters

System A (Pas)

E Umol™

S0, A% = —10.56 E&o, = 217200
Af = —6.13 ELo, = 298500
AlOq 5 Apr, = —9.22 Ea1 = 120400
CaO Ac, = —12.27 Eca = 137650
MgO AMg = —10.58 EMg = 117160
FeO Ape = —8.75 FEre = 52500
FeO 5 Ape,, = —8.63 Ere,, = 47250

Eaj—si = —75000

8102 = AlO1s  Alfi g = —1230 pr™ " 555500

Eca—si = —101750

P02 m a0 EE o = 81400

i Enig—si = —86250
Si0y — MgO P S
Si0y — FeO - Ere—_si = —115000

EE o = 87525
Ee,,—si = —107500

Si0y — FeO15 - EE g = 88500

Table 7.2: Optimised values of AG® for the associate species for slag systems containing
AlO;5 (Grundy et al. 2008a).

System

Ca0 - AlOis - Si0z  AGY, 4, = 5000 — 1000005
MgO - AlO1s5 - SI02  AGR;, a1, = 13000 — 1050002
FeO - AlO1s - Si0p  AGR,;, = —66944z%e

CaO - FeOis - S0z AGE,p,, = 2092 — 5335250
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716 Assumptions

The following assumptions was made to formulate this model.

1. Where no experimental data were available, viscosity parameters for unary systems
are extrapolated from binary viscosity data.

2. For pure silica, two contributions to the viscosity are assumed. The first is that there
is a contribution to viscosty that is independent on the formation of a polymer net-
work. The second is that the silicate network itself contributes to the viscosity.

3. It is assumed that the effect of network-forming Al** and Fe®" on the viscosity will
be the same as that of Si*",

4. For solving the equilibrium equations of the associate species, the activities of all
species are assumed to be accurately approximated by their concentrations.

5. For systems not containing ALbO3 or Fe,O3 it is assumed that In(y) can be calculated
from a linear combination of A and E of binary systems.

7.1.7 Simplifications

The following simplifications was made in this model. The critical group size for SiO4
clusters is set to be n = 40 interconnected Si-Si pairs. Also, the interaction between
MgO and Fe,>Os is not accounted for as it is for that between CaO and Fe,Os.

7.1.8 Literature Inaccuracies
Background

During development of the multicomponent model catered for systems containing AL, O3,
we experienced significant difficulty to navigate uncertainties caused by literature inaccu-
racies. To ensure the user do not go through the same trouble, these are listed here.

Inaccuracies

1 Calculating AG

Grundy et al. (2008a) reported that AG which dictates the equilibrium constant for
the formation of CaAl,O4 and MgAl,O4 should be calculated as

AGY, 4, = 5000 — 100000z and AGR,,, = 13000 — 1050002,
while Kim et al. (2012a) reported
AG, a1, = —5000 — 10000025 and AGg;, 4, = —13000 — 1050002,
Grundy et al. (2008a) reported it correctly.

2. Calculating 2%

Grundy et al. (2008a) reported the calculation of ng" to be

ng = [xgll + xilaAl + stélaAlg + QmillgAlg]/NtOt (7.36)
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where

1

New = 2B 428 1 ab 4 of 4o b %) 5,

T T+ TNy T Tca T Trg — TNaal — TCarly — TMgAl, (7.37)
while Kim et al. (2012a) reported the same calculation for acgf but with

Niow = ot + 2% + 28, + o8l + ol + 2 + 20800, + 200, 738)

Here, Kim et al. (2012a) reported it correctly.
3. Incorrect plots presented in Grundy et al. (2008b) and Grundy et al. (2008a).

14
—2.6 - - Literature Extracted Binary Model
—— FactSage Viscosity Model 1 FactSage Model
Extracted Data ——- auxi-mpp GrundyKimBrosch Binary
—2.87 ——- Unary Model
10 4
-3.0
g
_. 3.2 -
b & 61
L 34 =
3 2
£ £ 4
736 -
2
-3.8
O <
—4.0
_2 -
_42 T T T T T T T T T T T T T
2200 2300 2400 2500 2600 2700 2800 0.0 0.2 0.4 0.6 0.8 1.0
Temperature (K) Xsio,

(@) AlbO3 - Grundy et al. (2008b) Fig. 7. 'Ex- (b) Al,O3 -SiO, - Grundy et al. (2008b) Fig. 8.
tracted Data' represents Grundy's modeland  'Literature Extracted Binary Model' repre-
'Unary Model' represents auxi-mpp's model.  sents Grundy's model.

14

12 4

10 A .
Toplis et al, 2004: 1673 K

(o]
O Toplis et al, 2004: 1873 K
O Machin et al, 1952: 1673 K
O Riebling, 1964: 1673 K
==+ FactSage 83 1673 K
==+ FactSage 83: 1873 K
—— Grundy model: 1673 K
==+ Grundy model: 1873 K
=« Grundy model: 2273 K
= auxi-mpp (GrundyKimBrosch): 1673 K
=+ auxi-mpp (GrundyKimBrosch): 1873 K

In(u) (Pa.s)

0.0 01 02 03
Xan05 (Xsio, =0.67)

(c) Al,O3 -MgO -SiO, - Grundy et al. (2008a)
Fig. 32

Figure 7.1: Inaccurate plots.

The seemingly small deviation present in Figure 71b at zg,, = 0.8, was found to
be double the deviation found in Figure 71a at ' = 2800K. These deviations were
confirmed not to be due to erroneous data extraction. The deviation in Figure 71c is
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also a definite inaccuracy since Fig. 31 and 33 matches correctly with auxi-mpp and
FactSage's model, and Grundy's binary model agrees with the calculated viscosity
at z,,,0, = 0. The same problem is present for Fig. 23 of Grundy et al. (2008a).

4. Incorrect plot presented in Kim et al. (2021a).

— 2021: Kimetal., 1773 K
| === auxi-mpp (GrundyKimBroschMulti), 1673 K

In(u) (Pa.s)

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Xsio,/ (Xsio, +Xreo)

Figure 7.2: CaO - FeO -SiO;

In Figure 7.2, auxi-mpp plotted the same compositions but 100 K lower than the
literature plot at 1773 K. There is an exact match, implying that Kim et al. (2021a)
provided the incorrect temperature label.

5. Incorrect plot section defined.

The original figure from which the literature data in Figure 7.2 were extracted is Fig-
ure 9 in Kim et al. (2021a). The section to plot is there defined as (81.24 mol % FeO,
13.76 mol % CaO) to (86.75 mol % SiO», 13.25 mol % CaO). The first endpoint does not
border and is therefore incorrect. The correct endpoint is (86.24 mol % FeO, 13.76
mol % CaO).

7.1.9 Model Validation

This section details the current status of the Grundy-Kim-Brosch viscosity model im-
plementation in auxi-mpp and presents results for various slag systems. The auxi-mpp
model results were compared against the literature model and experimental data ex-
tracted from Grundy et al. (2008b), Grundy et al. (2008a), Kim et al. (2021a), and Kim et al.
(2021b). auxi-mpp were validated by means of literature figure reproduction as well as
with a correlation plot. Validation by figure reproduction is summarised in Table 7.3, and
those by correlation plot is listed thereafter.
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Table 7.3: Viscosity Validation Ranges

Model Systems Composition (molmol™) Temperature (K)
Unary SiOs pure substance 1250 — 3250
FeO pure substance 1100 — 2100
Fe,O3 pure substance 1100 — 1850
Binary A'.203 - Si02 XAl,O53 = 0-—-1 2073,2173
Ca0-SiO; Xcao =0—1 1773,1873,2073
MgO - SiO, Xmgo =0—1 1773,1873,2073
FeO -SiO», Xreo = 0.3 —1 1473,1573,1673,1773
Temary CaO- MgO - SiOg Ysio, = 0.3 —0.75, Ysio, /yMgO =1 1673,1773,1873
Ca0-MgO-SiO; Vsio, = 0.3 — 0.8, ymgo = 0.2 1673,1773,1873
ALZO3 -Ca0-SiO, XAl,O5 = 0.0 —0.33, XSi0, = 0.67 1673, 1873
A|.203 -CaOo- SiOg XAlL,O5 = 0.0 — 0.25, XSi0, = 0.75 1673, 1873
A|.203 - MgO - SiOz XAlLO5 = 0.0 — 0.50, XSi0, = 0.50 1673, 1873
Al.203 - MgO - 5i02 XAl,O5 = 0.0 —0.33, XSi0, = 0.67 1673, 1873
Aleg - MgO - SiOz XAl,O5 = 0.0 — 0.25, XSi0, = 0.75 1673, 1873
Quaternary  AlLbO3-CaO-MgO-SiO,  yai,0, = 0.0 —0.45, ysio, = 0.5, ymgo = 0.05 1773
AlgO3 -Ca0- MgO - Si02 YA1,05 = 0.0 —0.35, Vsio, = 0.5, YMgo = 0.15 1773
Al203 -Ca0- MgO - Si02 YAlLO; = 0.0 — 0.25, Ysio, = 0.5, YMgo = 0.25 1773

Fe-bearing systems validated by means of correlation plots;

1. A[203 -FeO - S|02

2. F6203 -FeO- SIOZ

3. AlLbO3-Ca0-FeO-SiO,
4. FeO-MgO-SiO;

5. CaO-Fe,03 - FeO -SIiO;
6. CaO -FeO-MgO -SiO,

7. AlbO3z -Ca0 -FeO-MgO -SiO;
8. A|.203 -FeO- MgO - S|02

See Figure 7.8.

Unary Systems

Figure 7.3 demonstrates the agreement between auxi-mpp and the literature model for
unary systems, plotting the natural logarithm of viscosity against temperature.
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Figure 7.3: Viscosity model estimates and comparison for pure SiO,, FeO and Fe;Os.

Binary Systems

Figure 74 illustrates the accuracy of the Grundy-Kim-Brosch model (*auxi-mpp
GrundyKimBrosch") for estimating viscosities in binary Al,Os;-SiO,, CaO-SiO,, and
MgO - SiO, systems. Note that validations above 2200 K were intentionally omitted.
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Figure 7.4: Viscosity model estimates and comparisons for binary slag systems.

Multicomponent Systems

Ternary systems without Al,O3 were validated initially, as the Grundy-Kim-Brosch model
does not require consideration of the charge compensation effect of Al,O3 on slag viscos-
ity (Kim 2011; Grundy et al. 2008a). Figure 7.5 demonstrates that viscosity estimates for
systems of SiO, - MgO - CaO closely align with both model estimates and experimental
data from the literature (Grundy et al. 2008a).
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Figure 7.5: Viscosity model estimates for ternary slag systems without alumina.

Some peculiar results were obtained when validating the model for systems containing
Al,O3z as seenin Figure 7.6. In Figure 7.6a and Figure 7.6d we reason that the literature plots
are incorrect. To support this, the results of FactSage 8.3 were added for comparison. In
Figure 7.6d the auxi-mpp model follows the result of FactSage, confirming that the auxi-
mpp implementation is correct. This was also applied to Figure 7.6a, however it seems
like FactSage's model does not correctly estimate viscosity for systems containing CaO.
At the extremes, the auxi-mpp model agrees with FactSage's model, however.

Another reason why these two literature figures are incorrect is that the auxi-mpp binary
model, that were successfully validated for the relevant systems, agrees with the multi-
component auxi-mpp model at z,,,4, = 0.0.
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Figure 7.6: Viscosity model estimates for ternary slag systems containing alumina.

The multicomponent viscosity model was successfully validated for the

Al,O3 - Ca0 -MgO -SiO, system for a range of compositions at 1773 K as shown in
Figure 7.7.
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Figure 7.7: Viscosity model estimates for the Al,O3 - CaO -MgO - SiO, quaternary slag
system at 1773 K.

Multicomponent Fe-bearing Systems

The available data for multi-component Fe-bearing systems often have abstract axes
making it time-consuming to reproduce. These systems are therefore validated by
means of correlation plots. Figure 7.8 shows how auxi-mpp performs, with systems con-
taining either FeO or Fe,O3 or both, compared to Kim's model as presented in literature
(Kim et al. 2021a; Kim et al. 2021b).
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Figure 7.8: auxi-mpp vs Kim et al. (2021b) correlation plots.
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For most systems auxi-mpp performs well. There are two systems for which there
are visible deviation from literature, however. These are CaO -Fe,O3-SiO, and
Al,O3 - Ca0 - Fe; 03 -SIiO,. For CaO -Fe,03 -SIiO; the original figure were reproduced
in Figure 7.9, adding the performance of FactSage 8.3's (2025) viscosity model. auxi-mpp
plots close to but not exactly on top of FactSage, and both deviates significantly from liter-
ature. Whether this is an error in literature or if both auxi-mpp and FactSage are incorrect,
is uncertain. It is also possible that this is caused by a parameter change in FactSage's
FToxid database in the time period of 2021 to 2025.
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Figure 7.9: auxi-mpp vs FactSage 8.3 (2025) vs Kim et al. (2021b).

The issue with ALLO3; - CaO - Fe,O3 - SiO; is similar as auxi-mpp's results is close to Fact-
Sage 8.3, with both deviating significantly from literature.

Issues

Potential issue with the systems CaO - Fe; O3 - SiO, and Al,O3; - CaO - Fe,O3 - SiO,. See
Figures 7.8 and 7.9.
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Appendix A

Definitions

The following definitions apply to manual.

EM-MPPF means the Ex Mente Material Physical Property Framework.

EM-MPP-STK means the Ex Mente Material Physical Property Simulation Toolkit, which
is a Python package.

EM-AMDF refers to the Ex Mente Accelerated Material Description Framework.

The Slag Sub-package means a sub-package of EM-MPP-STK that contains slag phys-
ical property models and their parameters and the necessary documentation.

REF processes means Reducing Electric Furnace processes.

REF-MPP means Reducing Electric Furnace Material Physical Property.

MQM means Modified Quasichemical Model

ChemApp for Python means the ChemApp for Python package for computational ther-
mochemistry owned by GTT-Technologies.

FactSage means the FactSage suite for computational thermochemistry owned by GTT-
Technologies.

auxi-mpp is the python package containing all material pysical property models, where
‘auxi’ means help, and 'mpp’ means material physical properties.
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Glossaries

Acronyms

BF-BOF Blast Furnace-Basic Oxygen Furnace 2
GGS Groeien met Groen Staal i, 2
MQM Modified Quasichemical Model 4, 9, 11-13, 20, 37, 38, 40, 41, 44

REF Reducing Electric Furnace |, 2
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