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�̅�𝑛𝑜𝑟𝑚 Duchesne model: linearized temperature  K 
�̅�𝑠𝑙𝑎𝑔 molar volume of slag m³/mol 

�̅�𝑖 
Duchesne model: normalized molar components of 
𝑖=SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, MnO - 

�̿�𝑖 Duchesne model: linearized individual slag component - 
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𝑅𝑆 radius of bob immersed into slag m 
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𝑇𝐷𝑇𝐴 temperature of a property obtained by DTA measurement K 
𝑇𝑆 BBHLW model: temperature shift of constant viscosity K 

𝑇𝑐𝑎𝑙𝑐 calculated temperature of a property K 
𝑇𝑛𝑜𝑟𝑚 Duchesne model: normalized temperature K 

�̅� molar volume m³/mol 
𝑉𝑚𝑖𝑛𝑒𝑟𝑎𝑙 volume of mineral species kg/m³ 

𝑉𝑠𝑙𝑎𝑔 volume of slag kg/m³ 
𝑉𝑠𝑜𝑙𝑖𝑑 volume of solid(s) kg/m³ 

𝑋𝑖 mole fraction of component 𝑖 - 
𝑋𝑛𝑜𝑟𝑚 Duchesne model: normalize molar slag composition - 

𝑐1 Arrhenius relation: first material constant Pa s 
𝑐2 Arrhenius relation: second material constant K 
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𝑐𝜂 Shaw model: second coordinate of point of intersection Pa s 
𝑠𝑖

0 Shaw model: component-depending factor - 
𝑤𝐻(𝑖, 𝑗) Duchesne model: signal weights 𝑖 going to node  𝑗 - 
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𝑥𝑖 mass fraction of component i - 
±∆𝑇 deviation of measured temperature K 

∆ Streeter model: additional term of final viscosity equation Pa s 
ℎ distance m 
k Boltzmann constant, 1.381.10-23 J/K 

Δ𝐺 Gibbs energy of crystallization J/mol 
Δ𝑇 temperature difference K 
𝐴 area m² 
𝐴 VFT, Lakatos, Urbain, Kalmanovitch-Frank: constant  Pa s 
𝐴 BBHLW model: weighted molar ratio - 
𝑎 distance of metal ions to oxygen ions m;  
𝐵 models of VFT, Lakatos, Urbain: constant  Pa s/K 
𝐹 force N 
𝑀 molar mass kg/kmol 

𝑀𝑂 Urbain model: mole fraction of network modifiers - 
𝑁 number of data points - 

𝑂𝑢𝑡𝑝𝑢𝑡 Duchesne model: normalized viscosity output Pa s 
𝑆 BCURA (S2) model: silica ratio - 
𝑇 temperature K 
𝑉 volume m³ 
𝑎 Einstein-Roscoe equation: a-factor - 
𝑏 Streeter model linear factor - 
𝑐 Watt-Fereday model: constant Pa s 

𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 equivalent iron oxide, all Fe is Fe3+ - 
𝑓 solid volume fraction (SVF) - 
𝑚 mass kg 
𝑚 Watt-Fereday model: constant Pa s/°C 
𝑚 Streeter model: factor depending on silica content - 
𝑛 number of moles, n-factor of Einstein-Roscoe equation - 
𝑛 revolutions per minute 1/min 
𝑠 Shaw model: characteristic slope of slag mixture Pa s T 
𝑡 Watt-Fereday model: temperature °C 
𝑣 velocity m/s 
𝑍   
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Symbol Description Unit 
�̇�𝑆 shear rate of non-standard viscometer system 1/s 
�̇� shear rate  1/s 

𝜀0 Weymann model: height of potential barrier between equilibrium 
positions - 

�̅� Shaw model: viscosity of metal oxide mixture Pa s 
𝜂0 viscosity of pure liquid, suspending liquid Pa s 
𝜂0 Shaw model: hypothetical viscosity Pa s 
𝜂𝑖 Shaw model: viscosity of component 𝑖 Pa s 
𝜂𝑚 measured viscosity Pa s 

𝜂𝑚𝑖𝑥 viscosity of liquid-solid suspension Pa s 
𝜂𝑝 predicted viscosity Pa s 
𝜂𝑟 relative viscosity - 
𝜌0 density of pure substance kg/m³ 
∆ Streeter model: additional term of final viscosity equation Pa s 
𝛼 Urbain model: fraction of network modifiers and amphoterics - 
𝛼 Kalmanovitch-Frank model: factor to describe composition - 
𝜂 dynamic viscosity Pa s 
�̇�𝑆 shear rate of non-standard viscometer system 1/s 

𝜂(𝑇) viscosity is function of temperature T Pa s 
𝜋 Pi - 
𝜌 density kg/m³ 
𝜏 shear stress Pa 
𝜘 Weymann model: transition probability - 
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Abbreviation Explanation 
AAE average absolute error 
AALE average absolute logarithmic error 
AARE average absolute relative error 
AE absolute error 
ALE absolute logarithmic error 
ANN ANNliq viscosity model 
ARE absolute relative error 
BBHLW Viscosity model of Browning, Bryant, Hurst, Lucas and Wall 
Bom Bomkamp viscosity model 
CCP cubic close packing 
Duc Duchesne viscosity model 
F.I.O. For information only 
FS FactSageTM 
HCP hexagonal close packing 
HT High temperature 
KF Kalmanovitch-Frank viscosity model 
Lak Lakatos viscosity model 
LRO long range order 
n.d. not determined 
RCP  random close packing 
RDFs radial distribution function 
Ref. reference 
Rib Riboud viscosity model 
S2 BCURA (S2) viscosity model 
Sha Shaw viscosity model 
SRO short range order 
Str Streeter viscosity model 
SVDB slag viscosity data base 
SVF solid volume fraction 
SVP slag viscosity predictor 
Urb Urbain viscosity model 
WF Watt-Fereday viscosity model 
XRD X-ray diffraction 
XRF X-ray florescence 



1. Introduction and Aim   1 

1. Introduction and Aim 
The purpose of this work is to characterize the flow behavior of molten mineral matter 

occurring in gasification processes. The exact knowledge of slag flow behavior is 

necessary to ensure a safe, reliable and efficient gasification process with liquid slag 

outlet, e.g. entrained flow gasification and the British Gas-Lurgi process. Dynamic 

viscosity is considered the most important property to describe the flow behavior. 

Numerous viscosity models are available to predict the slag dynamic viscosity. These 

models are mainly empirical within narrow ranges in composition and temperatures of 

slags. A Newtonian flow behavior is usually assumed. Slag in technical processes can 

deviate from these narrow development ranges. Moreover, partial crystallization can 

occur, causing non-Newtonian flow behavior. Under these circumstances, classic 

viscosity models fail to accurately predict slag viscosity. 

Comprehensive viscosity measurements were carried out. Additionally, a selection of 

slags was investigated by quenching experiments, XRD phase analysis and DTA 

measurements. From these results, an estimation of the cooling behavior was 

established. The Einstein-Roscoe-equation was modified to include the found results. 

Finally, a viscosity modelling approach is given to improve the prediction performance of 

classical viscosity models. 
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 𝐹 =
𝑍

𝑎2
 (4) 

   
Network formers are in the range 1.4<𝑍/𝑎2<2.0. Network modifiers and amphoterics 

are reported in the range 0.1<𝑍/𝑎2<0.4 and 0.5< 𝑍/𝑎2<1.0, respectively. Amphoterics 

have values between network formers and network modifiers. Within a multicomponent 

glass or slag, amphoterics can strengthen the tetrahedra network, coordination number 

is 4, or brighten it, coordination number 6 to 8. Aluminum Al is defined as network former 

and as amphoteric. Also, lead Pb and magnesium Mg are reported as network modifiers 

or amphoterics. 

Table 2: Selected network formers, network modifiers and amphoterics [10] [17]. 

  

M in MOx Valence 
Oxygen 

Coordination 
No. 

𝑍/𝑎2 Ref. 

Network former 
B 3 3 1.34 [11,17,18] 
B 3 4  [11,17] 
Si 4 4 1.57 [11,17,18] 
Al 3 4  [17] 
P 5 4 2.1 [11,17,18] 
V 5 4  [17] 
     

Network modifier 
Pb 4 6  [17] 
Pb 2 4  [17] 
Pb 2 8 0.27 [18] 
Mg 2 6  [17] 
Ca 2 8 0.33 [17,18] 
Na 1 6 0.19 [17,18] 
K 1 9  [17] 
K 1 8 0.13 [18] 





2. General Overview of Slag   11 

The silicate melts containing various 3-dimensionally, interconnected anion units such 

as SiO2, Si2O5
2-, Si2O6

4-, Si2O7
2-, SiO4

4- which coexists in the melt. Other cations such as 

Ti4+, P5+, Al3+ and Fe3+ also form tetrahedra and can be incorporated into the silica 

network as TiO4
4-, PO3

3-, AlO4
5- and FeO4

5- anion units. Electrical charge-balance has to 

be established by cations like Ca2+ or Na+ to form fourfold negative tetrahedra. In case 

of AlO4
5- anion unit, the result will be NaAlO4

4- or AlO4
4--Ca-AlO4

4- [34]. 

The rapid increase of viscosity during the cooling depends on the formation of 

disordered, infinite networks. Small ionic units with low coordination numbers, such as 

the [SiO4]-tetrahedron (coordination number of 4) or the [BO3]-triangle (coordination 

number of 3), start polymerization [10]. 

2.5 Basicity and B/A-ratio 
The ratio between network modifying and network forming ions is one of the most 

utilized and discussed numbers to describe the properties of slags and glass melts. 

There are 12 references within the slag Atlas [34] and three references within the 

reviewing work of Vargas et al. [35] cited for different equations of the B/A-ratio. 

As introduced, the concentration or activity of oxygen ions is essential for the structure 

and polymerization of slags. A view to aqueous solutions facilitates comparisons. There, 

the concentration of H+-ions is the measure for acidity and represented by the pH-value. 

A similar measure can be applied for oxide melts where the basicity represents the 

amount of O2--ions. The pO-value can be measured by electrochemical techniques [36]. 

To sum up the behavior of melt components, the Brønsted definition for acids is 

modified. An acidic melt component accepts electrons while a basic melt component 

donates electrons [33]. Basic components are named “alkaline” in some references [37]. 

This nomenclature is not recommended to prevent confusion, because network modifiers 

are not only alkaline earths. 

A selection of formulations with references to calculate the B/A-ratio is given in Eq. (5) 

to Eq. (12). The amount of components can be introduced as fractions on mass or mole 

basis, indicated by 𝑥 or 𝑋, respectively. 

Ref.   

 
𝐵

𝐴
=

𝐵𝑎𝑠𝑒

𝐴𝑐𝑖𝑑
=

𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟𝑠

𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑓𝑜𝑟𝑚𝑒𝑟𝑠
 (5) 

   

[38,39] 
𝐵

𝐴
=

𝑥𝐶𝑎𝑂

𝑥𝑆𝑖𝑂2
 (6) 

   

[40] 
𝐵

𝐴
=

𝑋𝑀𝑒𝑂

𝑋𝑆𝑖𝑂2 + 2 ∙ 𝑋𝑃2𝑂5 + 1 2⁄ ∙ 𝑋𝐴𝑙2𝑂3 + 1 2⁄ ∙ 𝑋𝐹𝑒2𝑂3
 (7) 

   

[41] 
𝐵

𝐴
=

𝑥𝐶𝑎𝑂 + 𝑥𝐹𝑒2𝑂3 + 𝑥𝐹𝑒𝑂 + 𝑥𝐾2𝑂 + 𝑥𝑀𝑔𝑂 + 𝑥𝑁𝑎2𝑂

𝑥𝐴𝑙2𝑂3 + 𝑥𝑆𝑖𝑂2 + 𝑥𝑇𝑖𝑂2
 (8) 
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[35,42] 
𝐵

𝐴
=

𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂 + 𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑔𝑂 + 𝑋𝐹𝑒𝑂

𝑋𝑆𝑖𝑂2 + 𝑋𝐴𝑙2𝑂3 + 𝑋𝐹𝑒2𝑂3 + 𝑋𝑇𝑖𝑂2
 (9) 

   

[43]} 
𝐵

𝐴
=

𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂 + 𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑔𝑂 + 𝑋𝐹𝑒2𝑂3

𝑋𝑆𝑖𝑂2 + 𝑋𝐴𝑙2𝑂3 + 𝑋𝑇𝑖𝑂2
 (10) 

   

[37] 
𝐵

𝐴
=

𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐹𝑒2𝑂3 + 𝑁𝑎2𝑂 + 𝐾2𝑂

𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3 + 𝑇𝑖𝑂2
 (11)* 

*The authors to not indicate “mass” or “molar” within the given equation. 
   

This work 
𝐵

𝐴
=

𝑥𝐶𝑎𝑂 + 𝑥𝐹𝑒2𝑂3 + 𝑥𝐹𝑒𝑂 + 𝑥𝐾2𝑂 + 𝑥𝑀𝑔𝑂 + 𝑥𝑁𝑎2𝑂

𝑥𝐴𝑙2𝑂3 + 𝑥𝑆𝑖𝑂2 + 𝑥𝑇𝑖𝑂2 + 𝑥𝑃2𝑂5
 (12) 

 
The definition of amphoterics as basic or acidic component has to be carefully chosen. 

Amphoterics behave as network former or as network modifier depending on the glass 

composition. Al2O3 in binary mixture with SiO2 or in high amounts within a 

multicomponent-system is reported to be a network modifier while in a ternary or higher 

system it is referenced as network former together with SiO2. A similar behavior is known 

about Fe3+ in (IV) coordination as network former and in (VI) coordination as network 

modifier. The coordination number depends on charge balancing provided by bulk 

composition [33]. Chapter 2.6 is discussing the influence of slag components in detail. 

The T-B/A-relationship for a viscosity of 25 Pa s is given in Figure 12. Above this 

viscosity value slag becomes difficult to remove from an entrained gasifier [44]. The B/A-

ratio was calculated by Eq. (11). A critical review cannot be given due to the absence of 

additional data like detailed composition or the atmospheric conditions during the 

measurements. A ratio of B/A<0.5 indicates an increase of temperature to receive 

𝜂=25 Pa s. The intermediate range 0.5<B/A<1.5 requires lowest temperatures while an 

increase of temperature is reported for B/A>1.5 to achieve 25 Pa s. As pointed out in the 

beginning of the chapter, a high B/A-ratio includes an excess supply of basic, network 

breaking and changing compounds. The silica tetrahedra are disconnected, the viscosity 

decreases. On the other side, for low B/A-ratios and high amounts of acidic, network 

forming compounds, the viscosity will increase due to the formation of interconnections. 

Similar observations were done by own measurements within a serial of artificial and 

natural slag systems, Figure 13. All measurements were carried out under air with a 

shear rate of �̇�=25 1/s in the Bähr-HT-Viscometer. The B/A-ratio was not increased by a 

certain method. Instead, the slags were sorted by their composition-depending B/A, 

chapter 7.1. An introduction to own viscosity measurements is given in chapter 6.1. 
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Figure 12: T-B/A-relationship of viscosities of 

25 Pa s [37]. 

 
Figure 13: T-B/A-relationship of viscosities of 

25 Pa s (own measurements). 

2.6 Slag Components 
Ashes, geological melts, glasses etc. are consisting of metal oxides in a wide variation 

of component quantity and mass ranges [16,37,45,46]. As pointed out in chapter 2.3, 

components are influencing the structure and therefore the properties of slags. A 

summary and short overview of metal oxides is given in the following sections. 

2.6.1 Silicon dioxide 
Silicon dioxide, also named silicon oxide, SiO2, or just silicate plays the most important 

role in slag viscosity prediction. As major constituent of natural coal ash slags and 

glasses, its participation is well investigated. Numerous viscosity models are depending 

on silicate, chapter 4.1. 

The chemical and structural behavior of SiO2 was introduced in detailed by chapters 

2.3 and 2.4. As network former, it is increasing viscosity with increasing amount in a slag 

system. Some slag systems are poor in silicate, i.e. ashes of Rhenish lignite. 

2.6.2 Aluminum oxide 
Aluminum oxide or alumina are synonyms of Al2O3. Known as an amphoteric, it is 

mainly used as network former within a multicomponent slag system. Depending on 

mass fraction, high concentrations of Al3+ are reported to modify a network and lower the 

viscosity. The formation of a five- or sixfold coordination is assumed. 

Low concentrations of Al3+ are defined as network former, viscosity is increasing. Al3+ 

forms a fourfold coordination in addition with silicon Si4+. The charge difference between 

Al3+ and Si4+ has to be balanced by an additional network modifier such as Na+ or K+ to 

form the NaAl4+ ion. A higher charged network modifying cation has to be sited between 

two Al3+ ions. 

The distribution of Al-O-Al, Al-O-Si and Si-O-Si bonds within a melt depends on the 

field strength of added network modifiers. Low-field strength cations (low 𝑍/𝑎2), such as 

0.0 0.5 1.0 1.5 2.0 2.5

1100

1200

1300

1400

1500

1600

1700

T 
in

 °
C

B/A on mass







o
o
o















2. General Overview of Slag   23 

by the way released. Sulfur oxide requires sufficient oxygen to be formed from sulfides 

[79]. Alkali metal and alkaline earth metals sulfates are decomposed above about 

980 °C, little or no SO3 is found in most slags that have been heated to much higher 

temperatures [80]. 

Sulfur occurs in form of an anion in slag [81]. The solubility of sulfur depends on 

temperature, pressure, bulk composition, and the fugacity of oxygen and sulfur. Two 

main valence states are referenced for sulfur in basaltic magmas, these are sulfide S2- 

and sulfate SO4
2-. The higher the temperature, the lower is the solubility of free sulfur 

[82]. Binary Al2O3-CaO slags are reported to fix between 1 and 2.5 wt.-%. Ternary Al2O3-

CaO-SiO2 slags offers sulfur capacities in the range of 1.10-2-1.10-4 mass-% at 1500 °C 

and 1.10-1-1.10-4 mass-% at 1650 °C. By approximation, the solubility of S decreases with 

the number of slag components and increases with the ratio of CaO, FeO or MnO [34]. 

The effect of sulfur on slag viscosity is rarely given in literature due to the low amount 

of stored sulfur in slags. It is supposed, that low amounts of S to not vary slag viscosity 

in a significant level. Examined slags of this work contain up to 0.2 wt.-% of SO3 after 

measurements, Table 46. 

2.7 Summary of Last Chapters 

o Dynamic viscosity can be Newtonian or non-Newtonian when shear rates are 

changed. Numerous non-Newtonian flow behaviors are known. 

o A separation into dilatant (shear-thickening) and pseudo-plastic (shear-thinning) 

non-Newtonian flow behavior is assumed to be sufficient within this work. 

o Slags are mixtures of molten (mostly) metal oxides. Sulfur and Phosphorus are 

not non-metals, but have also to be mentioned. Several phase changes (liquid, 

solid-liquid, solid) can occur during cooling procedure. 

o The structure of slags is defined as a three-dimensional network of (mostly) metal 

cations and oxygen anions. The most important structure in literature is the 

[SiO4]-tetrahedron. 

o The structure of slags deviates from the structure of a crystal by the distance 

between reoccurring network sections. A chaotic structure with a “short range 

order” (SRO) is assumed for slags. On the other hand, crystals consist of 

organized structures with a “Long range order” (LRO). 

o Two variables influence the viscosity of slags. First, Elevated temperatures are 

weakening the slag network and viscosity decreases. Second, the interactions of 

metal and non-metal oxides within slag composition. 

o Network formers are strengthening the network and therefore an increase of 

viscosity is to be supposed.  
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o Network modifiers weakening the network and a decrease of viscosity is 

expected.  

o Amphoterics exhibit forming or modifying properties in dependence to the gross 

slag composition.  

o The base-acid-ratio (B/A-ratio) is consulted to describe the relation of network 

formers, network modifiers and amphoterics.  

o Within the number of slag components, the characteristic influence of each 

component decreases. 
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3. Slag Viscosity Toolbox 
A part of this thesis was to create and continuously extend a slag viscosity database 

and a modelling tool: Together, it is the slag viscosity modelling tool box. It consists of 

two parts: 

o The slag viscosity predictor (SVP) and 

o the slag viscosity data base (SVDB) 

First publicized in 2012, the toolbox was continuously extended [83]. The viscosity 

data collection was used to validate viscosity predictions on experimentally obtained 

values. Additionally, it is used to compare calculated mass and volume fractions of partly-

liquid slags from experimental validated phase formations. 

3.1 Slag Viscosity Predictor 
The slag viscosity predictor (SVP) is a Microsoft® Excel file using Microsoft® Visual 

Basics for Application (VBA). Viscosities can be predicted on temperature and 

composition defined by mass or mole fraction of metal oxides. 12 viscosity models are 

included in their unmodified versions. An introduction to these models is given in chapter 

4.1. 

If FactSage 6.4 [84] is available, predictions on phase formation, slag composition 

and solid volume fractions (SVF) can be carried out. The SVF is the volume fraction of 

minerals in comparison to the total volume of minerals and slag, chapter 5.2.2. The found 

SVF can be later applied to improve viscosity predictions. Table 3 includes adjustments 

of the FactSage calculations.  

An important step is the selection of the solution species database to apply slag 

composition predictions. Several opportunities are available in dependency of the bulk 

slag composition. Two databases where chosen for further investigations: 

o SlagA database was developed to cover slag compositions made from metal 

oxides. It is the more common database. A sulfur content below 10 wt.-% is 

covered while Fluorine is not.  

o SlagH database was later selected to calculate properties of possible liquid slag 

mixtures containing CaF2 as found in blast furnaces or aluminum production. 

A comparison and critical discussion between these two databases is given in 

chapter 8.2 with respect to liquidus temperature calculation. Results of slag phase 

composition modelling will be compared in chapter 8.3. Detailed information of selected 

phases and solutions are given in the appendix, Table 36 to Table 37. 
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Table 3: Selected calculation properties for SVP within FactSage 6.4. 

Depending on phase prediction by thermochemical equilibrium software FactSage, 

the opportunity to calculate the solid-liquid interactions on slag is given. If the formation 

of minerals is predicted, the influence on the slag flow behavior can be calculated by the 

Einstein-Roscoe equation. Read chapter 5 for details of the Einstein-Roscoe equation.  

3.2 Slag Viscosity Database 
The slag viscosity database (SVDB) contains the results and parameters of viscosity 

measurements of numerous references and own measurements. Properties of SVDB 

are listed in Table 4. 

Table 4: Properties of SVDB in November 2015. 

Property Value 
Software version FactSage 6.4 
Databases FactPS, FToxid, FTmisc,  
Solution species for slag SlagH 
Compound 
species 

gas (real) 73 
pure liquids 42 
pure solids 250 

Total species 511 
Total solutions 27 
Total phases 320 
Included oxides SiO2, Al2O3, Fe2O3, FeO, CaO, MgO, Na2O, K2O, MnO, 

TiO2, CaF2 

Property Value, name 
Number of references 81 

Number of own samples 55 
Number of oxide systems 1066 

Number of own measurements 192 
Number of considered 

atmospheres 13 

Temperature range in °C 531.6 – 2482 
Viscosity range in log (Pa s) -2.7 – 14.35 

Partial oxygen pressure in atm 1.4.10-25 – 0.21 
Tabled oxides and ranges Min in wt.-% Max in wt.-% Occurrence 

SiO2 0 100 30164 
Al2O3 0 100 28825 
Fe2O3 0 85.1 25183 

FeO 0 83.5 1116 
Fe 0 1 137 

CaO 0 60.0 29318 
MgO 0 55.6 26524 
Na2O 0 49.4 24308 

K2O 0 48.0 23332 
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The SVDB consists of a Microsoft® Excel file. Melt compositions are tabled in 

fractions of moles and mass. Viscosity and temperature information were extracted from 

tables or plots provided by references or taken from own experiments.  

Information are given about the crucible and spindle material, the applied 

atmospheres, viscosity measurement techniques, shear rate, source format, calculated 

amount of liquid or solid slag amount and references. The value “unknown” defines 

absence of information on a parameter like atmosphere, measurement system or 

measurement technique. Some measurement techniques do not require any crucible or 

spindle. Therefore, the value “N/A” is set. 

Next to parameters taken from references, also viscosity predictions and phase 

calculations are available. This information was achieved by application of the slag 

viscosity predictor (SVP). 

By application of a pre-built mask and Microsoft® Visual Basic for Applications (VBA), 

requests on the SVDB can be carried out. The opportunity is given to define a request 

on all listed properties in the section above. The performance function of the average 

absolute logarithmic error (AALE) is printed at the end of the request. An introduction to 

the AALE is given in chapter 3.3. 

3.3 Prediction Quality of Viscosity Models 
Predicted viscosities have to be compared with measured data to evaluate the model 

quality. This comparison is realized by performance functions. These functions must be 

adjusted on the existing datasets of measured and predicted viscosity-temperature-

relationships. Therefore, it is important to separate into data sets consisting of 

  

MnO 0 72.2 2390 

Continuation of Table 4 
Property Value, name Property Value, name 

TiO2 0 50.0 22100 
B2O3 0 13.5 19 
P2O5 0 83.1 14740 
NiO 0 1.2 307 

ZrO2 0 2.2 243 
CaF2 0 29.9 329 
SO3 0 11.2 17943 

Cr2O3 0 60.0 170 
V2O5 0 10.0 85 

Total datapoints 30364 
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o a single data point or 

o more than one data point and so a range of viscosity-temperature measurements. 

In case of a single value for predictions and measurements, the absolute error (AE), 

absolute relative error (ARE) and absolute logarithmic error (ALE) can be used, Eq. (16) 

to (18). Predicted values are represented by 𝜂𝑝 and measured values are represented 

by 𝜂𝑚, respectively. 

   
 𝐴𝐸 = |𝜂𝑝 − 𝜂𝑚| (16) 
   

 𝐴𝑅𝐸 = |
𝜂𝑝 − 𝜂𝑚

𝜂𝑚
| (17) 

   
 𝐴𝐿𝐸 = |𝑙𝑜𝑔10 𝜂𝑝 − 𝑙𝑜𝑔10 𝜂𝑚| (18) 
   

The AE indicates the total difference of predictions and measurements, while the ARE 

delivers the normalized deviation. The magnitude of deviation or difference at all is 

neglected by the ALE. 

To validate the model performance over 𝑛 data points, an averaging has to be applied 

on the suggested functions, Eq. (19) to (21). AAE, AARE and AALE are average absolute 

error, average absolute relative error and average absolute logarithmic error. Index 𝑖 is 

predicted or measured value at 𝑖th position. 

   

 𝐴𝐴𝐸 =
1

𝑁
∑|𝜂𝑝𝑖 − 𝜂𝑚𝑖|

𝑁

𝑖=1

 (19) 

   

 𝐴𝐴𝑅𝐸 =
1

𝑁
∑

|𝜂𝑝𝑖 − 𝜂𝑚𝑖|

𝜂𝑚𝑖

𝑁

𝑖=1

 (20) 

   

 𝐴𝐴𝐿𝐸 =
1

𝑁
∑|𝑙𝑜𝑔10 𝜂𝑝𝑖 − 𝑙𝑜𝑔10 𝜂𝑚𝑖|

𝑁

𝑖=1

 (21) 

   
Table 5 contains examples on calculated errors to illustrate the performance 

functions. The viscosity of an imaginary slag was measured within a temperature range 

of 1000-1300 °C. Four data points were recorded. Two viscosity models, M1 and M2, 

were selected to predict the viscosity. An error of +60 % for model M1 and -50 % for M2 

is pressed in this example. The performance functions AE and ARE show a disadvantage 

for Model M1 due to higher values in comparison to model M2. By logarithmic calculus, 

the discussed facts are obliterating. The ALE gives a smaller value for model M1 than 

for model M2. 

To cover the whole range of data points, an averaging has to be done on the 

performance functions. Now, small differences have a low weight versus large 
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4. Classic Slag Viscosity Modelling 
Modelling is the most rapid way to receive viscosity of a slag. Depending on slag bulk 

composition and temperature, viscosity can be estimated. It is a precondition that the 

chosen viscosity model is valid on the applied slag composition and temperature range. 

Time consuming and expensive measurements are not necessary. Technical processes 

can be quickly adapted to changed parameters, e.g. slag composition. 

Numerous viscosity models were developed since the middle of the 20th century. In 

general, four kinds of viscosity models are available. A selection is given in Table 6. 

Table 6: Selection of viscosity modelling methods. 
Basic 

principle Example Remarks 

Thermo-
dynamics 

Adam-
Gibbs-M. 
[85] 

o motion occurs on internal cooperative rearrangement 
of molecules 

o one molecule disturbs movement of many molecules 
at a decreasing temperature 

o viscosity is described by configurational entropy ∆𝑆 
and temperature 𝑇 

Free-
Volume [86] 

o fluid’s molecules are transported by “jumping” from 
one void to another void, when void’s free volume 𝑣𝑓 
is same as molecule volume 𝑣𝑚 

o the probability 𝑃 of the molecule’s movement 
depends on communal entropy 𝑆𝑐 

Avramov-
Milchev-M. 
[87,88] 

o determining temperature dependence of average 
jump frequencies of molecules 

o distribution function of barriers for jumping molecules 
depends on entropy 𝑆 

o viscosity is function of 𝑆 

Physics Molecular 
Dynamics 
Simulation 
(MDS) [89] 

o simulating movement of ions, including kinetic, 
potential and interatomic potentials [16] 

o MDS applied to predict slag structure at elevated 
temperatures 

o slag structure provides information about viscosity 
(Qn-values) 

 Monte Carlo 
Simulation  

o simulating random movement of particles 

o accepting movement, when Boltzmann factor 
confirms an increase of energy by move 

o radial distribution function of atoms, taken from e.g. 
ion scattering measurements, is background for 
structure and therefore viscosity 
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Continuation of Table 6 
Basic 

principle Example Remarks 

Semi-
empirical, 
semi-
physical 

Shaw [90] 
Urbain [91] 
Lakatos [68] 
BBHLW 
[92] 

o background are basic viscosity models 

o such as Arrhenius equation, Vogel-Fulcher-
Tammann, Weymann equation 

o Viscosity-temperature-relationship is described by 
use of factors 

o factors depending on slag composition and were 
developed on experimental data sets of melts [35] 

Artificial 
Neural 
Network 

ANNliq, 
Duchesne 
[83] 

o influences of viscosity (temperature, fraction 
component 𝑖, component 𝑖+1) are parameterized 

o model is “trained” on database of viscosity 
measurements containing a sufficient number of data 
points 

o viscosity is calculated by weighted parameters 
developed by trained model [93] 

4.1 Selected Classic Viscosity Models 
A part of this work is the application of twelve viscosity models. The selection was 

done on 10 semi-empirical and 2 Artificial Neural Network models. The models of S2, 

Watt-Fereday, Bomkamp, Shaw, Lakatos, Urbain, Riboud, Streeter and Kalmanovitch-

Frank are collected within the review of [35]. This work is often cited in slag viscosity 

literature. The models of BBHLW, Duchesne and ANNliq were selected in a collaborative 

paper [83]. 

See appendix chapter 10 for detailed descriptions of the physical and mathematical 

backgrounds. The models will be abbreviated in figures and tables due to absence of 

space. These abbreviations are given in Table 7. 

Table 7: Selection of viscosity models. 
Model name Abbreviation 
S2 (BCURA) S2 

Watt-Fereday WF 
Bomkamp Bom 

Shaw Sha 
Lakatos Lak 
Urbain Urb 
Riboud Rib 
Streeter Str 

Kalmanovitch-Frank KF 
BBHLW BBHLW 

Duchesne Duc 
ANNliq ANN 
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4.1.1 S2 
Developed by the British Coal Utilization Research Association (BCURA) in early 

1960s, the BCURA or S2 model is based on an Arrhenius form of viscosity equation [94]. 

The correlation was developed on 62 ash samples. Completely molten slags and 

Newtonian flow behavior are assumed. 

The model is reported to underestimate viscosity for low-rank coals. Also, the model 

should be applied on slag analysis and not on ash/coal analysis due to the risk of 

significant losses of components during heating [95]. As shown in Eq. (50), major 

components are SiO2, Fe2O3, CaO and MgO. A recalculation to 100 % has to be 

performed after exposing remaining components. This neglecting of components and the 

inflexible handling with Fe oxidation states can lead to massive deviations in prediction 

quality. 

4.1.2 Watt-Fereday 
Depending on former work of Reid and Cohen [1], the Watt-Fereday model was 

developed in the 1960s. The viscosity-temperature relations of 113 mixtures of British 

coal ashes were the fundament. Completely molten slags are assumed. Although 

viscosity measurements were obtained under “forming gas” (90 vol.-% nitrogen and 

10 % hydrogen gas) the oxidation states of iron were omitted. Major ash components as 

SiO2, Al2O3, Fe2O3, CaO and MgO are included for viscosity modelling. Minor 

components of British coal ashes, such as Na2O, K2O, Mn3O4 and TiO2 can be neglected 

due to their low proportions. This involves a recalculation to 100 wt.-% of the major 

components. 

4.1.3 Bomkamp 
The Bomkamp model, published in 1976, is a modification of the Watt-Fereday model 

to take MgO into account for viscosity prediction [96,97]. 

Computed viscosities were higher than the measured one for slags of Western 

Canadian coals [41]. Good prediction quality with an average deviation less than 30 % 

to experimental data was found for slags covering 42≤SiO2 wt.-%≤55 and Na2O wt.-%≤5 

and SiO2 wt.-%≤34, respectively [98]. 

4.1.4 Shaw 
The Shaw model bases on the previous data compilations and calculations of Bottinga 

and Weill published in 1972 [45]. Slag and melt systems with two to six components were 

chosen from 25 references with a final number of 2440 data points. 
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The performance of the Shaw model for 𝜂>1.107 Pa s suffers from underestimation. 

Furthermore, no influence of thermal history, e.g. evaporation of components, is covered 

[35]. 

4.1.5 Lakatos 
The Lakatos model was published in 1972. Viscosity measurements performed on 30 

soda-lime glasses covered a viscosity range of 10-1.1012 Pa s. The number of oxides 

within a glass system varied between three and six. Lakatos applied the Vogel-Fulcher-

Tammann (VFT) equation to calculate viscosity. The prediction quality of the model is 

described as good by Lakatos. Standard deviations were in the range of 4.4-2.3 °C for 

viscosity ranges from 30-3.1011 Pa s when viscosity was fixed and therefore the 

temperature at this viscosity was calculated. Higher deviations as found for 

measurements of samples not belonging to the development assembly were explained 

by insufficient finings. Discrepancies found in comparison to older data occur on errors 

in measurement techniques [68]. 

The applicability of the Lakatos model is assumed to be good for high-silica, high-

alkali or alkaline slags. Due to the small compositional variations in soda-limes glasses 

and therefore a small development range, viscosity prediction quality will fail for slags 

with varying compositions. 

4.1.6 Urbain 
The Urbain model was published in 1981 as a further development from an earlier 

work [91,99]. Aim was the quick and cheap estimation of viscosities of molten alumino-

silicate melts in industrial applications. Finally, the model was extended on 54 binary and 

ternary oxides, silicates and alumino-silicates [100]. The ternary systems were in the 

form SiO2-Al2O3-MO and SiO2-Al2O3-M2O. MO and MO2 represent bi- and monovalent 

oxides. 

The Urbain model is described with a well accuracy by numerous authors [101–104]. 

It was popular to be modified by multiple authors. 

4.1.7 Riboud 
The Riboud model was introduced in 1981 [105]. Intention was the viscosity prediction 

of continuous casting slags to determine several processing parameters, e.g. material 

transport, thermal insulation and steel transport by flowing. Over 40 melts were taken 

into account for model development, 23 synthetic and 22 industrial slags.  

The prediction quality was found to differ around 1.2 % for blast furnace slags under 

air estimation. Deviations of around 7 magnitudes were discovered for applications with 

high silica, calcia and sodium contents as found for glass forming processes [83]. 
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4.1.8 Streeter 
The Streeter model was published in 1984 by the Bituminous Coal Research, Inc., 

(BCR) to cover viscosity predictions for low-rank-coal slags. Data on slag rheology was 

necessary to operate slagging fixed-bed gasifier at Grand Forks Energy Technology 

Center (GFETC), Grand Forks, North Dakota; and BI-GAS entrained-bed slagging 

gasifier at Homer City, Pennsylvania [106,107]. To found viscosity data, 17 slags 

(9 lignites, 7 sub-bituminous and 1 bituminous low rank coals) were investigated. The 

performance of the Streeter model is referenced as not sufficient good for high-silica, low 

CaO and MgO and low B/A-ratio coal ashes. A disagreement of several magnitudes is 

reported [104]. 

4.1.9 Kalmanovitch-Frank 
The Kalmanovitch-Frank model was first described in 1988 [108]. An improvement of 

the original Urbain model to experimental data taken from Machin [53,54,109] was done. 

Measurement data of British coal ash slags, Illinois #6 and Pittsburgh #8 coal ash slags 

agree well with viscosity predictions. In general, a better viscosity prediction quality was 

not found when compared to the original Urbain model. Furthermore, the Kalmanovitch-

Frank model shows weak points for low temperatures, causing 𝜂>1000 Pa s [35]. 

Due to the separation of FeO and Fe2O3, reducing atmospheric conditions are 

introduced. This should generate an advantage over models without separating iron 

oxidation states. 

4.1.10 BBHLW 
The BBHLW model is named after the developers Browning, Bryant, Hurst, Lucas and 

Wall. Released in 2003, the model targed to introduce reducing atmospheric conditions 

taken from 117 samples of fluxed and unfluxed coal ashes and synthetic slags.  

The BBHLW model shows a significant better prediction quality than the 

Kalmanovitch-Frank, S2 and Watt-Fereday models. Viscosities of coal ash slags were 

calculated most accurate, while for synthetic slag systems above 1000 Pa s 

discrepancies are reported. Insufficient input data for model development is mentioned 

as reason [92]. In a comparison with twelve viscosity models, the BBHLW model is listed 

within the four best viscosity prediction methods for industrial applications covering 

entrained flow gasification, glass production and blast furnace [83]. 

4.1.11 Duchesne 
The Duchesne model was published in 2010 and belongs to the group of Artificial 

Neural Network models [93]. The author pointed out an advantage over the models of 

Urbain, Riboud, Kalmanovitch-Frank and BBHLW [93]. It has to be mentioned, that the 
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Duchesne model was trained on the same data which were later used for validation. The 

application of temperatures and slags out of the training parameters can result in 

deviations. 

4.1.12 ANNliq 
The ANNliq model was published in 2012 and belongs also to the group of Artificial 

Neural Network models [110]. In general, it is a re-training of the Duchesne model, 

section 4.1.11. Duchesne et al. 2013 carried out case studies, including glass forming, 

entrained flow gasification and blast furnace conditions. The ANNliq was compared with 

the prediction results of eleven semi-physical models and one Artificial Neural Network 

model. Best agreement to measured values was found for the glass formation case study 

for temperatures resulting in 𝜂<10 Pa s. There, the deviation was ±1.4 fold (AALE=0.153) 

to the given measurement. Deviations of circa 8 magnitudes (AALE=7.752) are reported 

for glass forming processes and 𝜂>1.108 Pa s. Expecting entrained flow gasifier 

conditions, the model is partly well predicting viscosity. An error of 0.311<AALE<2.332 

is referenced. From the given investigations, it can be recommended, that the ANNliq is 

not suitable for predicting processes with 𝜂>1000 Pa s. 

4.2 Need of Improvement in Viscosity Literature 
Viscosity data and measurement parameters were collected within the slag viscosity 

data base, chapter 3.2. Due to the character of experiments at high temperatures, 

viscosity measurements underlie several influences. Although this fact is known, 

numerous authors are not discussing in detail these problems. Furthermore, some 

references are not describing important details of experiments, Table 8. 

Table 8: Comparison of mentioned parameters to the number of references. 

Also, lag of information is found for other kinds of parameters. Authors apply a 

reducing atmosphere by adding graphite crucibles to the viscometer furnace. No 

information is given about the temperature at this position to estimate the partial oxygen 

pressure pO2. Other authors mention pO2 but do not cite the detection technique [61]. 

Some investigations on the influence of the Fe3+/Fe2+ ratio are referenced, but no effort 

was done to determine the Fe3+/Fe2+ ratio [111]. The contamination of slag sample is 

accepted by the use of measuring systems made of alumina. The change of viscosity by 

Parameter Indications / total references 
atmosphere 38/75 

crucible or bob material 47/75 
measurement technique 68/75 

shear rate 18/75 
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contamination is known, but not discussed nor taken into account for further 

investigations or evaluations [112]. 

The problems numerated above are limiting the confidence in literature. All work on 

viscosity has to be critically examined when the results have to be used. To obtain most 

trustable experimental data, own viscosity measurements have to be carried out. 

4.3 Summary of Last Chapters 

o Viscosity modelling of slags is undertaken since decades.  

o Developers covered the viscosity of artificial slags, magmatic melts and melts 

from technical applications. 

o A dozen classic models were selected to calculate the temperature-composition 

depending viscosity of slags. 

o All selected models are developed on experimental data sets. The quality of 

viscosity measurements in terms of reproducibility, atmosphere, experimental 

setup etc. is not verified for all references. 

o It is necessary to perform own measurements to obtain proper viscosity records. 
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5. Advanced Slag Viscosity Modelling 
A prediction error has to be taken into account for slag viscosity modelling due to 

several reasons. On the one hand, the applied viscosity model is not in accordance to 

the used slag composition. On the other hand, a number of circumstances, e.g. 

measurement system materials, atmospheres, temperature, etc. affect the flow behavior 

of slags. See also chapter 4.2 for more detailed information. How much these 

circumstances influenced viscosity model development in the past cannot be estimated 

today. 

One of the most important influences on slag flow behavior is the formation of particles 

by crystallization. There, two main phenomena overlap at the same time. 

1. Change of slag composition and 

2. switching from Newtonian to non-Newtonian flow behavior. 

Furthermore, the influence of crystals to heat transfer within the melt has to be 

considered [113]. 

When crystallization and related circumstances are investigated, the found 

information has to be included to viscosity modelling. 

5.1 Crystallization 
Crystallization is the reverse process of melting. When a single substance is cooled 

down from liquid state, crystallization should initiate at the same temperature as fusion. 

A multi-component system will similar behave, read chapter 2.2. 

If no crystallization is developed during cooling, the result is called “glassy state” or 

“glass”. Basic work about crystallization was done by Tammann [8]. In view of glasses, 

crystallization is defined as “devitrification”. Within this work, the term crystallization 

describes the formation of mineral particles in all kinds of investigated slags. Two 

important parameters represent crystallization [36]: 

1. Nucleation, the formation of crystal seeds, and 

2. crystallization velocity, the rate of forming and growing of crystals. 

Crystallization of melts occurs in three modes [114]: 

1. Polymorphic crystallization, in which the glass transforms into a crystal of same 

composition. 

2. Primary crystallization, in which glass and crystal have different compositions. 

3. Eutectic crystallization, which is a cooperative transformation to two phases while 

maintaining the mean composition. 



o
o

o
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o
o
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Water and oil are the best heat transfer media at room temperature [117]. Also, 

quenched samples can be examined by X-ray diffraction (XRD), chapter 6.3.2. 

2. Hot-stage microscopy: A microscope with a heated sample stage takes 

permanently pictures of a melt. The method is sufficient enough for small samples 

and moderately cooling rates [36]. 

3. Hot thermocouple microscopy: Two methods are available. First method is the 

single hot thermocouple technique (SHTT). There, the sample is pointed on the 

pearl of a single thermocouple and viewed by a microscope. An alternating or 

pulsed electric voltage is heating the TC. Between the pulsed heating cycles, the 

temperature at the tip is indicated by the measured thermoelectric voltage. The 

second method is double hot thermocouple technique (DHTT). In this case, the 

sample can be pointed between two thermocouples. Both thermocouples can be 

alternately used as heater or temperature indicator [113,118]. 

4. Differential thermal analysis (DTA) and differential scanning calorimetry (DSC): 

Detecting the heat of phase changes (melting/solidification/solid phase changes) 

is a quick method to observe the thermal behavior of a sample. 

5.2 Slag Properties Changes During Crystallization 
When crystallization occurs, slag composition will permanently change by time and 

temperature. Separated minerals consume slag components. Changes of liquid slag 

composition result in a change of viscosity of the remaining slag. Furthermore, formed 

minerals are found to change the flow behavior from Newtonian to non-Newtonian. The 

knowledge of actual slag composition is mandatory to validate the observations of slag 

viscosity measurements. 

5.2.1 Slag Density 
In general, the density of a pure substance 𝜌0 is defined by Eq. (23), where 𝑚 

represents mass in kg or g, 𝑉 is volume in m³ or cm³, 𝑀 is molar mass in kg/kmol or 

g/mol, �̅� is molar volume in m³/kmol or cm³/mol and 𝑛 is number of molecules in moles. 

   

 𝜌0 =
𝑚

𝑉
=

𝑀

�̅�
=

𝑚

𝑛 ∙ �̅�
 (23) 

   
Several techniques are available to estimate slag density [34]: 

o Picnometry, where a known volume of slag is weighed within a reservoir. 

o Buoyancy or Archimedean method, where the weight of a body is measured 

before and after immersing into the melt. 

o Volumetric or dilatometry, where slag volume is compared between low and high 

pressure within a pressure-resistant chamber. 
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o Manometer-based, where the change of slag height in comparison to applied 

pressure within a manometer is recorded. 

o Maximum bubble pressure method, where a capillary is immersed within the melt 

and the pressure difference of a purging gas between initial and final immersion 

depth is known. 

o Sessile droplet method, where the phase boundary angle of a slag drop on a 

substrate is consulted to calculate volume of the melt sample. 

The used device materials have to be heat and slag resistant. Furthermore, the 

handling of complex devices at elevated temperatures is limited. The most 

recommended applications are Archimedean, maximum bubble pressure and sessile 

drop method. 

Modelling of slag or glass density is primarily done on empirical observations. The 

density will be related to 

o temperature and  

o composition. 

Therefore, several opportunities to estimate the density 𝜌 are available, Eq. (24) and 

(25), where 𝜌0 is a basic density, 𝜌𝑖 is density factor for each slag component and 𝑥𝑖 is 

mass fraction of the component from bulk composition. Factors have to be tabled for the 

desired temperature range for calculation. Densities within liquid state can be up to 20 % 

lower than in solid state at room temperature as found for glasses [36,119]. 

   

 𝜌 = ∑ 𝜌𝑖 ∙ 𝑥𝑖

𝑖

𝑛=1

 (24) 

   

 𝜌 = 𝜌0 + ∑ 𝜌𝑖 ∙ 𝑥𝑖

𝑖

𝑛=1

 (25) 

   
An additional way to estimate slag composition is the introduction of the molar slag 

volume. There, the change of the molar volume of a mixture made from component 1 

and 2 is considered. Depending on the physical properties of metallic ions, the volume 

of a defined slag part will change, Figure 32. Eq. (23) has to be modified to overcome a 

multi-component slag system. 
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Published partial molar volumes �̅�𝑖 are given in Table 9 and Table 10. As pointed out 

by the developers, the density model of Lange and Carmichael has a deviation of 0.2-

0.5 % comparing calculations and measurements [121]. Experimental uncertainties are 

not taken into account. A later review of their work and improving density functions for 

iron-free melts resulted in a much higher deviation range 0.25-5.7 % [122]. Mills et al. 

estimated a modelling error of ±2-3 % depending on experimental uncertainties. The 

cited values are recommendations to modelers [34,120]. 

Table 9: Referenced partial molar volumes for calculations of slag molar volume by Lange and 
Carmichael [121]. 

Table 10: Referenced partial molar volumes for calculations of slag molar volume by Mills and 
Rhine 1989 [120]. 

  iron-free iron-bearing  

  
�̅�𝑖 

𝑑�̅�𝑖

𝑑𝑇
∙ 10−3 �̅�𝑖 

Standard 
Deviation 

  cm³/mol cm³/mol.K cm³/mol cm³/mol 
T in K  1773 1773 1573 1673 1773 1873 0.01 
SiO2  26.88 -0.33 26.92 26.90 26.91 26.90 0.31 
Al2O3  37.52 0.74 36.80 37.11 37.37 37.63 0.81 
TiO2  23.98 8.76 22.43 23.16 23.89 24.60 0.94 

Fe2O3  n.d. n.d. 41.44 42.13 42.97 43.94 0.33 
FeO  n.d. n.d. 13.35 13.65 13.97 14.23 0.28 
MgO  11.85 2.45 11.24 11.45 11.73 11.98 0.33 
CaO  16.84 4.22 16.27 16.57 16.85 17.15 0.83 
Na2O  29.53 7.90 28.02 28.78 29.51 30.26 1.34 
K2O  47.10 12.68 44.61 45.84 47.01 48.22 0.63 
Li2O  17.42 5.82 16.19 16.85 17.36 17.90 0.13 

Na2O-
TiO2 

 20.10 n.d. 20.33 20.28 20.21 19.99 0.01 

n.d. – not determined [121]. 

 �̅�𝑖 
 cm³/mol 

T in K 1773 
SiO2 19.55+7.966.𝑥𝑆𝑖𝑂2 

Al2O3 28.31+32.𝑥𝐴𝑙2𝑂3-31.45.𝑥𝐴𝑙2𝑂3
2  

TiO2 24.0 
Fe2O3 38.4 
FeO 15.8 
MgO 16.1 
CaO 20.7 
Na2O 33.0 
K2O 51.8* 
MnO 15.6 
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Within this work, values of partial molar volumes are taken from Table 11. These are 

averages of referenced �̅�𝑖 taken from [121]. The temperature dependence is less 

significant. Between 1300-1600 °C, the difference is around 10 % for TiO2 and Li2O. 

Those oxides are minor within a slag. Values of major components, as SiO2, Al2O3 and 

CaO, ranges within 0.1-6.5 %. A temperature-depending calculation of �̅�𝑖 was neglected 

for this reason. SiO2 and Al2O3 are also set to be constant due to great improvement in 

comparison to calculation procedures recommended by [120]. Furthermore, the slag 

specie Na2O-TiO2 is replaced.  

The advantage of this procedure is the quick change of values within calculation 

methods, e.g. within the source code of the Slag Viscosity Predictor (SVP), chapter 3.1. 

The SVP in connection with thermochemical equilibrium software FactSage permits the 

calculation of liquid slag composition. Additionally, the number of slag species is 

increased. Calculation of �̅�𝑖 of not cited slag species are indicated by * in Table 11. 

Density data were taken from FactSage 6.4 and the program “View Data”. 

Table 11: Slag and mineral properties to calculate slag densities in this work. 

Continuation of Table 10 

 �̅�𝑖 
 cm³/mol 

P2O5 65.7 
CaF2 31.3 

* - value was taken from [34]. 
 

 𝑀𝑖 Phase 𝜌𝑖 �̅�𝑖 
Slag specie - at RT at RT liquid at RT liquid this work 

- g/mol - g/cm³ cm³/mol 
SiO2 60.08 Tridymite 2.27 2.34 26.53 25.73 26.90 
Al2O3 101.96 Saphire 3.97 3.99 25.68 25.57 37.29 
Fe2O3 159.69 Hematite 5.28 5.28 30.26 30.26 42.52 
FeO 71.84 Wustite 5.87 5.87 12.25 12.25 13.80 
CaO 56.08 Lime 3.35 3.35 16.76 16.76 16.74 
MgO 40.30 Periclase 3.58 3.58 11.25 11.25 11.65 
Na2O 61.98 solid-a 2.27 2.27 27.30 27.30 29.22 
K2O 94.20 solid 2.32 2.32 40.60 40.60 46.56 

MnO* 70.94 solid 5.45 5.45 13.02 13.02 13.02 
TiO2 79.87 Anatase 3.84 4.25 20.80 18.82 23.61 
CaF2 78.07 alpha 3.18 3.06 24.55 25.51 25.51 
Ti2O3* 143.73 solid 4.60 4.60 31.25 31.25 31.25 
NaF 41.99 solid 2.56 2.57 16.42 16.34 16.34 
KF 58.10 solid 2.48 2.45 23.43 23.69 23.69 
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bubble pressure method. The model featured within this work is in agreement, 

𝜌𝑡ℎ𝑒𝑠𝑖𝑠=3005 kg/m³. 

The models of Lange or Mills are more detailed and more related to the physical 

background. The calculation method of density recommended within this work is simpler 

and shows the same agreement. 

5.2.2 Solid Volume Fraction 
Solid volume fraction 𝑓 is calculated by Eq. (32). It is the volume relationship between 

minerals and remaining slag. The knowledge about the formed mineral is mandatory to 

estimate the remaining slag composition. Slag volume 𝑉𝑠𝑙𝑎𝑔 is obtained by transposing 

Eq. (26). Mineral volume 𝑉𝑚𝑖𝑛𝑒𝑟𝑎𝑙 is calculated by transposing Eq. (23). 

   

 𝑓 =
𝑉𝑠𝑜𝑙𝑖𝑑

𝑉𝑠𝑙𝑎𝑔 + 𝑉𝑠𝑜𝑙𝑖𝑑
=

∑ 𝑉𝑚𝑖𝑛𝑒𝑟𝑎𝑙,𝑖
𝑖
𝑛=1

𝑉𝑠𝑙𝑎𝑔 + ∑ 𝑉𝑚𝑖𝑛𝑒𝑟𝑎𝑙,𝑖
𝑖
𝑛=1

 (32) 

   
Applied mineral densities are given in Table 39, appendix. These values were used 

within this work. In absence of temperature-related density function, the density at room 

temperature has to be selected. A significant deviation is not expected due to less 

differences in mineral density over wide temperature ranges. 

5.2.3 Estimation of Slag Composition During Cooling 
Most common methods to estimate the slag composition at elevated temperatures 

are: 

o Thermochemical equilibrium calculations by e.g. FactSage, chapter 3.1. 

o Experimental investigations by e.g. slag quenching and XRD analysis afterwards, 

chapter 6.3. 

The precise calculation of slag compositions by thermochemical equilibrium is 

sophisticated due to the crystallization kinetics. Therefore, validation has to be done on 

experimental data. 

Slag samples were quenched at high temperatures. Later, phase classification was 

achieved by XRD analysis. The experimental process is explicit described in chapter 6.3. 

Following calculation steps were done to estimate slag composition for a defined 

temperature point. 

1. Obtain mass fractions of amorphous and mineral phases by XRD (Rietveld 

method) for at least two temperature points. 

2. Do linear interpolation to estimate mineral mass fraction within the slag for all 

viscosity-temperature records. 
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3. Subtract SiO2, Al2O3, CaO etc. of slag components by mass fractions SiO2, Al2O3, 

CaO etc. of mineral phases. 

4. Consider inaccuracy of phase determination. Therefore, check remaining mass 

fraction of slag components 𝑥𝑖. The maximum mass fraction of a mineral phase 

depends on the maximum available amount of each single slag component. 

5. For 𝑥𝑖<0, set the component to 0. 

6. For 𝑥𝑖≥0, formed minerals are in accordance with available slag component mass 

fractions. 

7. Calculate molar fraction of remaining slag. 

8. Calculate molar volume of remaining slag. 

9. Calculate the density of slag in respect to temperature. 

10. Calculate the volume of slag in respect to temperature. 

11. Calculate density of each mineral in respect to temperature. 

12. Calculate the volume of each mineral in respect to temperature. 

13. Calculate mass fractions and volume fractions of slag and mineral phases, 

respectively. 

5.3 Viscosity Depending on Particles and Shear Rate  
The formation of mineral particles due to crystallization has to be taken into account 

for the investigated slag systems. Consequently, the flow behavior can change to non-

Newtonian when shear rate is varied. A number of models describe the non-Newtonian 

flow behavior of a fluid. For a condensed information read [4,6,35]. 

This work applies the Einstein-Roscoe equation due to its physical background and 

particle-depending viscosity calculation. It was also used in the original or a modified 

form in the works of [83,112,124–126] to describe the non-Newtonian flow within the 

liquid-solid temperature range of slags. Several advantages of the Einstein-Roscoe 

equation are: 

o Predictions are valid for elevated solid volume fractions, 

o less empirical than the simple power law models [6] or the Vand model with its 

constants c and d [127–129], 

o the diameter of the suspended particles is not mandatory as in the Sherman 

model [130] and 

o the number of boundary conditions (initial viscosity, initial uniform temperature, 

shear rate plateau) is less in comparison to the Shaw model [131] or the 

Quemada model [130]. 

The listed points are not a critic of the referenced works. Of course, other equations 

can be used for predicting the non-Newtonian flow.  
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5.3.1 Einstein-Roscoe Equation 
The Einstein-Roscoe equation is based on primary works of Einstein 1906 and 1911 

[132,133]. Einstein developed an approach to estimate the molecular dimensions of 

liquids for further work on diffusion. Roscoe seized the work of Einstein and applied the 

found results to solid particles within a liquid [134]. There, the dimension shifted from 

molecular to microscopic suspension systems. The basic assumption is given in Eq. (33), 

where 𝜂𝑟 represents the relative viscosity, 𝜂𝑚𝑖𝑥 is the viscosity of the mixture of particles 

and suspending liquid, 𝜂0 is the viscosity of the pure liquid and 𝑓 is volume concentration 

of spheres. No respect to size distribution of suspended spheres is given. 

   

 𝜂𝑟 =
𝜂𝑚𝑖𝑥

𝜂0
= 1 + 2.5 ∙ 𝑓 (33) 

   
Roscoe classified the occurrence of particles within a suspending liquid into three 

cases: 

1. spheres of very differ sizes, 

2. spheres of equal sizes and high concentration, and 

3. spheres of equal sizes and low concentration 

Introducing these particles to the original Einstein equation and the infinitesimal small 

increase of viscosity for an infinitesimal increase of 𝑓, differential Eq. (34) is established. 

   

 
𝑑𝜂

𝑑𝑓
=

2.5 ∙ 𝜂

1 − 𝑓
 (34) 

   
The differential solution of Eq. (34) concludes in Eq. (35). Factor 𝑎 includes influences 

to viscosity due the size distribution of the suspended particles. Parameter 𝑛 is -2.5 in 

respect of the principle work of Einstein. 

   
 𝜂𝑚𝑖𝑥 = 𝜂0 ∙ (1 − 𝑎 ∙ 𝑓)𝑛 (35) 
   

Parameter 𝑎 was discussed on several solid volume fractions and particle size 

distributions. This factor also describes the interaction of particles within the suspending 

liquid. A certain amount of liquid is “frozen” between colliding spheres due to surface 

tension. As result, additional aggregates are formed, called spheroids, Figure 34. The 

size ratio of these spheroids is varying and depends, e.g. on particle concentration, 

surface tension referred to liquid and particle, shear rate etc. Due to the formation of 

“frozen” liquid, the effective particle volume increases and therefore the concentration 

also does increase. 



o

o
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o Slag density is calculated by a model applying partial molar volumes of slag 

components. The necessary values are collected from different references. A 

comparison to cited densities agrees well. 

o The solid volume fraction (SVF) of slags is calculated by a simple model. 

Therefore, the slag density and the composition of formed minerals must be 

available. Several mineral densities are cited and included to the model. 

o The slag composition is stepwise calculated on results of XRD phase analysis 

obtained by sample quenching and given temperature points. 

o The Einstein-Roscoe equation was chosen to include the shear rate and particle 

depending flow behavior of a slag when mineral formation is experimentally 

verified. The a-factor of the E-R equation is fitted on viscosity measurements for 

each classic viscosity model as long the best agreement between recorded data 

and computed viscosity is found.  
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(Hüllhorst, Germany). Crucible and spindle deviated from standard measurements 

systems. For non-standard viscometer measurement system, the shear rate �̇�𝑆 has to 

be calculated by Eq. (36). 𝑅𝐶 is the inner radius of the crucible, 𝑅𝑆 is the radius of the 

bob, both in in m, and 𝑛 is the number of revolutions per minute of the spindle [4]. 

   

 �̇�𝑆 =
2 ∙ 𝑅𝐶

2

𝑅𝐶
2 − 𝑅𝑆

2 ∙
2 ∙ 𝜋 ∙ 𝑛

60
 (36) 

   
Sample heating takes place by an inductive furnace. The crucible is axial placed within 

a water-cooled copper inductive coil. The crucible acts as susceptor and heats up the 

sample inside. Several challenges to provide repeatable experiments were successful 

completed.  

o An adequate insulation of the crucible to obtain an isothermal temperature profile 

by high-temperature resistance ceramic fiber-based insolation. 

o Temperature calibration before each measurement series by an external B-type 

thermocouple. 

o Viscometer calibration due to the non-standard measurement system. Silicon oils 

were applied at room temperatures. Standard glasses were selected at 

temperatures up to 1450 °C. 

o Installing of a gas supply system for CO and CO2. 

o Estimating the influence of crucible material and inductive heating system to 

viscosity measurements. No significant error sources were found in literature.  

Details of the mentioned points are in chapter 14, appendix. 

6.1.1 Estimating Parameter Ranges of Viscosity Measurements 
Viscosity measurements can be performed in wide temperature ranges and 

magnitudes of viscosity. To minimize the experimental expenditure, the range of 

parameters has to be limited. Additionally, parameters must be in vicinity of technical 

processes, Table 13. Finally, a compromise between measurement device options, 

gasification processes and examination of results has to be found, chapter 6.1.2. 
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Table 13: Parameter ranges of viscosity measurements. 

6.1.2 Viscosity Measurement Procedure 
Viscosity measurements were carried out in non-isothermal procedure. Slag was 

measured from a high starting temperature with a standard cooling rate of 𝑎=-2 K/min. 

Other cooling rates were also applied for further investigations. Abort criterions were 

achieving of a maximum viscosity of 100-200 Pa s or a maximum torque of 50 mNm.  

The shear rate range was selected by several points. First, the shear rate within a 

technical process depends on the slag layer thickness and the flow rate, Table 13. 

Second, the viscometer head must be sufficient sensitive for shear rate detection at 

selected viscosities. So, the shear rate was selected to be in the range 12.5-75 1/s. 

Starting temperature of all measurements was 50-100 K above estimated liquidus 

temperature. Holding time on constant temperature was set to 15 min. On the one hand, 

the sample has to be protected before volatilization. On the other hand, residence time 

of slag is less than one hour within the gasifier. During holding time, the immersed bob 

rotated to support steady state. 

Atmospheres were selected as follows. Oxidizing conditions were applied by 

measuring viscosity in air. Reducing conditions were supplied by Brooks mass flow 

controllers with gas flows in the range of 600-700 ml/min of CO and 400-300 ml/min for 

CO2, respectively. The aim was to establish atmospheres with 60-70 vol.-% of CO and 

30-40 vol.-% of CO2. 

Parameter Remarks Value/Range Reference 
Temperature o depends on gasification 

process and place in reactor (at 
burner, at gas outlet, in moving 
coal bed) 

>1200-1800 °C 

[37] 

Partial 
oxygen 
pressure 

o function of gas composition and 
place in reaction zone (oxygen 
nozzle, burner, coal particle, 
moving coal bed) 

1-1.10-15 atm 

 

Viscosity o depends on process   
o entrained flow gasifier 5-25 Pa s, 

1-67 Pa s [44,137] 

o British Gas-Lurgi <10 Pa s [138,139] 
Shear rate o not mentioned in literature for 

technical processes 

o most viscosity measurements in 
literature were performed 
without consideration of shear 
rate 

o estimation of shear rate on slag 
flow velocity and slag layer 
dimensions 

1-100 1/s 

[137] 
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6.2 Thermal Analysis of Slags 
Differential thermal analysis (DTA) was chosen to determine thermal events during 

slag cooling. Primary, the beginning or onset of mineral formation within the slag was 

desired. 

Application of DTA on glass and slag samples was done by several authors to detect 

crystallization by sample heating [140–144]} [145] and sample cooling [146–149]. 

An exothermal heat flow indicates the formation of crystals while melting of minerals 

is given by endothermal heat flows. 

6.2.1 Experimental Conditions of DTA 
A Netzsch STA 409 C was selected for this work. Evaluation of DTA curves was done 

by the software Netzsch Proteus®. The temperature was calibrated against indium, tin, 

zinc, aluminum, silver, gold und nickel.  

In general, all samples were given to a DTA crucible made from Iridium. Slag powder 

as filled into the sample crucible with around 200 mg to improve heat transport during 

the measurement. Experiments under oxidizing conditions were provided by artificial air 

with a volume flow of 170 ml/min. Reducing conditions were established by purging the 

sample chamber with a mixture of CO and CO2 gas. The used gas ratio ranged between 

400-700 ml/min CO and 600-300 ml/min CO2 (60-70 vol.-% of CO and 30-40 vol.-% of 

CO2) and will be given in detail later. Scanning electron miscopy was done on some 

crucibles after DTA measurements to image the developed surface.  

The temperature program was defined as follows.  

o Heating up to 50-100 K above estimated liquidus temperature to support full 

melting with a heating rate of a=20 K/min, 

o dwell time of 5-15 min to establish complete melting and remove of gas bubbles, 

o cooling to 850 °C with each cooling rate, and 

o repeating the experiment with the next cooling rate. 

The selected cooling rates were a=-1, -2, -10, -20 and -60 K/min. It was supposed to 

cover a wide range of possible cooling rates as they occur in industrial processes. To 

prevent the apparatus before high thermal stress, the cooling rate was set to a minimum 

of a=-1 K/min. The upper cooling rate was a=-60 K/min and was limited by the Netzsch 

device. 

6.3 Phase Determination 
The determination of mineral phases within slag is necessary to re-calculate the slag 

composition for the investigated temperature point. Information has to be given about: 

1. The amount of mineral phase in comparison to the remaining slag and 
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2. the composition (name) of the separated mineral phase. 

Test series with selected slags were realized. These included sample quenching at 

desired temperatures with defined temperature programs and X-ray diffraction for phase 

analysis. 

6.3.1 Quench Experiment Processing 
Quenching is a method, were a slag sample is rapidly chilled from high to low 

temperature. The aim is to “freeze” the conditions at the interesting temperature. 

Together with subsequent analysis, information can be attained about: 

o slag structure [42,150] 

o Fe3+/Fe2+/Fetotal ratios [121,151] 

o mass fraction of slag and mineral [124,152] 

o mineral phase name [153] 

Approximately 2 grams of powdered sample were filled in a Pt-Au crucible. This 

amount of powder is sufficient to receive enough sample mass for afterwards analysis. 

Also, the rapid sample cooling is improved by small amounts. After placing the crucible 

within the isothermal temperature zone of the quench furnace, gas supply is switched on 

if necessary. To avoid the formation of explosive atmospheres, the alumina tube is 

purged for a sufficient long time with nitrogen to degrade the oxygen amount inside the 

alumina tube. In the next step, the purging gas CO/CO2 was switched on. 

The furnace is heated up with 10 K/min at low temperatures. Due to natural 

convection around the furnace, the heating rate is successively decreased. At higher 

temperatures, heating rates are around 1 K/min. All quenches started 50-100 K above 

liquidus temperature. A dwell time of 15 min was applied to let the sample equilibrate. 

The first quench was done at highest temperature by releasing the suspension wire. The 

crucible hits the water surface after <0.4 s of free fall and is immediately quenched within 

a water pool. Details of the quenching furnace are given in chapter 15, appendix. 

All other experiments differ from the releasing temperatures. After reaching the 

highest temperature and holding the sample for 15 min, a cooling rate of -2 K/min was 

used for cooling down to the desired releasing temperature. There, the crucible 

suspension was released without any dwell times. After the experiment, the furnace was 

purged again with nitrogen in case of reducing atmospheres. When the furnace was 

sufficient cold, the crucible was taken from the quench pool. 

6.3.2 Phase Determination on XRD Results 
The quenched samples were removed from the Pt crucible and prepared in a McCone 

Micronizing Mill with cylindric grinding elements made of ZrO2 to preserve the crystalline 
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structure. Rietveld refinement was applied for analysis. Amorphous phases were 

determined as residues of liquid slag portions “frozen” during the quenching, Eq. (37). 

This phase is clarified as “liquid slag” in the further investigations. Table 14 gives an 

overview of details applied to XRD analysis. 

   
 𝑥𝑎𝑚𝑜𝑟𝑝ℎ = 𝑥𝑠𝑙𝑎𝑔 = 100 − 𝑥𝑚𝑖𝑛𝑒𝑟𝑎𝑙 (37) 
   

Table 14: Parameters for phase determination by XRD analysis. 

The necessary minimum size for the detection of mineral particles has to be taken 

into account. References recommend a particle size distribution of 1-10 µm for ideal 

phase estimation. When particles are <0.2 µm, reflexes of X-rays become too stretched. 

A clear examination of the diffractogram can be hampered [154]. Similar size ranges are 

also reported by providers of analysis software [155]. 

6.4 Summary of Last Chapters 

o The dynamic viscosity of molten slag samples was obtained by a rotational Searl-

type viscometer with inductive heating and a non-standard measurement system 

made of Pt-Rh. 

o Calibration of the non-standard measurement system and the temperature 

indication were required. 

o A limitation in ranges of viscosity, temperature, gas composition and shear rates 

must be done due to the wide variations of these properties in technical 

processes. 

o DTA was chosen to support the expected results of viscosity measurements in 

the upcoming chapters. 

o A furnace was developed to generate quenched slags for further XRD phase 

analysis. These results will be used to explain the found results of viscosity 

measurements and DTA. Furthermore, a recalculation of temperature-depending 

slag composition is necessary for future modelling. 

  

Device D8 Discover with FlipStick sample changer 
Tube Co 
Detector Vantec-1 
Slit 12 mm long, 15 mm wide 
Rotation none 
Measurement time 2.5 h/sample 
Measurement angle 10-90° (2 Θ) 
Phase determination Bruker EVA, Bruker TOPAS 







o
o
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samples and shear rate information are given within Figure 100 to Figure 106 in the 

appendix. 

A condensed summary of observations in the viscosity range up to 100 Pa s for a 

cooling rate of -2 K/min is given in Table 15 to Table 17 for measurements under 

oxidizing, reducing and constant atmospheres. A brief description of the recorded 

viscosities follows. Several slags are changing the flow behavior within the investigated 

temperature range. This is indicated by two or more entries in the tables below. In cases 

where no transitions were found between Newtonian and non-Newtonian flow, the onset 

temperatures/viscosities are marked with “<” or “>”. Some records started at 

temperatures in a region of non-Newtonian flow due to the limited torque sensitivity of 

the viscometer. However, the heating program started at temperatures above the 

calculated liquidus and a completely molten slag has to be supposed. Slags with only 

one viscosity measurement are market with “n/a”. No conclusion of flow behavior can be 

given without at least two different shear rates. These are slags S9 and S18 which were 

not measured with different shear rates. 

The results are heterogeneous. Only Newtonian flow was found for samples S7, S17, 

S20 and S23. 

The majority, 32 samples, is non-Newtonian from the beginning of the measurement 

or becomes non-Newtonian within the examined viscosity range. Without giving attention 

to the flow development during cooling, 23 samples are pseudo-plastic and 5 samples 

are dilatant. 

A change in flow behavior from dilatant to pseudo-plastic was found for samples S4, 

S30, S35 and S40. Sample S8 starts from a dilatant flow and becomes Newtonian at 

lower temperatures. Turning from Newtonian to a pseudo-plastic flow can be found for 

17 samples. Only 2 samples, S26 and S29, turn from a Newtonian to a dilatant behavior. 

Estimations of the flow behavior can be carefully deduced by the basicity. In oxidizing 

conditions, the temperature for starting non-Newtonian flow has a minimum of circa 

1175 °C at a B/A of around 0.8. The onset temperature increases for a basicity above or 

below B/A=0.8. Where B/A<0.8 forces higher onset temperatures than B/A>0.8. Similar 

observations are found for reducing and constant atmospheric conditions. 

A roughly correlation between the onset of shear-depending flow as function of 

viscosity can be derived from B/A-ratio. The onset viscosity of non-Newtonian flow 

decreases for increasing B/A-ratios. A non-Newtonian flow is expected even at low 

viscosities for slags with an elevated B/A-ratio. Exceptions of this correlation are the 

slags S4, S13, S16, S26 and S27. A good relationship is therefor found at reducing 

conditions. No critical temperature or viscosity exists for a wide range of slags. Non-

Newtonian flow can occur within a wide range of temperature or viscosity. 
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Table 15: Flow properties of slags for a cooling rate of -2 K/min in the viscosity range up to 
100 Pa s for oxidizing atmospheres. 

Sample B/A Flow behavior Tonset or T-range ηonset or η-range 

- on mass - °C Pa s 
S2 0.230 pseudo-plastic >1528 <66 
S3 0.252 pseudo-plastic >1566 <19 

S4 0.255 
dilatant 1576 15.5 

pseudo-plastic 1505 77 
S6 0.256 pseudo-plastic 1435 74 

S8 0.274 
dilatant >1450 <35 

Newtonian <1450 >35 
S9 0.280 n/a n/a n/a 
S10 0.285 pseudo-plastic 1370 66 
S13 0.337 pseudo-plastic 1495 6 
S14 0.337 pseudo-plastic 1480 32 
S15 0.346 pseudo-plastic 1353 52 
S16 0.392 pseudo-plastic 1472 5 
S17 0.412 Newtonian - - 
S18 0.499 n/a n/a n/a 
S20 0.578 Newtonian - - 
S21 0.589 Newtonian - - 
S23 0.684 Newtonian - - 
S26 0.734 dilatant 1200 8 
S29 0.805 dilatant 1176 22.5 
S32 0.932 pseudo-plastic 1382 >9.4 
S36 1.069 pseudo-plastic 1310 14.5 

S40 1.857 
dilatant >1224 <35 

pseudo-plastic <1224 >35 
S42 2.497 pseudo-plastic >1360 <13 
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Table 16: Flow properties of slags for a cooling rate of -2 K/min in the viscosity range up to 
100 Pa s for reducing atmospheres. 

Sample B/A Flow behavior Tonset or T-range ηonset or η-range 

- on 
mass - °C Pa s 

S5 0.255 pseudo-plastic 1580 24.3 
S7 0.256 Newtonian - - 
S11 0.287 pseudo-plastic 1331 28 
S19 0.546 pseudo-plastic 1166 20 
S25 0.726 dilatant >1284 <4 

S30 0.833 
Newtonian >1180 <12 

dilatant 1130-1180 73-11 
pseudo-plastic <1130 >75 

S31 0.903 pseudo-plastic 1348 4.5 

S35 1.046 
Newtonian >1260 <4 

dilatant 1230-1260 21-4 
pseudo-plastic <1230 >21 

S39 1.705 pseudo-plastic <1260 <7 
S41 2.126 pseudo-plastic >1216 <13 

Table 17: Flow properties of slags for a cooling rate of -2 K/min in the viscosity range up to 
100 Pa s for constant partial oxygen pressures. 

Sample B/A Flow behavior Tonset or T-range ηonset or η-range 

- on mass - °C Pa s 
S1 0.192 pseudo-plastic >1600 <62 

S12 0.309 pseudo-plastic >1470 <18 
S25 0.726 pseudo-plastic 1227 20 
S27 0.749 pseudo-plastic 1373 6 
S28 0.764 dilatant >1255 <13 
S33 1.000 dilatant >1210 <7 
S34 1.000 pseudo-plastic 1241 3.7 
S37 1.297 pseudo-plastic 1410 6.8 
S38 1.300 Newtonian - - 

7.2.1 Viscosity under Air Atmosphere 
Results of viscosity measurements under oxidizing conditions are given in Figure 41. 

The temperature difference starting from 5 Pa s is depicted in Figure 42. Not all samples 

are supporting viscosity data for the chosen parameters. 

Slags show a dramatic decrease in temperature to provide a certain viscosity within 

the B/A-range 0.23 to 0.75, namely 1656 °C to 1234 °C for a viscosity of 5 Pa s. 

Additionally, viscosity is changing less over wide temperature steps. For example, 

sample S2 has a temperature change of 43 K from 5-10 Pa s. This indicates a glassy 

flow behavior on the one hand and an elevated viscosity on the other hand due to the 

high amount of network modifiers.  
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An exceptional behavior is found for samples S13 and S14. Both samples are artificial 

slags made from mixtures of Al2O3-CaO-SiO2 powders. Sample S14 has a higher B/A-

ratio than S13, but a higher temperature for similar viscosities is recorded. As reason, 

the high silica content of around 70 wt.-% in S14 is mentioned. Sample S13 has a silica 

content of 26 wt.-%, but is rich in Al2O3. Within these simple artificial ternary systems, 

the possible network modifying behavior of Al2O3 is well distinct. The CaO content is 

equal for both artificial slags and therefore supposed to influence viscosity in the same 

way. 

Attention should be given to generalize the observations within the B/A-range from 

0.23 to 0.75. Although minimum temperatures are found within this B/A-range, the 

temperature differences are at maximum. Samples S20 and S21 showing temperature 

differences of almost 200 K from 5 to 100 Pa s. 

The temperature to support a specific viscosity increases rapidly by increasing the 

B/A-ratio in the range 0.75-0.93. The temperature difference between viscosity changes 

becomes smaller. This indicates a crystalline cooling behavior. For example, sample S32 

has a temperature difference of 20 K from 5-10 Pa s.  

The temperature to reach a certain viscosity is decreasing for increasing B/A-ratios 

between 0.93 and 1.87. Dramatic viscosity differences are found for small temperature 

steps. Sample S40 exhibit a temperature difference of around 2 K from 5-10 Pa s. Above 

B/A=1.87, the temperature for a specific viscosity is increasing again. Results of the last 

two plotted samples S40 and S42 have to be carefully examined. These samples contain 

over 27 wt.-% of Fe2O3. The influence of formed minerals has to be included. A 

correlation between viscosity and mineral formation is given in chapter 7.5. 

 
Figure 41: Viscosities related to temperature and B/A-ratio under oxidizing atmospheres, 

a=-2 K/min, �̇�=50 1/s. 
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Figure 42: Temperature differences starting at 5 Pa s for selected samples under oxidizing 

atmospheres, a=-2 K/min, �̇�=50 1/s. 

7.2.2 Viscosity under Reducing Atmospheres 
Results of slag viscosity measurements obtained under reducing conditions are given 

in Figure 43. Temperature differences from 10 Pa s to 25 and 10 Pa s to 100 Pa s are 

given in Figure 44. Data points of 5 Pa s were not recorded for all slags. Therefore, a 

limited number of viscosity measurements is given. 

Similar to oxidizing atmospheres, a rapid temperature decrease is found for B/A-ratios 

between 0.25-0.83 to provide a desired viscosity. More than 1700 °C are necessary to 

provide a viscosity of 5 Pa s at B/A=0.25 due to the network forming behavior of SiO2 

and Al2O3. In contrast, a temperature of 1229 °C is sufficient to form a viscosity of 5 Pa s 

at B/A=0.83. 

A significant influence on the viscosity-temperature behavior can be found for 

samples S5 and S7. B/A-ratios are close to each other, 0.256 and 0.257. A difference of 

around 90 K was found for providing a viscosity of 10 Pa s. Sample S5 is silica-rich with 

an SiO2 amount of 78 wt.-%, while the dominant network modifier is CaO with 13 wt.-%. 

Sample S7 has an intermediate silica content of 53 wt.-% and an alumina content of 

25.8 wt.-%. The network modifying power comes in this case from the elevated amounts 

of Fe2O3 and K2O, 8.1 wt.-% and 4.5 wt.-%. At reducing conditions, Fe3+ is converted to 

Fe2+ and becomes definitely network modifying. Viscosity minimizing occurs. 

The temperature has to be increased to provide a certain viscosity in the narrow range 

of B/A=0.83-0.90. For B/A-ratios>0.90, the temperature continuously decreases to obtain 

a specific viscosity. This behavior is contributed to the high amount of Fe2+, what is 

minimizing viscosity of the remaining liquid slag. Samples S39 and S41 contain over 

23 wt.-% of FeO. Mineral formation is estimated and will be discussed within 

chapter 7.5.2. 
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Figure 43: Viscosities related to temperature and B/A-ratio under reducing atmospheres, 

a=-2 K/min, �̇�=50 1/s. 

The devolution of the temperature difference as function of B/A-ratio differs to results 

found at oxidizing atmospheres. In general, the temperature difference at reducing 

atmospheres is decreasing with increasing B/A-ratio. A maximum of around 225 K in 

temperature difference was recorded for S7, while S35 exhibit a difference of 34 K from 

10 to 100 Pa s. The formation of particles was found to be responsible for a rapid 

viscosity increase within small temperature differences, chapter 7.5.2. 

 
Figure 44: Temperature differences starting at 10 Pa s for selected samples under reducing 

conditions, a=-2 K/min, �̇�=50 1/s. 
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7.2.4 Summary of Last Chapter 
Following points about the temperature-viscosity behavior of samples can be 

estimated from B/A-ratios: 

o Oxidizing and reducing conditions are offering a similar curve course of the 

viscosity-temperature relationship depending on B/A-ratio. 

o A minimum in viscosity was found for B/A-ratios around 0.75 for oxidizing and 

reducing conditions. The lower the B/A-ratio, the higher was the temperature to 

provide equal viscosities. 

o Similar viscosity values were achieved for wide compositional differences above 

B/A-ratios of 1.0 and equal temperatures. 

o Measurements at pO2=2.10-6 atm offered m-like curve devolution. An elevated 

amount of CaO and MgO seems to be the reason for the observed behavior. 

Crystallization is assumed at B/A-ratios over 1.2 for this sample series. 

Temperature differences at equal viscosities are describing following slag properties: 

o Wide temperature differences denote glassy flow behavior, while small 

differences indicate crystalline flow behavior. 

Observations at oxidizing conditions are as follows: 

o B/A-ratios from 0.23 to 1.0 strongly differ in temperature differences of equal 

viscosities. 

o B/A-ratios above 1.0 show similar trends in viscosity-temperature relationships. 

Observations at reducing conditions: 

o Temperature differences between viscosity steps decreases with increasing B/A-

ratio. 

Observations at constant partial oxygen pressure: 

o Temperature differences significantly increases for B/A-ratios above 1.0. The 

fluctuating ratio of (CaO+MgO)/(SiO2+Al2O3) is similar to the viscosity trend. 

o A glassy slag flow was found for elevated B/A-ratios. This is not in accordance 

with findings of oxidizing or reducing atmospheric conditions. A direct influence 

of atmospheres could not be proved. Also, the influence of CaO and MgO must 

be taken into account. Partial crystallization is assumed, but is not proven by the 

Newtonian flow behavior of S37 and S38. 
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7.3 Mineral Formation 
7.3.1 General Results on Primarily Mineral Formation 

Selected slag samples were quenched and mineral formation was analyzed by XRD. 

The temperature ranges of primarily detected minerals are given in Figure 48 and Figure 

49 for oxidizing and reducing conditions, respectively. The formation of primarily minerals 

is given within temperature steps. Only minerals are listed which are more or equal than 

1 wt.-%. Phases below 1 wt.-% are summed up as “Residual oxides”. 

Three groups of samples established. The first group exhibit minerals at highest 

quenching temperatures. This indicates an incompletely molten slag due to the limited 

quench furnace temperature. These are samples S4, S13 and S14. Found mineral 

species were Cristobalite SiO2, Hibonite CaAl12O19 and Grossular Ca3Al2(SiO4)3. The 

existence of Cristobalite and Hibonite is in agreement with their high liquidus 

temperatures, 1722.7 °C and 1832.8 °C, respectively. Whereas pure Grossular seems 

not be stable at temperatures above 800 °C [84]. The presence of Grossular is therefore 

a kinetic and mass transfer related issue. Grossular could decompose to other minerals 

and finally melt completely after a dwell time of more than 15 min. Slags S13 and S14 

have elevated amounts of calcia, around 25 wt.-%. This prevents the dissolution of 

calcia-rich minerals. A similar behavior is found for S4 with an elevated amount of silica, 

78 wt.-%. Therefore, silica-rich minerals are inhibited to melt. Completely molten slags 

are supposed when holding time or final temperature would be increased. 

The second group of slags is amorphous at all investigated temperature ranges. 

These are samples S7, S29 and S30. There is no clear evidence within the composition 

to explain the observed behavior. The influence of the B/A-ratio can be excluded due to 

the wide range from B/A=0.25 to B/A=0.80. 

The third group of slags is forming minerals within the observed temperature ranges. 

Some samples form more than one primary mineral. No statement can be done which is 

the first formed mineral when several mineral phases are found at one quenching point. 

Samples S35 and S36 are also included to the third group of slags while solid phases 

are found at 1430 °C. XRD analyses verify the Spinels MgAl2O4 and Hercynite Fe2+Al2O4, 

respectively. Calculated liquidus temperatures are around 1381 °C. Nevertheless, 

samples S35 and S36 were defined to be completely molten due to an insufficient dwell 

time. 
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ratio. A silica content of more than 30 wt.-% is needed to form silicon-containing 

minerals. 

Calcia can be consumed from minerals even at amounts of 4 wt.-%, S6. It is excluded 

from mineral formation especially at B/A-ratios above 1.0, elevated amounts of iron oxide 

and oxidizing conditions. Under reducing atmospheres, calcium is used in mineral 

formation without any restrictions to the entire slag composition. 

Alumina is absent from mineral formation for amounts of less than 15 wt.-%. A 

restriction due to side effects of other components cannot be excluded, but the data set 

is insufficient for a clear statement.  

Magnesia is only consumed within 7 slags. There is no clear evidence on a limiting 

content where it is used for mineral formation. For example, slag S32 has 1.3 wt.-% of 

MgO and Akermanite Ca2MgSi2O7 was detected. However, sample S36 has an MgO 

amount of 11.9 wt.-%, but no magnesia-containing mineral was found. Reducing 

conditions and a B/A-ratio above 0.5 are enhancing the consumption of MgO. 

An Fe2O3 concentration of more than 5.5 wt.-% prefers the formation of iron containing 

minerals, but the absent of Fe-containing minerals was even found for Fe2O3 contents of 

more than 23 wt.-%, S39. Ferric oxide, Fe3+, was found only in minerals formed at 

oxidizing conditions. Ferrous oxide, Fe2+, was found in minerals formed at both oxidizing 

and reducing atmospheres, together with Fe3+. The existence of Fe2+ at oxidizing 

conditions can be explained as follows. 

o Fe2+ does not apartly appear within minerals formed at oxidizing conditions. The 

charge exchange by other substances, e.g. Al2O3 in slag S6 has to be taken into 

account. Also, slags with CaO amounts over 20 wt.-% are providing the formation 

of ferrous-containing minerals, as found in S20, S36, and S40. 

o Fe2+ and Fe3+ are forming a thermochemical equilibrium even under oxidizing 

conditions. The higher the temperature, the higher the amount of Fe2+ within the 

liquid part of the slag. If Fe2+ is integrated into minerals, a change in oxidation 

state is inhibited by kinetics. 

Iron-containing minerals seem to be more formed by an increasing B/A-ratio. This 

effect is related to the growing amount of iron oxide within samples of elevated B/A-

ratios, Figure 38. 

7.3.3 Mineral Formation over Wide Temperature Ranges 
Selected slags were quenched at different temperatures to determine the phase 

distribution. Phases obtained under oxidizing conditions are given in Figure 119 and 

Figure 120, see appendix. Results of reducing conditions are given in Figure 121 and 

Figure 122, see appendix.  
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The amorphous part of a sample was defined to be glassy slag. Minerals only listed 

when the detected amount was above 1 %. Below this limit, minerals listed as “Residual 

oxides” and their related metal ion part. Some slags were quenched above or below 

temperatures where viscosity data was not recorded. These are cases to estimate the 

liquidus temperature. The discussion of mineral formation will be done also for 

temperature ranges above the 100 Pa s limit. 

Aim of quenching was not to compare all slags with each other. Reasons of this 

investigation were first to compare results taken from DTA and viscosity measurements. 

Second, this was the origin to evaluate results for further phase modelling.  

An overview of all counted mineral phases is given in Figure 50. Incompletely molten 

slags are S4, S13, S14, S35 and S36. Slag S4 was not further investigated due to the 

high melting point. Slags S35 and S36 were defined to be completely molten due to the 

lesser amounts of minerals. Slags S13 and S14 are artificial and consists of alumina, 

calcia and silica. The high-melting mineral Hibonite CaAl12O19 is the initial solid phase 

found in S13. Hibonite grows to approximately 20 wt.-% at 1360 °C and decreases at 

lower temperatures to 7 wt.-%. S13 is completely solid at 1250 °C. Main phases are 

Gehlenite Ca2Al2SiO7, Anorthite CaAl2Si2O8 and pure alumina Al2O3. Slag S14 shows 

Grossularia CaAl2(SiO3)3 and Cristobalite SiO2 as initial minerals with a total of 5 wt.-%. 

Grossularia is not found at temperatures below 1500 °C and Cristobalite becomes the 

main mineral phase, followed by Quartz SiO2. The occurrence of Quartz at this 

temperature is exceptional. High-temperature Quartz is formed at 867 °C. Reason of the 

occurrence can be an inadequate cooling rate during quenching and consequently the 

development of Quartz from a silica-rich part of the melt. The formation of Quartz from a 

meta-stable phase is not taken into account [156,157]. The present minerals can be the 

seeds for heterogeneous crystallization. Starting the cooling of the same slag from a 

completely molten state can end in an entire different mineral formation. 

Molten slags with occurring crystallization are S6, S7, S16, S19, S20, S31, S32, S39, 

S40, S41 and S42. Slags S35 and S36 are additionally defined to be in molten state. 

The number of formed mineral phases depends on the quantity of slag components and 

the quenching temperature. Artificial slag S16 made from a mixture of SiO2-Al2O3-CaO 

is forming 75 wt.-% of Anorthite CaAl2Si2O8 at 1300 °C. The residual phase is slag. 

Natural slags show another behavior. The number of minerals varies from two to nine, 

natural slags S32 and S35 at temperatures around 1300 °C. No natural slag was 

completely crystallized. The amorphous part ranged from 85 wt.-% at 900 °C to 5 wt.-% 

at 1250 °C for S6 and S35. The number of discovered minerals agrees with observations 

from chapter 7.2. Lowest viscosities and Newtonian flow behavior were found for slags 

in a B/A-range around 0.50-0.75. 
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Figure 50: Number of detected mineral phases including all temperature points. 

The found minerals vary within the B/A-ratio. While for S6, B/A=0.256, mostly 

alumino-silicates are developed, the mineral complexity increases with increasing B/A, 

Figure 51. Excluding artificial slag S14, the artificial slags S13 and S16 form mostly 

calcia- alumino-silicates like Anorthite CaAl2Si2O8 and Gehlenite Ca2Al2SiO7. B/A-ratios 

are below 0.40. Calcia-alumino-silicates are the major phases above a B/A-range of 

0.833. Especially for reducing conditions, the number of minerals has a significant 

maximum above a B/A-ratio of 1.04, S39. Major phases above B/A=1.70 are Akermanite 

Ca2MgSi2O7, Monticellite-Fe++ CaFe0.12Mg0.88SiO4, Magnetite Fe++Fe+++
2O4 and 

Spinel MgAlo.79Fe+++
1.21O4 around a temperature of 1200 °C.  

 
Figure 51: Number of minerals in respect to amount of metal ions. 

The consumption of Al3+ by the number of minerals for oxidizing and reducing 

conditions is given in Figure 52. Again, this evaluation is not done on a single 

temperature. Results are taken from wide temperature ranges. Oxidizing conditions 

seems to force the formation of Al3+ containing minerals at B/A-ratios below 0.5. This 

result is partly valid. Slags S13, S14 and S16 offers high amounts of Al2O3. This supports 

the integration of aluminum containing minerals. No measurements were carried out for 

these slags at reducing conditions. However, no comparison between oxidizing and 

reducing atmospheres can be done on these slags. Slag S6 was repeated also under 

reducing conditions, see results of S7. There, slag was amorphous for all temperature 

steps. Although the Al2O3 content falls short of 10 wt.-%, high B/A-ratios lead to an 

increased amount of minerals consuming Al3+. 

Reducing conditions result in a significantly high number of aluminum consuming 

minerals at B/A-ratios around 1.0. The power of integration seems to lose efficiency for 
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B/A-ratios above 1.8. Slag pair S42/S41 was made from same coal ash, but show small 

deviations in their composition. This leads to different B/A-ratios. The loss of component 

integration cannot be exactly determined on the B/A-ratio. 

 
Figure 52: Number of Al-containing minerals with respect to atmosphere. 

The number of Ca+-containing minerals with respect to the B/A-ratio is given in Figure 

53. No minerals with Ca+ were found for B/A-ratios below 0.3. Slags S13, S14 and S16 

exhibit the formation of Ca-containing slags. These slags are artificial and only consist 

of the system Al2O3-CaO-SiO2. Results maybe not comparable to natural slags. Except 

for slag pair S32/S31, reducing conditions forces the consumption of Ca+ by minerals. 

Ca+ is known as a good network modifying mobile ion due to the large field strength in 

comparison to the ion diameter. Reducing atmospheres lowers the viscosities. The lower 

viscosity is improving the transport of Ca+-ions. The elevated amount of CaO, up to 

30 wt.-%, has also to be considered for mineral formation. 

 
Figure 53: Number of Ca-containing minerals with respect to atmosphere. 

The number of Mg+-consuming minerals over the B/A-ratio is given in Figure 54 for 

oxidizing and reducing atmospheres. No Mg+-containing mineral was detected at B/A-

ratios below 0.5. Although, MgO is present in samples below this B/A-ratio. Oxidizing 

and reducing conditions generate the similar number of minerals within B/A-ratios of 0.5 

to 1.0. Above B/A=1.0, reducing conditions are forcing a significant higher number of 

Mg+-minerals. Like results exhibit from Ca+-minerals, Mg+ is an ion with an elevated field 

strength. The limitation of Mg-mineral formation is the amount of MgO. 
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Figure 54: Number of Mg-containing minerals with respect to atmosphere. 

The integration of Fe2+ and Fe3+ to minerals was observed over wide B/A-ratios, 

Figure 55. Ferric iron Fe3+ was found only for oxidizing conditions. Especially at high 

Fe2O3-contents, the found minerals are Maghemite Fe+++
2O3, Brownmillerite 

Ca2(Al,Fe+++)2O5 and the Spinel MgAl0.79Fe+++
1.21O4. Two slags, S6 and S40, also 

generate minerals with ferrous iron Fe2+ at oxidizing conditions. There, the main mineral 

is Magnetite Fe++Fe+++
2O4. 

At reducing conditions, only minerals containing ferrous iron Fe2+ are formed. Major 

minerals are Monticellite-Fe CaFe++
0.12Mg0.88SiO4, Ferrobustamite (CaFe++)(SiO3)2 and 

Hedenbergite CaFe++Si2O6.  

An elevated iron content does not force the formation of Fe-consuming minerals. S35 

contains 4 wt.-% of Fe2O3 and Fayalite Fe2+
2SiO4 was detected. S31 and S32 are 

containing circa 10 wt.-% of Fe2O3, but no iron was found within minerals. 

 
Figure 55: Number of Fe-containing minerals with respect to atmosphere. 

Finally, mineral formation is discussed on pairs of similar B/A-ratios, but changed 

atmospheric conditions. The slag pair S6/S7 differs less. Phases of alumino-silicates of 

around 10 wt.-% are detected in S6 under air at 900 °C. S7 is amorphous in reducing 

conditions. The found viscosity at 900 °C is in the order of several magnitudes and does 

not play a role in mass transfer. 

Slag pair S20/S19 differs also in the temperature of initial crystallization. First 
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conditions. S19 was quenched at a lower temperature of 1050 °C. There, main minerals 

are Ferrobustamite (CaFe2+)(SiO3)2 with circa 30 wt.-% and Fe2+-containing Diopside 

Ca(Mg0.75Fe0.25)Si2O6 of around 7 wt.-%. 
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Slag pair S32/S31 agrees well in view of phase names. Gehlenite Ca2Al2SiO7 is the 

major phase. Akermanite Ca2MgSi2O7 is the second mineral found at 1350 °C under 

oxidizing conditions. Under reducing conditions, Corundum Al2O3 and Magnesium 

Silicate Mg2SiO4 are additionally formed. The amount of liquid slag is doubled at 1300 °C 

for oxidizing conditions than for reducing ones. The slag amount keeps constant around 

20 wt.-% from 1300 to 1200 °C at reducing conditions. There are no significant changes 

in the mass distribution of minerals. 

Slag pair S36/S35 agrees well in view of residual slag at similar temperatures. On the 

other hand, the formed minerals are not comparable. The main mineral phases under 

oxidizing conditions, S36, are Akermanite Ca2MgSi2O7 and the Spinel Hercynite 

Fe2+Al2O4 with up to 70 wt.-% and 13 wt.-%, respectively. Gehlenite Ca2Al2SiO7 becomes 

a major phase under reducing conditions with maximum 49 wt.-%, S35. Akermanite is 

represented by circa 18 wt.-%. Another considerable mineral phase is Monticellite 

CaMgSiO4, formed between 1290 °C to 1250 °C. As found for other slags under reducing 

conditions, the number of mineral phases with less than 5 wt.-% is up to six. The 

consumption of Fe2+ is especially observed for oxidizing conditions which is not in 

agreement with other results. The only mineral containing Fe2+ under reducing conditions 

is Fayalite Fe++
2SiO4. This mineral appears at 1290 °C and disappears at lower 

temperatures.  

Slag pair S40/S39 differs in the temperature of initial crystallization. S40 primarily 

exhibit Fe-containing minerals at 1350 °C under oxidizing conditions. These are 

Magnetite Fe2+Fe3+
2O4 and Maghemite Fe3+

2O3. The amount of these two minerals 

steadily grows up to 30 wt.-% and 10 wt.-% for Magnetite and Maghemite, respectively. 

At 1200 °C, the number of mineral phases escalates. Akermanite Ca2MgSiO7 appears 

and becomes major part around 45 wt.-%. Magnetite is reduced to 17 wt.-% which is half 

as the temperature point before. Gehlenite Ca2Al2SiO7 and Magnesium Silicate Mg2SiO4 

are below 15 wt.-% in total. Maghemite almost disappears. Slag S39 primarily shows 

minerals at 1300 °C under reducing atmospheres. These are Merwinite Ca3MgSi2O8 and 

Quartz SiO2, 20 wt.-% and 5 wt.-%. Quartz is resolved from slag at lower temperatures 

and Monticellite CaFe0.12Mg0.88SiO4 is found to be around 29 wt.-%. This mineral 

develops up to 56 wt.-% at 1200 °C. Merwinite is also consumed down to 5 wt.-%. 

Gehlenite Ca2Al2SiO7 and Wuestite Fe2+O are minor phases with less than 8 wt.-% in 

summary. The amount of remaining slag is similar in both atmospheres with 20 wt.-%. 

Slag pair S42/41 shows agreements in crystallization onset. Only small amounts of 

Maghemite Fe+++
2O3 were detected at 1350 °C under oxidizing conditions in S42. The 

Maghemite content grows not appreciable from 2.5 wt.-% to 5 wt.-% in the temperature 

range 1350 °C to 1330 °C. No Maghemite is found at 1300 °C. In return, Merwinite 
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Ca3MgSi2O8 was formed up to 15 wt.-%. An elevated number of minerals is discovered 

at 1200 °C. S41 started crystallization between 1340-1340 °C at a reducing atmosphere. 

The initial mineral phase Merwinite Ca3MgSi2O8 raises up to 30 wt.-%. In agreement to 

S42, Merwinite disappears within the temperature range to the final quench at 1180 °C. 

There, Monticellite CaFe0.12Mg0.88SiO4 becomes the major phase with 40 wt.-%, followed 

by Akermanite Ca2MgSi2O7 with 16 wt.-% and Gehlenite Ca2Al2SiO7 with 11 wt.-%. 

Kirschsteinite Ca(Fe2+
0.69Mg0.31)SiO4, Wuestite Fe2+O and Forsterite Mg2SiO4 are minor 

minerals with a summary of 12 wt.-%. Slag S41 has a higher amount of melt as S42 at 

similar temperatures.  

7.3.4 Summary of Last Chapter 
Three groups of slags were found from the viewpoint of crystallization: 

o Incompletely molten slags due to inadequate heating power of the quench 

furnace or dwell. 

o Completely amorphous slags over all quench temperatures or at least within the 

viscosity range up to 100 Pa s. This effect is found for slags with B/A-ratio below 

0.80. 

o Slags, which were amorphous at highest temperatures and developed mineral 

phases within the investigated temperature steps. 

The influence of oxidizing and reducing atmospheres on crystallization is summed up 

as follows: 

o Oxidizing conditions mostly formed one mineral phase. Reducing conditions force 

slags to develop more mineral species.  

o Primarily formed minerals are containing silica, alumina, calcia, magnesia and 

iron oxide. The consumption of the slag components is effected by properties 

such as B/A-ratio, atmosphere and component ratios. 

o For primary crystallization, iron was found as Fe3+ only at oxidizing conditions 

whereas Fe2+ can occur in both atmospheres. Side effects like charge exchange 

by other slag components and the thermochemical equilibrium of Fe2+/Fe3+ are 

pointed out. Fe2+-containing minerals are detected at temperatures below 

1150 °C also for oxidizing conditions and B/A-ratios below 0.80.  

o Artificial slags made from three components generate less mineral phases when 

the quenching process starts from molten state. Incompletely molten artificial 

slags form more than three mineral phases. Undissolved minerals are suspected 

to be a crystallization nucleus.  

o The presence of minerals around 1 wt.-% at the beginning of the quenching 

process seems not to influence crystallization in a significant kind. No difference 
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in crystallization behavior could be established in case of slag pair S36/S35. 

Again, these slags were defined molten for further investigations. 

o A mineral can be a major phase at elevated temperatures put becomes minor at 

lower temperatures due to decomposition or dissolution into the remaining slag. 

Examples are Hibonite CaAl2O19 in S13, Magnetite Fe2+Fe3+
2O4 in S40 and 

Merwinite Ca3MgSi2O8 in S39. The kind of atmosphere does not influence this 

observation. 

o Minerals can disappear. Grossularia Ca3Al2(SiO4)3 is an initial mineral in S14 at 

1575 °C with 3 wt.-%. It is not again detected below 1500 °C. Merwinite 

Ca3MgSi2O8 was detected around 1300 °C but it is completely disappeared at 

lower quenching temperatures, S41 and S42. In case of S41, a transformation of 

Merwinite to Monticellite CaFe++
0.12Mg0.88SiO4 is possible. Both minerals are 

nesosilicates. Fe2+ is present at low temperatures and reducing conditions due to 

the minimized partial oxygen pressure. Under oxidizing atmospheres, the 

formation of Akermanite Ca2MgSi2O7 and Gehlenite Ca2Al2SiO7 from Merwinite 

is not validated by the relationship of minerals. Akermanite and Gehlenite belong 

to the group of sorosilicates. 

7.4 Results Obtained by DTA 
DTA measurements were carried out on extensively investigated samples, Figure 128 

to Figure 146. Exothermic events denote the formation of minerals due to crystallization. 

The onset of crystallisation was extracted from recorded data by the appropriate software 

delivered with the DTA device, Netzsch Proteus®. Some samples were measured with 

repeated cooling rates to obtain information about the behavior of multi-heated samples 

and the crystallisation procedure. There, the onset temperatures were determined by 

average onset temperatures of individual runs. 

A few samples exhbit more than one exothermic peak during cooling, e.g. S13 at -

1 K/min, S36 at -20 Kmin and all slags after S39 for allmost all cooling rates. The 

formation of several mineral species is to be supposed. XRD measurements are 

supporting this assumption, chapter 7.3. Due to the less appearance of a multi-peak DTA 

curve, the following discussion is done on the first exothermic peak. 

The extracted onset temperatures are represented in Figure 56 a) for oxidizing 

atmospheres and in Figure 56 b) for reducing conditions. In general, an increase of 

cooling rate is decreasing the onset temperature of exothermic events for both 

atmospheres. Not all samples exhibit exothermic events for all cooling rates. 

Supercooling is assumed when a critical cooling rate is exceeded.  

Increasing the B/A-ratio is effecting two properties. First, all cooling rates result in 

exothermal events. Second, the temperature difference between different cooling rates 
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rates. A comparison with liquidus temperature ranges obtained by sample quenching is 

given in Figure 58.  

In general, four groups of slags were found: 

o First group: DTA signals and temperature range of initial mineral formation are in 

agreement. These are slags S16, S19, S29, S35, S39, S41 and S42. 

o Second group: DTA signals are below the temperatures of initial crystallization. 

These are slags S13, S20, S32, S36 and S40. 

o Third group: DTA signals are above the temperatures of initial crystallization, only 

represented by slag S30. 

o Fourth group: No DTA signal was observed. These are slags S6, S7 and S14. 

Sample S6 exhibit no DTA signals for cooling rates below or equal -2 K/min. Cooling 

rates above -2 K/min result in exothermal events. On the other hand, Fe-containing 

minerals in the range of 10 ma-% were detected by XRD analysis of S6 at 900 °C and a 

cooling rate of -2 K/min. Crystallization seems to be supported within the quench 

crucible, e.g. by impurities or cracks at the crucible’s inner wall. 

XRD analysis of quenched slag S7 indicated no mineral formation even at a 

temperature of 900 °C. This is in accordance with DTA measurements at -2 K/min The 

recorded DTA signal at cooling rates above -2 K/min seems to be an evidance of glass 

transformation. Furthermore, the viscosity is expected to be in the range of several 

magnitudes. Material transport of slag components to a mineral is inhibited. 

Sample S13 was quenched at 1550 °C and around 10 wt.-%Hibonite CaAl12O19 was 

detected by XRD. Reason of the elevated amount of Hibonite is an insufficient holding 

time of the sample before quenching. DTA measurements started at 1600 °C and a 

complete molden sample is expected. Therefore, DTA results seems to be more valid 

than results opbtained by XRD. 

Sample S14 was also found to contain minerals at elevated temperatures. DTA 

measurements exhibit no exothermal signal at all cooling rates. For that reason, S14 

seems not to be completely molden at maximum quenching temperatures due to a 

limitation of the quench furnace. DTA measurements started above liqiudus temperature. 

Samples S32, S36 and S40 exhibit DTA signals at lower temperatures as determined 

by quenching. An inhibition of crystallisation is to be supposed within the DTA crucible, 

e.g. by a smooth surface. The quenching crucible is more rough and provides thereby 

more crystallization seeds. 



o

o

o

o
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A Newtonian flow behavior is depicted by overlapping data points in the temperature-

basicity-plot. For a pseudo-plastic (shear-thinning) flow behavior, the data point of a low 

shear rate is at higher temperature than the data point of the increased shear rate. 

Dilatant (shear-thickening) flow behaviors are represented in the other way. An increase 

in shear rate leads to an elevated temperature for equal viscosities. 

7.5.1 Shear Rate Influence under Oxidizing Atmospheres 
Results of measurements under oxidizing atmospheres and varying shear rates are 

given in Figure 59. Slags with a Newtonian flow behavior are depicted by overlapping 

data points for different shear rates, e.g. S16 and S20 at 𝜂=5 Pa s or S6 and S29 at 

𝜂=100 Pa s. They are also proofed to be completely molten by quenching experiments. 

Another group of slags shows a Newtonian flow behavior, but an elevated amount of 

minerals. For example, S32 at 𝜂=5 Pa s, where SVF ranges between 0.05-0.10. Only 

Anorthite CaAl2Si2O8 was found. At higher viscosities, according to lower temperatures, 

these slags turn into a non-Newtonian behavior. Slag S32 has a SVF of 0.45-0.65 at 

𝜂=25 Pa s within a temperature range of 1360-1313 °C. Various minerals such as 

Anorthite CaAl2Si2O8, Gehlenite Ca2Al2SiO7 and Akermanite Ca2MgSi2O7 are formed. 

Other slags without phase analysis are selected additionally for completeness, e.g. 

S2, S3, S11, S26 etc. These slags are all in the basicity range B/A<0.80. The slight 

dilatant behavior of S26 at viscosities around 10 Pa s must be mentioned. The reason 

cannot be defined clearly. Also slag S25 with the similar composition shows dilatant flow 

behavior under reducing conditions, Figure 63. Both samples have an P2O5 amount of 

3 wt.-%. No influence of P2O5 to the flow behavior with respect to the molecular structure 

is reported in literature. But, a relationship of P2O5 to dilatant flow behavior cannot be 

excluded. 

Artificial slags of low B/A-ratios are changing in flow behavior at a low SVF, e.g. S13 

𝜂=10 Pa s with SVF=0.075 and S16 𝜂=100 Pa s with SVF=0.1. These slags are based 

on the system Al2O3-CaO-SiO2. Natural slags are showing a Newtonian behavior over a 

wide viscosity/temperature range. The particle influence becomes more unclear, the 

more the B/A-ratio increases. Comparing samples S32, S36, S40 and S42 offers an 

unsteady relationship between flow behavior and SVF, e.g. the level of SVF is not in 

correlation with the change in flow behavior. 

The abbreviation of minerals is as follows: Akermanite - Ake - Ca2MgSi2O7; Anorthite 

- Ano - CaAl2Si2O8; Cristobalite (h) - Cri - SiO2; Gehlenite - Geh - Ca2Al2SiO7; Grossularia 

- Gro - Ca3Al2(SiO4)3; Hibonite - Hib - CaAl12O19; Kirschsteinite - Kir - CaFe++(SiO4); 

Maghemite γ-Fe2O3 - Mag - Fe3+
2O3; Magnesioferrite - Maf -  MgFe+++

2O4; Magnetite - 

Mat - Fe++Fe+++
2O4; Merwinite - Mer - Ca3Mg(SiO4)2; Monticellite - Mon - CaMgSiO4; 
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Quartz (h) - Qua - SiO2; Spinel - MgS - MgAl2O4; Spinel-hercynite - Her - Fe++Al2O4; 

Srebrodolskite - Sre - Ca2Fe+++
2O5 

 

 

 

 
 

Figure 59: Temperatures, interpolated solid volume fractions and mineral names at equal 
viscosities as function of shear rates under oxidizing atmospheres. 

The temperature difference at equal viscosities and changed shear rates is given in 

the section below, Figure 60. This depiction was chosen to support the results of the 

section above. The temperature difference was calculated by Eq. (40), where viscosities 

𝜂1=𝜂2 and shear rates �̇�1<�̇�2. 
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 ∆𝑇 = 𝑇(𝜂1)𝛾1̇ − 𝑇(𝜂2)𝛾2̇ (40) 
   

A negative temperature difference represents dilatant (shear-thickening) flow 

behavior while a positive temperature difference indicates pseudo-plastic (shear-

thinning) flow behavior. In respect of temperature and viscosity accuracy, samples with 

temperature differences in the narrow range of ±10 K are not influenced by changed 

shear rates. This does not indicate a Newtonian flow behavior at all. Moreover, it shows 

the changes in flow behavior between two or more shear rates. Additionally, the results 

from the section above are supported. 

Maximum temperature differences can be found for wide varying shear rates, Figure 

60. There, slags S14 and S42 shows differences of around +80 K and +60 K at 100 Pa s. 

This is in relationship with the estimated SVF of up to 20 vol.-%. The flow behavior was 

defined to be pseudo-plastic for the chosen temperatures. Slag S8 has a temperature 

difference of around -20 K/min at 25 Pa s. This indicates a dilatant flow behavior due to 

structural background. No mineral fraction is to be supposed at the given temperature 

and B/A-ratio. At higher viscosities, the flow behavior becomes Newtonian for S8. 

 

 
Figure 60: Temperature differences of viscosities measured at shear rates of 12.5 1/s and above, air 

atmosphere. 

With an increasing shear rate, the temperature differences decrease, Figure 61. The 

maximum difference for pseudo-plastic slags is around +60 K, S14 at 100 Pa s. An 

example of dilatant slags is well depicted by S29 at 100 Pa s. There, structural reasons 

were mentioned due to the absence of mineral phases. 
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Figure 61: Temperature differences of viscosities measured at shear rates of 25 1/s and above, air 
atmosphere. 

Almost all slags seem to be Newtonian for changes between highest shear rates, 

Figure 62. This means, there are only small deviations in viscosity values within the 

discussed shear rate steps. This does not indicate a Newtonian flow in general. Slags 

S13 and S40 were definite to be pseudo-plastic, but this is hardly visible by the given 

plot. 
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Figure 62: Temperature differences of viscosities measured at shear rates of 50 1/s and above, air 
atmosphere. 

7.5.2 Shear Rate Influence under Reducing Atmospheres 
Results of measurements under reducing atmospheres are given in Figure 63. An 

almost shear-independent flow behavior was found for slags with a basicity of B/A<0.9. 

No mineral matter was detected by XRD analysis of quenched slags S7, S19 and S30. 

Other slags within this B/A-range are also expected to be amorphous at least to a 

viscosity below 25 Pa s. 

The dilatant behavior of sample S25 at viscosities around 10 Pa s and above has to 

be mentioned. A structural background for the found flow behavior cannot be excluded, 

because the formation of minerals is not expected within the temperature range. The 

composition is similar to sample S26. Both slags show a P2O5 content of 3 wt.-%. This 

content is above the average of all samples. 

The influence of particles is more developed as under oxidizing conditions for slags 

with a B/A>0.9. At low viscosities, slags with suspended particles differ by changing the 

shear rate, e.g. S31 and S39 at 𝜂=5 Pa s. The main reason for the observation is the 

high amount of particles at temperatures supporting 𝜂=5 Pa s. 

Observations show a dilatant flow behavior of sample S35 for viscosities around 

10 Pa s and above. In this case, the SVF is around 0.7. Primary formed mineral is 

Gehlenite Ca2Al2SiO7, followed by Magnesioferrite MgFe2O4, Akermanite Ca2MgSi2O7 

and Spinel MgAl2O4. No other slag owns similar high mineral amounts within a viscosity 

of 10 Pa s. The flow behavior of S35 changes from dilatant to pseudo-plastic when 
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viscosity is increased. The SVF remains on a constant level and mineral species do not 

change. Sample S35 shows the dramatic influence of SVF on flow behavior for minimum 

temperature changes. 

 

 

 

 
 

Figure 63: Temperatures, interpolated solid volume fractions and mineral names of equal 
viscosities as function of shear rates under reducing atmospheres. 
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CaAl12O19; Kirschsteinite - Kir - CaFe++(SiO4); Maghemite γ-Fe2O3 - Mag - Fe3+
2O3; 

Magnesioferrite - Maf -  MgFe+++
2O4; Magnetite - Mat - Fe++Fe+++

2O4; Merwinite - Mer - 

Ca3Mg(SiO4)2; Monticellite - Mon - CaMgSiO4; Quartz (h) - Qua - SiO2; Spinel - MgS - 

MgAl2O4; Spinel-hercynite - Her - Fe++Al2O4; Srebrodolskite - Sre - Ca2Fe+++
2O5 

Temperature differences of equal viscosities and varied shear rates are given in the 

pictures below. The difference was calculated on Eq. (40). A negative temperature 

difference means a shear-thickening flow behavior while a positive temperature 

difference indicates shear-thinning flow behavior. 

The amount of data points is less for viscosity measurements within shear rates of 

12.5 1/s and above, Figure 64. No slag show a dilatant flow behavior. Only slags S11 

and S41 seems to be pseudo-plastic for comparisons of low and high shear rates. 

 

 
Figure 64: Temperature differences of viscosities measured at shear rates of 12.5 1/s and above, 

reducing conditions. 

Temperature differences of shear rates between 25 and 75 1/s are depicted in Figure 

65. The dilatant flow behavior of slags S25, S30 and S35 are recognized by a negative 

temperature difference. Also, the change from a dilatant to a pseudo-plastic flow is found 

for S35. While at a viscosity of 10 Pa s the temperature difference is around -20 K, the 

deviation becomes +10 K at 100 Pa s. 
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Figure 65: Temperature differences for viscosities measured at shear rates of 25 1/s and above 
under reducing conditions. 

Like results obtained from oxidizing conditions, the viscosity difference becomes less 

for changes between high shear rates. Only slags S5, S19 and S25 remained as non-

Newtonian. 

 

 
 

Figure 66: Temperature differences of viscosities measured at shear rates of 25 1/s and above, 
reducing conditions. 
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7.5.3 Shear Rate Influence under Constant Atmospheres 
Viscosity measurements were carried out under technical nitrogen to offer an 

atmosphere with a constant partial oxygen pressure of pO2=2.10-6 atm, Figure 67. No 

phase analyses were obtained on selected samples. Therefore, conclusions on potential 

mineral influences have to be done with the help of phase analysis from other 

examinations, chapters 7.5.1 and 7.5.2. 

The shear-depending flow behavior becomes more significant by increasing viscosity 

and decreasing temperature. Some samples show a well-developed shear-depending 

flow at a viscosity of 10 Pa s, e.g. S34 and S37. The presence of particles can be proofed 

for B/A>0.75 when a similar crystallization behavior is supposed as found at oxidizing 

and reducing conditions. For B/A-ratios ranging from 0.50-0.75 at temperatures between 

1200 °C and 1350 °C, the formation of particles is not to be supposed. This is in 

accordance with Newtonian flow of slag S24 at =10 Pa s. 

Slag S1 and S12 show a pseudo-plastic behavior at =25 Pa s and =100 Pa s, 

respectively. This is in accordance with observations from investigations under air for 

similar B/A-ratios. 

The Newtonian flow behavior of S38 fits well to observations on S35 and S40. High 

solid volume fractions are assumed for S38 related XRD analysis on samples S35 and 

S40. In this case, the Newtonian flow behavior is not an indicator for particle absence. 

Dilatant flow was found for samples S28 and S33. Same flow behaviors were also 

observed for oxidizing and reducing conditions within similar B/A-ratios. The formation 

of multi-mineral phases is to be supposed. 

 

 
Figure 67: Temperatures of equal viscosities as function of shear rates under constant partial 

oxygen pressures. 
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Temperature differences by a variation in shear rate at constant viscosities under 

constant partial oxygen pressures are discussed for the sake of completeness. The small 

number of investigated shear rates limits the results. In general, the found flow behaviors 

are well depicted. For example, slags S28 and S33 were defined to be dilatant. This is 

proved by the negative temperature difference, Figure 68 and Figure 69. 

 
 

Figure 68: Temperature differences of viscosities measured at shear rates of 12.5 1/s and above, 
constant partial oxygen pressures. 

 

 
Figure 69: Temperature differences of viscosities measured at shear rates of 25 1/s and above, 

constant partial oxygen pressures. 

7.5.4 Summary of chapter 

o In general, a totally molten slag is Newtonian. 

o Exceptions are slags S25, S26 and S30 were a dilatant flow behavior was 

observed without the presence of minerals. 
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o The onset of a non-Newtonian flow behavior in relation to the SVF is not clear 

defined. The occurrence of minerals does not guarantee the change of flow 

behavior. 

o The number of mineral species is not indicating the onset of a non-Newtonian 

flow. Slags with a single mineral specie can be non-Newtonian, while slags with 

more mineral species are Newtonian, e.g. S40 and S34 at η=25 Pa s. 

o An indicator of a possible change in flow behavior is the level of viscosity. Shear 

rate becomes more influencing flow behavior above 25 Pa s. 

o Atmospheres are not significantly influencing the flow behavior. 

o The flow behavior can be estimated from B/A-ratio. 

o A pseudo-plastic flow was found on samples in the range B/A<0.25 

o A Newtonian flow over wide temperatures and viscosities is defined in the range 

0.25<B/A<0.75. 

o Dilatant flow is found within ratios of 0.75<B/A<1.00. Samples S25, S26, S28 and 

S29 seems to have structural reasons while crystals in sample S33 are providing 

shear-thickening flow. 

o Mostly pseudo-plastic flow is found for B/A>1. The small number of samples with 

elevated B/A-ratios is not adequate supporting a more extensive investigation. 

o The change in viscosity is dramatic by comparing low and high shear rates. The 

influence of shear rate changes decreases when shear rate is changed from a 

high value to a much higher value. 

7.6 Atmospheric Influence on Viscosity 
A number of 10 slags were prepared under reducing and oxidizing conditions. 

Viscosity measurements were repeated with equal measurement parameters for both 

atmospheres and sample pairs. Pairs of slag samples were prepared from same ash 

sources. All data points show a significant atmospheric influence on viscosity. 

A collection of results obtained at a shear rate of 50 1/s is given in Figure 70. The 

influence of oxidizing and reducing atmospheres is given on four viscosities, 5, 10, 25 

and 100 Pa s. This viscosity and temperature range covers all mineral loads. 

In general, the same viscosity is achieved at lower temperatures for reducing 

atmospheres. This indicates a lower viscosity for measurements at low partial oxygen 

pressures. The effect was expected due to the formation of Fe2+ under low partial oxygen 

pressure for Fe-containing samples in a large part. 

An opposite observation was done on sample pairs S21/S22 and S26/S25. Here, the 

viscosity increases for reducing conditions. The formation of minerals and a change in 

slag composition can be excluded for the investigated samples due to the B/A-ratio. 

Samples S21 and S22 are Newtonian, while samples S25 and S26 show an uncommon 
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dilatant flow behavior. Both sample pairs are in the B/A-range of 0.58 to 0.74. There is 

no explicit evidence in all four compositions to explain the viscosity increase under 

reducing atmospheres. Errors in measurements are also excluded due to the number of 

four experiments. It is assumed that slags within the given B/A-ratios will show an 

elevated viscosity for reducing conditions. 

 

 
 

Figure 70: Temperatures of selected viscosities under oxidizing and reducing conditions at a shear 
rate of 50 1/s. 

The absolute temperature difference to provide a defined viscosity is given in Figure 

71. Additionally, shear rate was introduced to specify the occurring partial oxygen 

pressure effect. 

The temperature differences of reducing and oxidizing conditions ranges from 1 K for 

S40/S39 at η=25 Pa s and �̇�=12.5 1/s to 158 K for S42/S41 at η=100 Pa s and 

�̇�=12.5 1/s. The height of temperature differences is fluctuating over the B/A-ratio. From 

this follows that the temperature difference cannot certainly estimated from the B/A-ratio 

or bulk composition. 

As pointed out in chapter 7.3, the formation of particles during cooling and their 

influence on slag flow is significant. The influence of temperature range, mineral 

formation, compositional change and flow behavior overlaps. Different shear rates are 

resulting in changed temperatures due to the enforcement of non-Newtonian flow.  

The formation of minerals and therefore the change in slag composition has to be 

taken into account. Different minerals are formed under oxidizing and reducing 

conditions for slags with similar compositions. 
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Figure 71: Temperature differences of selected viscosities for oxidizing and reducing conditions 
and changed shear rates. 

7.6.1 Summary of Last Chapter 

o A significant atmospheric influence was observed for all slag pairs.  

o The viscosity changing effect becomes more noticeable the higher the 

investigated viscosity is while temperature is subordinated. 

o The transformation of Fe3+ to Fe2+ is mostly cited in literature to explain the 

viscosity decreasing effect. No correlation between Fe-amount and temperature 

difference is found for molten slags. 

o The viscosity decreasing behavior was also found for slags with an elevated 

mineral content. Here, the rheological impact of particles and compositional 

changes are overlapping at the same time. This complicates the estimation of 

atmospheric influences. 

o In general, reducing atmospheres decrease viscosities. In other words, a smaller 

temperature is required to keep the same viscosity as under oxidizing 

contentions. 

o Slags within the B/A-ratio of 0.58 and 0.74 have a viscosity increasing behavior 

under reducing conditions. A tenable reason is not found. 

7.7 Cooling Rate Influence on Slag Viscosity 
Samples S6, S7, S29, S30, S39 and S40 were measured under different cooling 

rates. The aim of these changes was to estimate the influence of cooling rates to the 
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temperature dependence of viscosity. Two main properties of slags should depend on 

cooling rates: 

o The development of the silicate network and  

o the formation of minerals by crystallization. 

Both properties are found to change the flow behavior of slags. The polymerization of 

the silicate network is depending on temperature. It should also be a kinetic property due 

to the time consumption of network creation. The formation of minerals is effected by 

undercooling and the dwell within this temperature. When viscosity achieves a critical 

value, material transport will be inhibited to the particle. 

Figure 72 shows the temperature to obtain a certain viscosity for cooling rates 

between -1 K/min to -60 K/min. The shear rate of 75 1/s is representative for lower shear 

rates. DTA measurements, Figure 56 a) and b), will be taken to find a correlation 

between possible crystallization for cooling rates different to -2 K/min. Relationships to 

mineral formation are also developed from results found in chapter 7.3. A separation of 

oxidizing and reducing atmosphere is not done. There was no influence of atmosphere 

to crystallization found. 

Slags with B/A-ratios smaller 0.50 are nonsignificant influenced over wide viscosity 

ranges, S6 and S7. No temperature difference with more than 1 % was continuously 

recorded. The formation of minerals is not assumed. Results obtained by DTA 

measurements agree well with found data. Again, no mineral formation is supposed 

within the investigated temperature ranges. Therefore, no change in slag composition or 

rheological effects occurs. The sum of network formers, SiO2 and Al2O3, is around 

80 wt.-%. This is resulting in an elevated number of available interconnections between 

silicate structures. Consequently, this circumstance compensates the number of 

interconnections which are not formed in a given time due to high cooling rates. Viscosity 

is kept on a high level. 

Slags with a B/A-ratio around 0.75, S27 and S28, are becoming more affected by 

increasing the cooling rate. At viscosities of 25 Pa s and above, the temperature 

decreases to measure a certain viscosity. This is similar to a shear-thinning flow 

behavior. No formation of minerals is supposed within the interesting temperature 

ranges. DTA measurements show evidences of crystallizations for S30 and cooling rates 

lower than -20 K/min. Sample S29 should not form minerals in the discussed 

temperature ranges. Hence, the viscosity is decreasing due to changes in structural 

developments. The amount of network formers is reduced. SiO2 and Al2O3 are around 

55 wt.-% of the whole composition. It seems that the polymerization of the silicate 

network takes more time or the interconnection is not so powerful, respectively. 
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Therefore, viscosity is inhibited to increase by decreasing temperatures and is kept on a 

low level. 

Slags with B/A-ratio above 0.80, S39 and S40, tend to a significant formation of 

minerals in all investigated viscosity ranges. The found dependence on cooling rate is 

overlapped by exothermic events recorded by DTA. No conclusion can be done on the 

exact reason for the viscosity-decreasing behavior, but crystallization is taken into 

account. 

 

 

 
Figure 72: Temperatures to obtain a defined viscosity for different cooling rates at a constant shear 

rate. 

7.7.1 Summary of Last Chapter 

o Cooling rate is significantly influencing the viscosity at B/A>0.8. 

o An elevated amount of network formers, B/A<0.8, seems to inhibit any effect by 

cooling rate. 

o An intermediate amount of network formers decreases temperature for equal 

viscosities when cooling rates are elevated. 

o Slags with B/A>1.5 are identified to form minerals within the examined 

temperature ranges. There, the viscosity-decreasing behavior is well developed 

by increased shear rates. 

o Structural reasons are pointed out for slags where no mineral formation occurs. 

The glass network has less time to polymerize, viscosity keeps at a low value. 

Overleaping effects of structural, compositional and rheological properties forces 

slags to crystallization. 
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o The number of measurements with different cooling rates has to be increased in 

future to support reliable conclusions. 

  



o
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o the mass fraction range of slag components and  

o the restriction on Newtonian flow. 

To find the best viscosity model for each slag composition, the absolute average 

logarithmic error (AALE) was applied. The AALE was calculated within the viscosity 

range ≤25 Pa s, including all shear rates. The viscosity range of ≤25 Pa s is sufficient for 

the balance of an adequate amount of viscosity measurements and covering data points 

with Newtonian flow behavior for almost all investigated slags.  

Air atmosphere was assumed in the first calculation series for all slags, Table 47. No 

effort was given to changes in Fe3+ to Fe2+ for samples at reducing atmospheres. Figure 

74 a) and b) depicting the devolution of AALE-value vs. B/A-ratio obtained from oxidizing 

conditions for all slags. 

There is no obvious connection of the best viscosity model and the B/A-ratio. Some 

B/A-ranges are dominated by one viscosity model, e.g. the models of Kalmanovitch-

Frank around 0.25, BBHLW around B/A=0.5-0.6, or Bomkamp in the range B/A=1.0-1.3. 

Above B/A=1.5, the models of Urbain and Kalmanovitch-Frank are dominating. This 

appearance is randomly. No dependence on parameters as composition or partial 

oxygen pressure was found even for narrow B/A-ranges. 

The limitation of useful models is conducted in the following section. An examination 

on AALE was done by 

o the minimum of the average AALE on all slags, best model is Kalmanovitch-Frank 

(AALE=0.381),  

o the minimum of AALE on all slags, best model is Kalmanovitch-Frank 

(AALE=0.015) and 

o the maximum of AALE on all slags, worst model is Lakatos (AALE=20.1). 

The application of the selected models by the found values must be done with care. 

As pointed out, the Kalmanovitch-Frank model has the minimum average AALE what 

indicates best prediction performance over the total B/A-ratio. But, it was found only five 

times to be the best model. Also, the Lakatos model is not the worst prediction method 

over the entire B/A-range although it has the maximum AALE of all models. Above 

B/A=1.3, the model of Watt-Fereday turns into the worst prediction method. 
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8.1.2 Summary of Last Chapter 

o Prediction quality changes with the model and the composition of the slag and 

the B/A-ratio, respectively. 

o Selecting a suitable model to calculate slag viscosity can be done on the B/A-

ratio. 

o It is possible to introduce the atmospheric conditions to viscosity predictions by 

choosing Fe3+ and Fe2+ for oxidizing and reducing gases, respectively. Then, the 

prediction performance will change for models which separate into ferric and 

ferrous Fe. 

o Slags measured under reducing atmospheres were better predicted including 

reducing parameters for B/A<0.7. Above this limit, the improvement changed into 

a disadvantage. 

o Nitrogen atmosphere was assumed to be oxidizing or reducing. Depending on 

the B/A-range and the model, the AALE was influenced. There is no strict 

recommendation which atmosphere must be selected on this kind of samples. 

o Linear interpolation is recommended to select the best model for an 

uninvestigated slag. 

8.2 Predicting Liquidus Temperature 
8.2.1 Comparing Liquidus Calculations and Quenching Experiments 

The liquidus temperature indicates the formation of minerals. Below this temperature, 

the onset of a non-Newtonian flow was verified, chapter 7.5. The liquidus temperature 

was computed by the Slag Viscosity Predictor (SVP), chapter 3.1. To calculate the 

thermochemical equilibrium, the software FactSageTM was applied. First, SlagA was 

selected. Later, SlagH was chosen to cover thermochemical equilibrium calculations with 

fluorine containing slags. The influence on predicted liquidus temperatures by different 

databases must be taken into account. Temperature differences were calculated by 

Eq. (42) where Tliq,SlagH and Tliq,SlagA are the liquidus temperature calculated on SlagH and 

SlagA, respectively. 

   
 ∆𝑇 = 𝑇𝑙𝑖𝑞,𝑆𝑙𝑎𝑔𝐻 − 𝑇𝑙𝑖𝑞,𝑆𝑙𝑎𝑔𝐴 (42) 
   

As given in Figure 77, liquidus temperatures calculated by SlagA can vary between -

40 and +30 K to SlagH. For oxidizing conditions, the disagreement fluctuates for the 

B/A<1. For B/A≥1, the disagreement becomes close to 0 K. A trend can be found for 

reducing atmospheres. The deviation increases by an increasing B/A-ratio. The liquidus 

temperatures calculated by SlagA were up to 40 K higher than calculated by SlagH at a 

B/A-ratio of 2.126. The high amount of iron is responsible for the discovered behavior at 



8. Advanced Viscosity Modelling Approach   104 

elevated B/A-ratios. While predictions at oxidizing conditions show an abundance of Fe3+ 

in liquid slag, reducing conditions are forming more Fe2+. This results in deviations. 

In conclusion, there is no dramatic difference in calculated liquidus temperatures in 

comparison with the investigated temperature ranges. A deviation of less than 50 K is 

acceptable at temperatures up to 1700 °C. Furthermore, the opportunity to calculate 

fluorine containing slags is available with SlagH. Finally, it is more important to compare 

the predicted liquidus temperatures to experimentally found ones. This is done in the 

following section. 

 
Figure 77: Differences of liquidus temperatures calculated by SlagH and SlagA solution species. 

XRD-analysis on quenched samples were carried out to determine the temperature 

range of initial crystallization, chapter 7.3. These results were superimposed with 

liquidus temperatures computed by the Slag Viscosity Prediction Tool (SVP), Figure 78. 

The experimentally obtained temperature range is pictured by double-T symbols. 

Some double-T symbols overlapping the maximum or minimum temperature of the plot. 

This indicates two properties. First, the overlapping of the maximum temperature means 

an insufficient temperature during sample quenching due to the limited temperature of 

the quench furnace, ca. 1575 °C. Second, the overlapping of the minimum temperature 

means no detection of minerals at the lowest quenching temperature. Slag is glassy. 

The accordance between calculated and experimentally obtained temperatures 

fluctuates over the B/A-ratio.  

Three groups of liquidus prediction exist:  

o The first group of liquidus temperatures is predicted within or close to the 

measured liquidus temperatures; these are S31, S36, S39, and S42. Samples 

S4, S13, and S14 contained small mineral contents due to the limitation of 

attainable maximum quench furnace temperature. The calculated liquidus 

temperature seems to be valid. If these samples would be completely molten, 

supercooling would be expected due to the elevated amount of network 

modifiers. 
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liquidus temperature calculations are an opportunity to estimate the onset of mineral 

formation. 

 
Figure 79: Calculated liquidus temperatures of selected slags. 

Thermochemical equilibrium calculations cannot represent the influence of cooling 

rates. To overcome this problem, the temperature difference in Kelvins between 

predictions and measurements is calculated by Eq. (43) where 𝑇𝑐𝑎𝑙𝑐 and 𝑇𝐷𝑇𝐴 are 

calculated liquidus temperature and experimentally obtained onset temperatures, 

respectively. 

   
 ∆𝑇 = 𝑇𝑐𝑎𝑙𝑐 − 𝑇𝐷𝑇𝐴 (43) 
   

The temperature difference obtained under oxidizing and reducing conditions is given 

in Figure 80 a) and b), respectively. No DTA signal was obtained for sample S14. 

Nevertheless, S14 was taken over to Figure 79 for completeness. Due to the lack of any 

DTA signal, no temperature difference was calculated for S14. 

Two parameters are influencing the disagreement between calculations and 

measurements.  

First, temperature differences decrease with an increasing B/A-ratio. This observation 

is explained by the improved crystallization. As pointed out in chapters 7.3 and 8.2.1, 

mineral formation was detected on all samples with B/A-ratios above 0.8. Crystallization 

unsteadily occurred below B/A=0.8, e.g. samples S6 and S7; S30 and S31. 

Second, the temperature difference increases with an increasing cooling rate. This 

effect results in temperature differences up to 775 °C for cooling rates of -60 K/min and 

B/A-ratios below 0.5. The low B/A-ratio represents elevated amounts of network formers. 

Supercooling occurs and crystallization is suppressed. In reverse, low cooling rates 

result in temperatures close to calculated ones. The slag has more time to equilibrate. 

Crystallization is enhanced, e.g. by increased seed formation or improved material 

transport to growing minerals. 

Almost all slags show a positive temperature difference. This implies the calculated 

liquidus temperature is above the experimentally obtained one. Only slags S30, S31 and 
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S32 exhibit negative differences. In other words, calculated temperatures are below the 

measured onset temperatures. A clear explanation cannot be given, but the 

crystallization mechanism seems to be part of the effect. Slag S30 exhibit no mineral 

formation for quenching experiments obtained under a cooling rate of -2 K/min. An 

exothermal event was detected by DTA at equal and lower cooling rates. Sample S31 

belongs to the only pair of slags, where liquidus temperature calculation was above the 

liquidus temperature range estimated by quenching at -2 K/min. Sample S32 has high 

amounts of minerals in the range of 70 vol.-%, Figure 59. 

There are no significant influences of atmospheric conditions. Temperature 

calculations for oxidizing conditions are slightly closer to measurements than for reducing 

atmospheres. An extensive investigation could not be carried out, because not all cooling 

rates could be repeated at reducing conditions. 

 
 

Figure 80: Temperature differences of calculated liquidus temperatures and onset temperatures 
obtained by DTA under a) oxidizing and b) reducing conditions. 

8.2.3 Summary of Last Chapter 

o Three groups of slags were found when the calculated liquidus temperature is 

compared with temperature ranges obtained by quenching experiments 

o The first group is in accordance with calculations and crystallization ranges over 

wide B/A-ratio range. 

o The second group overpredicts liquidus temperature. Supercooling due to 

elevated contents of network formers seems to be the reason. This effect is 

mostly observed on B/A< 0.9. 

o The third group underestimate the liquidus temperature due to highly improved 

crystallization. The effect is especially observed on slags with elevated amounts 

of network modifiers and B/A>1.0. 

o Thermochemical equilibrium calculations are not covering cooling rate effects. 

o Crystallization is supported by elevated B/A-ratios. Consequently, DTA 

measurements and thermochemical equilibrium calculations are in agreement. 
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o The atmospheric conditions seem not to significantly influence the obtained 

results. 

8.3 Predicting Liquid Slag Composition 
The liquid slag composition of extensively investigated samples was calculated by 

FactSageTM 6.4. The fixed set of data is given in Table 36 and Table 37. To estimate the 

influence of different solutions, two slag databases were chosen: SlagA and SlagH. 

SlagA database is mostly used for slags made from oxides and a sulfur content below 

10 wt.-%. SlagH database was selected for this work to overcome fluoride F2 containing 

slags, e.g. from blast furnaces or aluminum production. 

Calculations were compared with results obtained from slag quenching experiments 

and further XRD analysis, chapter 7.3.3. The temperature-depending slag composition 

was recalculated based on found mineral species for each quenching point. This 

direction of examination has several advantages: 

o First, the possible amount of predictable mineral species is high. This intensifies 

the effort of calculating the actual liquid slag composition. 

o Second, thermochemical equilibrium calculations directly offering the liquid slag 

composition. The direct way minimizes the danger of miscalculation from the 

point above. 

The temperature range between lowest viscosity and 100 Pa s is called “relevant 

temperature/viscosity range”. Some samples were quenched out of the necessary or 

relevant temperature range. For the sake of completeness, results beyond this 

temperature points are also discussed. 

8.3.1 Results of Slag Composition Calculations at Oxidizing Conditions 
Results of oxidizing conditions are given in the appendix, Figure 123 to Figure 125. 

Cristobalite SiO2 within slag S4 was experimentally determined to be 15 wt.-% while 

predictions were around 25 wt.-%. Iron was calculated to be mainly in Fe2+ state due to 

the elevated temperature of 1575 °C. 

Slag S6 was not well predicted in case of mineral mass or slag consumption. The 

relevant temperature range is 1370 °C to 1600 °C. Predictions show the consumption of 

K2O, Al2O3 and SiO2 to form Leucite KAlSi2O6 at 1550 °C. Calculations at lower 

temperatures find a loss of Al2O3, SiO2, Fe2+/Fe3+ and CaO, e.g. by formation of Cordierite 

Al4Mg2Si5O18, Fe2O3 in Corundum structure and Anorthite CaAl2Si2O8. As proven by 

XRD, no crystallization and therefore no slag consumption started within the relevant 

temperature ranges of 1420-1620 °C. 
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Artificial slags S13, S14 and S16 differ in prediction quality. S13 was calculated to be 

completely solid at 1360 °C. The formation of Hibonite CaAl12O19 was discovered by XRD 

analysis to be around 20 wt.-%. Thermochemical equilibrium software calculated 

Hibonite, Anorthite CaAl2Si2O8 and Gehlenite Ca2Al2SiO7 which consume all liquid slag 

starting at 1500 °C. The original XRD analysis showed 10 wt.-% of Hibonite at maximum 

quench temperature due to an insufficient dwell time. For further modelling, the mineral 

mass was set to 0 wt.-%. 

Calculations on S14 agree with XRD analysis in the relevant temperature range of 

1380 °C to 1600 °C. Formed mineral mass and the consumed slag species fit well. The 

consumption of SiO2 was experimentally verified by the formation of Cristobalite, but 

calculated for Tridymite. Although phase predictions calculated a liquidus temperature of 

1572 °C some minerals were discovered at maximum temperature point of circa 

1575 °C. Similar to S13, the mineral mass was set to 0 at this temperature. 

For S16, the liquidus temperature seems to be well computed between 1450 °C and 

1500 °C. The depletion of slag species SiO2, Al2O3 and CaO is overestimated within the 

temperature range between 1400 °C and 1450 °C. At lower temperatures, the deviation 

is twisted. Equilibrium calculations and XRD analysis are in agreement by the formed 

mineral Anorthite CaAl2Si2O8, but not by the mass development. Within the relevant 

temperature range, circa 30 wt.-% of mineral mass is over predicted. 

The important temperature range of 1200 °C to 1410 °C is mostly well predicted for 

S20. An amorphous slag was observed by XRD analysis within this temperature range. 

Prediction weak points are at 1200 °C where SiO2, CaO and MgO form ca. 25 wt.-% of 

mineral matter, mostly Diopside CaMgSi2O6 and Tridymite SiO2. At lower temperatures 

and out of the relevant viscosity/temperature range, the deviation increases between 

calculations and measurements. There, SlagH overestimate the formation of minerals 

with 70 wt.-%. Additionally, iron is completely consumed by minerals. SlagA gives 

40 wt.-%. The quenching experiment results in 10 wt.-%. The Fe2O3 content in slag is 

equal to XRD results. 

A partial agreement in phase prediction was found for S29 within the relevant 

temperature/viscosity range of 1140 °C to 1340 °C. Below 1250 °C, the disagreement in 

slag consumptions grows between calculations and measurements. Calculations result 

in a total depletion of iron, followed by SiO2¸ Al2O3 and CaO. Predicted minerals are 

Anorthite CaAl2Si2O8, Andradite Ca3Fe2Si3O12 and Gehlenite Ca2Al2SiO7. Like S20, 

SlagH is more overestimating the formation of minerals than SlagA. Mass differences of 

circa 60 to 70 wt.-% occur. 

The slag composition of Slag S32 deviates over the completely relevant temperature 

range of 1260 °C to 1400 °C. The formation of Gehlenite Ca2Al2SiO7 was predicted and 
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verified by XRD analysis. Differences in mass are around 50 wt.-% to 60 wt.-% at 

1300 °C. SlagA is also predicting the evaporation of Na2O. There is good agreement with 

the remaining Fe2O3. The slag composition below 1300 °C has to be estimated. 

Computation of the slag composition and therefore the mineral formation completely 

fail for slag S36 within the important temperature between 1270-1340 °C. XRD analysis 

proofed the complete consumption of SiO2 and CaO by minerals like Hercynite Fe++Al2O4 

and Akermanite Ca2MgSi2O7. This leads to a mineral amount of ca. 90 wt.-% suspended 

in slag. Predictions estimated the crystallization of 20 wt.-% Merwinite Ca3MgSi2O8 and 

Spinels of MgO and Al2O3 in total. 

A better accordance in view of mass consumption by minerals was achieved for S40. 

Although the crystallization onset was not predicted well, the sum of minerals differs 

between 15-25 wt.-% within the important temperature range of 1210-1250 °C. Similar 

S36, the preferred consumption of Fe2O3 by Magnetite Fe++Fe+++
2O4 and Maghemite 

Fe+++
2O3 at 1250 °C was not predicted. Also, there are weak points in describing the 

consumption of SiO2 and Al2O3. The calculated formation of Fe2O3-consuming minerals 

starts at 1200 °C. 

Slag S42 is partly covered by equilibrium calculations within the relevant temperature 

range of 1270-1365 °C. Maghemite Fe2O3 was found by XRD analysis at 1300 °C. No 

consumption of Fe2O3 is calculated. Mass deviations of predictions and experimentally 

observations are ranging between 5-20 wt.-% within 1230 °C and 1350 °C. Like at S40, 

the consumption of SiO2, Al2O3 and CaO is not sufficiently predicted. The verified MgO 

consumption by Spinel MgAl0.79Fe1.21O4 and Bredigite Ca14Mg2(SiO4)8 is covered by the 

prediction of Merwinite Ca3MgSi2O8. 

8.3.2 Results of Slag Composition Calculations at Reducing Conditions 
Results of reducing conditions are depicted in the appendix, Figure 126 and Figure 

127.  

The amorphous behavior of slag S7 was not predicted. Thermochemical equilibrium 

calculations indicated the formation of Leucite KAlSi2O6 around 1700 °C similar to S6. 

Other miss-predicted mineral phases like Cordierite Al4Mg2Si5O18 and ferro-Cordierite 

Al4Fe2Si5O18 consume Al2O3, SiO2, MgO and Fe2O3 within the relevant temperature 

range of 1270 °C to 1640 °C. 

Predictions on slag S19 deviates from XRD investigations at the relevant 

temperature/viscosity point of 1150 °C. Similar to S7, slag S19 is amorphous while 

calculations show huge consumptions of SiO2, FeO, CaO and MgO to form Tridymite 

SiO2, Diopside CaMgSi2O6 and Wollastonite CaSiO3. Mineral phases are around of 

60 wt.-%. Crystallization was experimentally verified below the relevant temperature 

range. Neither the ratios of consumed slag species nor the formed crystal masses agree. 
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The amorphous behavior of slag S30 is well computed within parts of the relevant 

temperature range 1120 °C to 1310 °C. Good agreement can be found for elevated 

temperatures. Gehlenite Ca2Al2SiO7 was computed at 1150 °C to be around 10 wt.-%. 

Huge deviations were found for phase predictions of slag S31. Crystallization was 

proofed by XRD analysis between 1350 °C to 1400 °C. SiO2, Al2O3, CaO and MgO are 

consumed by solid phases like Gehlenite Ca2Al2SiO7 and Akermanite Ca2MgSi2O7. The 

depletion on CaO was not covered by calculations within the relevant temperature range 

of 1200 °C to 1370 °C. Mineral formation differs up to 60 wt.-% in view of experimentally 

proofed data. 

Predictions also fail for S39. No agreement in slag specie consumption or formed 

crystal mass could be found. SiO2, CaO and MgO are primarily consumed by Gehlenite 

Ca2Al2SiO7 and Akermanite Ca2MgSi2O7. Predictions estimated the formation of 

Merwinite Ca3MgSi2O8 and the Spinel MgAl2O4. Mineral differences of around 50 wt.-% 

occurs between XRD analysis and calculations within the relevant temperature range of 

1200 °C to 1275 °C. 

The relevant temperature range from 1160 °C to 1220 °C of slag S41 is well covered 

by predictions. Experimentally proofed is the consumption of slag species SiO2, Al2O3, 

CaO and MgO by the formation of Akermanite Ca2MgSi2O7 and Gehlenite Ca2Al2SiO7. 

The thermochemical equilibrium software predicts the crystallization of Merwinite 

Ca3MgSi2O8 and spinels containing MgO and Al2O3. FeO is used to create Monticellite 

CaFe0.12Mg0.88SiO4 and Wuestite FeO. Computation does overpredict the consumption 

of FeO only by Wuestite. 

8.3.3 Summary of Last Chapter 

o Two main errors occur at mineral phase predictions: onset of crystallization and 

mass consumption of slag species. 

o The prediction of the correct mineral phase is not necessary as long other phases 

with equal slag specie distributions are computed. 

o Almost all predictions deviated to experimentally proofed data. 

o Prediction quality was not influenced by oxidizing or reducing conditions. 

o No advantage was found for amorphous slags. Predictions were partly in 

agreement or differed completely from XRD results. 

o The B/A-factor and therefore the composition have no influences on prediction 

quality of mineral formation. 

o The consumption of iron by Fe-containing minerals cannot be predicted in a 

sufficient good quality. Oxidizing or reducing atmospheres to not influence the 
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prediction. This is an error source for further viscosity modelling especially for 

slags with high Fe-contents. 

o Leucite KAlSi2O6 was calculated for S6 and S7 but not found by XRD analysis. 

The elevated content of K2O seems to be responsible for the false prediction. 

Excluding this mineral specie from thermochemical equilibrium calculations is 

possible but the formation of other minerals is still predicted. What is not in 

accordance with XRD. 

o There are no significant differences in results obtained by SlagA or SlagH solution 

databases. Slag components of fluoride can be introduced by SlagH without 

restrictions in prediction quality. 

o The search for selecting the best solid solution database to estimate mineral 

formation was not further followed. The number of possible selections within the 

software is huge. No dependence on the quality of mineral phase prediction was 

found, e.g. by atmosphere or B/A-ratio. In consequence, the probable mineral 

phase and its mass devolution must be estimated on XRD analysis. 

o In summary, phase predictions by thermochemical equilibrium calculations are 

useful to estimate the liquidus temperature for heating up slags. The cooling 

behavior of slags is not satisfying simulated. Reasons are the cooling rate and 

the supposed supercooling of samples. Thermochemical equilibrium software 

cannot depict the cooling kinetic of a slag sample. A solution was not further 

followed. 

8.4 Modelling Approach 
Several slag samples were extensively investigated by  

o viscosity measurements under reducing and oxidizing conditions, 

o a variation in shear rates, 

o DTA-measurements to estimate the onset of crystallization and 

o XRD-analysis of quenched slag samples to verify the amount and specie of 

minerals. 

The flow behavior was explained on these results. Crystallization was identified as 

origin of changes in flow behavior for mostly all slags. Software tools are available to 

predict mineral content in slags as function of composition and temperature. The kinetic 

nature of crystallization complicates the adequate calculation of mineral formation. Either 

the begin of crystallization nor the consumption of slag components could be satisfyingly 

depicted. For that reason, a slag viscosity modelling approach is provided to  

o support the selection of the best model, 

o calculate the SVF, 



o
o
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The developed a-factors can also be discussed from the point of slags, Table 19. Only 

slag S42 is completely covered by positive a-factors. Slags S36, S39 and S41 are 

violating the a-factor rule by one viscosity model. Sample S31 is mostly fitted by negative 

a-factors. For seven models, a negative a-factor must be applied. There is no clear 

evidence of B/A-ratio or formed mineral phases to explain the scattering on calculated 

negative a-factors. Elevated B/A-ratios seem to improve the a-factor fitting, S36 to S42. 

In contrast, the B/A-ratio of slag S40 is 1.857, but the fitted a-factors fall below zero for 

six viscosity models. 

Table 19: Number of a-factor violations in view of slags. 

The obtained a-factors show following properties which make it difficult to use a multi-

parameter function, e.g. non-linear 3D-surface-fit: 

o The slope of the fitted a-factors of several viscosity models can vary within a 

single slag (single B/A-ratio), Figure 83 a). 

o The a-factor slope of a single viscosity model can vary for several slags (several 

B/A-ratios), Figure 83 b). 

Violations 
Rule a≥ Slag B/A on mass Model names 

0 S42 2.497 - 
1 S36 1.069 Bomkamp 
1 S39 1.705 Lakatos 
1 S41 2.126 Lakatos 
2 S32 0.932 Streeter, ANNliq 
4 S13 0.337 Bomkamp, Lakatos, Riboud, Duchesne 
5 S35 1.046 S2, Bomkamp, Streeter, Duchesne, 

ANNliq 
6 S14 0.337 Watt-Fereday, Bomkamp, Shaw, 

Streeter, Duchesne, ANNliq 
6 S40 1.857 S2, Bomkamp, Lakatos, Urbain, BBHLW, 

Duchesne 
7 S31 0.903 Bomkamp, Urbain, Riboud, Streeter, 

Kalmanovitch-Frank, Duchesne, ANNliq 
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Figure 83: a-factors with different slopes of a) single slag (S42) and b) different slags (Bomkamp 

model). 

8.4.2 Summary of Last Chapter 

o The SVF is obtained from phase analysis taken from quenching experiments and 

XRD. To overcome temperature ranges without XRD information, the SVF is 

linear interpolated in steps of 10 K for a given slag in the range 1000-17000 °C. 

Linear interpolation is done with a look-up-table. The order is temperature, 

followed by B/A-ratio. 

o Liquid slag composition is linear interpolated from same XRD datasets. The slag 

composition of extensively investigated slags was reduced by the components of 

formed minerals. The loss or the enrichment of slag components is indicated by 

factors below or above 1. The order is temperature, followed by B/A-ratio. 

o The a-factor is calculated on the results of interpolated SVF. Again, a look-up-

table is applied in the order shear rate, B/A-ratio and SVF. 

8.5 Results of Advanced Slag Viscosity Modelling Approach 
The viscosity of 42 slag samples was calculated by the recommended advanced slag 

viscosity modelling approach. Predictions and measurements are given in Figure 147 to 

Figure 227. The liquid slag composition was estimated from interpolation tables when 

the solid volume fraction (SVF) was above 0. The a-factor was calculated in the same 

way. If SVF is 0, the a-factor is also 0, read chapter 8.4. Afterwards, the best model by 

AALE of classical modelling was chosen for advanced viscosity modelling. 

Not all slags show an interpolated mineral content of SVF>0. Therefore, no advanced 

viscosity modelling approach can be used. The found AALE is given in Figure 84 and a 

discussion starts in the sections below. A separation in different groups is done to 

characterize this kind of slags, Table 20, page 120. 
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modelling was equal or higher than of advanced viscosity prediction. This indicates an 

improvement of viscosity forecasts. The quality of improvement fluctuates over ranges 

of B/A, shear rate and temperature/SVF. As pointed out in the beginning of this section, 

the best classic model was selected for advanced viscosity modelling. Not all slags 

support this method, e.g. S8, S10, S12 (assuming oxidizing conditions), S14, S32 and 

S40. In this cases, the second or third best classic model must be chosen for a 

satisfactory advanced modelling result. Reason can be the changes of remaining slag 

composition during the formation of minerals. The best model at classic modelling with 

a constant slag composition will become disadvantageous when a predicted 

compositional change occurs. Other slags were predicted with weak performance above 

a given viscosity range, e.g. S13. There, the a-factor is weak interpolated at elevated 

SVF. The remaining slag is not the error source. All slag compounds decrease in good 

proportions. No enrichment of a single slag component is forecasted. Other slags show 

a loss in prediction performance at a single shear rate, e.g. S35. There, only one shear 

rate was weak interpolated while others fit well. The reasons are similar as discussed 

before. Also, slags with a narrow temperature record range are considered to be well 

predicted, e.g. S36. Hence, the AALE of classic and advanced viscosity predictions are 

equal. In detail, only the flow behavior of �̇�=25 1/s does fail. Other properties as viscosity 

increase are well forecasted within a temperature range of 20 K. 

Group 5 slags are non-Newtonian and a SVF>0 was interpolated, but no improvement 

of viscosity prediction quality was observed. Advanced viscosity modelling on S15 shows 

a dramatic failure. Computed viscosities decreased with decreasing temperature. The 

SVF seems to be too high for the recorded slag flow behavior. Although S15 is a 

multicomponent slag, only SiO2-Al2O3-CaO remain in a liquid mixture by SVF 

interpolation. The B/A of S15 is between the artificial slags S13, S14 and S16. These 

slags were extensively investigated and the phase determination results were included 

to create the look-up-tables of SVF and a-factor. This is resulting in an insufficient 

prediction of the remaining slag composition. For S26, the reason of insufficient 

prediction performance is hard to estimate. The mineral content was interpolated to be 

in the range of 2 vol.-%. Even in the case of a wrong assumed remaining liquid slag 

composition, the influence to viscosity should be less. An insufficient interpolated a-factor 

and a high amount of CaO are quoted as reasons. CaO is solidifying the glass network 

at small temperatures due to its strong field strength. Prediction performance of slags 

S24* and S28* (both nitrogen atmospheres supposed to be oxidizing) is also less. There, 

the a-factor is giving wrong results in view of shear rate influence. More extensively 

investigated slags must be introduced within the SVF- and a-factor-tables. The B/A-

range 0.546 (S19) to 0.903 (S31) is not efficiently covered by experimental data. All other 
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group-5-slags belong to the melts measured with technical nitrogen gas. Two main 

reasons are found:  

o First, the interpolated SVF seems to be too high for the found flow behavior. Not 

all temperature ranges are covered by non-Newtonian flow.  

o Second, dramatic elevated amounts of several slag components were 

interpolated.  

P2O5 was computed up to 20 wt.-% for S33* and S34 or 38 wt.-% for S38*. The 

network modifiers K2O and Na2O were computed up to 31 wt.-% for S33** (nitrogen 

atmosphere supposed to be reducing) or 17 wt.-% for S37**. Especially the computed 

amounts of P2O5 are not covered by the used viscosity models. 

Table 20: Slag groups by modelling results. 
Group Properties Slags 

1 
o Interpolated SVF=0 

o Newtonian flow behavior 

o Oxidizing: S3, S4, S6 

o Reducing: S7, S22, S24**, S30 

2 

o Interpolated SVF=0 

o non-Newtonian flow 
behavior 

o Oxidizing: S1*, S2, S16, S17***, S20, 
S27*, S29 

o Reducing: S1**, S5, S11, S12**, S19, S25, 
S27** 

3 
o Interpolated SVF>0 

o Newtonian flow behavior 

o Oxidizing: S17***, S21, S23 

4 

o Interpolated SVF>0 

o non-Newtonian flow 
behavior 

o improvement by 
advanced modelling 

o Oxidizing: S8, S10, S12*, S13, S14, S32, 
S36, S38*, S40, S42 

o Reducing: S31, S35, S39, S41 

5 

o Interpolated SVF>0 

o non-Newtonian flow 
behavior 

o no improvement by 
advanced modelling 

o Oxidizing: S15, S24*, S26, S28*, S33*, 
S34*, S37* 

o Reducing: S33**, S34**, S37**, S38** 

* - technical nitrogen gas atmosphere assumed to be oxidizing 
** - technical nitrogen gas atmosphere assumed to be reducing 
*** - slag owns properties of *-group and **-group 

 

Slags S9 and S18 were measured at a single shear rate. An estimation of the flow 

behavior cannot be done. Consequently, the forecasted SVF of maximum 0.25 and 0.35 

is open for discussion. The advanced viscosity modelling totally failed for S9, while for 

S18 a partly agreement was found. A weak interpolated a-factor seems to be responsible 
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for this result. The remaining slag composition is not the source of error. All slag 

components decrease in a steady manner over the entire temperature range. 

Slag S17 owns properties of group 2 and 3. A non-Newtonian flow was observed at 

temperatures of interpolated SVF=0 and vice versa. Errors during the measurement 

cannot be excluded, e.g. a not completely molten slag at the begin of viscosity recording. 

This supports non-Newtonian flow. After a certain time, the slag becomes totally molten 

and turns Newtonian.  

8.5.1 Summary of Last Chapter 

o The advanced viscosity modelling approach was applied on all 42 measured 

slags. 

o The best classic model of a slag is chosen to be the best model for advanced 

viscosity modelling if no better data is available and advanced modelling is 

possible. 

o It is recommended to adjust the Fe-species to the atmospheric conditions, e.g. 

all iron oxide is Fe2O3 at air atmosphere and FeO under reducing conditions. 

o Measurements under technical nitrogen atmospheres can be defined as oxidizing 

or reducing. Viscosity prediction performance is mostly weak when advanced 

viscosity modelling is applied. A reason can be the ratio of 

(CaO+MgO)/(SiO2+Al2O3).  

o Five groups of slag were found. 

o Group 1 slags exhibit a Newtonian flow behavior and an interpolated SVF=0. 

o Group 2 slags were found to be non-Newtonian and SVF=0 what violates 

rheologic theory. There is not sufficient data of extensively investigated samples 

under reducing conditions for B/A≤0.833. Extensively investigated samples under 

an oxidizing atmosphere where set to be amorphous at elevated temperatures in 

a similar B/A-range. The number of extensively investigated samples of all 

atmospheres has to be increased to extend the look-up-tables of SVF and a-

factors. This includes also higher quenching temperatures for B/A<0.4. 

o Group 3 slags where interpolated to become semi-liquid, SVF>0, but a Newtonian 

flow was measured. Only small SVF, below 3 vol.-%, were computed. In general, 

these slags can be shifted to group 1 due to the small calculated amounts of 

solids. 

o Group 4 slags are in agreement with SVF>0 and non-Newtonian flow behavior. 

The prediction performance was improved by the advanced viscosity modelling 

approach. Some slags required the second or third best classic model to be 

improved by the advanced method. 
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o Group 5 slags are similar to group 4, but the advanced modelling approach turned 

into disadvantage. The minor part of samples show weak interpolated a-factors 

within the B/A-range 0.546 (S19) to 0.903 (S31). The number of extensively 

investigated samples has to be increased. The major part of group 5 samples 

was measured under nitrogen atmospheres. There is no influence to improve the 

prediction quality by assuming oxidizing or reducing conditions at elevated B/A-

ratios. Reason is the elevated amount of interpolated K2O, Na2O and especially 

P2O5 within the remaining slag. Classic models are not covering these amounts. 
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9. Summary 
Viscosity models were selected and the prediction quality of them was validated on 

own measurements. Slag density is calculated by the temperature and molar volume of 

slag components. The Einstein-Roscoe equation was chosen for interconnecting effects 

on slags by crystals and shear rates. The base/acid-ratio is sufficient to describe slag 

properties of several samples. The difference of calculated B/A-ratios on mass or molar 

base is neglectable. For this work, the mass-based value was taken. 

A procedure was developed for sample preparation and following measurements. 

Viscosity investigations were carried out in an optimized high temperature viscometer. A 

self-constructed quench furnace was established to perform quenching experiments on 

slag samples for further phase analysis. Standard high temperature DTA devices are 

sufficient to measure the onset of crystallization. 

The viscosity of natural and artificial slags was observed for different atmospheres, 

shear rates and cooling rates. Gasification processes were depicted by reducing 

conditions achieved by gas mixtures of CO and CO2. Additional viscosity measurements 

were carried out under air atmosphere. Measurements under constant partial oxygen 

pressures on a small number of samples were also included to increase the amount of 

data. Several slags were extensively investigated by DTA and mineral phase analysis to 

explain observed viscosity data. 

Selecting the best viscosity model of a liquid slag is depending on the B/A-ratio and 

the associated partial oxygen pressure of the prediction case. Tables for oxidizing and 

reducing conditions were developed to support the model selection. It is necessary to 

obtain the tabled values on measurements of low viscosities/high temperatures to avoid 

particle formation and changes in flow behavior. 

Minimum viscosity was found for B/A-ratios around 0.75 for reducing and oxidizing 

atmospheres. This differs from literature, where the viscosity minimum is given with 

B/A=1. A significant atmospheric influence was observed. Reducing atmospheres 

decrease viscosities. No correlation between Fe-amount and temperature difference is 

found for molten slags in this work. The changing effect is more noticeable at elevated 

viscosities. This indicates a breakup of the slag network. Slags within 0.58<B/A<0.74 

have a viscosity increasing behavior under reducing conditions. A tenable reason is not 

found. 

Mineral formation is influenced by atmospheric conditions. The number of mineral 

phases increases from oxidizing to reducing conditions. Ferric iron Fe3+ is found in 

minerals only in oxidizing conditions. Ferrous iron Fe2+ was observed in minerals for 

oxidizing and reducing atmospheres. Reason is presence of Fe2+ also under oxidizing 

conditions due to the thermochemical equilibrium. 
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The presence of minerals around 1 % was found for some samples due to insufficient 

heating power of the quench furnace. The number of formed minerals is elevated in 

comparison to completely molten slags. Minerals be supposed to act as crystallization 

nucleus. 

Minerals were observed to decrease or disappear from an elevated temperature to a 

lower one. Dissolution into the remaining liquid slag is assumed. Additionally, a 

transformation from one mineral to another can occur. In the mentioned case, Fe2+ was 

built into the crystal structure of Merwinite to form Monticellite as found at S41. 

Observations by DTA measurements exhibit decreasing onset temperatures of 

exothermic events when cooling rate is increased. These events were defined to indicate 

the begin of mineral formation. This implies the shift of crystallization from high to low 

temperatures. Atmospheres can influence the onset temperature especially at B/A-

ranges from 0.80 to 0.93. There, the onset at oxidizing conditions was significant higher 

than under reducing atmospheres. Reasons can be the slag structure, indicated by a 

dilatant flow behavior without presence of minerals, and the formation of different 

minerals at varying atmospheres. Results of DTA measurements were used in further 

steps to estimate the onset of crystallization of a slag. 

Molten slags are not Newtonian in all cases. A dilatant flow was found for slags within 

B/A-ranges of 0.73-0.83. Mostly pseudo-plastic flow is occurring. The amount of minerals 

is not strictly influencing flow behavior. Non-Newtonian flow was recorded for solid 

volume fractions below 0.1 (10 vol.-%) while slags with solid volume fractions of 0.6 

(60 vol.-%) are still Newtonian. 

Investigations on the influence of cooling rates were achieved for few slag samples. 

Slags with B/A-ratios around 0.75 seem to decrease in viscosity with increasing cooling 

rates and equal temperatures. Structural reasons are quoted. The number of 

measurements is not reliable. 

Results of thermochemical equilibrium calculations on slags must be controversially 

discussed. The liquidus temperature can be estimated by a small number of samples 

over wide B/A-ratios. No evidence is found to explain this agreement. In general, liquidus 

temperatures were over- or underpredicted. Kinetic effects are not covered, too.  

Almost all calculations fail in view of mineral phase prediction. Consideration of 

atmospheres is also not improving mineral phase prediction quality. Especially Fe-

containing minerals were not sufficient covered. No relationship between prediction 

quality and B/A-ratio was found. Slag modelling by thermochemical equilibrium 

calculations was not further followed. 

The recommended slag viscosity modelling approach starts with selecting the best 

classic viscosity model. Therefore, the absolute average logarithmic error (AALE) was 
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consulted. On the foundation of own measurements, the AALE of each viscosity model 

was calculated within all applied shear rates, atmospheres and recorded viscosities of 

≤25 Pa s. The cooling rate was limited to -2 K/min due to the lack of XRD data at other 

cooling rates. These ranges were selected to obtain sufficient data points with almost 

Newtonian flow behavior. An advantage of model performance was found when iron was 

converted to Fe3+ at oxidizing conditions and Fe2+ at reducing atmospheres. The 

Einstein-Roscoe equation was applied to introduce the non-Newtonian flow behavior of 

slags in case of mineral-containing slags. Only the a-factor was changed and fitted to 

results of own viscosity measurements, SVF estimation and classic viscosity models. 

The a-factor becomes negative for few samples. The use of a negative a-factor is 

undesired due to non-physical background. Afterwards, look-up-tables of solid volume 

fractions, remaining slag composition and a-factors were developed from results of XRD 

and DTA investigations. Linear interpolation was applied to calculate slag properties as 

function of partial oxygen pressure, temperature, B/A-ratio and shear rate.  

Five groups of slags were found when the advanced slag viscosity modelling 

approach was applied. Group 1 exhibit a Newtonian flow and predicted SVF is 0. Group 2 

was found to be non-Newtonian and SVF=0 what violates rheologic theory. A lack of 

phase data especially for natural slag systems of B/A<0.833 prevent successful 

calculations. Group 3 exhibit minerals by interpolation. The calculated mineral content is 

less and a-factor interpolation fails. Group 4 was improved by the advanced slag 

viscosity modelling approach. Group 5 is not improved and the advanced modelling turns 

into a disadvantage. Mostly slags measured under nitrogen atmosphere are 

represented. Enrichments on P2O5 and MgO are violating classic viscosity models which 

are the base of advanced modelling. The fluctuating ratio of (CaO+MgO)/(SiO2+Al2O3) 

seems accountable.  

The recommended advanced viscosity modelling approach can improve the 

prediction quality of classic models when certain points are fulfilled, e.g. sufficient tabled 

XRD, SVF and a-factor data. The development of a single viscosity model to cover wide 

compositional ranges and Newtonian flow behavior has to be supported. Such model 

can be extended later to introduce non-Newtonian flow caused by mineral particles. More 

quench experiments with smaller temperature steps, higher temperatures and a variation 

in cooling rates must be carried out. Hence, kinetic effects are mapped by these 

methods. 

 



10. Appendix: Information on Classic Viscosity Modelling  126 

10. Appendix: Information on Classic Viscosity Modelling 

10.1 Backgrounds of Applied Viscosity Models 
As pointed out in Table 6, classical slag viscosity models depend on basic viscosity 

equations. These are Arrhenius, Weymann and Vogel-Fulcher-Tammann relations. 

The Arrhenius relation is given in Eq. (44), where 𝑇 is temperature in K, 𝑐1 and 𝑐2 are 

material constants in Pa s and K, 𝐸𝐴 is flow activation energy in kJ/mol, and the gas 

constant 𝑅𝐺=8.314.10-3 kJ/mol K [158–160]. The flow activation energy describes 𝐸𝐴 the 

potential barrier, a material-depending constant, where the temperature of viscous flow 

was found by viscosity measurements. A recommended application is the description of 

low-viscosity fluids in the temperature range 100 K above glass transformation Tg and 

higher. Also, a straight line with a constant slope of the exponential curve function in a 

semi-logarithmical diagram is assumed [4]. Slags with a non-straight line, a non-linear 

viscosity development over temperature, will be miss-interpreted by the unmodified 

Arrhenius function. 

   

 𝜂(𝑇) = 𝑐1 ∙ 𝑒𝑥𝑝 (−
𝑐2

𝑇
) = 𝑐1 ∙ 𝑒𝑥𝑝 (

[
𝐸𝐴
𝑅𝐺

]

𝑇
) (44) 

   
The Weymann model assumes that a liquid has a quasi-crystalline structure [161]. 

Molecules oscillate about equilibrium positions. A movement to a neighboring position is 

possible when  

o the molecule’s energy is high enough to pass an energy barrier  

o and the equilibrium position next to the molecule is empty. 

The emptiness of the place next to the molecule is described by transition probability 

𝜘. An outer shear stress can increase the frequency of transitions what results in a shear 

motion of the fluid. No reaction rate theory as within the Arrhenius assumption was 

applied, while statistical and mechanical concepts were employed to the Weymann 

theory, Eq. (45), where 𝜀0 is height of the potential barrier between equilibrium positions, 

𝑚 is mass of molecule, 𝜘 is transition probability, 𝑣2 3⁄  volume factor equal to the volume 

of a molecule. Referred to a previous work, 𝑘 is the Boltzmann constant 1.381.10-23 J/K 

and 𝑇 is temperature in K [162]. 

 𝜂 = (
𝑘 ∙ 𝑇

𝜀0
)

1 2⁄

∙
(2 ∙ 𝑚 ∙ 𝑘 ∙ 𝑇)1 2⁄

−𝑣2 3⁄ ∙ 𝜘
∙ 𝑒𝑥𝑝 (

𝜀0

𝑘 ∙ 𝑇
) (45) 
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The Vogel-Fulcher-Tammann equation (VFT) is an improvement of the Boltzmann 

approach to describe 𝜂-𝑇-relationship, Eq. (46), where 𝐸𝜂 is activation energy in J/mol to 

start viscous flow, 𝑅𝐺 is gas constant, 𝑇 the temperature in K and 𝐾 the system constant. 

 𝜂 = 𝐾 ∙ 𝑒𝑥𝑝 (
𝐸𝜂

𝑅𝐺 ∙ 𝑇
) (46) 

   
This relation is valid for simple liquids. Glasses to not offer a linear 𝜂-𝑇-relationship 

and therefore calculations of 𝐸𝜂 will become difficult. At high temperatures, the glass 

network is broken and 𝐸𝜂 will be low to start viscous flow. For low temperatures, the glass 

network is well developed and a higher 𝐸𝜂 is needed to overcome the energy barrier of 

flow. To include the described observations, the Boltzmann approach was 

complemented by an additional constant 𝑇0 in K, Eq. (47).  

 𝜂 = 𝐾 ∙ 𝑒𝑥𝑝 (
𝐸𝜂

𝑇 − 𝑇0
) (47) 

   
The common relationship of VFT is given in Eq. (48), where 𝐴, 𝐵 and 𝑇0 are constants 

developed from three fixed points. These points are the temperature of glass 

transformation 𝑇𝑔, softening point estimated by the method of Littleton and the working 

point. Associated viscosities are 1.1012.3 Pa s, 1.106.6 Pa s and 1.103 Pa s, respectively 

[10,36]. 

 𝑙𝑜𝑔 𝜂 = 𝐴 +
𝐵

𝑇 − 𝑇0
 (48) 

   
Especially in glass technology, detailed tables of constants 𝐴, 𝐵 and 𝑇0 where 

obtained for numerous melt compositions. Slag has a strongly differing composition in 

comparison to glasses. Therefore, a direct use of VFT is not possible for slag viscosity 

prediction without large adaptions. 

Artificial Neural Network models are based on the principle of a communicating brain. 

As found in nature, neurons get information about a parameter, process this information 

and send it to a next neuron. Several kinds of ANN structures are available. A brief 

description of selected ANNs is given in Table 21. 
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is also recommended, to validate the ANN with another data than it was trained to 

exclude over-fitting [93,163,164]. 

10.2 Viscosity Model of the BCURA (S2) 
The compositional distribution of the fundamental 62 slag samples is given in Table 

22.  

Table 22: Compositional ranges covert by S2 development [35]. 

The original model predicted viscosity in Poise, while here the recalculation to Pa s 

was applied by introducing factor 0.1, Eq. (49). Temperature 𝑇 is given in K and factor 𝑆 

is the silica ratio, Eq. (50). Slag components are in weight percent. The iron oxide 

equivalent 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 is a recalculation of the total iron content performed on weight 

basis if not other specified, Eq. (51). The background of 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 is to deal with 

different oxidation states of iron. The S2 model was developed with assumption; all iron 

is in Fe3+ state [95]. The factors represent the mass relationship of iron for Fe2O3, FeO 

and Fe. 1 g of Fe2O3 contains the same amount of iron as 1/1.11 g of FeO and 1/1.43 g 

of Fe [35]. 

   

 𝑙𝑜𝑔 𝜂 = (4.468 ∙ (
𝑆

100
)

2

+ 1.265 ∙ (
104

𝑇
) − 7.44) ∙ 0.1 (49) 

   

 𝑆 =
100 ∙ 𝑆𝑖𝑂2

𝑆𝑖𝑂2 + 𝑒𝑞𝑖𝑣. 𝐹𝑒2𝑂3 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂
 (50) 

   
 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 = 𝐹𝑒2𝑂3 + 1.11𝐹𝑒𝑂 + 1.43𝐹𝑒 (51) 
   

 
  

Component mass-% 
SiO2 31-59 
Al2O3 19-37 

Equivalent Fe2O3 0-38 
CaO 1-37 
MgO 1-12 

Na2O + K2O 1-6 
Silica ratio 𝑆 45-75 
SiO2/Al2O3 1.2-2.3 
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10.3 Watt-Fereday 
Investigations were carried out on coals used for cyclone firing, Table 23. 

Table 23: Compositional ranges covert by Watt-Fereday model [165]. 

Based on a modified Arrhenius equation, slag viscosity is predicted as given in 

Eq. (52). Factor 0.1 was applied to receive viscosity values in Pa s. Constants 𝑚 and 𝑐 

are calculated by Eq. (53) and (54). Temperature 𝑡 is in degrees Celsius [165].  

   

 𝑙𝑜𝑔 𝜂 = (
107 ∙ 𝑚

(𝑡 − 150)2
+ 𝑐) ∙ 0.1 (52) 

   
 𝑚 = 0.00835 ∙ 𝑆𝑖𝑂2 + 0.00601 ∙ 𝐴𝑙2𝑂3 − 0.109 (53) 
   

 𝑐 = 0.0415 ∙ 𝑆𝑖𝑂2 + 0.0192 ∙ 𝐴𝑙2𝑂3 + 0.0276 ∙ 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 
+0.0160 ∙ 𝐶𝑎𝑂 − 3.92 (54) 

   
The origin of 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3 was discussed above, Eq. (51). MgO is not ineffective, but 

covered by the recalculation to 100 wt.-% of the major components. On the other hand, 

MgO represents the major component with fewer amounts. Its influence should be 

therefore less to slag viscosity as pointed out in the original work. It is also noted, that a 

silica ratio 𝑆 calculated for a British coal will fail when applied with a U.S. coal [165]. 

Misprints of the second term in the equation of 𝑐 are reported for the works of Hoy et al. 

1965 [166] and Quon et al. 1984 [167]. Also a misprint in the work of Vargas et al. 2001 

[35] can be found for the last term in the 𝑐-equation. 

10.4 Bomkamp 
Modifications on 𝑚 and 𝑐 constants of the Watt-Fereday model were performed, 

Eq. (55) and (56). Viscosity is calculated by Eq. (52) in the same way as the Watt-

Fereday model. Due to lack of references, equations were taken from secondary citation 

[41]. There is no indication about the use of 𝑒𝑞𝑢𝑖𝑣. 𝐹𝑒2𝑂3. For regularity, the amount of 

iron should be calculated as described in section 4.1.2. 

   
 𝑚 = 0.0104291 ∙ 𝑆𝑖𝑂2 + 0.0100297 ∙ 𝐴𝑙2𝑂3 − 0.296285 (55) 
   

Component mass-% 
SiO2 30-60 
Al2O3 15-35 

Equivalent Fe2O3 3-30 
CaO 2-30 
MgO 1-10 

Silica ratio 𝑆 40-80 
SiO2/Al2O3 1.4-2.4 
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 𝑐 = 0.0154148 ∙ 𝑆𝑖𝑂2 − 0.0388047 ∙ 𝐴𝑙2𝑂3 − 0.0167264 ∙ 𝐹𝑒2𝑂3

− 0.0089096 ∙ 𝐶𝑎𝑂 − 0.012932 ∙ 𝑀𝑔𝑂 + 1.04678 (56) 

   
A probable misprint of the c constant is found in the work of Vargas et al. 2001. There, 

the last term is 0.04678 instead of 1.04678 [35]. 

10.5 Shaw 
Base of the Bottinga-Weill model is the mixing relationship of simple mixtures, also 

called Arrhenius mixture rule, Eq. (57), where �̅� is viscosity of mixture, 𝜂𝑖 is characteristic 

viscosity of component 𝑖 with mole fraction 𝑋𝑖. Characteristic viscosity 𝜂𝑖 was achieved 

by minimizing the difference between measured and recalculated viscosity data. Data of 

𝜂𝑖 was published in steps of 35-45, 45-55, 55-65, 65-75 and 75-81 mole-% SiO2. Tabled 

temperature ranged from 1200-1800 °C in 50 K steps. Eleven pure oxides, namely SiO2, 

TiO2, FeO, MnO, MgO, CaO, SrO, BaO, Li2O, Na2O and K2O are included. Alumina is 

covered by the theoretical formation of combined species, KAlO2, NaAlO2, BaAl2O4, 

CaAl2O4, MgAl2O4 and MnAl2O4 [45]. 

   

 𝑙𝑛 �̅� = ∑ 𝑋𝑖 ∙ 𝑙𝑛 𝜂𝑖

𝑛

𝑖=1

 (57) 

   
Shaw applied the Arrhenius relation, to the found constants of Bottinga and Weill, 

Eq. (58), where 𝜂0 is the pre-exponential factor, 𝐸∗ is activation energy in kcal/mole, R is 

gas constant and T is temperature in K. The pre-exponential factor 𝜂0 is treated as 

hypothetical viscosity. 

   

 𝑙𝑛 𝜂 = 𝑙𝑛 𝜂0 + (
𝐸∗

𝑅
) ∙ (

1

𝑇
) (58) 

   
Arrhenius graphs of ln 𝜂 vs. 1/T were plotted for several mixtures and the slope is 

used to describe viscosity. By this assumption, viscosity is given by Eq. (59) in Pa s, 

where 𝑠 is the characteristic slope for a given multicomponent mixture, and 𝑐𝑇 and 𝑐𝜂 are 

coordinates of the point of intersection. The intersection point coordinates were chosen 

by weighted means of investigated viscosity-temperature-relationships. The slope, 

characterizing each slag mixture, is computed by Eq. (61) with help of component-

depending factor 𝑠𝑖
0, Table 24. 

For further investigations, the modification of [35] was achieved in this work. 

   

 𝜂 = 𝑒𝑥𝑝 ((𝑠 ∙ (
104

𝑇
) − 𝑐𝑇 ∙ 𝑠 + 𝑐𝜂)) ∙ 0.1 (59) 

   
 𝜂 = 10

(𝑠∙(
104

𝑇
)−𝑐𝑇∙𝑠+𝑐𝜂) (60) 
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 𝑠 =
∑(𝑋𝑖 ∙ 𝑠𝑖

0) ∙ 𝑋𝑆𝑖𝑂2

(1 − 𝑋𝑆𝑖𝑂2)
 (61) 

   

Table 24: Factors for the Shaw model referenced by [90] and [35]. 

For the sake of completeness, the further discussed relationship between activation 

energy 𝐸∗, characteristic viscosity 𝜂0, 𝑠, 𝑐𝑇 and 𝑐𝜂 is given in Eq. (62) and (63), 

respectively. Shaw was not defining a clear physical relationship between these 

constants.  

   
 𝐸∗ = 104 ∙ 𝑠 ∙ 𝑅 = 19.87 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ 𝑠 (62) 
   
 𝑙𝑛 𝜂0 = 𝑐𝜂 − 𝑐𝑇 ∙ 𝑠 (63) 
   

For predicting slag viscosity, recalculate the slag components to the amount of model-

covered species. All iron within the sample has to be recalculated to FeO. Depending on 

the explanation by Bottinga and Weill, iron is assumed to be a network modifier. Al2O3 is 

changed to “AlO2” in moles simply by multiplying the mass with two [90]. 

The influence of H2O on slag viscosity is also covered by the Shaw model, but 

insufficient data does not allow a proofed statement. Viscosity data taken from geological 

pressure ranges (≤20 kbars) is not comparable to gasification techniques (≤100 bars). 

10.6 Lakatos Model 
The compositional range of investigated samples is given in Table 25. As common in 

glass technology, silica content has a small range of approximately 60-75 wt.-%. 

  

 Shaw 1972 Vargas et al. 2001 
Metal oxide – silica pair Slope intercept 𝑠𝑖

0 
K2O-, Na2O-, Li2O- 2.8 1.2 
MgO-, FeO- 3.4 1.5 
CaO-, TiO2- 4.5 2.0 
“AlO2”- 6.7 2.9 
 Coordinates of the point of intersection 

𝑐𝜂 -6.40 -3.78 
𝑐𝑇 1.50 
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Table 25: Compositional ranges for Lakatos model development [68]. 

Lakatos applied the Vogel-Fulcher-Tammann (VFT) equation to calculate viscosity, 

Eq. (64). Viscosity 𝜂 is given in Pa s by including factor 0.1, 𝑇 is temperature in °C and 

𝑇0, 𝐵 and 𝐴 are constants related to glass composition. Constants were developed by 

multiple regressions of minimum temperature deviations, Eq. (65) to (67). Factors Na2O, 

K2O, CaO, MgO and Al2O3 represent the glass composition in 𝑚𝑜𝑙𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡/

1 𝑚𝑜𝑙𝑒  𝑆𝑖𝑂2. 

   

 𝑙𝑜𝑔 𝜂 = (−𝐴 +
𝐵

𝑇 − 𝑇0
) ∙ 0.1 (64) 

   

 𝐵 = −6039.7 ∙ 𝑁𝑎2𝑂 − 1439.6 ∙ 𝐾2𝑂 − 3919.3 ∙ 𝐶𝑎𝑂 + 6285.3 ∙ 𝑀𝑔𝑂 + 2253.4
∙ 𝐴𝑙2𝑂3 + 5736.4 (65) 

   

 𝐴 = −1.4788 ∙ 𝑁𝑎2𝑂 + 0.8350 ∙ 𝐾2𝑂 + 1.6030 ∙ 𝐶𝑎𝑂 + 5.4936 ∙ 𝑀𝑔𝑂 − 1.5183
∙ 𝐴𝑙2𝑂3 + 1.4550 (66) 

   

 𝑇0 = −25.07 ∙ 𝑁𝑎2𝑂 − 321.0 ∙ 𝐾2𝑂 + 544.3 ∙ 𝐶𝑎𝑂 − 384.0 ∙ 𝑀𝑔𝑂 + 294.4
∙ 𝐴𝑙2𝑂3 + 198.1 (67) 

   

10.7 Urbain Model 
Urbain assumes the melt flow as position changes of ionic structures into free places, 

depending on the free volume probability 𝑃𝑣. Also, viscosity is a function of the “jumping” 

probability 𝑃𝑒 of the melt ions. Furthermore, the model separates into network forming, 

network modifying and amphoteric ions, Table 26. 

Table 26: Separation of network formers, modifiers and amphoterics by [91,100]. 

The Urbain viscosity model bases on the Weymann relation written in a modified form, 

Eq. (68), where viscosity 𝜂 is in Pa s by application of factor 0.1, 𝑇 is temperature in K, 

𝐴 and 𝐵 are parameters depending only on the melt composition. The parameters 𝐴 and 

𝐵 are empirical linked, Eq. (69), where 𝐴 has the unit of Pa s/K and 𝐵 has the unit of K. 

Oxide Wt.-% 
SiO2 59.5-77.4 
Al2O3 0.0-8.3 
CaO 8.2-13.3 
MgO 0.0-6.7 
Na2O 10.4-15.3 
K2O 0.0-8.7 

Group Ion 
Network formers Si4+, Ge4+, P5+ 
Network modifiers Na+, K+, Ca2+, Fe2+, Cr3+, Ti4+ 
Amphoterics Al3+, B3+, Fe3+ 
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A cubic function describes 𝐵, Eq. (70), where 𝑁 is the molar fraction of silica. The 

numerical values of 𝐵𝑖 can be calculated by Eq. (71)-(74) under support of constant 𝛼.  

   

 𝜂 = (𝐴 ∙ 𝑇 ∙ 𝑒𝑥𝑝 (
103 ∙ 𝐵

𝑇
)) ∙ 0.1 (68) 

   
 − 𝑙𝑛 𝐴 = 0.2693 ∙ 𝐵 + 11.6725 (69) 
   
 𝐵 = 𝐵0 + 𝐵1 ∙ 𝑁 + 𝐵2 ∙ 𝑁2 + 𝐵3 ∙ 𝑁3 (70) 
   
 𝐵0 = 13.8 + 39.9355 ∙ 𝛼 − 44.049 ∙ 𝛼2 (71) 
   
 𝐵1 = 30.481 − 117.1505 ∙ 𝛼 + 129.9978 ∙ 𝛼2 (72) 
   
 𝐵2 = −40.9429 + 234.0486 ∙ 𝛼 − 300.04 ∙ 𝛼2 (73) 
   
 𝐵3 = 60.7619 − 153.9276 ∙ 𝛼 + 211.1616 ∙ 𝛼2 (74) 
   

As introduced above, viscosity is driven by the probabilities 𝑃𝑣 and 𝑃𝑒. Urbain used 

the parameters to describe also the occurrence of free volume. All melts used by Urbain 

show a linear relationship between ln 𝐴 and B [168]. 

Constant 𝛼 describes the fraction of network modifiers and amphoterics. The equation 

was extended from the first publication to a final version, Eq. (75) and (76). 𝑀𝑂 is mole 

fraction of network modifiers and 𝐴2𝑂3 is mole fraction of amphoterics.  

   

 𝛼 =
𝐶𝑎𝑂

𝐶𝑎𝑂 + 𝐴𝑙2𝑂3
 (75) 

   

 𝛼 =
∑ 𝑀𝑂

∑ 𝑀𝑂 + ∑ 𝐴2𝑂3
 (76) 

   
Urbain recommended also the use of composition-depending calculation methods for 

𝑀𝑂 or 𝑁, e.g. Fe2O3 has to be treated as network modifier [100]. To limit the possibilities 

of calculation methods, a proposal for factors is given below, Eq. (77) and Eq. (78). 

Components are in mole fractions [35]. Another work mentioned SO3 instead of CaF2 as 

network modifier [95]. 

   

 
𝑀𝑂 = 𝐹𝑒𝑂 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝑀𝑛𝑂 + 𝑁𝑖𝑂 + 2

∙ (𝑇𝑖𝑂2 + 𝑍𝑟𝑂2) + 3 ∙ 𝐶𝑎𝐹2 
 

(77) 

 𝐴2𝑂3 = 𝐴𝑙2𝑂3 + 𝐹𝑒2𝑂3 + 𝐵2𝑂3 (78) 
   

10.8 Riboud Model 
Investigated slags were separated into ternary SiO2-CaO-CaF2, SiO2-CaO-Na2O and 

SiO2-CaO-Al2O3; quaternary SiO2-CaO-CaF2-Na2O, SiO2-CaO-Al2O3-Na2O; and 
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quintuple SiO2-CaO-Al2O3-CaF2-Na2O. Contents ranged from 0 to over 50 %, Table 27. 

SiO2 dominates the compositional ranges. 

Table 27: Content ranges for the development of Riboud model. 

Depending on further investigations done by Urbain [99,169], the authors decided to 

use the Weymann (or Frenkel) viscosity relation. The derived form is given in Eq. (79), 

where 𝐴 and 𝐵 are viscosity parameters in Pa s/K and K, respectively. Temperature 𝑇 is 

in K. 

   

 𝜂 = 𝐴 ∙ 𝑇 ∙ 𝑒𝑥𝑝 (
𝐵

𝑇
) (79) 

   
Parameters 𝐴 and 𝐵 have been computed on synthetic slags by the least squares 

method. Furthermore, the compositional influence on slag viscosity was described by 

first order polynomial expression, Eq. (80) and Eq. (81). Constituents are represented in 

molar fractions. 

   

 𝐿𝑛 𝐴 = −19.81 + 1.73 ∙ (𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑛𝑂 + 𝑋𝑀𝑔𝑂 + 𝑋𝐹𝑒𝑂) + 5.82 ∙ 𝑋𝐶𝑎𝐹2 + 7.02

∙ (𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂) − 35.76 ∙ 𝑋𝐴𝑙2𝑂3 
(80) 

   

 𝐵 = +31140 − 23896 ∙ (𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑛𝑂 + 𝑋𝑀𝑔𝑂) − 46356 ∙ 𝑋𝐶𝑎𝐹2 − 39159

∙ (𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂) + 68833 ∙ 𝑋𝐴𝑙2𝑂3 
(81) 

   
The original work of Riboud exhibits presumably a twist of digits. Eq. (81) is given 

twice: In the beginning of the paper in a simple and at the end in a more detailed form. 

There, factor “31519” is printed as “39159”. Because the amount of Na2O and K2O in 

slags is less than 10 mole-%, no explicit discussion has to be done on this circumstance. 

  

Component Wt.-% 
SiO2 34-56 
Al2O3 0-12 
CaO 8-46 
CaF2 0-18 
Na2O 0-22 
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10.9 Streeter Model 
Table 28 includes slag compositional ranges of the initial 17 slags [95]. 

Table 28: Compositional range of slags for Streeter model development [95]. 

Adapted from the Urbain model [91], the basic viscosity formulation is given by 

Eq. (82), where temperature 𝑇 is in K, 𝐵 is the parameter defined by slag composition, 𝐴 

is function of 𝐵, Eq. (69) and Eq. (70). Viscosity is given in Pa s by application of factor 

0.1. 

   

 𝑙𝑛 𝜂 = 𝑙𝑛 𝐴 + 𝑙𝑛 𝑇 +
1000 ∙ 𝐵

𝑇
 (82) 

   
To fit the Urbain equation to the experimental obtained data, an additional term ∆ has 

to be applied, Eq. (83). The fourth term is calculated by Eq. (84). It describes the 

difference (positive or negative) between computed and measured viscosity points. 

Factor 𝑏 is a function of 𝑚 and best fitted by Eq. (85). 

   

 𝑙𝑛 𝜂 = 𝑙𝑛 𝐴 + 𝑙𝑛 𝑇 +
1000 ∙ 𝐵

𝑇
+ ∆ (83) 

   
 ∆= 𝑚 ∙ 𝑇 + 𝑏 (84) 
   
 𝑏 = −1.6870 ∙ (1000 ∙ 𝑚) + 0.2343 (85) 
   

In the next step, a correlation for 𝑚 was developed. It was pointed out, that a single 

formulation of 𝑚 is not able to cover the complete slag compositional range. As a result, 

the 𝑚-function was separated into three formulae depending on the value of 𝐵. Oxides 

are in mole fractions. 

o High-silica slags, 𝐵>28 

   
 𝑏 = −1.7137 ∙ (1000 ∙ 𝑚) + 0.0509 (86) 

Oxide Wt.-% 
SiO2 20.0-63.5 
Al2O3 13.3-36.7 
Fe2O3 0.9-18.9 
TiO2 0.6-2.3 
P2O5 0.0-0.8 
CaO 6.0-29.4 
MgO 2.5-8.2 
Na2O 0.0-9.9 
K2O 0.1-2.2 
SO3 0.0-1.8 
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 1000 ∙ 𝑚 = −1.7264 ∙ 𝐹 + 8.4404 (87) 
   

 𝐹 =
𝑆𝑖𝑂2

𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂
 (88) 

   

o Intermediate-silica slags, 24<𝐵<28 

   
 𝑏 = −2.0356 ∙ (1000 ∙ 𝑚) + 1.1094 (89) 
   
 1000 ∙ 𝑚 = −1.3101 ∙ 𝐹′ + 9.9279 (90) 
   
 𝐹′ = 𝐵 ∙ (𝐴𝑙2𝑂3 + 𝐹𝑒𝑂) (91) 
   

o Low-silica slags, 24<𝐵 

   
 𝑏 = −1.8244 ∙ (1000 ∙ 𝑚) + 0.9416 (92) 
   
 1000 ∙ 𝑚 = −55.3649 ∙ 𝐹′′ + 37.9186 (93) 
   

 𝐹′′ =
𝐶𝑎𝑂

𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂
 (94) 

   

10.10 Kalmanovitch-Frank Model 
Parameter 𝐴 and 𝛼 were adapted to the datasets of [53,54,109], Eq. (95) and (96). 

Factor 𝛼 received changes. Use Eq. (70) to calculate factor 𝐵 as introduced in section 

4.1.6. Components are expressed as mole fractions [92]. 

   
 𝑙𝑛 𝐴 = −0.2812 ∙ 𝐵 − 11.8279 (95) 
   

 𝛼 =
𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝐹𝑒𝑂 + 𝑇𝑖𝑂2

𝐴𝑙2𝑂3 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝐹𝑒𝑂 + 𝑇𝑖𝑂2
 (96) 

   

10.11 BBHLW Model 
A number of 117 slag samples was taken into account for the model development. 

See Table 29 for compositional ranges. The melts ranged from binary mixtures to multi-

component systems. 
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Table 29: Compositional range of slags for BBHLW model development [92]. 

The BBHLW model bases on the observation of Nicholls and Reid, Eq. (97). They 

declared that at a given viscosity, the gradient of the viscosity-temperature relation is the 

same. Newtonian flow behavior is assumed. 

   

 𝑑𝜂

𝑑𝑇
= 𝑓(𝜂) ≠ 𝑓(𝑇) (97) 

   
Different slag compositions will be distributed over along the temperature axis. By the 

help of a temperature shift, the viscosity curves can be shifted to overlay each other. This 

temperature shift is characteristic for any slag composition. The resulting expression is 

given in Eq. (98) where experimental temperature 𝑇 and temperature shift 𝑇𝑆 are in K. 

Viscosity in Pa s is calculated by transposing Eq. (98) to Eq. (99). 

   

 𝑙𝑜𝑔 (
𝜂

𝑇 − 𝑇𝑆
) =

14788

𝑇 − 𝑇𝑆
− 10.931 (98) 

   
 𝜂 = 10(14788 (𝑇−𝑇𝑆)−10.931⁄ ) ∙ (𝑇 − 𝑇𝑆) (99) 
   

Temperature shift 𝑇𝑆 was correlated to slag composition by introducing a weighted 

molar ratio 𝐴. This fitting included three steps: 

1. Weighting each slag component by a coefficient, 

2. calculate coefficients by least square regression, and 

3. moving coefficients to other side of divisor in factor 𝐴 when coefficient became 

negative. 

Following expressions were found for temperature shift 𝑇𝑆 and weighted molar ratio 

𝐴, Eq. (100) and (101). Slag components given in molar fractions normalized to 1.  

   
 𝑇𝑆 = 306.63 ∙ 𝑙𝑛 𝐴 − 574.31 (100) 

Oxide Wt.-% 
 coal ash slags synthetic slags 

SiO2 26.5-60.9 18.5-70 
Al2O3 4.7-31.5 0-40 
CaO 0.3-40.1 0-55 
FeO 0.2-29.2 0-80 
K2O 0-7.1 0 
MgO 0.1-4.7 0-25 
Na2O 0.05-2.1 0 
TiO2 0.3-1.6 0-19 
SO3 0.03-1.57 0 
MnO 0.01-0.72 0-7.9 
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𝐴 = (3.19 ∙ 𝑆𝑖4+ + 0.855 ∙ 𝐴𝑙3+ + 1.6 ∙ 𝐾+)

/(0.93 ∙ 𝐶𝑎2+ + 1.50 ∙ 𝐹𝑒𝑛+ + 1.21 ∙ 𝑀𝑔2+ + 0.69 ∙ 𝑁𝑎+

+ 1.35 ∙ 𝑀𝑛𝑛+ + 1.47 ∙ 𝑇𝑖4+ + 1.91 ∙ 𝑆2−) 
(101) 

   
The authors discovered a linear relationship between octahedral (fluxing) cation radii 

and the value of fluxing ion coefficient. K2O is assumed to change the equilibrium 

between network-forming 𝐴𝑙𝑂2
− and network-modifying Al3+ ions.  

10.12 Duchesne Model 
Duchesne used Artificial Neural Network model technology. It was created using 

MATLAB® 7.6 [170]. 

Input data and ranges were transferred to first hidden layer for model regression, 

Table 30. Data sources include reducing and oxidizing atmospheres as soon as artificial 

and natural slag systems. Number of oxides ranged from single to multi-component 

melts. Digits of values are necessary due to calculation precision. 

Table 30: Development input data and parameter ranges of Duchesne model [93]. 

Calculations of Temperature 𝑇𝑛𝑜𝑟𝑚 in K, normalized slag composition 𝑋𝑛𝑜𝑟𝑚 with 

component 𝑋𝑖 in moles and normalized elements mole fractions �̅�𝑖 are done by Eq. (102) 

to (111). As declared in Eq. (106), all iron is transferred into Fe2O3. A separation between 

reducing and oxidizing conditions is not possible by the principle of the model. 

   

 𝑇𝑛𝑜𝑟𝑚 =
𝑇 − 1082

2755 − 1082
 (102) 

   

 𝑋𝑛𝑜𝑟𝑚 = 𝑋𝑆𝑖𝑂2 + 2 ∙ 𝑋𝐴𝑙2𝑂3 + 2 ∙ 𝑋𝐹𝑒2𝑂3 + 𝑋𝐹𝑒𝑂 + 𝑋𝐹𝑒 + 𝑋𝐶𝑎𝑂 + 2 ∙ 𝑋𝑁𝑎2𝑂 + 2
∙ 𝑋𝐾2𝑂 + 𝑋𝑀𝑛𝑂 (103) 

   
 �̅�𝑆𝑖𝑂2 = 𝑋𝑆𝑖𝑂2 𝑋𝑛𝑜𝑟𝑚⁄  (104) 
   
 �̅�𝐴𝑙2𝑂3 = (2 ∙ 𝑋𝐴𝑙2𝑂3) 𝑋𝑛𝑜𝑟𝑚⁄  (105) 

Input Minimum Maximum 
Temperature in °C 809 2482 

Si mole fraction 0.1347 1.00 
Al mole fraction 0.00 0.8235 
Fe mole fraction 0.00 0.8053 
Ca mole fraction 0.00 0.60 
Mg mole fraction 0.00 0.651 
Na mole fraction 0.00 0.50 
K mole fraction 0.00 0.5081 

Mn mole fraction 0.00 0.688 
Log (viscosity in Pa s) -3.81 11.16 



10. Appendix: Information on Classic Viscosity Modelling  140 

   
 �̅�𝐹𝑒2𝑂3 = (2 ∙ 𝑋𝐹𝑒2𝑂3 + 𝑋𝐹𝑒𝑂 + 𝑋𝐹𝑒) 𝑋𝑛𝑜𝑟𝑚⁄  (106) 
   
 �̅�𝐶𝑎𝑂 = 𝑋𝐶𝑎𝑂 𝑋𝑛𝑜𝑟𝑚⁄  (107) 
   
 �̅�𝑀𝑔𝑂 = 𝑋𝑀𝑔𝑂 𝑋𝑛𝑜𝑟𝑚⁄  (108) 
   
 �̅�𝑁𝑎2𝑂 = (2 ∙ 𝑋𝑀𝑔𝑂) 𝑋𝑛𝑜𝑟𝑚⁄  (109) 
   
 �̅�𝐾2𝑂 = (2 ∙ 𝑋𝐾2𝑂) 𝑋𝑛𝑜𝑟𝑚⁄  (110) 
   
 �̅�𝑀𝑛𝑂 = 𝑋𝑀𝑛𝑂 𝑋𝑛𝑜𝑟𝑚⁄  (111) 
   

To adjust input data as required by the ANN, normalized temperature 𝑇𝑛𝑜𝑟𝑚 and 

normalized elements mole fractions �̅�𝑖 have to be linearized into �̅�𝑛𝑜𝑟𝑚 and �̿�𝑖, Eq. (112) 

and (113). As result, the individual linearization ranges from -1 to +1. Values of 𝑀𝑎𝑥 and 

𝑀𝑖𝑛 of each component 𝑖 can be found in Table 30 for investigated compositional ranges. 

   

 �̅�𝑛𝑜𝑟𝑚 =
2 ∙ 𝑇𝑛𝑜𝑟𝑚 − 1 − 0

1 − 0
 (112) 

   

 �̿�𝑖 =
(2 ∙ �̅�𝑖 − 𝑀𝑎𝑥(𝑖) − 𝑀𝑖𝑛(𝑖))

𝑀𝑎𝑥(𝑖) − 𝑀𝑖𝑛(𝑖)
 (113) 

   
Input data to hidden layer nodes is computed by Eq. (114), where 𝑤𝐻(𝑖, 𝑗) represent 

signal weights 𝑖 going to node 𝑗. Weights for signals (parameters) going to the hidden 

layer are given in Table 31. 

   

 𝐼𝑛𝑝𝑢𝑡𝑛𝑜𝑑𝑒(𝑗) = 𝑇𝑛𝑜𝑟𝑚 ∙ 𝑤𝐻(0, 𝑗) + ∑ �̿�𝑖 ∙ 𝑤𝐻(𝑖, 𝑗)

9

𝑖=1

 (114) 

   

Table 31: Weights to first hidden layer within ANN Duchesne model [93]. 
Parameter 𝑖 Name Node 1 

𝑤𝐻(𝑖, 1) 
Node 2 
𝑤𝐻(𝑖, 2) 

Node 3 
𝑤𝐻(𝑖, 3) 

0 Temperature −0.7939 1.1056 −0.1516 
1 Si 1.1249 0.1558 −0.4868 
2 Al −0.5146 −1.7803 0.997 
3 Fe 0.0577 0.6035 −0.2673 
4 Ca 0.7364 0.3918 −0.5305 
5 Mg −1.6109 −1.1210 1.3102 
6 Na 0.6952 0.1849 −0.4222 
7 K 0.2251 0.9112 −0.4758 
8 Mn 0.859 1.4353 −1.0365 
9 Bias −0.2809 −0.0547 0.1204 
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After sending data to the hidden layer nodes, outputs of hidden layer nodes have to 

be interpreted. Therefore, Eq. (115) has to be applied for each of the three output nodes. 

   

 𝑂𝑢𝑡𝑝𝑢𝑡𝑛𝑜𝑑𝑒(𝑗) =
2

1 + 𝐸𝑥𝑝(−2 ∙ 𝐼𝑛𝑝𝑢𝑡𝑛𝑜𝑑𝑒(𝑗))
− 1 (115) 

   
In the next step, an additional input node is calculated from all three output nodes, 

Eq. (116). The necessary output weights 𝑤𝑂(𝑗) are given in Table 32. 

   

 𝐼𝑛𝑝𝑢𝑡𝑛𝑜𝑑𝑒(4) = 𝑤𝑜(4) + ∑ 𝑂𝑢𝑡𝑝𝑢𝑡𝑛𝑜𝑑𝑒(𝑗) ∙ 𝑤𝑜(𝑗)

3

𝑗=1

 (116) 

   

Table 32: Weights for output nodes of Duchesne model [93]. 

Afterwards, the output of nodes has to be normalized by Eq. (117). As recognized 

from the used factors, this step is supported by the maximum and minimum of log 𝜂 taken 

from model development. 

   

 𝑂𝑢𝑡𝑝𝑢𝑡 =
(𝐼𝑛𝑝𝑢𝑡𝑛𝑜𝑑𝑒(4) ∙ (11.156 + 3.81218) + 11.156 − 3.81218)

2
 (117) 

   
Finally, predict slag viscosity 𝜂 in Pa s by Eq. (118). 

   
 𝜂 = 10𝑂𝑢𝑡𝑝𝑢𝑡 (118) 
   

10.13 ANNliq Model 
Temperature and compositional ranges varying to Duchesne model are given in Table 

33. Digits of values are necessary due to calculation precision. 

Table 33: Input data and parameter ranges used to develop the ANNliq model [83]. 

Node 𝑗 Output weight 𝑤𝑜(𝑗) 
1 1.3008 
2 1.0609 
3 2.2571 
4 -0.2587 

Input Minimum Maximum 
Temperature in °C 1100 2482 

Si mole fraction 0.00 1.00 
Al mole fraction 0.00 1.00 
Fe mole fraction 0.00 0.88334 
Ca mole fraction 0.00 0.60 
Mg mole fraction 0.00 0.651 
Na mole fraction 0.00 0.51944 
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Calculation steps to not differ strongly from Duchesne model. Changes were done on 

temperature linearization, signal weights 𝑤𝐻(𝑖, 𝑗) going to hidden layer, output weights 

𝑤𝑂(𝑗) and the calculation of the nodes’ output. Linearization of temperature is done in 

one step. All changed formulations and values are given below, Eq. (119) and (120), 

Table 34 and Table 35. Any effort to the atmospheric regime, reducing or oxidizing, was 

not included. 

   

 �̅�𝑛𝑜𝑟𝑚 =
2 ∙ 𝑇 − 2755 − 1373

2755 − 1373
 (119) 

   

 𝑂𝑢𝑡𝑝𝑢𝑡 =
(𝐼𝑛𝑝𝑢𝑡𝑛𝑜𝑑𝑒(4) ∙ (3 + 2.49485) + 3 − 2.49485)

2
 (120) 

   

Table 34: Weights to first hidden layer within ANNliq model [83]. 

Table 35: Weights for output nodes for ANNliq model [83]. 

  

Continuation of Table 33 
Input Minimum Maximum 

K mole fraction 0.00 0.540791 
Mn mole fraction 0.00 0.50 

Log (viscosity in Pa s) -2.5 3.00 

Parameter 𝑖 Name Node 1 
𝑤𝐻(𝑖, 1) 

Node 2 
𝑤𝐻(𝑖, 2) 

Node 3 
𝑤𝐻(𝑖, 3) 

0 Temperature -0.8122 -0.608 0.372 
1 Si 0.4779 1.3219 -6.4457 
2 Al 0.2338 0.3832 -4.5697 
3 Fe -0.9978 -3.4329 -4.0402 
4 Ca 0.1647 0.9149 -2.2416 
5 Mg 0.1559 0.8349 -2.3479 
6 Na 1.3006 2.023 13.8132 
7 K 0.536 1.1477 -0.4666 
8 Mn -0.1862 0.3596 -1.986 
9 Bias -0.2444 -0.4375 3.1203 

Node 𝑗 Output weight 𝑤𝑜(𝑗) 
1 2.7936 
2 -2.3112 
3 -0.5613 
4 0.387 
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11. Appendix: Settings of Equilibrium Calculations 

Table 36: Solution species selected for phase calculations by SVP. 

I immiscibility gap; + single phase  

Table 37: Compound species of FactSage selected for phase calculations. 

Miscibility Base-Phase Miscibility Base-Phase 
I FTmisc-FeLQ I FToxid-aC2S 
I FTmisc-BCCS I FToxid-Cord 
I FTmisc-FCCS I FToxid-Mull 
I FToxid-SLAGH I FToxid-CAF1 
I FToxid-MeO_A I FToxid-CORU 
+ FToxid-WOLLA I FToxid-Neph 
I FToxid-bC2S I FToxid-AlSp 

Compound species, gases, FactPS + FToxid 
position name position name position name 

1 O(g) 26 Al2O(g) 51 KO(g) 
2 O2(g) 27 Al2O2(g) 52 KF(g) 
3 O3(g) 28 Al2O3(g) 53 (KF)2(g) 
4 F(g) 29 AlF(g) 54 Ca(g) 
5 F2(g) 30 AlF2(g) 55 Ca2(g) 
6 OF(g) 31 AlF3(g) 56 CaO(g) 
7 O2F(g) 32 (AlF3)2(g) 57 CaF(g) 
8 O2F(g2) 33 OAlF(g) 58 CaF2(g) 
9 OF2(g) 34 AlOF2(g) 59 Ti(g) 

10 F2O2(g) 35 NaAlF4(g) 60 TiO(g) 
11 Na(g) 36 Na2AlF5(g) 61 TiO2(g) 
12 Na2(g) 37 NaAl2F7(g) 62 TiF(g) 
13 NaO(g) 38 (NaAlF4)2(g) 63 TiF2(g) 
14 NaF(g) 39 Si(g) 64 TiF3(g) 
15 (NaF)2(g) 40 Si2(g) 65 TiF4(g) 
16 Mg(g) 41 Si3(g) 66 OTiF(g) 
17 Mg2(g) 42 SiO(g) 67 OTiF2(g) 
18 MgO(g) 43 SiO2(g) 68 Mn(g) 
19 MgF(g) 44 SiF(g) 69 Fe(g) 
20 MgF2(g) 45 SiF2(g) 70 FeO(g) 
21 (MgF2)2(g) 46 SiF3(g) 71 FeF(g) 
22 Al(g) 47 SiF4(g) 72 FeF2(g) 
23 Al2(g) 48 OSiF2(g) 73 FeF3(g) 
24 AlO(g) 49 K(g)   
25 AlO2(g) 50 K2(g)   
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Continuation of Table 37 

Liquid iron mixtures selected for phase calculations by SVP 
position name position name position name 

74 Fe(FeLQ) 80 Ti(FeLQ) 86 SiO(FeLQ) 
75 Al(FeLQ) 81 Mg(FeLQ) 87 MnO(FeLQ) 
76 Ca(FeLQ) 82 MgO(FeLQ) 88 Al2O(FeLQ) 
77 Mn(FeLQ) 83 CaO(FeLQ) 89 Ti2O(FeLQ) 
78 O(FeLQ) 84 AlO(FeLQ)   
79 Si(FeLQ) 85 TiO(FeLQ)   

Iron alloys in BCC structure selected for phase calculations by SVP 
position name position name position name 

106 Fe:Va(BCCS) 109 Mn:Va(BCCS) 112 Fe:Va(FCCS) 
107 Mn:Va(BCCS) 110 Fe:Va(FCCS) 113 Mn:Va(FCCS) 
108 Fe:Va(BCCS) 111 Mn:Va(FCCS)   

      
Slag species selected for phase calculations by SVP 

position name position name position name 
114 MgO(SLAGH) 120 Ti2O3(SLAGH) 126 KF(SLAGH) 
115 FeO(SLAGH) 121 CaO(SLAGH) 127 CaF2(SLAGH) 
116 MnO(SLAGH) 122 Al2O3(SLAGH) 128 MgF2(SLAGH) 

117 
Na2O(SLAGH

) 123 K2O(SLAGH) 129 FeF2(SLAGH) 
118 SiO2(SLAGH) 124 Fe2O3(SLAGH) 130 MnF2(SLAGH) 
119 TiO2(SLAGH) 125 NaF(SLAGH) 131 Mn2O3(SLAGH) 

Metal oxides with rock salt structure selected for phase calculations by SVP 
position name position name position name 

150 FeO(MeO_A) 153 MgO(MeO_A) 156 TiO2(MeO_A) 

151 
Fe2O3(MeO_

A) 154 Al2O3(MeO_A)   
152 CaO(MeO_A) 155 MnO(MeO_A)   

Wollastonite selected for phase calculations by SVP 
position name position name 

164 MgSiO3(WOLLA) 166 CaSiO3(WOLLA) 
165 FeSiO3(WOLLA) 167 MnSiO3(WOLLA) 
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Continuation of Table 37 

Alpha-prime Ca2SiO4 selected for phase calculations by SVP 
position name position name 

168 Mg2SiO4(bC2S) 170 Ca2SiO4(bC2S) 
169 Fe2SiO4(bC2S) 171 Mn2SiO4(bC2S) 

Alpha Ca2SiO4 selected for phase calculations by SVP 
position name position name 

176 Mg2SiO4(aC2S) 178 Mn2SiO4(aC2S) 
177 Ca2SiO4(aC2S) 179 Fe2SiO4(aC2S) 

Corderite selected for phase calculations by SVP 
position name position name 

184 Al4Fe2Si5O18(Cord) 185 Al4Mg2Si5O18(Cord) 
Mullite selected for phase calculations by SVP 

position name position name 
188 Al2Al1O5(Mull) 190 Al2Si1O5(Mull) 
189 Al2Al1Va5(Mull) 191 Al2Si1Va5(Mull) 
Ca-Al-Fe-O compositions selected for phase calculations by SVP. 

position name position name 
196 Ca1Al2O4(CAF1) 197 Ca1Fe2O4(CAF1) 

Corundum structure selected for phase calculations by SVP 
position name position name 

200 Al2O3(CORU) 202 Mn2O3(CORU) 
201 Fe2O3(CORU) 203 Ti2O3(CORU) 

Nepheline structure selected for phase calculations by SVP 
position name position name 

208 NaAlSiO4(Neph) 209 Si2O4(Neph) 
Al-Spinel selected for phase calculations by SVP 

position name position name 
212 MgAl2O4(AlSp) 214 MnAl2O4(AlSp) 
213 FeAl2O4(AlSp) 215 Al8O12(AlSp) 
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Continuation of Table 37 

Compound species for pure liquids, taken from FToxid, FactPS 
position name position name 

220 Na2O(liq) 241 K2Si2O5(liq) 
221 MgO(liq) 242 K2Si4O9(liq) 
222 Al2O3(liq) 243 Ca(liq) 
223 SiO2(liq) 244 CaF2(liq) 
224 K2O(liq) 245 Ti(liq) 
225 CaO(liq) 246 TiO(liq) 
226 TiO2(liq) 247 Na4TiO4(liq) 
227 Ti2O3(liq) 248 Na8Ti5O14(liq) 
228 MnO(liq) 249 MgTi2O5(liq) 
229 Na(liq) 250 Al2TiO5(liq) 
230 NaF(liq) 251 K4TiO4(liq) 
231 Mg(liq) 252 CaTiO3(liq) 
232 MgF2(liq) 253 CaSiTiO5(liq) 
233 Al(liq) 254 Mn(liq) 
234 AlF3(liq) 255 MnF2(liq) 
235 MgAl2O4(liq) 256 Mn2TiO4(liq) 
236 Si(liq) 257 Fe(liq) 
237 K(liq) 258 FeO(liq) 
238 KF(liq) 259 FeF2(liq) 
239 KAlO2(liq) 260 FeNaO2(liq) 
240 K2SiO3(liq) 261 (FeO)2(TiO2)(liq) 

Compound species for pure solids, taken from FToxid, FactPS 
position name position name 

262 FeAl3(s) 387 K8Ti5O14(s) 
263 Na2O(s) 388 K2Ti6O13(s) 
264 Na2O(s2) 389 CaTiO3(s) 
265 Na2O(s3) 390 CaTiO3(s2) 
266 MgO(s) 391 Ca2Ti2O5(s) 
267 Al2O3(s) 392 Ca2Ti2O5(s2) 
268 Al2O3(s2) 393 Ca3Ti2O6(s) 
269 Al2O3(s3) 394 Ca3Ti2O7(s) 
270 Al2O3(s4) 395 Ca5Ti4O13(s) 
271 NaAlO2(s) 396 CaSiTiO5(s) 
272 NaAlO2(s2) 397 MnO(s) 
273 NaAl9O14(s) 398 MnO2(s) 
274 Na2Al12O19(s) 399 Mn2O3(s) 
275 SiO2(s) 400 Mn2O3(s2) 
276 SiO2(s2) 401 MnAl2O4(s) 
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Continuation of Table 37 

Compound species for pure liquids, taken from FToxid, FactPS 
position name position name 

277 SiO2(s3) 402 MnSiO3(s) 
278 SiO2(s4) 403 Mn2SiO4(s) 
279 SiO2(s5) 404 Mn2Al4Si5O18(s) 
280 SiO2(s6) 405 Mn3Al2Si3O12(s) 
281 SiO2(s7) 406 MnTiO3(s) 
282 SiO2(s8) 407 MnTi2O4(s) 
283 Na2SiO3(s) 408 MnTi2O5(s) 
284 Na4SiO4(s) 409 Mn2TiO4(s) 
285 Na2Si2O5(s) 410 Mn2TiO4(s2) 
286 Na2Si2O5(s2) 411 Fe2O3(s) 
287 Na2Si2O5(s3) 412 Fe2O3(s2) 
288 Na6Si2O7(s) 413 Fe2O3(s3) 
289 Na6Si8O19(s) 414 Na2Fe2O4(s) 
290 MgSiO3(s) 415 Al2Fe2O6(s) 
291 MgSiO3(s2) 416 FeSiO3(s) 
292 MgSiO3(s3) 417 FeSiO3(s2) 
293 MgSiO3(s4) 418 FeSiO3(s3) 
294 MgSiO3(s5) 419 Fe2SiO4(s) 
295 MgSiO3(s6) 420 Fe2SiO4(s2) 
296 MgSiO3(s7) 421 Fe2SiO4(s3) 
297 Mg2SiO4(s) 422 Fe2Al4Si5O18(s) 
298 Mg2SiO4(s2) 423 Fe3Al2Si3O12(s) 
299 Mg2SiO4(s3) 424 CaFe2O4(s) 
300 Na2MgSi4O10(s) 425 Ca2Fe2O5(s) 
301 Na2Mg2Si6O15(s) 426 CaFe4O7(s) 
302 Al2Si2O7(s) 427 CaFeSi2O6(s) 
303 NaAlSiO4(s) 428 Ca2FeSi2O7(s) 

304 NaAlSiO4(s2) 429 
Ca3Fe2Si3O12(s

) 
305 NaAlSi2O6(s) 430 (FeO)(TiO2)(s) 
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Table 38: Details of used density data to estimate density model performance. 
# points 216 
# references 10 
References [131,171,171–176,176,177] 
Temperature Min °C Max °C 

1230 1700 
Oxides Wt.-% Mole-% 

Min Max Min Max 
SiO2 0.0 74.0 0.0 76.4 
Al2O3 0.0 51.8 0.0 35.9 
Fe2O3 0.0 40.0 0.0 19.2 
FeO 0.0 70.4 0.0 68.7 
CaO 0.0 60.0 0.0 61.9 
MgO 0.0 28.8 0.0 41.0 
Na2O 0.0 0.4 0.0 0.4 
K2O 0.0 0.2 0.0 0.1 
MnO 0.0 4.0 0.0 4.0 
TiO2 0.0 11.1 0.0 8.9 
CaF2 0.0 23.7 0.0 22.0 

 



 

Table 39: Recommended densities of minerals found in crystallized slags. 
Mineral Formula Density Temp. Ref. 

- - g/cm³ K - 
Akermanite (melilite) Ca2MgSi2O7 2.94 298 [178] 

Anorthite CaAl2Si2O8 2.75 298 [179] 
Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 3.19 298 [179] 

Brownmillerite Ca2Al1.1Fe2+0.9O5 3.75 298 [179] 

Calcium Iron Aluminum Oxide CaFe+++3AlO7 4.16 298 TOPAS 4.0 

Corundum Al2O3 

3.88 1273 FS 6.4; FToxid; SlagA 
3.87 1373 FS 6.4; FToxid; SlagA 
3.86 1473 FS 6.4; FToxid; SlagA 
3.84 1573 FS 6.4; FToxid; SlagA 
3.83 1673 FS 6.4; FToxid; SlagA 
3.82 1773 FS 6.4; FToxid; SlagA 
3.80 1873 FS 6.4; FToxid; SlagA 
3.79 1973 FS 6.4; FToxid; SlagA 

Cristobalite (high) SiO2 

1.92 1750 FS 6.4; FToxid; SlagA 
1.91 1773 FS 6.4; FToxid; SlagA 
1.88 1873 FS 6.4; FToxid; SlagA 
1.84 1973 FS 6.4; FToxid; SlagA 

Diopside iron Ca(Mg0.75 Fe0.25)Si2O6 3.23 1323 FS 6.4; FToxid; I SlagA; + FToxid-LcPy 
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Continuation of Table 39 
Mineral Formula Density Temp. Ref. 

- - g/cm³ K - 

Fayalite magnesian Fe++2SiO4 

4.19 1273 FS 6.4; FToxid; SlagA 
4.15 1473 FS 6.4; FToxid; SlagA 
4.10 1673 FS 6.4; FToxid; SlagA 
4.05 1873 FS 6.4; FToxid; SlagA 

Ferrobustamite (CaFe)(SiO3)2 

3.42 1273 FS 6.4; FToxid; SlagA 
3.40 1373 FS 6.4; FToxid; SlagA 
3.37 1473 FS 6.4; FToxid; SlagA 
3.37 1497 FS 6.4; FToxid; SlagA 

Forsterite, ferroan Mg2SiO4 

3.12 1273 FS 6.4; FToxid; SlagA 
3.10 1473 FS 6.4; FToxid; SlagA 
3.07 1673 FS 6.4; FToxid; SlagA 
3.04 1873 FS 6.4; FToxid; SlagA 

Gehlenite Ca2Al2SiO7 

2.98 298 Enc. of Minerals,2nd ed.,1990 
2.97 1273 FS 6.4; FToxid; SlagA 
2.95 1473 FS 6.4; FToxid; SlagA 
2.94 1673 FS 6.4; FToxid; SlagA 

Grossular Ca3Al2(SiO4)3 3.57 298 [180] 
Hibonite CaAl12O19 3.84 298 [181] 

Kirschsteinite 
CaFe++(SiO4) 3.43 298 [181] 

Ca(Fe0.69Mg0.31)SiO4 3.43 298 [181] 
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Continuation of Table 39 

Mineral Formula Density Temp. Ref. 

- - g/cm³ K - 

Larnite Ca2(SiO4) F.I.O. F.I.O. [181] 

Maghemite γ-Fe2O3 Fe+++2O3 4.90 298 [181] 

Magnesioferrite MgAl0,79Fe1,21O4 4.150 298 [182] 
Magnesioferrite aluminian MgFe+++2O4 4.50 298 [183] 

Magnesium Silicate (taken 
from Forsterite, ferroan) Mg2SiO4 

3.12 1273 FS 6.4; FToxid; SlagA 
3.10 1473 FS 6.4; FToxid; SlagA 
3.07 1673 FS 6.4; FToxid; SlagA 
3.04 1873 FS 6.4; FToxid; SlagA 

Magnetite Fe++Fe+++2O4 
5.15 298 [179] 
5.20 298 [179] 
5.20 298-2500 FS 6.4; FactPS - FACT 2013 

Merwinite Ca3Mg(SiO4)2 
3.34 298 FS6.4 FTdemo 
3.22 1273 FS6.4 Equilib-Calc. FToxid+FactPS+FTmisc 
3.20 1473 FS6.4 Equilib-Calc. FToxid+FactPS+FTmisc 

Merwinite Ca3Mg(SiO4)2 3.18 1673 FS6.4 Equilib-Calc. FToxid+FactPS+FTmisc 

Monticellite CaMgSiO4 3.17 1773 FS6.4 Equilib-Calc. FToxid+FactPS+FTmisc 
Monticellite with 0.12 moles 

Fe++ CaFe++0.12Mg0.88SiO4 3.20 298 TOPAS 4.0 

Mullite 2:1 (Al2O3)2(SiO2)1 3.05 298 [179] 
Porcelainite Al6Si2O13 3.17 298 [179] 
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Continuation of Table 39 
Mineral Formula Density Temp. Ref. 

- - g/cm³ K - 

ps-Wollastonite CaSiO3 

2.80 1398.3 FS 6.4; FToxid; SlagA 
2.79 1473. FS 6.4; FToxid; SlagA 
2.77 1573. FS 6.4; FToxid; SlagA 
2.76 1673. FS 6.4; FToxid; SlagA 
2.75 1773. FS 6.4; FToxid; SlagA 
2.75 1813.18 FS 6.4; FToxid; SlagA 

Quartz (high) SiO2 2.54 1139.92 FS6.4 Equilib-Calc. FToxid + FactPS + FTmisc 
Spinel MgAl2O4 3.65 298 [179] 

Spinel-hercynite Fe++Al2O4 3.95 298 [181] 
Srebrodolskite Ca2Fe+++2O5 4.04 298 [179] 
Wollastonite CaSiO3 2.80 1398.3 FS 6.4; FToxid; SlagA 

Wuestite FeO 

5.83 1273 FS 6.4; FToxid; SlagA 
5.83 1373 FS 6.4; FToxid; SlagA 
5.83 1473 FS 6.4; FToxid; SlagA 
5.83 1573 FS 6.4; FToxid; SlagA 
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12. Appendix: Parameters of Einstein-Roscoe Equation  

Table 40: Values of 𝒂 and 𝒏 factors of Einstein-Roscoe equation taken from several references. 
a-

factor Conditions / Remarks Size 
ratio Distributions Ref. 

1.00 

o spheres of very diverse sizes 

o valid for all concentrations 
0.05<f<0.45 water-based mixture 

1.71:1 25 vol.-%; <3.4 µm 
25 vol.-%; >6.0 µm 

[135] 

2.74:1 25 vol.-%; 
<150 µm 
25 vol.-%; > 90 µm 

[136] 

1.35 

o spheres of equal sizes 

o high and medium concentrations 

o invalid for f≥ 1

1.35
≥0.7401 (close-

packing) 

o water-based mixture 

n.d. n.d. [129], 
[134] 

1.35 

o spheres of equal sizes 

o low concentrations f>0.05 

o formed particle doublets are 
increasing effective concentration 

o water-based mixture 

2:1 n.d. [134] 

1.35 

o flow behavior studies on SiO2-
Na2O-B2O3 melts 

o solid NaBO2 separated 
n.d. n.d. [184] 

2.25 
1.34 

o flow behavior investigations within 
the garnet composition, e.g. 
Mg3Al2Si3O12 

o viscosity in the range of 108-
1014 Pa s 

o non-Newtonian behavior found for 
 𝑓 ≥ 0.4 

o 𝑛 varies from 1.3 to 3.4 

n.d. 

10-51 vol.-% 
180-400 µm 

[185] 

4.24 o introducing of MgAl2O4 spinel into 
completely molten CaO-MgO-
Al2O3-SiO2 slag at 1373 °C 

o fine particle size 

o 𝑛=-1.28 

n.d. 

0-20 vol.-% 
0.10-0.21 mm 

[124] 
3.29 o medium particle size 

o 𝑛=-2.36 n.d. 
0-20 vol.-% 
0.21-0.44 mm 

3.56 o coarse particle size 

o 𝑛=-2.24 n.d. 
0-20 vol.-% 
0.44-0.99 mm 
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Continuation of Table 40 
a-

factor Conditions / Remarks Size 
ratio Distributions Ref. 

1.158 o viscosity investigations on 45 coal ash 
slags 

o calculation of solid volume fraction by 
support of FactSage 

o no analysis of formed particles 

o use of Eq. (33) for f≤0.1 with 1.158 
instead of 2.5 

n.d. 𝑓 < 0.1 [112] 

1.00 o modified Eq (35) where maximum f=0.62 

o 𝑛 = −4.62 ∙ �̇�−0.572 

n.d. 𝑓 ≥ 0.1 

If not noted 𝒏=-2.5 
n.d. – not determined data 
f – solid volume fraction (SVF) 
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13. Appendix: Ash and Slag Sample Preparation 
Ashing process started with extraction of coal samples from transport containments 

by a standard sampling method. Proximate analyses were carried out to detect the ash 

content of rare coal. When the ash content is known, an adequate amount of coal was 

ashed to receive enough products for further preparation steps. Coal was ashed under 

air for 36 h according to DIN 51719. If necessary, coal was milled to a grain size <10 mm 

to improve ashing success within THERCONCEPT furnace (THERMCONCEPT Dr. 

Fischer GmbH & Co. KG, Bremen), Figure 89. Ultimate analysis and X-ray fluorescence 

(XRF) of melted bead were applied to estimate ash composition. 

 
Figure 89: Ashing furnace chamber. 

Slagging under air was the second process step. After XRF analysis of ash, the 

liquidus temperature was estimated by thermoequilibrium software FactSage 6.4TM. 

Liquidus temperature prediction was based on the composition of metal oxides. The use 

of phase diagrams is also possible but limited due to the availability of certain data for 

multicomponent ashes. All ash sample was filled into a platinum-gold (Pt95-Au5, mass-

related) dish and slagged under air with at least 50 K more than calculated liquidus 

temperature. A Carbolite 1500 RHFTM chamber furnace (Carbolite Gero GmbH & Co. 

KG, Neuhausen, Germany) was used for samples with liquidus temperature below 

1450 °C. In case of ashes with liquidus temperatures from 1450-1700 °C, the 

TOMMI plusTM furnace (Fraunhofer Institut für Silicatforschung, Bronnbach, Germany) 

was engaged, Figure 90 a) and b). Initial temperatures were 600 °C.  
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Figure 90: High-temperature furnace a) of Carbolite and b) TOMMI plus. 

Heating rates varied from 1-10 K/min depending on the swelling or bubbling behavior. 

The swelling behavior was not in agreement with the ash composition, i.e. ashes with 

high sulfur, sodium or other contents were similarly bubbling than ashes with a 

moderately amount of volatiles. The melting state has to be eye-proofed due to the non-

predictability of bubbling behavior. In summary, a heating rate of 2 K/min is 

recommended. A boil over of ash/slag can cause serious damages on the furnace, 

Figure 91. When the liquidus temperature was passed by 50-100 K, the sample was hold 

for 1-3 h and cooled down with 10 K/min afterwards to room temperature. The remaining 

slag was removed from the Pt95-Au5 crucible and milled to powder in a swinging disc 

mill (Herzog HSM, HERZOG Maschinenfabrik GmbH & Co. KG, Osnabrück, Germany). 

Milling is required for further XRF-analysis and to provide a well homogenized slag 

powder. 

 
Figure 91: Damages caused by slag boil over within a high temperature furnace. 

Slagging under reducing conditions was done in a vertical furnace with atmospheric 

control, Reetz VRO 1650 (HTM Reetz GmbH, Berlin, Germany), Figure 92. Preparation 

of slag samples under reducing conditions was introduced before viscosity 

measurements were carried out under reducing conditions. This ensures a defined 

sample condition in the beginning of viscosity measurements. 
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Figure 92: Reetz vertical tube furnace 1650 to adjust oxidation state. 

Slag powder prepared under air was divided into two equal portions. One half was 

taken for reducing conditions preparation. The powder was filled in a Platinum-Rhodium 

(Pt80-Rh20, mass-related) crucible and inserted within the furnace. A heating rate of 

10 K/min was achieved up to 50-100 K above liquidus temperature predicted for reducing 

conditions by FactSage 6.4TM. From startup to 1000 °C, the furnace tube was purged by 

argon gas (ALPHAGAZTM 1, AIR LIQUIDE Deutschland GmbH, Düsseldorf). At 1000 °C, 

a mixture of carbon monoxide (CO) and carbon dioxide (CO2) was achieved to maintain 

a reducing atmosphere. Primary goal was to change all Fe3+ into Fe2+. Depending on 

temperature and slag composition, the CO:CO2 ratio was set to 6:4 and in later 

experiments 7:3. This causes partial oxygen pressures pO2 in the range 1.10-7 to 

1.10-15 atm in the investigated temperature ranges, Figure 93 a). The ratio Fe2O3/FeO is 

shifted to lower values, more FeO is formed, Figure 93 b). Values are taken from 

FactSage 6.4TM calculations with FactPS, FToxid, FTmisc, pure solids, liquids and gases 

whereas real gas behavior is switched on. The mechanism of iron reducing can be 

related to 

o thermochemical equilibrium and/or to 

o chemical reaction, e.g. by free C from the Boudouard reaction or directly by CO 

from the gas atmosphere. 

A detailed discussion on the impact of thermochemical equilibrium and chemical 

reaction in view of iron reducing will be not given. 



o
o
o
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14. Appendix: Experimental Procedures: Viscometer 

14.1 General Viscometer Description 
The high temperature viscometer manufactured by Bähr Thermoanalyse GmbH 

(Hüllhorst, Germany) is depicted in Figure 94 a) and b). Main parts are (1) the viscometer 

measuring head, (2) the measuring chamber, (3) the gas supply, and (4) the exhaust 

system essential to run under reducing conditions. Inside the sample chamber, there are 

(5) the crucible within the insolation, (6) the crucible holder made from alumina with 

internal thermocouple, and (7) the spindle going through the chamber upper side. 

 
Figure 94: HT-Viscometer a) from outside with closed door and b) open measurement chamber. 

The dimensions of crucible and rotating bob are given in Figure 95 a). 𝑅𝑆 and 𝑅𝐶 are 

the bob radius and crucible inner radius with 4.5 and 11.45 mm, respectively. Crucible 

and bob are made from a Pt-Rh alloy (80-20 wt.-%). Read section 14.6 for a review of 

the material influence on viscosity results. 

The heat loss by radiation has to be taken into account. First measurements showed 

irregular temperature distributions, i.e. the sample was liquid but covered by a solid layer. 

To counteract, the crucible was wrapped in and covered by layers of silica-alumina-fiber 

sheets of “thermopaper” (AltraTM KP, Rath AG, Vienna, Austria). It withstands 

temperatures up to 1700 °C. The difference in heat loss before and after insolation 

enhancement can be easily recognized by the brightness at same temperatures, Figure 

95 b) and c).  

The low total mass of sample and crucible, circa 300 g, is beneficial for high heating 

or cooling rates. Several measurements at a single sample can be shortly done. 
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type thermocouple to determine temperature up to one-tenth degree Celsius. A factor 

was developed to adjust measured viscosities to real viscosities. For rotational velocities 

(shear rates) in the range 1-300 rpm (0.25-75 1/s) and viscosities from 0-100 Pa s, the 

factor was set to 2.2. All measured viscosities were multiplied with this factor after 

measurements. 

The found viscosity calibration factor was furthermore tested for high temperatures 

with a calibration glass standard DGG1, Deutsche Glastechnische Gesellschaft [189]. 

There were no significant deviations detected between the factor at room temperature 

and at highest temperatures. Details are discussed in section 14.4. 

14.4 Accuracy and Reproducibility of HT-Viscosity Measurements 
The reproducibility of high temperature (HT) viscosity measurement faces several 

challenges which are: 

1. accuracy of temperature measurements,  

2. accuracy of viscosity measurements,  

3. temperature deviation within the furnace/heating system, 

4. changing in slag composition, and  

5. crystallization behavior of molten samples for cooling conditions. 

In general, the accuracy of a rotational viscometer is reported within wide ranges. 

Authors often do not inform about calibration methods, the temperature range for high 

temperature calibration or the accuracy of temperature measurement method. 

Additionally, some authors measure deviations on a logarithmical scale [190]. A selection 

of deviations is given below: 

o up to 5 % of error at 1250 °C for glass standard sample in viscosity for the high 

temperature viscometer of the British Coal Utilization Research Association [165], 

o ±3.10-3 Pa s or 0.5 % of maximum viscosity range of 3 Pa s for a rotational 

viscometer with molybdenum spindle/crucible [191], 

o 2 % of accuracy for viscosity values ≤1.105 Pa s while the precision of rotating 

cup viscometry deteriorates for viscosities >1.105 Pa s [52], 

o deviation is ≤5 % for a calibration at room temperature with silicone oil and with 

standard glass at elevated temperatures [192], 

o uncertainties of ±25-50 % in viscosity are reported for apparatuses, where 

dissolution of bob and crucible occur [34] 

Temperature indication underlies the characteristic error of applied thermocouples. 

All temperature measurements at the viscometer were achieved by B-type 

thermocouples, accuracy class 2. The error in measurement is given in the German 
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viscometer, the electromagnetic field is introduced by a coil. The field is not directly 

interacting with the metal free slag, but rather with the Pt-Rh crucible. An effect on the 

slag is not excluded, but was not detected in experiments. 

14.6 Influence of Measurement System Materials 
Crucible and bob are covered by slag. Consequentially, emphasis has to be given on 

the interactions between slag and the material of the measurement system. The wetting 

behavior of slag on the walls of bob and crucible influences the shear rate and shear 

stress. Viscosity depends on these rheological properties. 

A possible effect is “slipping” between crucible wall and the fluid. There, no or less 

force is applied to the fluid and viscosity results are falsified. Another effect is the 

formation of different developed menisci between crucible wall and slag surface which 

result in changed slag levels and finally in an insufficient immersed bob. To keep the 

meniscus effect low, a crucible with a ratio of height/radius≥6 should be preferred [200]. 

The information above was discussed on an oscillating viscometer, but cannot be 

excluded for rotational ones. 

Corrosion of the measurement system has to be avoided for several reasons. First, 

the crucible/spindle material is solved by slag. This changes the slag composition and 

therefore the slag viscosity. Second, while the measurement system is dissolved, the 

radius of spindle and crucible are varied. Calibration constants are developed for a 

unique measurements system and viscosity data is wrong interpreted for a changed 

crucible/bob diameter. An enrichment of 2.4-4.9 wt.-% in Al2O3 was found after 

measurements under reducing and oxidizing conditions. In comparison to an indissoluble 

Pt-crucible, differences are up to 300 % [201]. Own investigations detected a significant 

dissolution of molybdenum in slag, Table 41. Coal ash was directly given to a 

molybdenum crucible, heated up to 1700 °C under argon atmosphere and cooled down 

at a cooling rate of -2 K/min. Composition obtained by XRF of powders. 
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Table 41: Increase of molybdenum within a coal ash after high temperature measurements. 

Numerous crucible materials are available. Most important properties are a high 

melting point and good resistance to oxidation or reduction to face the high temperatures 

necessary in slag viscosity research. A summarized listing is given in Table 42. 

Although molybdenum is recommended for measurements under reducing 

atmospheres by Nentwig [190], other investigators found molybdenum spheres in the 

size of 10 µm distribute in slag [201]. 

Alloys of platinum-rhodium is best selection. All kinds of atmospheres can be covered 

with this material. Care on the partial oxygen pressure has to be taken for Fe-rich slags 

to avoid the formation of metallic iron under reducing. 

  

Oxyde ash, 815 °C after measurement 
Al2O3 2.1 2.6 
BaO 0.1 0.1 
CaO 28.4 29.3 

Fe2O3 12.7 15.4 
K2O 0.1 0.1 
MgO 2.4 2.4 
MoO3 0.0 17.5 
P2O5 0.0 0.2 
SiO2 29.6 31.2 
SO3 24.2 0.5 
TiO2 0.1 0.3 
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Table 42: Selected crucible and bob materials. 

  

Material Properties 
Platinum 
Pt 

o melting point 1769.9 °C [202] 

o resistance to reactions with slag under inert conditions [203] 

o reference material [203] 

o stable under oxidizing and reducing conditions 

o forms alloy in presence of metallic iron (reducing conditions) 

Platinum-
Rhodium 
alloys 

o increased melting point, e.g. 1837.8 °C (Pt-Rh 80-20 wt.-%) [84] 

o rhodium imparts greater rigidity and mechanical strength [201] 

o no significant reactions with oxygen under air  

o multiple useable after melt-out of slag but expensive 

o forms alloy in presence of metallic iron (reducing conditions) 

Molybdenum 
Mo 

o melting point 2610 °C [202] 

o reduction of iron to Fe(II) is possible [203] 

o not stable in oxygen atmospheres and temperatures above 
770 °C [203] 

Graphite 
C 

o sublimation temperature 3730 °C [202] 

o strong reducing effect on iron oxide to pure iron [203] 

o slag penetration observed [203] 

o CaO-SiO2 melts with >50 mole % of SiO2 attacked graphite 
crucibles [56] 

hexagonal 
Boron nitride 
α-BN 

o melting point 2967 °C [204] 

o reduces iron oxide [203] 

o penetrated by slag [203] 

o not stable under air at high temperatures [203] 

Corundum 
α-Al2O3 
 

o melting point 2045 °C [202] 

o reactions found between slag and corundum and not 
recommended for viscosity determination [203] 

tetragonal 
Zirconia 
ZrO2 

o melting temperature 2677 °C [205] 

o slags react severely with stabilized ZrO2 at highest temperatures 
[203] 

o recommended for temperatures below 1600 °C [203] 
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Table 44: Slag composition, weight basis, before viscosity measurements. 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S1 N2 0.00 0.00 0.192 69.5 13.6 9.3 3.0 1.2 1.3 1.3 0.6 0.1 0.1 
S2 air 0.00 0.00 0.230 18.9 62.4 0.0 18.2 0.2 0.3 0.0 0.0 0.0 0.0 
S3 air 0.00 0.00 0.252 53.7 24.3 8.4 6.2 2.1 0.4 2.8 1.1 0.5 0.5 
S4 air 0.00 0.00 0.255 78.4 1.2 3.6 13.0 2.8 0.5 0.4 0.1 0.0 0.0 
S5 red 0.60 0.40 0.255 78.4 1.2 3.6 13.0 2.8 0.5 0.4 0.1 0.0 0.0 
S6 air 0.00 0.00 0.256 53.0 25.4 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S7 red 0.30 0.70 0.256 52.8 25.6 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S8 air 0.00 0.00 0.274 52.4 24.2 8.5 7.5 2.8 0.7 1.8 1.1 0.5 0.5 
S9 air 0.00 0.00 0.280 40.7 32.8 6.6 7.5 3.1 2.0 1.7 1.1 4.4 0.0 

S10 air 0.00 0.00 0.285 53.5 22.3 8.4 8.1 3.0 0.9 1.5 1.1 0.5 0.7 
S11 red 0.40 0.60 0.287 40.3 32.5 6.3 7.4 3.0 1.9 2.6 1.1 4.8 0.0 
S12 N2 0.00 0.00 0.309 38.6 36.5 2.1 16.7 2.7 0.3 1.8 1.1 0.3 0.0 
S13 air 0.00 0.00 0.337 26.5 48.3 0.0 25.0 0.2 0.0 0.0 0.0 0.0 0.0 
S14 air 0.00 0.00 0.337 70.6 4.2 0.0 25.2 0.0 0.0 0.0 0.0 0.0 0.0 
S15 air 0.00 0.00 0.346 51.0 21.0 8.6 9.6 3.9 1.5 1.6 1.0 0.4 1.4 
S16 air 0.00 0.00 0.392 43.6 28.3 0.0 28.0 0.2 0.0 0.0 0.0 0.0 0.0 
S17 air 0.00 0.00 0.412 47.9 20.5 9.1 10.6 4.3 1.7 2.9 1.0 0.4 1.7 
S18 air 0.00 0.00 0.499 35.8 30.9 0.0 33.0 0.3 0.0 0.0 0.0 0.0 0.0 
S19 red 0.40 0.60 0.546 62.1 2.3 8.2 20.9 4.9 1.0 0.3 0.3 0.0 0.0 
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Continuation of Table 44 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S20 Air 0.00 0.00 0.578 59.8 3.2 9.2 21.1 5.1 0.9 0.3 0.3 0.0 0.1 
S21 air 0.00 0.00 0.589 59.8 2.9 11.3 19.6 5.0 0.7 0.4 0.2 0.0 0.0 
S22 red 0.50 0.50 0.589 59.8 2.9 11.3 19.6 5.0 0.7 0.4 0.2 0.0 0.0 
S23 air 0.00 0.00 0.684 43.2 16.2 0.0 40.3 0.3 0.0 0.0 0.0 0.0 0.0 
S24 N2 0.00 0.00 0.674 46.0 13.2 14.2 9.6 11.4 3.8 0.9 0.0 0.9 0.0 
S25 red 0.40 0.60 0.726 32.9 22.5 5.0 24.6 8.7 1.3 1.2 0.8 3.0 0.0 
S26 air 0.00 0.00 0.734 32.8 22.4 5.4 24.4 8.7 1.3 1.3 0.8 3.0 0.0 
S27 N2 0.00 0.00 0.749 48.6 8.0 1.0 30.9 2.4 2.0 6.1 0.0 1.0 0.0 
S28 N2 0.00 0.00 0.764 38.5 15.0 5.6 30.1 2.4 2.7 1.0 1.2 2.4 1.0 
S29 air 0.00 0.00 0.805 38.7 15.6 8.4 33.0 1.7 0.5 0.5 0.5 1.0 0.1 
S30 red 0.30 0.70 0.833 37.8 16.2 8.6 34.1 1.8 0.5 0.5 0.6 0.0 0.0 
S31 red 0.30 0.70 0.903 30.7 21.3 9.6 32.5 1.6 3.3 0.4 0.5 0.1 0.0 
S32 air 0.00 0.00 0.932 30.3 20.9 10.7 32.2 1.6 3.3 0.4 0.5 0.1 0.0 
S33 N2 0.00 0.00 1.000 42.4 6.9 1.3 35.6 3.3 2.9 6.2 0.0 1.4 0.0 
S34 N2 0.00 0.00 1.000 39.2 10.0 9.9 22.8 9.4 4.3 2.8 0.0 1.5 0.0 
S35 red 0.40 0.60 1.046 31.6 16.1 4.0 33.1 11.6 0.5 1.3 0.6 1.3 0.0 
S36 air 0.00 0.00 1.069 31.8 15.6 5.5 32.3 11.9 0.2 1.4 0.6 0.7 0.0 
S37 N2 0.00 0.00 1.297 36.7 6.0 1.5 39.8 4.1 3.7 6.3 0.0 1.8 0.0 
S38 N2 0.00 0.00 1.300 34.7 8.0 7.1 31.6 8.1 4.6 4.1 0.0 1.8 0.0 
S39 red 0.30 0.70 1.705 30.5 6.1 23.4 31.3 7.7 0.1 0.4 0.3 0.1 0.0 
S40 air 0.00 0.00 1.857 29.0 5.7 27.2 30.0 7.3 0.1 0.4 0.3 0.0 0.0 
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Continuation of Table 44 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S41 red 0.30 0.70 2.126 24.4 7.1 25.8 32.3 8.7 0.4 0.4 0.3 0.0 0.6 
S42 air 0.00 0.00 2.497 21.9 6.4 28.7 33.8 8.3 0.1 0.5 0.3 0.0 0.0 

Atm. - atmosphere 

Table 45: Slag composition, molar basis, before viscosity measurements. 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mole-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S1 N2 0.00 0.00 0.192 69.5 13.6 9.3 3.0 1.2 1.3 1.3 0.6 0.1 0.1 
S2 air 0.00 0.00 0.230 18.9 62.4 0.0 18.2 0.2 0.3 0.0 0.0 0.0 0.0 
S3 air 0.00 0.00 0.252 53.7 24.3 8.4 6.2 2.1 0.4 2.8 1.1 0.5 0.5 
S4 air 0.00 0.00 0.255 78.4 1.2 3.6 13.0 2.8 0.5 0.4 0.1 0.0 0.0 
S5 red 0.60 0.40 0.255 78.4 1.2 3.6 13.0 2.8 0.5 0.4 0.1 0.0 0.0 
S6 air 0.00 0.00 0.256 53.0 25.4 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S7 red 0.30 0.70 0.256 52.8 25.6 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S8 air 0.00 0.00 0.274 52.4 24.2 8.5 7.5 2.8 0.7 1.8 1.1 0.5 0.5 
S9 air 0.00 0.00 0.280 40.7 32.8 6.6 7.5 3.1 2.0 1.7 1.1 4.4 0.0 
S10 air 0.00 0.00 0.285 53.5 22.3 8.4 8.1 3.0 0.9 1.5 1.1 0.5 0.7 
S11 red 0.40 0.60 0.287 40.3 32.5 6.3 7.4 3.0 1.9 2.6 1.1 4.8 0.0 
S12 N2 0.00 0.00 0.309 38.6 36.5 2.1 16.7 2.7 0.3 1.8 1.1 0.3 0.0 
S13 air 0.00 0.00 0.337 26.5 48.3 0.0 25.0 0.2 0.0 0.0 0.0 0.0 0.0 
S14 air 0.00 0.00 0.337 70.6 4.2 0.0 25.2 0.0 0.0 0.0 0.0 0.0 0.0 
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Continuation of Table 45 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mole-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S15 air 0.00 0.00 0.346 51.0 21.0 8.6 9.6 3.9 1.5 1.6 1.0 0.4 1.4 
S16 air 0.00 0.00 0.392 43.6 28.3 0.0 28.0 0.2 0.0 0.0 0.0 0.0 0.0 
S17 air 0.00 0.00 0.412 47.9 20.5 9.1 10.6 4.3 1.7 2.9 1.0 0.4 1.7 
S18 air 0.00 0.00 0.499 35.8 30.9 0.0 33.0 0.3 0.0 0.0 0.0 0.0 0.0 
S19 red 0.40 0.60 0.546 62.1 2.3 8.2 20.9 4.9 1.0 0.3 0.3 0.0 0.0 
S20 air 0.00 0.00 0.578 59.8 3.2 9.2 21.1 5.1 0.9 0.3 0.3 0.0 0.1 
S21 air 0.00 0.00 0.589 59.8 2.9 11.3 19.6 5.0 0.7 0.4 0.2 0.0 0.0 
S22 red 0.50 0.50 0.589 59.8 2.9 11.3 19.6 5.0 0.7 0.4 0.2 0.0 0.0 
S23 air 0.00 0.00 0.684 43.2 16.2 0.0 40.3 0.3 0.0 0.0 0.0 0.0 0.0 
S24 N2 0.00 0.00 0.674 46.0 13.2 14.2 9.6 11.4 3.8 0.9 0.0 0.9 0.0 
S25 red 0.40 0.60 0.726 32.9 22.5 5.0 24.6 8.7 1.3 1.2 0.8 3.0 0.0 
S26 air 0.00 0.00 0.734 32.8 22.4 5.4 24.4 8.7 1.3 1.3 0.8 3.0 0.0 
S27 N2 0.00 0.00 0.749 48.6 8.0 1.0 30.9 2.4 2.0 6.1 0.0 1.0 0.0 
S28 N2 0.00 0.00 0.764 38.5 15.0 5.6 30.1 2.4 2.7 1.0 1.2 2.4 1.0 
S29 air 0.00 0.00 0.805 38.7 15.6 8.4 33.0 1.7 0.5 0.5 0.5 1.0 0.1 
S30 red 0.30 0.70 0.833 37.8 16.2 8.6 34.1 1.8 0.5 0.5 0.6 0.0 0.0 
S31 red 0.30 0.70 0.903 30.7 21.3 9.6 32.5 1.6 3.3 0.4 0.5 0.1 0.0 
S32 air 0.00 0.00 0.932 30.3 20.9 10.7 32.2 1.6 3.3 0.4 0.5 0.1 0.0 
S33 N2 0.00 0.00 1.000 42.4 6.9 1.3 35.6 3.3 2.9 6.2 0.0 1.4 0.0 
S34 N2 0.00 0.00 1.000 39.2 10.0 9.9 22.8 9.4 4.3 2.8 0.0 1.5 0.0 
S35 red 0.40 0.60 1.046 31.6 16.1 4.0 33.1 11.6 0.5 1.3 0.6 1.3 0.0 
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Continuation of Table 45 

Sample Atm. Reducing gas 
compositions in vol.-% B/A Composition in mole-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S36 air 0.00 0.00 1.069 31.8 15.6 5.5 32.3 11.9 0.2 1.4 0.6 0.7 0.0 
S37 N2 0.00 0.00 1.297 36.7 6.0 1.5 39.8 4.1 3.7 6.3 0.0 1.8 0.0 
S38 N2 0.00 0.00 1.300 34.7 8.0 7.1 31.6 8.1 4.6 4.1 0.0 1.8 0.0 
S39 red 0.30 0.70 1.705 30.5 6.1 23.4 31.3 7.7 0.1 0.4 0.3 0.1 0.0 
S40 air 0.00 0.00 1.857 29.0 5.7 27.2 30.0 7.3 0.1 0.4 0.3 0.0 0.0 
S41 red 0.30 0.70 2.126 24.4 7.1 25.8 32.3 8.7 0.4 0.4 0.3 0.0 0.6 
S42 air 0.00 0.00 2.497 21.9 6.4 28.7 33.8 8.3 0.1 0.5 0.3 0.0 0.0 

Atm. – atmospheres 

Table 46: Slag composition, weight basis, after viscosity measurements. 

Sample Atm. Reducing gas 
compositions in vol.-% B/A* Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S1 N2 0.00 0.00 0.192 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S2 air 0.00 0.00 0.230 29.2 48.2 0.1 22.1 0.0 0.4 0.0 0.0 0.0 0.0 
S3 air 0.00 0.00 0.252 57.9 22.4 7.6 5.9 1.9 0.6 2.2 1.1 0.6 0.0 
S4 air 0.00 0.00 0.255 72.6 3.9 4.6 14.0 3.6 0.5 0.5 0.1 0.0 0.0 
S5 red 0.60 0.40 0.255 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S6 air 0.00 0.00 0.256 53.0 25.4 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S7 red 0.30 0.70 0.256 52.7 25.5 8.1 4.1 2.7 0.9 4.5 1.0 0.3 0.0 
S8 air 0.00 0.00 0.274 55.5 23.2 8.0 6.8 2.2 0.5 2.0 1.1 0.6 0.0 
S9 air 0.00 0.00 0.280 40.9 32.3 6.0 7.5 3.1 1.9 2.6 1.1 4.7 0.0 
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Continuation of Table 46 

Sample Atm. Reducing gas 
compositions in vol.-% B/A* Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S10 air 0.00 0.00 0.285 55.7 22.6 8.0 7.1 2.3 0.6 2.0 1.1 0.6 0.0 
S11 red 0.40 0.60 0.287 40.4 32.7 6.1 7.4 3.1 1.9 2.6 1.1 4.7 0.0 
S12 N2 0.00 0.00 0.309 37.6 34.6 2.1 16.4 2.5 0.2 1.6 1.1 0.3 0.0 
S13 air 0.00 0.00 0.337 30.0 41.6 0.0 28.4 0.0 0.0 0.0 0.0 0.0 0.0 
S14 air 0.00 0.00 0.337 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S15 air 0.00 0.00 0.346 54.6 22.0 8.0 8.2 2.7 0.7 2.1 1.1 0.6 0.0 
S16 air 0.00 0.00 0.392 42.6 28.9 0.2 28.0 0.3 0.0 0.0 0.0 0.0 0.0 
S17 air 0.00 0.00 0.412 53.8 22.1 8.0 8.6 2.9 0.8 2.2 1.0 0.6 0.0 
S18 air 0.00 0.00 0.499 41.4 26.3 0.1 31.7 0.2 0.0 0.0 0.0 0.1 0.0 
S19 red 0.40 0.60 0.546 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S20 air 0.00 0.00 0.578 59.8 3.1 9.2 21.1 5.1 0.9 0.3 0.3 0.0 0.1 
S21 air 0.00 0.00 0.589 60.3 3.0 11.2 19.3 5.0 0.7 0.4 0.2 0.0 0.0 
S22 red 0.50 0.50 0.589 60.9 3.0 10.4 19.4 5.0 0.7 0.4 0.2 0.0 0.0 
S23 air 0.00 0.00 0.684 50.5 14.1 0.2 34.9 0.1 0.0 0.0 0.0 0.1 0.0 
S24 N2 0.00 0.00 0.674 47.2 10.5 13.3 10.2 12.2 2.5 0.9 2.4 0.8 0.0 
S25 red 0.40 0.60 0.726 34.4 20.3 4.8 26.0 7.9 1.3 1.3 0.8 3.1 0.0 
S26 air 0.00 0.00 0.734 34.1 20.1 6.1 25.5 7.7 1.3 1.2 0.8 3.1 0.0 
S27 N2 0.00 0.00 0.749 52.9 6.2 1.0 28.0 2.2 1.8 6.4 0.3 1.0 0.2 
S28 N2 0.00 0.00 0.764 41.1 18.6 5.2 27.4 2.3 1.8 0.3 1.2 2.2 0.0 
S29 air 0.00 0.00 0.805 38.5 15.5 8.6 33.2 1.7 0.5 0.5 0.5 1.0 0.1 
S30 red 0.30 0.70 0.833 39.2 15.7 7.0 33.7 1.8 0.5 0.5 0.6 1.0 0.0 
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Continuation of Table 46 

Sample Atm. Reducing gas 
compositions in vol.-% B/A* Composition in mass-%, normalized, traces free, XRF on melt bead 

- - CO2 CO - SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 
S31 red 0.30 0.70 0.903 31.6 21.8 6.8 33.9 1.6 3.3 0.3 0.6 0.1 0.0 
S32 air 0.00 0.00 0.932 29.7 23.0 11.1 30.5 1.5 3.2 0.4 0.5 0.1 0.0 
S33 N2 0.00 0.00 1.000 45.1 5.7 1.2 33.4 3.3 2.6 7.2 0.3 1.3 0.0 
S34 N2 0.00 0.00 1.000 41.2 8.4 8.6 21.7 9.8 3.2 3.9 1.7 1.4 0.0 
S35 red 0.40 0.60 1.046 30.4 17.4 3.9 32.8 11.8 0.4 1.0 0.6 1.3 0.0 
S36 air 0.00 0.00 1.069 31.8 14.9 5.5 33.1 11.7 0.2 1.4 0.6 0.8 0.0 
S37 N2 0.00 0.00 1.297 40.3 5.1 1.2 37.0 4.0 3.4 7.0 0.3 1.6 0.1 
S38 N2 0.00 0.00 1.300 35.4 7.0 6.4 30.6 8.3 4.2 5.1 1.3 1.6 0.0 
S39 red 0.30 0.70 1.705 30.5 6.1 23.4 31.3 7.7 0.1 0.4 0.3 0.1 0.0 
S40 air 0.00 0.00 1.857 28.9 5.7 27.4 29.8 7.3 0.1 0.4 0.3 0.0 0.0 
S41 red 0.30 0.70 2.126 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S42 air 0.00 0.00 2.497 24.0 5.9 26.4 34.0 8.9 0.1 0.4 0.3 0.0 0.0 

Atm. – atmosphere; B/A* - B/A-ratio was taken from samples before measurements and not from above tabled data. 
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19. Appendix: Slag Viscosity Modelling: AALE Calculations 

Table 47: AALE calculated on viscosity predictions and measurements in the ranges 𝜼=0-25 Pa s, a=-2 K/min, all shear rates, B/A on mass, air. 

Sample B/A S2 WF Bom Sha Lak Urb Rib Str KF BBHLW Duc ANN Best 
model 

S1 0.192 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S2 0.230 1.627 1.703 0.823 3.125 20.067 1.067 0.263 1.947 1.261 0.851 0.226 1.239 Duc 
S3 0.252 0.136 0.312 1.274 0.358 1.127 0.305 0.248 0.247 0.057 0.322 0.619 0.769 KF 
S4 0.255 0.073 0.247 2.469 0.822 0.092 0.457 0.148 0.349 0.193 0.172 0.083 0.026 ANN 
S5 0.255 0.094 0.083 2.308 0.645 0.241 0.275 0.298 0.154 0.015 0.362 0.108 0.159 KF 
S6 0.256 0.053 0.306 1.271 0.168 1.120 0.218 0.168 0.151 0.033 0.252 0.757 0.872 KF 
S7 0.256 0.146 0.103 1.473 0.352 1.343 0.423 0.394 0.358 0.172 0.050 0.559 0.660 BBHLW 
S8 0.274 0.189 0.328 1.270 0.269 1.197 0.324 0.338 0.267 0.077 0.377 0.521 0.833 KF 
S9 0.280 0.408 0.143 1.598 0.082 2.818 0.537 1.212 0.580 0.314 0.277 0.154 0.179 Sha 
S10 0.285 0.104 0.209 1.430 0.415 1.159 0.449 0.391 0.410 0.202 0.329 0.411 0.721 S2 
S11 0.287 0.347 0.076 1.538 0.197 2.693 0.435 1.100 0.486 0.212 0.242 0.117 0.150 WF 
S12 0.309 0.614 0.886 0.564 1.208 2.169 0.453 0.079 0.808 0.664 0.548 0.412 0.795 Rib 
S13 0.337 0.978 1.152 0.110 2.105 7.047 0.417 0.275 1.115 0.617 0.465 0.172 0.655 Bom 
S14 0.337 0.111 0.050 2.170 1.057 0.241 0.056 0.274 0.256 0.285 0.124 0.099 0.228 WF 
S15 0.346 0.111 0.050 2.170 1.057 0.241 0.056 0.274 0.256 0.285 0.124 0.099 0.228 WF 
S16 0.392 0.360 0.509 1.080 0.350 1.172 0.202 0.224 0.161 0.209 0.167 0.474 0.279 Str 
S17 0.412 0.360 0.509 1.080 0.350 1.172 0.202 0.224 0.161 0.209 0.167 0.474 0.279 Str 
S18 0.499 0.324 0.581 0.913 0.870 2.377 0.110 0.398 0.178 0.119 0.100 0.861 0.105 BBHLW 
S19 0.546 0.826 0.982 2.827 1.361 1.070 0.997 0.692 1.347 0.783 0.571 1.155 0.565 ANN 
S20 0.578 0.168 0.227 2.063 0.705 0.468 0.427 0.186 0.639 0.214 0.092 0.247 0.044 ANN 
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Continuation of Table 47 

Sample B/A S2 WF Bom Sha Lak Urb Rib Str KF BBHLW Duc ANN Best 
model 

S21 0.589 0.308 0.395 2.182 0.894 0.704 0.741 0.419 0.959 0.523 0.059 0.335 0.118 BBHLW 
S22 0.589 0.246 0.331 2.127 0.838 0.637 0.683 0.371 0.870 0.465 0.030 0.258 0.062 BBHLW 
S23 0.684 0.215 0.532 1.116 0.284 0.097 0.153 0.116 2.374 0.339 0.191 1.068 0.297 Lak 
S24 0.674 0.295 0.138 1.670 0.170 1.356 0.715 0.613 1.698 0.506 0.210 0.252 0.907 WF 
S25 0.726 0.052 0.509 0.987 1.039 2.812 0.243 0.469 0.191 0.096 0.244 0.137 0.457 S2 
S26 0.734 0.150 0.403 1.074 0.997 3.206 0.333 0.597 0.335 0.151 0.164 0.148 0.573 Duc 
S27 0.749 0.156 0.250 1.604 0.221 0.620 0.409 0.503 1.241 0.595 0.190 0.600 0.291 S2 
S28 0.764 0.249 0.593 0.926 0.691 0.331 0.146 0.073 1.543 0.335 0.535 0.424 0.428 Rib 
S29 0.805 0.054 0.372 1.041 0.251 1.263 0.349 0.436 1.389 0.160 0.125 0.817 0.138 S2 
S30 0.833 0.178 0.302 1.071 0.259 1.637 0.469 0.554 1.772 0.278 0.065 0.994 0.281 BBHLW 
S31 0.903 0.649 1.114 0.219 1.421 0.156 0.216 0.194 1.477 0.337 0.800 0.123 0.370 Duc 
S32 0.932 0.985 1.389 0.188 1.646 0.571 0.362 0.396 1.514 0.546 1.091 0.496 0.130 ANN 
S33 1.000 0.327 0.131 1.558 0.351 0.697 0.224 0.412 1.282 0.391 0.139 0.073 0.221 Duc 
S34 1.000 0.287 0.313 1.210 0.576 0.549 0.313 0.238 0.835 0.245 0.239 0.240 1.454 Rib 
S35 1.046 0.345 1.286 0.272 1.550 1.661 0.299 0.429 0.452 0.439 0.709 0.339 0.215 ANN 
S36 1.069 0.804 1.653 0.264 1.805 0.546 0.575 0.784 0.773 0.750 1.083 0.616 0.548 Bom 
S37 1.297 0.900 1.453 0.283 1.558 3.302 1.071 1.440 1.776 1.237 1.041 1.713 0.715 Bom 
S38 1.300 0.519 1.290 0.245 1.507 1.387 0.595 0.988 0.697 0.768 0.903 1.089 0.732 Bom 
S39 1.705 0.425 1.669 0.653 1.371 0.458 0.199 0.326 0.788 0.217 0.999 1.086 0.844 Urb 
S40 1.857 0.419 1.715 0.786 1.387 0.383 0.319 0.304 0.658 0.282 1.014 1.163 0.976 KF 
S41 2.126 0.530 2.230 1.403 2.048 1.533 0.219 0.548 0.753 0.302 1.319 1.224 1.053 Urb 
S42 2.497 1.313 2.716 1.767 2.553 1.183 0.575 1.115 1.268 0.753 1.856 1.697 1.577 Urb 
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Table 48: AALE calculated on viscosity predictions and measurements in the ranges 𝜼≤ 25 Pa s, a=-2 K/min, all shear rates, B/A on mass, reducing atmospheres. 

Sample B/A S2 WF Bom Sha Lak Urb Rib Str KF BBHLW Duc ANN Best model 

S5 0.255 0.094 0.083 2.308 0.501 0.241 0.044 0.413 0.164 0.293 0.362 0.108 0.159 Urb 
S7 0.256 0.146 0.103 1.473 0.073 1.343 0.162 0.066 0.097 0.077 0.050 0.560 0.660 BBHLW 
S11 0.287 0.347 0.076 1.538 0.376 2.693 0.285 0.806 0.337 0.078 0.241 0.117 0.149 WF 
S19 0.546 0.826 0.982 2.827 1.086 1.070 0.371 0.381 1.501 0.176 0.571 1.154 0.565 KF 
S22 0.589 0.246 0.331 2.127 0.491 0.637 0.076 0.045 0.658 0.269 0.030 0.257 0.062 BBHLW 
S25 0.726 0.052 0.509 0.987 1.134 2.812 0.121 0.265 0.067 0.105 0.245 0.137 0.457 S2 
S30 0.833 0.178 0.302 1.071 0.461 1.637 0.173 0.209 2.087 0.084 0.065 0.994 0.281 BBHLW 
S31 0.903 0.649 1.114 0.219 1.587 0.156 0.390 0.472 1.729 0.548 0.801 0.123 0.370 Duc 
S35 1.046 0.345 1.286 0.272 1.611 1.661 0.383 0.567 0.564 0.545 0.709 0.339 0.215 ANN 
S39 1.705 0.425 1.669 0.653 1.747 0.458 0.693 1.150 1.526 0.853 0.999 1.087 0.845 S2 
S41 2.126 0.530 2.230 1.403 2.386 1.533 0.813 1.488 1.501 0.970 1.319 1.225 1.054 S2 
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Table 49: AALE calculated on viscosity predictions and measurements in the ranges η≤ 25 Pa s, a=-2 K/min, all shear rates, B/A on mass, nitrogen gas is oxidizing. 

Sample B/A S2 WF Bom Sha Lak Urb Rib Str KF BBHLW Duc ANN Best model 

S1 0.192 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S12 0.309 0.614 0.886 0.564 1.208 2.169 0.453 0.079 0.808 0.664 0.548 0.412 0.795 Rib 
S24 0.674 0.295 0.138 1.670 0.170 1.356 0.715 0.613 1.698 0.506 0.210 0.252 0.907 WF 
S27 0.749 0.156 0.250 1.604 0.221 0.620 0.409 0.503 1.241 0.595 0.190 0.600 0.291 S2 
S28 0.764 0.249 0.593 0.926 0.691 0.331 0.146 0.073 1.543 0.335 0.535 0.424 0.428 Rib 
S33 1.000 0.327 0.131 1.558 0.351 0.697 0.224 0.412 1.282 0.391 0.139 0.073 0.221 Duc 
S34 1.000 0.287 0.313 1.210 0.576 0.549 0.313 0.238 0.835 0.245 0.239 0.240 1.454 Rib 
S37 1.297 0.900 1.453 0.283 1.558 3.302 1.071 1.440 1.776 1.237 1.041 1.713 0.715 Bom 
S38 1.300 0.519 1.290 0.245 1.507 1.387 0.595 0.988 0.697 0.768 0.903 1.089 0.732 Bom 

Table 50: AALE calculated on viscosity predictions and measurements in the ranges η≤ 25 Pa s, a=-2 K/min, all shear rates, B/A on mass, nitrogen gas is reducing. 
Sample B/A S2 WF Bom Sha Lak Urb Rib Str KF BBHLW Duc ANN Best model 

S1 0.192 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
S12 0.309 0.682 0.956 0.503 1.347 2.171 0.574 0.051 0.982 0.783 0.607 0.518 0.864 Rib 
S24 0.674 0.229 0.146 1.596 0.490 1.305 0.203 0.191 2.137 0.256 0.295 0.356 0.846 WF 
S27 0.749 0.265 0.373 1.477 0.369 0.735 0.588 0.669 1.442 0.772 0.307 0.698 0.417 S2 
S28 0.764 0.290 0.637 0.877 0.886 0.332 0.415 0.343 1.845 0.598 0.585 0.414 0.389 S2 
S33 1.000 0.295 0.181 1.500 0.442 0.740 0.336 0.520 1.408 0.507 0.164 0.114 0.223 Duc 
S34 1.000 0.308 0.422 1.097 0.889 0.472 0.330 0.453 0.407 0.423 0.350 0.350 1.351 S2 
S37 1.297 0.943 1.529 0.221 1.672 3.342 1.203 1.573 1.945 1.368 1.106 1.735 0.779 Bom 
S38 1.300 0.642 1.431 0.214 1.779 1.474 0.973 1.373 1.061 1.139 1.044 1.210 0.610 Bom 
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20. Appendix: Advanced Viscosity Modelling: a-factors 

Table 51: Minimum and maximum a-factors of extensively investigated samples, oxidizing conditions, all shear rates, all solid volume fractions. 
Sample S13 S14 S32 S36 S40 S42 

B/A 0.337 0.338 0.932 1.069 1.857 2.497 
AALE max. min. max. min. max. min. max. min. max. min. max. min. 

S2 578.2 4.7 355.1 1.6 3.7 1.1 5.6 1.1 1.2 -1.8 50.0 4.9 
W-F 646.4 5.3 4.2 -240.2 4.1 1.3 7.5 1.3 2.0 1.3 57.4 5.7 
Bom 2.7 -514.8 -4.8 -26650.5 2.1 0.1 3.2 -8.7 0.9 -8.2 52.6 4.8 
Sha 974.5 6.3 0.4 -6686.0 4.3 1.3 7.4 1.3 1.9 1.2 56.9 5.6 
Lak -106.7 -281164 735.4 2.1 3.5 1.3 6.4 1.2 1.4 -3.6 51.2 3.2 
Urb 71.5 3.0 170.9 0.7 2.7 0.6 6.3 1.2 1.5 -0.1 40.1 4.9 
Rib 3.1 -575.5 820.1 2.1 2.9 0.9 6.8 1.3 1.7 0.6 48.1 5.3 
Str 600.1 4.4 971.5 -0.2 4.2 -2.5 6.6 1.1 2.5 1.4 49.6 5.4 
K-F 269.2 3.8 907.3 2.2 3.1 0.8 6.6 1.2 1.6 0.5 43.2 5.0 

BBHLW 171.5 3.5 493.3 1.2 3.9 1.4 6.5 1.2 1.5 -0.1 53.8 5.3 
Duc 3.6 -751.9 3.6 -392.9 3.4 1.4 6.2 1.2 1.0 -1.7 52.7 5.0 
ANN 322.8 3.9 3.8 -1049.7 1.3 -1.9 6.4 1.1 1.7 0.5 51.4 4.8 
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Table 52: Minimum and maximum a-factors from extensively investigated samples, reducing conditions, all shear rates, all solid volume fractions. 
Sample S31 S35 S39 S41 

B/A 0.903 1.046 1.705 2.126 
AALE max. min. max. min. max. min. max. min. 

S2 3.1 0.0 0.8 -0.1 1.3 0.1 8.1 0.6 
W-F 4.9 0.8 1.1 0.8 1.9 1.2 19.5 1.1 
Bom 0.8 -9.2 0.9 -0.8 1.6 1.1 19.7 1.0 
Sha 6.3 1.1 1.1 1.0 2.0 1.2 19.8 1.2 
Lak 2.8 0.7 1.1 0.9 1.4 -1.53E+18 16.5 -3.17E+28 
Urb 1.1 -2.3 1.0 0.5 1.2 0.1 14.2 0.8 
Rib 2.0 -1.0 1.1 0.8 1.6 0.8 17.9 1.0 
Str 6.5 -0.2 -3.2 -42.1 2.1 1.2 19.4 1.1 
K-F 2.1 -0.9 1.0 0.6 1.3 0.3 14.9 0.8 

BBHLW 3.7 0.7 1.0 0.5 1.6 0.9 18.5 1.0 
Duc 1.3 -3.4 0.8 -0.2 1.8 1.0 17.5 1.0 
ANN -2.4 -12.6 0.6 -1.0 1.8 1.1 17.4 1.0 
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21. Appendix: Slag Mineral Phase Investigations and Modelling 

Table 53: Minerals, abbreviations and chemical formulas. 
Abbr. Mineral name Mineral formula Abbr. Mineral name Mineral formula 
Ake Akermanite Ca2MgSi2O7 Hol Hollandit K0.75Ti3.25Al0.75O8 
Alu Alumina γ-Al2O3 Kir Kirschsteinite Ca(Fe++0.69Mg0.31)SiO4 
Ano Anorthite CaAl2Si2O8 Lar Larnite Ca2(SiO4) 
Aug Augite (Ca,Fe)(Mg,Fe)[Si2O6] Magh Maghemite Fe+++2O3 
Bre Bredigite Ca14Mg2(SiO4)8 Magn Magnetite Fe++Fe+++2O4 

Brow Brownmillerite Ca2(Al,Fe+++)2O5 MagSi Magnesium Silicate Mg2SiO4 
Cor Corundum Al2O3 Mer Merwinite Ca3MgSi2O8 
Cri Cristobalite SiO2 Mon Monticellite CaMgSiO4 

DioFe Diopside-Fe Ca(Mg0.75Fe0.25)Si2O6 MonFe Monticellite-Fe++ CaFe0.12Mg0.88SiO4 
Fay Fayalite Fe++2SiO4 Mul 2:1 Mullite 2:1 (Al2O3)2(SiO2) 
Fer Ferrobustamite (CaFe++)(SiO3)2 Por Porcelainite Al6Si2O13 
For Forsterite Mg2SiO4 Qua Quartz SiO2 
Geh Gehlenite Ca2Al2SiO7(s) SpFA Spinel Hercynite Fe++Al2O4 
Gro Grossularia Ca3Al2(SiO4)3 SpMAF Spinel MgAl0.79Fe+++1.21O4 
Hed Hedenbergite CaFe++Si2O6 SpiMA Spinel MgAl2O4 
Her Hercynite Fe++Al2O4 Wol Wollastonite CaSiO3 
Hib Hibonite CaAl12O19 Wue Wuestite Fe++O 
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Figure 123: Liquid slag composition obtained by quenching experiments and calculations at 
oxidizing conditions, S4 to S14. 
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Figure 124: Liquid slag composition obtained by quenching experiments and calculations at 
oxidizing conditions, S16 to S32. 
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Figure 125: Liquid slag composition obtained by quenching experiments and calculations at 
oxidizing conditions, S36 to S42. 
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Figure 126: Liquid slag composition obtained by quenching experiments and calculations at 
reducing conditions, S7 to S31. 
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Figure 127: Liquid slag composition obtained by quenching experiments and calculations at 
reducing conditions, S35 to S41. 
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