
 

 

Viscosity, Density, and Surface Tension of 

Gasified Coal and Synthesized Slag Melts for 

Next-Generation IGCC 

 

 

 

 

 

 

 

 

 

Arman 

 



 

 

 

Viscosity, Density, and Surface Tension of 

Gasified Coal and Synthesized Slag Melts for 

Next-Generation IGCC 

 

 

 

 

 

 

September, 2016 

Arman 

Department of Materials Science and Biotechnology, 

Graduate School of Science and Engineering,  

Ehime University, Japan 

 



 

 

 

Viscosity, Density, and Surface Tension of Gasified Coal and 

Synthesized Slag Melts for Next-Generation IGCC 

 

 

 

Written By: 

Arman 

Reg. Number 3862005K 

 

 

 

 

 

 

Approved by: 

Academic supervisor, 

 

 

 

 

Prof. Dr. Hiromichi Takebe 

 

Professor 

Graduate School of Science and Engineering, 

Ehime University 

3 Bunkyo-cho, Matsuyama, 

Ehime 790-8577, Japan 

Email: takebe.hiromichi.mk@ehime-u.ac.jp 

mailto:takebe.hiromichi.mk@ehime-u.ac.jp


i 

 

Ratification 

Dissertation entitled “Viscosity, Density, and Surface Tension of Gasified Coal 

and Synthesized Slag Melts for Next-Generation IGCC” by Arman, Students Reg. 

Number 3862005K, has been tested in dissertation court at the Ehime University, Japan, 

on August 17th 2016. 

This dissertation has been accepted as one of the requirements to obtain an Doctoral 

Engineering Degree (Dr. Eng.) at Department of Materials Science and Biotechnology, 

Graduate School of Science and Engineering, Ehime University, Japan. 

 

    Matsuyama, September 13th 2016 

 

Viva voice 

 

Chairman: Prof. Dr. Hiromichi Takebe    Seal 

Examiner: 1. Prof. Dr. Toshiro Tanaka    Seal 

  2. Prof. Dr. Hiromichi Aono    Seal 

3. Prof. Dr. Akira Saitoh    Seal 

 

 

 

 

 

 



ii 

 

Contents                

Ratification                 i 

Acknowledgment                           v  

Chapter 1. General Introduction          1 

1.1 Background of present study               1 

1.1.1 Important of IGCC and properties of coal slag melts           1  

1.1.2 Significant of gasified coal slag melts                     12 

1.2 Purposes of  Present Study                       23 

References                          25 

Chapter 2. Viscosity Measurements and Prediction of Gasified 

Coal and Synthesized Coal Slag Melts        32     

2.1.   Introduction                            32 

2.2.   Materials and methods                                      34 

2.2.1 Sample preparation                                     34 

2.2.1.1 Coal slag samples                      34 

2.2.1.2 Synthesized slag samples                     37 

2.2.2 Viscosity measurements of slag melts                    37 

2.3 Results and Discussion                        42 

2.3.1      Error estimation                       42 

2.3.2      Viscosity measurements                      42 

2.3.2.1 Gasified coal slag melts                     45 



iii 

 

2.3.2.2 Synthesized coal slag melts                     47 

2.3.3     The behavior of slag melt components                     51 

2.3.3.1 Behavior of SiO2, CaO, and MgO on viscosity                  53 

2.3.3.2 Behavior of Al2O3 on viscosity                    54 

2.3.3.3 Behavior of iron oxide on viscosity                    55 

2.3.4     The temperature dependence of viscosity                    56        

2.3.5     Composition parameter                       61 

2.3.5.1 Based on measured data          61 

2.3.5.2 Based on the role of components         62 

2.4 Conclusions                         68 

References                          70 

Chapter 3. Density Measurements of Gasified Coal and 

Synthesized Slag Melts                   77 

3.1 Introduction                         77 

3.2 Materials and methods                        79 

3.2.1 Sample preparation                       79 

3.2.1.1 Coal slag samples                             79 

3.2.1.2 Synthesized slag samples                      81 

3.2.2 Density measurements of slag melts                     84 

3.3 Results and Discussion                        87 

3.3.1 Error estimation                        87 

3.3.2 Density measurements                       89 

3.3.3 Molar volume                       95 



iv 

 

3.3.4 Coefficient of volume expansion                     98 

3.3.5 The influence of Al2O3 and Fe2O3 on density                  101 

3.3.6 Composition parameter                     102 

3.4 Conclusions                       106 

References                                   108 

Chapter 4. Surface Tension Measurements of Synthesized Coal 

Slag Melts            113 

4.1 Introduction                       113 

4.2 Materials and methods                      115 

4.2.1 Sample preparation of synthesized slag                   115 

4.2.2 Surface tension measurements of slag melts                  115 

4.3 Results and Discussion                      120 

4.3.1 Error estimation                      120 

4.3.2 Surface tension measurements                    125 

4.3.2.1 Temperature dependence         125 

4.3.2.2 Composition dependence         129 

4.3.3 Composition parameter                     130 

4.4 Conclusions                       132 

References                        136 

Chapter 5. General Conclusion and Future Work            140 

 



v 
 

Acknowledgment 

 

First, and most of all, I would like to express my sincere gratitude and appreciation to 

my academic advisor Professor Dr. Hiromichi Takebe for guiding me to think 

scientifically, for inspiring me to design a good experiment, for helping me come to my 

own conclusions, and for constant support during the work of this doctoral thesis. I have 

learned many things through his conduct and leadership.  

I also wish to thank Professor Toshiro Tanaka, Professor Hiromichi Aono and 

Professor Mitsuhiro Okayasu for their all lecturer, advice and guidance. It beneficially 

gave me knowledge and better understanding in dealing with physical, chemical, and 

mechanical properties of materials. 

I would like to thank to Professor Dr. Akira Saitoh, for providing many ideas for this 

research, for his help with both technical and theoretical concerns during this project. 

I thank to Dr. Satoshi Okano, and all staff in office, lab and field of Ehime University. 

Arata Tsuruda and Akiko Okada for measuring and support viscosity and surface tension 

data, and all the members of Materials Processing Engineering Laboratory (MPEL) many 

more unmentioned but not forgotten.  

I acknowledge the New Energy and Industrial Technology Development Organization 

(NEDO) of Japan for sponsoring this research. 

I am indebted to Directorate General of Human Resource for Science, Technology 

and Higher Education (DIKTI) of Indonesia to pursue a doctoral degree of financial 

support for author.  



vi 
 

I would like to thank all the colleagues and friends at the State Polytechnic of Ujung 

Pandang as my institution.   

I would also like to express my sincere appreciation to my family for their support: 

my parents, Kamaruddin Saleng and Sitti Khadijah for their never-ending support and 

encouragement, my brothers, Ardhy and Azwar for all their help and prayers, and my in-

laws, Amir Siang and Rahmatiah Abdi for their endorsement. 

Finally, I am especially grateful for my beloved wife, Airah Amir, my sons: Ammar 

Alfatih and Abizar Arrazi to keep my mind open even if my life situation was critical and 

always supporting me.  



1 
 

Chapter 1 

General Introduction 

 

 

 

 

1.1. Background of Present Study 

1.1.1. Importance of IGCC and properties of coal slag melts 

In this century, global electricity demand is increasing at about by over 40% in the next 

20 years in worldwide operation due to high efficiency and environmental compliance to 

reduce CO2 emissions because of global warming [1.1, 1.2]. There is a demand to improve 

the efficiency of energy use through changes in technology and to produce energy vectors 

such as H2 with near zero emissions of greenhouse gases [1.3, 1.4]. One technology, 

integrated (coal) gasification in a combined cycle (IGCC), offered the promise of 

generating power from coal at high efficiency with low emissions and development 

activity intended at demonstrating and commercializing these plants [1.5]. This 

contributes to the improvement of power generation efficiency compared with 

conventional pulverized coal gasification plants as well as the reduction of emissions of 

greenhouse gases [1.6, 1.7]. Coal has been primarily used as a solid fuel in IGCC with 

different compositions depending on geographic origin [1.8, 1.9]. 

Coal is known as a very important energy resource that has the characteristics dispersed 

over a wide area and stable low price relatively, compared with other energy resources 

[1.10]. Coal shares will be about 25% in global primary energy demand and about 40% 
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in global power generation in 2035 as shown in Figs. 1.1a and 1.1b [1.11]. Japan is the 

second largest coal gasification power producer in the world. Figs. 1.2a and 1.2b show 

an increase of coal gasification power generation in Japan from 93 TWh in 1990 to 256 

TWh in 2012 [1.12]. The operation of nuclear power plants in Japan has been suspended 

since the accident at the Fukushima Daiichi Nuclear Power Plant in 2011, making coal 

power within increased 25% for electricity supply in Japan [1.13]. 

Integrated Coal Gasification Combined Cycle (IGCC) is a high-efficiency power 

generation technology which gasifies coal to be used as the fuel for gas turbines. 

According to a NEDO report [1.14], compared with conventional pulverized coal-fired 

power plants, IGCC has many advantages as follows:  

1. Improved power generation efficiency: Compared with conventional pulverized 

coal-fired power plants, IGCC can increase power generation efficiency by 

approximately 20% for commercial plants.  

2. Lower environmental burden: Owing to the increase in power generation 

efficiency, the emissions of SOx, NOx, and dust per generated power unit are 

lower. In addition, CO2 emissions are reduced to the level of the heavy-oil-fired 

power generation process.  

3. Flexibility to use different grades of coal: IGCC can use coal with low ash melting 

points, which is difficult to use in conventional pulverized coal-fired power plants. 

As a result, IGCC broadens the variety of coal grades that can be used in coal-

fired power plants.  

4. Increase in fields that can utilize the ash: Since IGCC discharges coal ash in the 

form of glassy molten slag, the ash is expected to be effectively used as a 

component for civil engineering work.  
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5. Reduction of water consumption: Since the generated gas is desulfurized directly, 

IGCC does not need a flue gas desulfurization unit, which consumes large 

amounts of water. Accordingly, IGCC uses significantly less water than 

conventional pulverized coal-fired power plants.  

Fig. 1.4a and 1.4b show the efficiency trend for coal gasification of electricity production 

for the period 1990–2012 [1.12]. Japan has achieved the world’s highest efficiency levels 

for coal gasification power generation technology in the range of 39–41%. 

The previous study reported [1.3] that gasification technologies can be classified into 

three groups of gasifier configurations according to their flow geometry: 

1. Entrained-flow gasifiers, in which pulverized coal particles and gases flow 

concurrently at high speed. They are the most commonly used gasifiers for coal 

gasification. 

2. Fluidized-bed gasifiers, in which coal particles are suspended in the gas flow; 

coal feed particles are mixed with the particles undergoing gasification. 

3. Moving-bed (also called fixed bed) gasifiers, in which gases flow relatively 

slowly upward through the bed of coal feed.  

Entrained flow gasifiers are the most widely used gasifiers with different gasification 

technologies based on entrained flow gasifiers presently used at industrial scale or under 

worldwide development [1.10]. 



4 
 

World primary energy demand by source World power generation by source

(a) 
(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 (a) Coal shares in world primary energy demand and (b) world power generation by sources [1.11].  
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Fig. 1.2 (a) Coal gasification of power generation producer in the world and (b) Japan’s power generation [1.12, 1.13]. 
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Fig. 1.3 (a) Average efficiency of coal gasification power production and (b) comparison CO2 emission by some power 

generations [1.12]. 
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In entrained-flow gasifiers, coal is typically gasified at high temperatures 1200 to 1600 °C 

[1.10] and high pressures 20–30 atm [1.15]. During gasification, organic material in coal is 

completely gasified and combusted under high-temperature and high-pressure conditions; the 

mineral matter in coal changes into ash during coal combustion; and the ash exposed to high-

temperature conditions. The coal ash becomes liquid slag owing to the melting and reactions 

of its component mineral matter [1.16]. The coal is heated in the gasifier to convert the solid 

combustible mixture into the cleaned gases composed of CO, H2 and CO2 as a fuel to the gas-

turbine  [1.4, 1.17]. A schematic of a generalized design of an IGCC plant is shown in Fig. 

1.4 [1.17]. Meanwhile, the molten ash particles accumulate on the internal walls of the 

gasification chamber, then the wall is covered by a layer of solid slag  [1.18]. The liquid slag 

flows under the force of gravity and out of the bottom of the gasifier into a water quenching 

system [1.19]. Fig. 1.5 shows schematically the essential effect of viscosity, density, and 

surface tension of coal slag melts in the entrained-flow gasifier of  IGCC  [1.20]. Generally, 

the required slag viscosity at the tapping temperature should be 5–25 Pa s for entrained flow 

gasifier [1.21]. For instance, if the viscosity of coal slag is above 25 Pa·s, it will cause viscous, 

unpredictable slag flow from the gasifier, if the viscosity is below 5 Pa·s, it will result in rapid 

refractory wear of the gasifier [1.22]. Therefore, it is essential to understand the composition 

and temperature dependences of physical properties of coal slag melts, e.g., viscosity, 

density, surface tension, thermal conductivity, electric conductivity, heat capacity, and 

compressibility [1.23–1.27]. 

Among these properties, the viscosity, density, and surface tension are most fundamental 

properties of coal slag melts in the IGCC power plant [1.18, 1.28]. 
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Fig. 1.4. (a) Detailed schematics of high-efficiency oxy-fuel IGCC (integrated (coal) gasification combine cycle) system, and (b) 

schematic of pressurized entrained flow of coal gasifier [1.17]. 
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Fig. 1.5 The main physical properties of slag melts and schematic view of temperature 

distribution in the gasification furnace. 
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The operating temperature of the entrained-flow gasifiers is not necessary above the liquidus 

temperature of coal slags, the liquid coal slag tapped from the gasifier is possibly 

homogenous liquid slag or heterogeneous liquid slag containing crystallized particles [1.29]. 

It is important to understand that in the gasification process is not only the viscosity of fully 

liquid phase but also the viscosity of the liquid phase containing the partly crystallized solid 

particles for coal slag in the gasifier [1.20].  

Viscosity (ɳ) is a measure of the resistance of a liquid to shear deformation, and its SI unit 

is Pa·s. The viscosity is one of the key properties to determine the flow behaviors of slag 

melts. The flow behaviors influence the performance of continuous operation of the 

entrained-flow gasifier [1.30, 1.31]. It is widely considered that the viscosity of slag melts 

should be sufficiently low at the tapping temperature, typically less than 25 Pa.s at 

temperatures range 1300−1500 °C [1.18]. The viscosity of slag melts should have typically 

adequate values of 5−15 Pa·s with good flow [1.8, 1.32]. 

The density (ρ) is the mass per unit volume and its common unit is g/cm3 (SI unit is 103 

kg/m3). The density of slag melts is important since it provides useful information about the 

glass melt structure. The density data is used to calculate molar volume and coefficient of 

volume expansion in order to discuss the molecular structure of slag melts [1.33–1.35]. The 

coefficient of volume expansion is one of important physical properties to control the melting 

process of slag melts [1.36, 1.37].  Furthermore, the temperature and composition 

dependences can be investigated with some methods of density measurements at high 

temperatures. 
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The surface tension () in the coal gasification related with multicomponent slag melts is 

one of the most important parameters for controlling the various interfacial phenomena 

[1.38]. The surface tension defined as the energy required to increase the surface area of a 

liquid due to intermolecular forces is essential property of coal slag melts since its related to 

gasifier operating of IGCC [1.39].  The SI unit for surface tension is N/m and is identical 

dimensionally to the unit (J/m2) for the surface energy; 1 J/m2 = 1103 erg/cm3 = 1103 

dyne/cm = 1 N/m.  The phenomena related to the surface tension of gasification are the 

process of coal slag melting. The surface tension plays a great role in controlling the 

homogeneity, bubble elimination from coal slag melts and gasifier corrosion. In addition, in 

the gasification process, surface tension is relevant to fluid flow of slags and slag ceramic 

interactions (wetting) [1.8, 1.36, 1.40]. Furthermore, the compositional and temperature 

dependences of surface tension provide us with important information on the glass melt 

structure [1.41, 1.42]. 

It is known that measurements of the viscosity, density, and surface tension of coal slag 

melts at high temperature are experimentally difficult to carry out, expensive, and time 

consuming [1.43]. In published literature, the physical properties of coal slag melts are 

limited. On the other hand, the importance of physical properties of gasified coal slag melts 

is primarily recognized to enable continuous operation. Therefore, the ability to measure and 

estimate viscosity, density, and surface tension for coal slag melts is useful for the practical 

gasification.  
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1.1.2. Significance of gasified coal slag melts 

Coal has primarily been used as a solid fuel to produce electricity and heat through 

combustion such us in IGCC process. Coal is usually categorized and divided into several 

categories according to its properties, two major types are high–rank and low–rank coals 

[1.44]. Generally, classification of coals by rank and caloric values, bituminous coals, which 

are categorized as high–rank coals, are most commonly consumed in industrial sectors. In 

contrast, demand for low–rank coals such as sub–bituminous coal, lignite and brown coal are 

limited because of their lower heating values, compared with bituminous coal. Recently, 

efficient technologies to utilize low–rank coals have drawn attention [1.45], because there 

are limited reserves of the high–rank coals [1.14]. Fig. 1.6 shows the proven recoverable of 

bituminous, sub-bituminous, and lignite coal in the world. Additionally, the Fig. 1.7 shows 

the top coal producing countries.   

Coal is a complex mixture of organic and inorganic compounds [1.44]. Due to the 

difficulty of quantitative analysis of the ash minerals, coal ash analysis is usually determined 

by chemical analysis for most elements produced by combustion. This means that ash and 

mineral matter are not the same material, physically or chemically although they are related 

[1.44]. Coal ash minerals encompass oxides, sulfides, and carbonates of silicon, aluminum, 

iron, calcium, magnesium [1.46]. While over 120 minerals have been identified in coal, only 

8 are common constituents: quartz (SiO2), kaolinite (Al2Si2O5 (OH)4), illite ((K, H3O) (Al, 

Mg, Fe)2 (Si, Al)4 O10 [(OH)2, (H2O)]), montmorillonite ((Na, Ca)0.33 (Al, Mg)2 (Si4O10) (OH)2 

· nH2O), chlorite ((Mg, Fe)3 (Si, Al)4 O10 (OH)2 · (Mg, Fe)3 (OH)6, pyrite (FeS2), calcite 

(CaCO3), and siderite (FeCO3) [1.8].   
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Fig. 1.6 The coal recoverable reserves by region of bituminous (high rank), sub-bituminous and lignite (high rank) [1.45] in the 

world by percentage (Source: https://www.worldenergy.org).  

https://www.worldenergy.org/
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Fig. 1.7. The top coal producing countries and coal classification of bituminous (high rank), 

sub-bituminous and lignite (low rank) [1.45] in the world by percentage (Source: 

https://www.worldenergy.org).    
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The quantity of these mineral constituents differs considerably for coal ashes, depending on 

the geographic origin of the coal. The difference in coal ash causes substantial variability in 

their physical properties as a function of composition and temperature.  

Coal slags formed during the gasification process mainly contain SiO2, Al2O3, CaO, 

MgO, FeO, and Fe2O3 with small amounts of Na2O, K2O, TiO2, P2O5, SrO, MnO, and other 

compounds [1.32, 1.34]. Table 1.1 shows the major components of  45 coal slags from China 

using in the some IGCC power plants [1.20]. Tables 1.2 and 1.3 show the major components 

of 52 and 32 coal slags analyses of low-iron and high iron from Australia, respectively [1.30, 

1.32]. Table 1.4 also shows the major components of 10 coal slag compositions used in the 

gasification system from Indonesia, USA, and Russia  [1.47, 1.48]. Table 1.5 summarizes 

130 coal slags for IGCC process from China, Australia, Indonesia, USA, and Russia and their 

chemical compositions. Table 1.5 shows that oxides of SiO2, Al2O3, CaO, MgO, and Fe2O3 

comprise more than 90% (mol) of mineral components. Minor components such as Na2O, 

K2O, TiO2, P2O5, SrO, MnO, and other compounds account for about 10% (mol%) of the 

mineral components. A basicity composition parameter (base/acid ratio) (Table 1.5) without 

FeOx components also covers the composition of these oxides mainly with (CaO + 

MgO)/(Al2O3 + SiO2) molar ratio in the range of 0.01 to 1.46.  

 Coal slags are similar in their compositions and properties to magmas, glasses, and slags 

[1.8]. Therefore, the study of molten silicates provides a useful first approximation to the 

behavior of coal slags derived under gasifier conditions. The gasified coal and synthesized 

slag melts with simplified silicate systems have been prepared here to understand the effect 

of the main components on viscosity. In this study, roles of Al2O3 and Fe2O3 on viscosity, 

density and surface tension as amphoteric oxides were mainly explored. Synthesized slag 
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melts for comparison are in the systems of RO–Al2O3–SiO2 (R=Ca, Mg), CaO–Fe2O3–SiO2 

(CFS), and CaO–Al2O3–Fe2O3–SiO2 (CAFS).  

The roles of Al2O3 and Fe2O3 in silicate glasses, crystals and slag melts have been widely 

studied by various techniques such as Raman and Mössbaeur spectroscopies and several melt 

properties such as viscosity, surface tension and density at high temperatures [1.49–1.57]. 

Silicate slags consist of three-dimensional interconnected network of SiO4 tetrahedra for SiO2 

as a network former (NWF) [1.33]. The basic oxides such as CaO, MgO break the silicate 

network to form non-bridging oxygen as network modifiers (NWM) [1.58]. The typical 

amphoteric oxides of Al2O3 and Fe2O3 play dual roles as NWF and NWM depending on slag 

composition [1.28].  

From this point of view, a previous study [1.59] classified general oxides into four groups, 

based on the ionic radius and the electronegativity, as shown in Fig. 1.8. When the ionic radii 

and electro negativities of major component oxides of coal slag in Fig. 1.8 are compared, it 

can be seen that the Si4+ is in group (A) as an acidic oxide for glass network. The Ca2+ and 

Mg2+ are in group (B) as basic oxides of alkali- and alkaline-earth oxides. The transition metal 

cations of Al3+, Fe2+, and Fe3+ are in group (D) functional cations (transition metal cations 

and amphoteric oxides). Transition metal cations have with d- or f-orbital valence electrons. 

Amphoteric oxides such as Al2O3 and Fe2O3 can behave as basic or acidic oxides, depending 

on slag composition. 
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Table 1.1 The major components of 45 coal slag samples from China [1.20]. 

Sample 

Molar ratio (mass ratio)a 

SiO2 Al2O3 CaO MgO Fe2O3 
Basicity 

parameterb 

LX 23.46 (18.92) 21.08 (28.85) 34.50 (25.97) 5.80 (3.14) 7.11 (15.24) 0.90 (0.61) 

GJ 31.92 (23.55) 20.99 (26.28) 25.30 (17.42) 1.50 (0.74) 12.96 (25.42) 0.51 (0.36) 

CL 41.30 (33.54) 22.70 (31.28) 9.16 (6.94) 13.07 (7.12) 6.28 (13.55) 0.35 (0.22) 

HF 39.19 (32.08) 19.25 (26.74) 22.41 (17.12) 5.26 (2.89) 6.28 (13.66) 0.47 (0.34) 

DT 44.26 (36.94) 21.73 (30.78) 20.81 (16.21) 5.57 (3.12) 4.11 (9.12) 0.40 (0.29) 

PDS 44.72 (30.18) 21.36 (24.46) 9.56 (6.02) 2.30 (1.04) 20.59 (36.94) 0.18 (0.13) 

GY 43.59 (37.32) 19.38 (28.15) 31.03 (24.79) 1.79 (1.03) 3.50 (7.96) 0.52 (0.39) 

WL 53.48 (42.74) 23.44 (31.79) 8.76 (6.53) 3.47 (1.86) 5.54 (11.77) 0.16 (0.11) 

AQ 51.53 (41.91) 22.44 (30.97) 17.44 (13.24) 0.51 (0.28) 4.23 (9.15) 0.24 (0.19) 

XY 45.13 (36.88) 19.27 (26.73) 20.09 (15.32) 3.61 (1.98) 6.44 (13.98) 0.37 (0.27) 

XLT 48.00 (41.57) 20.10 (29.54) 19.60 (15.84) 8.09 (4.70) 3.16 (7.28) 0.41 (0.29) 

CC 61.66 (51.51) 25.20 (35.72) 6.31 (4.92) 2.89 (1.62) 1.70 (3.78) 0.11 (0.07) 

GZ 52.22 (43.57) 21.07 (29.83) 18.10 (14.09) 2.14 (1.20) 3.87 (8.57) 0.28 (0.21) 

SEK 48.13 (39.85) 19.11 (26.85) 19.54 (15.10) 5.65 (3.14) 6.50 (14.30) 0.37 (0.27) 

YZ 38.44 (27.17) 14.16 (16.98) 23.29 (15.36) 2.45 (1.16) 20.35 (38.22) 0.49 (0.37) 

SB 62.74 (54.33) 22.89 (33.64) 8.41 (6.80) 3.32 (1.93) 0.27 (0.61) 0.14 (0.10) 

LEK 62.05 (52.18) 22.59 (32.24) 9.65 (7.57) 1.68 (0.95) 2.30 (5.14) 0.13 (0.10) 

HM 49.17 (38.62) 17.79 (23.71) 12.44 (9.12) 5.50 (2.90) 9.98 (20.84) 0.27 (0.19) 

SF2 53.67 (45.95) 18.73 (27.21) 19.02 (15.20) 2.70 (1.55) 2.98 (6.77) 0.30 (0.23) 

CQ 58.16 (45.47) 20.15 (26.73) 9.24 (6.74) 0.84 (0.44) 8.16 (16.96) 0.13 (0.10) 

GJW 62.01 (53.16) 20.84 (30.31) 7.00 (5.60) 5.22 (3.00) 1.94 (4.42) 0.15 (0.10) 

JC 62.97 (54.46) 20.73 (30.42) 7.15 (5.77) 2.78 (1.61) 0.22 (0.50) 0.12 (0.09) 

LW 53.12 (47.11) 17.49 (26.32) 21.87 (18.10) 1.04 (0.62) 0.99 (2.33) 0.32 (0.25) 

YM 65.55 (56.15) 20.83 (30.28) 6.14 (4.91) 2.52 (1.45) 1.77 (4.02) 0.10 (0.07) 

KL 41.80 (38.24) 12.97 (20.13) 33.93 (28.97) 5.41 (3.32) 1.77 (4.31) 0.72 (0.55) 

DZ 53.64 (44.55) 16.64 (23.45) 19.27 (14.94) 2.08 (1.16) 5.92 (13.06) 0.30 (0.24) 

HB 58.55 (46.32) 17.37 (23.32) 8.11 (5.99) 3.35 (1.78) 8.67 (18.22) 0.15 (0.11) 

FH 62.21 (53.19) 18.06 (26.20) 10.98 (8.76) 2.67 (1.53) 2.92 (6.63) 0.17 (0.13) 

HBL 30.98 (27.05) 8.63 (12.79) 47.18 (38.44) 3.01 (1.76) 7.26 (16.85) 1.27 (1.01) 

ZZ 36.29 (32.84) 10.11 (15.52) 42.06 (35.52) 3.16 (1.92) 3.43 (8.25) 0.97 (0.77) 

YB 61.37 (48.91) 16.94 (22.91) 8.31 (6.18) 2.34 (1.25) 8.55 (18.11) 0.14 (0.10) 

HX 66.05 (57.78) 17.13 (25.43) 6.76 (5.52) 1.96 (1.15) 1.46 (3.40) 0.10 (0.08) 

YC 61.01 (46.42) 15.60 (20.14) 6.00 (4.26) 1.43 (0.73) 12.62 (25.52) 0.10 (0.07) 

XS 47.58 (42.51) 11.86 (17.99) 20.36 (16.98) 5.12 (3.07) 3.53 (8.38) 0.43 (0.33) 

SF1 42.08 (37.38) 10.34 (15.58) 36.79 (30.50) 2.69 (1.60) 4.77 (11.26) 0.75 (0.61) 

XZ 60.15 (50.77) 14.42 (20.65) 13.04 (10.27) 2.65 (1.50) 5.80 (13.02) 0.21 (0.16) 

CJZ 52.98 (45.55) 12.49 (18.22) 19.47 (15.62) 5.20 (3.00) 6.29 (14.38) 0.38 (0.29) 

DTU 54.64 (47.70) 12.88 (19.08) 18.25 (14.87) 3.62 (2.12) 3.93 (9.12) 0.32 (0.25) 

FS 63.84 (53.13) 15.05 (21.25) 5.29 (4.11) 5.75 (3.21) 6.47 (14.32) 0.14 (0.10) 

HX 46.84 (42.31) 10.94 (16.77) 23.94 (20.18) 11.69 (7.08) 4.91 (11.79) 0.62 (0.46) 

SH 47.69 (41.45) 11.05 (16.30) 29.54 (23.96) 2.61 (1.52) 5.55 (12.82) 0.55 (0.44) 

SM 37.06 (34.06) 8.58 (13.38) 42.55 (36.50) 3.13 (1.93) 3.75 (9.17) 1.00 (0.81) 

ZLNE 39.60 (35.31) 8.91 (13.48) 37.97 (31.60) 4.06 (2.43) 5.69 (13.49) 0.87 (0.70) 

LW 57.89 (47.54) 12.97 (18.08) 10.88 (8.34) 3.85 (2.12) 7.94 (17.32) 0.21 (0.16) 

SX 58.73 (46.11) 12.95 (17.26) 12.45 (9.12) 1.27 (0.67) 11.53 (24.06) 0.19 (0.15) 

Min. 23.46 (18.92) 8.58 (12.79) 5.29 (4.11) 0.51 (0.28) 0.22 (0.50) 0.10 (0.07) 

Max. 66.05 (57.78) 25.20 (35.72) 47.18 (38.44) 13.07 (7.12) 20.59 (38.22) 1.27 (1.01) 
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to be continued 

Table 1.2 The major components of 52 coal slag of low-iron slag from Australia [1.30]. 

Sample 

Molar ratio (mass ratio)a 

SiO2 Al2O3 CaO MgO Fe2O3 
Basicity 

parameterb 

  1 88.69 (79.50) 9.53 (14.50) 0.36 (0.30) 0.17 (0.10) 0.39 (0.94) 0.01 (0.01) 

  2 68.60 (59.10) 18.61 (27.20) 4.51 (3.63) 3.50 (2.02) 0.12 (0.28) 0.09 (0.07) 

  3 91.50 (85.40) 7.39 (11.70) 0.07 (0.06) 0.10 (0.06) 0.29 (0.71) 0.01 (0.01) 

  4 73.49 (60.00) 20.93 (29.00) 0.33 (0.25) 0.31 (0.17) 1.61 (3.49) 0.01 (0.00) 

  5 74.20 (60.20) 22.73 (31.30) 0.42 (0.32) 0.46 (0.25) 0.37 (0.80) 0.01 (0.01) 

  6 76.81 (61.90) 17.33 (23.70) 1.22 (0.92) 1.20 (0.65) 1.81 (3.87) 0.03 (0.02) 

  7 64.65 (51.50) 25.52 (34.50) 2.26 (1.68) 1.52 (0.81) 0.96 (2.04) 0.04 (0.03) 

  8 69.77 (58.70) 19.26 (27.50) 4.41 (3.46) 2.34 (1.32) 0.98 (2.19) 0.08 (0.06) 

  9 58.99 (47.20) 26.00 (35.30) 8.87 (6.62) 0.73 (0.39) 1.30 (2.76) 0.11 (0.08) 

10 66.30 (54.60) 22.83 (31.90) 4.53 (3.48) 0.69 (0.38) 1.15 (2.52) 0.06 (0.04) 

11 75.62 (65.90) 12.92 (19.10) 3.60 (2.93) 2.86 (1.67) 1.07 (2.47) 0.07 (0.05) 

12 83.41 (75.20) 10.00 (15.30) 1.31 (1.10) 1.22 (0.74) 0.82 (1.97) 0.03 (0.02) 

13 82.31 (73.90) 13.39 (20.40) 0.31 (0.26) 0.45 (0.27) 1.19 (2.85) 0.01 (0.01) 

14 79.36 (67.30) 15.15 (21.80) 0.63 (0.50) 0.74 (0.42) 1.49 (3.35) 0.01 (0.01) 

15 70.67 (59.00) 18.85 (26.70) 1.73 (1.35) 1.45 (0.81) 1.47 (3.26) 0.04 (0.03) 

16 79.50 (69.00) 14.53 (21.40) 0.80 (0.65) 0.94 (0.55) 1.44 (3.32) 0.02 (0.01) 

17 55.12 (45.50) 19.78 (27.70) 14.41 (11.10) 1.57 (0.87) 1.26 (2.76) 0.21 (0.16) 

18 64.18 (51.60) 25.80 (35.20) 3.73 (2.80) 1.04 (0.56) 1.69 (3.61) 0.05 (0.04) 

19 69.66 (56.70) 18.97 (26.20) 3.50 (2.66) 0.88 (0.48) 2.65 (5.73) 0.05 (0.04) 

20 75.11 (62.10) 19.03 (26.70) 0.89 (0.69) 0.92 (0.51) 1.96 (4.31) 0.02 (0.01) 

21 73.09 (61.00) 18.71 (26.50) 0.49 (0.38) 1.63 (0.91) 1.86 (4.12) 0.02 (0.01) 

22 64.03 (49.90) 28.96 (38.30) 0.82 (0.60) 0.59 (0.31) 2.38 (4.93) 0.02 (0.01) 

23 66.63 (55.10) 20.10 (28.20) 4.29 (3.31) 2.81 (1.56) 1.90 (4.18) 0.08 (0.06) 

24 66.86 (54.60) 24.39 (33.80) 1.74 (1.33) 1.73 (0.95) 2.17 (4.70) 0.04 (0.03) 

25 64.57 (53.10) 21.28 (29.70) 6.25 (4.80) 0.92 (0.51) 2.79 (6.10) 0.08 (0.06) 

26 64.08 (49.80) 26.69 (35.20) 2.25 (1.63) 0.88 (0.46) 2.45 (5.06) 0.03 (0.02) 

27 74.87 (62.30) 19.62 (27.70) 0.79 (0.61) 0.21 (0.12) 2.33 (5.15) 0.01 (0.01) 

28 68.41 (56.80) 16.61 (23.40) 4.65 (3.60) 2.21 (1.23) 2.32 (5.13) 0.08 (0.06) 

29 84.67 (74.80) 11.47 (17.20) 0.50 (0.41) 0.44 (0.26) 0.97 (2.28) 0.01 (0.01) 

30 61.13 (49.80) 22.42 (31.00) 7.30 (5.55) 1.56 (0.85) 2.23 (4.82) 0.11 (0.08) 

31 61.29 (53.80) 14.63 (21.80) 17.94 (14.70) 1.90 (1.12) 2.01 (4.69) 0.26 (0.21) 

32 69.09 (54.70) 22.18 (29.80) 0.95 (0.70) 1.73 (0.92) 2.95 (6.21) 0.03 (0.02) 

33 68.75 (57.60) 15.61 (22.20) 5.47 (4.28) 2.15 (1.21) 2.71 (6.03) 0.09 (0.07) 

34 81.73 (70.70) 13.35 (19.60) 0.30 (0.24) 0.28 (0.16) 2.88 (6.61) 0.01 (0.00) 

35 64.52 (53.00) 15.35 (21.40) 8.86 (6.79) 2.65 (1.46) 2.32 (5.06) 0.14 (0.11) 

36 57.51 (50.20) 18.29 (27.10) 13.87 (11.30) 2.61 (1.53) 3.06 (7.11) 0.22 (0.17) 

37 46.49 (38.70) 18.40 (26.00) 19.31 (15.00) 8.72 (4.87) 2.82 (6.25) 0.43 (0.31) 

38 34.19 (28.00) 17.85 (24.80) 21.07 (16.10) 8.30 (4.56) 2.74 (5.97) 0.56 (0.39) 

39 65.26 (52.90) 20.79 (28.60) 4.53 (3.43) 1.97 (1.07) 3.58 (7.72) 0.08 (0.06) 

40 65.70 (53.10) 20.78 (28.50) 3.38 (2.55) 1.73 (0.94) 4.36 (9.37) 0.06 (0.04) 

41 67.07 (56.60) 16.48 (23.60) 3.91 (3.08) 3.53 (2.00) 3.52 (7.90) 0.09 (0.06) 

42 70.58 (56.60) 18.00 (24.50) 1.04 (0.78) 1.99 (1.07) 4.81 (10.25) 0.03 (0.02) 

43 67.85 (57.20) 14.19 (20.30) 7.12 (5.60) 1.80 (1.02) 3.56 (7.97) 0.11 (0.09) 

44 63.35 (49.40) 24.26 (32.10) 1.92 (1.40) 1.93 (1.01) 5.36 (11.10) 0.04 (0.03) 

45 26.59 (21.70) 13.79 (19.10) 22.85 (17.40) 11.97 (6.55) 3.30 (7.15) 0.86 (0.59) 

46 60.24 (47.70) 20.39 (27.40) 8.82 (6.52) 2.39 (1.27) 4.12 (8.67) 0.14 (0.10) 

47 49.56 (40.10) 14.49 (19.90) 21.72 (16.40) 1.70 (0.92) 3.92 (8.43) 0.37 (0.29) 

48 63.51 (50.80) 17.24 (23.40) 6.82 (5.09) 1.96 (1.05) 4.16 (8.84) 0.11 (0.08) 
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49 34.48 (30.00) 10.57 (15.60) 39.04 (31.70) 6.48 (3.78) 3.69 (8.54) 1.01 (0.78) 

50 70.56 (56.60) 18.00 (24.50) 1.04 (0.78) 1.99 (1.07) 4.83 (10.30) 0.03 (0.02) 

51 83.06 (73.20) 3.61 (5.40) 2.63 (2.16) 1.23 (0.73) 5.29 (12.40) 0.04 (0.04) 

52 58.66 (46.30) 19.93 (26.70) 10.07 (7.42) 2.49 (1.32) 4.58 (9.60) 0.16 (0.12) 

Min. 26.59 (21.70) 3.61 (5.40) 0.07 (0.06) 0.10 (0.06) 0.12 (0.28) 0.01 (0.01) 

Max. 91.50 (85.40) 28.96 (38.30) 39.04 (31.70) 11.97 (6.55) 5.36 (12.40) 1.01 (0.78) 

 

Table 1.3 The major components of 23 coal slags of high-iron slag from Australia [1.32]. 

Coal slag 

Molar ratio (mass ratio) a 

SiO2 Al2O3 CaO MgO Fe2O3 
Basicity 

parameterb 

1 44.33 (35.20) 15.53 (20.93) 23.64 (17.52) 3.75 (2.00) 9.48 (20.00) 0.46 (0.35) 

2 64.18 (50.42) 15.88 (21.17) 3.89 (2.85) 3.89 (2.05) 9.14 (19.09) 0.10 (0.07) 

3 61.53 (49.61) 15.11 (20.68) 6.55 (4.93) 4.47 (2.42) 8.60 (18.42) 0.14 (0.10) 

4 62.85 (50.73) 14.77 (20.23) 8.54 (6.43) 2.44 (1.32) 8.52 (18.28) 0.14 (0.11) 

5 52.25 (38.42) 24.67 (30.78) 7.33 (5.03) 1.34 (0.66) 11.54 (22.55) 0.11 (0.08) 

6 45.75 (33.81) 24.56 (30.80) 14.51 (10.01) 1.17 (0.58) 11.48 (22.54) 0.22 (0.16) 

7 45.41 (34.03) 21.30 (27.09) 14.34 (10.03) 3.40 (1.71) 11.34 (22.59) 0.27 (0.19) 

8 43.42 (32.17) 23.27 (29.26) 14.55 (10.06) 3.26 (1.62) 11.46 (22.57) 0.27 (0.19) 

9 61.06 (47.39) 15.55 (20.48) 5.03 (3.64) 4.34 (2.26) 10.74 (22.16) 0.12 (0.09) 

10 58.07 (46.80) 11.52 (15.75) 9.77 (7.35) 4.96 (2.68) 9.68 (20.73) 0.21 (0.16) 

11 60.54 (47.64) 16.60 (22.17) 6.21 (4.56) 3.37 (1.78) 9.60 (20.07) 0.12 (0.09) 

12 60.13 (47.44) 12.00 (16.07) 7.01 (5.16) 4.46 (2.36) 11.03 (23.12) 0.16 (0.12) 

13 58.50 (45.44) 19.12 (25.20) 6.80 (4.93) 2.76 (1.44) 9.91 (20.45) 0.12 (0.09) 

14 57.57 (44.43) 21.36 (27.97) 6.97 (5.02) 2.11 (1.09) 9.36 (19.20) 0.11 (0.08) 

15 51.59 (40.46) 18.77 (24.98) 14.85 (10.87) 3.04 (1.60) 9.53 (19.87) 0.25 (0.19) 

16 54.21 (43.24) 15.84 (21.44) 15.57 (11.59) 3.12 (1.67) 9.64 (20.44) 0.27 (0.21) 

17 56.09 (45.63) 11.03 (15.22) 16.92 (12.85) 3.48 (1.90) 10.09 (21.82) 0.30 (0.24) 

18 59.97 (48.80) 11.26 (15.55) 14.26 (10.83) 2.38 (1.30) 9.83 (21.26) 0.23 (0.19) 

19 43.99 (34.32) 21.48 (28.44) 21.17 (15.41) 2.41 (1.26) 8.97 (18.60) 0.36 (0.27) 

20 55.63 (42.26) 23.39 (30.16) 7.05 (5.00) 1.94 (0.99) 9.69 (19.57) 0.11 (0.08) 

21 50.65 (41.05) 13.16 (18.10) 19.83 (15.00) 3.55 (1.93) 9.56 (20.60) 0.37 (0.29) 

22 46.73 (37.34) 15.05 (20.41) 21.91 (16.34) 3.92 (2.10) 10.31 (21.89) 0.42 (0.32) 

23 48.60 (36.93) 21.96 (28.31) 13.68 (9.70) 3.61 (1.84) 10.89 (21.99) 0.25 (0.18) 

Min. 43.42 (32.17) 11.03 (15.22) 3.89 (2.85) 1.17 (0.58) 8.52 (18.28) 0.10 (0.07) 

Max. 64.18 (50.73) 24.67 (30.80) 23.64 (17.52) 4.96 (2.68) 11.54 (23.12) 0.46 (0.32) 
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Table 1.4 The major components of 10 coal slags from Indonesia, USA, and Russia [1.47, 

1.48]. 

Coal slag 

Molar ratio (mass ratio)  

SiO2 Al2O3 CaO MgO Fe2O3 
Basicity 

parameterb 

Baiduria 38.44 (27.93) 12.73 (15.69) 25.54 (17.32) 11.63 (5.67) 4.91 (9.48) 0.73 (0.53) 

Adaroa 51.92 (39.18) 14.66 (18.78) 15.97 (11.25) 5.12 (2.59) 8.26 (16.57) 0.32 (0.24) 

Kidecoa 51.82 (37.93) 12.20 (15.15) 17.60 (12.02) 5.23 (2.57) 11.04 (21.47) 0.36 (0.27) 

Usibellib 49.88 (42.73) 13.02 (18.93) 26.28 (21.01) 5.45 (3.13) 2.64 (6.00) 0.50 (0.39) 

Cyprusb 62.74 (59.80) 10.03 (16.22) 9.00 (8.01) 3.24 (2.07) 2.73 (6.91) 0.17 (0.13) 

SUFCob 66.20 (60.21) 10.11 (15.60) 13.63 (11.57) 3.51 (2.14) 2.42 (5.85) 0.22 (0.18) 

Pits. No 8b 59.57 (46.77) 18.52 (24.67) 7.51 (5.50) 2.03 (1.07) 8.27 (17.26) 0.12 (0.09) 

PMAb 58.56 (43.79) 20.52 (26.04) 3.70 (2.58) 2.11 (1.06) 10.57 (21.01) 0.07 (0.05) 

PMBb 57.03 (43.37) 22.69 (29.28) 4.95 (3.51) 2.33 (1.19) 8.20 (16.57) 0.09 (0.06) 

Denisovskyc 65.48 (54.59) 18.64 (26.37) 5.64 (4.39) 3.38 (1.89) 3.74 (8.29) 0.11 (0.08) 

Min. 38.44 (27.93) 10.03 (15.15) 3.70 (2.58) 2.03 (1.06) 2.42 (5.85) 0.07 (0.05) 

Max. 66.20 (60.21) 22.69 (29.28) 26.28 (21.01) 11.63 (5.67) 11.04 (21.47) 0.73 (0.39) 
a, b, and c The a, b, and c are the coal from Indonesia, USA and Russia, respectively. 

Table 1.5. Range of major components and basicity ratios of coal from this study, China, 

Australia, Indonesia, USA, and Russia used to IGCC process.  

a Molar ratio (mass ratio) for gasified coal slags was obtained based on the contents of major components only. 
b Basicity parameter (base/acid ratio) in Tables 1.1–1.5: (CaO+MgO)/(Al2O3+SiO2) in mass and molar ratios. 

 

 

 

 

 

Coal slag 
Molar ratio (mass ratio)a 

SiO2 Al2O3 CaO MgO Fe2O3        Basicity parameterb 

This Study (4) 39–62 (34–55) 10–16 (15–23) 8–25 (6–20) 4–16 (2–10) 3–8 (6–19) 0.28–1.00 (0.26–0.99) 

China (45) 24–66 (19–58) 8–25 (13–36) 5–47 (4–38) 0–13 (0–7) 0–21 (0–38) 0.10–1.27 (0.07–1.01) 

Australia low-

Fe2O3 (52) 
27–92 (22–85) 4–29 (5–38) 0–39 (0–32) 0–12 (0–7) 0–5 (0–12) 0.01–1.01 (0.01– 0.78) 

Australia high-

Fe2O3 (23) 
43–64 (32–51) 15–31 (15–31) 4–24 (3–18) 9–12 (18–23) 1–5 (1–3) 0.10–0.46 (0.07–0.32) 

Indonesia (3) 38–52 (28–39) 12–15 (15–19) 16–26 (11–17) 5–12 (3–6) 5–11 (9–21) 0.24–0.73 (0.24–0.53) 

USA (6) 38–52 (43–60) 12–15 (16–29) 16–26 (3–21) 5–11 (6–21) 5–2 (1–3) 0.07–0.50 (0.05–0.39) 

Russia (1)    65 (55)  19   (26)   6  (4)  4   (8)    3      (2)     0.11    (0.08) 
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Fig. 1.8. Classification of general oxides with respect to their ionic radius and 

electronegativity [1.59]. 
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Fig. 1.9. General measurement methods of viscosity, density, and surface tension of slag 

melts [1.60].  
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From the above points of view, there is a great need to investigate the fundamental 

properties of gasified coal and synthesized coal slag melts. This is desirable for the IGCC 

process of coal in the gasifier and a better understanding of the problems that may be 

encountered in this practical applications. General measurements method of viscosity, 

density and surface tension of slag melts are classified in Fig. 1.9 with respect to the viscosity 

range [1.60]. Among the measuring methods in Fig. 1.9 the rotating cylinder method, the 

Archimedean double-bob method, and the maximum bubble method are used in this study 

for viscosity, density, and surface tension measurements, respectively.  

 

1.2. Purposes of Present Study 

The purposes of present study are as follows: 

(i) to establish the viscosity, density, and surface tension measurements of gasified 

and synthesized coal slag melts, 

(ii) to discuss the temperature and compositional dependences of viscosity, density, 

and surface tension of gasified coal and synthesized slag melts, and  

(iii) to determine some empirical equations to predict viscosity, density, and surface 

tension from the corresponding composition of slags. 

This dissertation consists of the following five chapters: 

In chapter 1, the background, previous study, and purposes of the present study were 

summarized. 
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In chapter 2, the viscosities of gasified coal and synthesized slag melts were measured 

systematically using the rotation cylinder method. The temperature and compositional 

dependences of viscosity are discussed. 

In chapter 3, the densities of gasified coal and synthesized slag melts obtained by 

systematic measurements using the Archimedean double-bob method are reported. The molar 

volume and coefficient of volume expansion were calculated from the density measurements. 

The temperature and compositional dependences of these properties are discussed. 

In chapter 4, the surface tensions of synthesized slag melts were measured systematically 

using the maximum bubble pressure method. The temperature and compositional 

dependences of surface tension are discussed.  

In chapter 5, the general conclusion and future direction of this dissertation are 

summarized.  
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Chapter 2 

Viscosity Measurements and Prediction of Gasified Coal and 

Synthesized Slag Melts 

 

 

 

 

2.1. Introduction 

The Integrated gasification combined cycle (IGCC) of the Central Research Institute 

of Electric Power Industry (CRIEPI) commissioned in a project of New Energy and 

Industrial Technology Development Organization (NEDO), Japan has been designed to 

produce electricity with CO2 capture [2.1, 2.2]. The CRIEPI has used various coals with 

different compositions depending on geographic origin and has been set a goal to be 

applied a variety of coal grades in a next-generation IGCC project. The organic 

compounds of coals are converted to synthesis gas while the inorganic compounds 

become coal ash during gasification process. The slag melt due to the coal mineral matters 

is discharged through a hole under the entrained-gasifier by quenching in water as a 

gasified coal slag [2.3–2.5]. Thus physical properties of the slag melts play an important 

role in the IGCC [2.6]. The most fundamental physical properties of coal slag melts in the 

an IGCC power plant are the viscosity, density, and surface tension. 

The previous study [2.7] reported that the entrained-flow gasification employs a high 

temperature, high pressure slagging gasifier, in which slag viscosity plays a key role in 
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determining operating conditions. The flow behavior affects the performance of 

continuous operation of the entrained-flow gasifier [2.8, 2.9].  

The viscosity of slag melts should have typically adequate values of 5–15 Pa·s for 

entrained-flow gasifiers at tapping temperature with good flow [2.10, 2.11].  The 

influence of slag melt viscosity varies as a function of gasifier design, operating 

temperature and the chemical composition of coal ash slag [2.11]. Large numbers of 

researches have studied for the composition and temperature dependences of coal slag 

viscosity [2.12–2.14]. Various experimental results [2.15–2.20] and models [2.21–2.25] 

have been reported to estimate the viscosity of slag melts according to their chemical 

compositions. Some models were related to the main oxides frequently found in coal slags 

[2.26, 2.27]. 

The slags formed during the coal gasification process mainly contain SiO2, Al2O3, CaO, 

MgO, FeO, and Fe2O3 with small amounts of Na2O, K2O, TiO2, P2O5, SrO, MnO, and 

other compounds [2.10, 2.28, 2.29]. The gasified coal slags and synthesized ones 

containing the main components with systematic composition variations have been 

prepared here to understand the effects of the main components on viscosity. In the main 

components, roles of Al2O3 and Fe2O3 as amphoteric oxides depend on slag composition 

and melting conditions. The roles of Al2O3 and Fe2O3 on structure and properties in 

silicate melts, glasses, and crystals have been widely studied by various techniques such 

as Raman and Mössbaeur spectroscopies and several melt properties such as viscosity, 

surface tension and density at high temperatures [2.30–2.38]. In this study, roles of Al2O3 

and Fe2O3 on viscosity as amphoteric oxides were mainly explored. Synthesized slag 

melts for comparison are in the systems of RO–Al2O3–SiO2 (R=Ca, Mg), CaO–Fe2O3–

SiO2 (CFS), and CaO–Al2O3–Fe2O3–SiO2 (CAFS).  
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According to these scientific and engineering backgrounds, the objectives of this 

research are (i) to establish a rotation cylinder method to measure viscosity of gasified 

and synthesized coal slag melts for homogeneous liquid state in silicate systems 

containing CaO or MgO and Al2O3 and/or FeO/Fe2O3, (ii) to study the composition and 

temperature dependences of viscosity, (iii) to discuss the effect of Al2O3 and Fe2O3 on 

viscosity, and (iv) to propose a composition parameter to optimize the viscosity of coal 

slag melts based on chemical composition for IGCC. 

 

2.2 Materials and Methods 

2.2.1 Sample preparation 

2.2.1.1 Coal slag samples 

Coal slag samples denoted as CH (Coal Valley), TH (Tanito Harum), MA (Malinau), 

and AD (Adaro) were provided by the CRIEPI of Japan. The samples were obtained after 

rapid quenching slag melts from a gasifier pilot plant into water. The samples were re-

melted at 1650 °C in air for viscosity measurements in the temperature range 1300 to 

1650 °C and then rapidly quenched to evaluate their chemical compositions. Table 2.1 

shows the chemical compositions determined by X-Ray fluorescence (XRF) analysis for 

coal slag samples. The valence state of iron oxide was evaluated using chelate titration 

method [2.39] in quenched samples. In the case of AD coal slag, the chelate titration 

method was not performed due to difficulty in dissolution of AD powder sample. Thus 

all the iron oxide in the AD coal slag was assumed to Fe2O3. A previous study [2.40] 

reported a similar result that all iron exists as ferric iron in a coal slag consisting mainly 

of CaO, MgO, Al2O3, and SiO2 with 5 mol%Fe2O3 under the melting below 1400 ºC in 

air. 
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Table 2.1 Chemical composition of gasified coal slags for viscosity measurements. 

Element 

mol% (mass %) 

Coal Valley 

(CV) 

Tanito Harum 

(TH) 

Malinau 

 (MA) 

Adaro 

 (AD) 

Major component  

SiO2 61.5 (54.8) 57.8 (49.8) 54.6 (46.2) 39.0 (34.3) 

Al2O3 13.9 (21.1) 16.0 (23.4) 15.0 (21.6) 10.0 (14.9) 

CaO 14.2 (11.9) 9.2   (7.4) 8.0   (6.3) 24.5 (20.1) 

MgO 3.6   (2.1) 4.8   (2.8) 6.3   (3.6) 16.4   (9.7) 

FeO 2.2   (2.3) 5.8   (6.0) 7.1   (7.2) - - 

Fe2O3 1.4   (3.3) 2.6   (6.0) 3.9   (8.7)    8.0 a (18.7) a 

Minor component  

K2O 1.1   (1.5) 1.4   (1.9) 1.3   (1.8)   0.9   (1.2) 

TiO2 0.6   (0.7) 1.0   (1.1) 1.0   (1.1)   0.8   (0.9) 

P2O5 0.1   (0.4) 0.1   (0.4) 0.2   (0.8)   ND   (ND) 

SrO 0.1   (0.2) 0.1   (0.2) 0.1   (0.1)   ND   (ND) 

ZrO2 0.1   (0.2)  NDb    (ND)  0.1   (0.2)   ND   (ND) 

MnO 0.1   (0.1) 0.1   (0.1) 0.1   (0.1)   0.2   (0.2) 

Cr2O3 0.1   (0.2) ND    (ND) 0.1   (0.2)   ND   (ND) 

BaO 0.2   (0.5) ND    (ND) 0.1   (0.2)   ND   (ND) 

Na2O 0.8   (0.7) 1.1   (0.9) 2.1   (1.9)   ND   (ND) 

Total 100  (100) 100  (100) 100  (100)   100   (100) 
 

a All iron oxide was assumed to Fe2O3 in AD coal slag 

b Not detected. 
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Table 2.2 Compositions of synthesized slags and major components of gasified coal slags. 

Series Sample Fe3+/Fetot
a  

Molar ratio (mass ratio) or mol% (mass%)b TL or Thm
d 

(°C) 

Basicity 

parametere 
SiO2 Al2O3 CaO MgO FeOc Fe2O3

c 

Coal slag Coal Valley (CV) 0.56 61.5 (54.8) 13.9 (21.1) 14.2 (11.9) 3.6 (2.1) 2.2 (2.3) 1.4 (3.3) 1,500 0.28 

 Tanito Harum (TH) 0.47 57.8 (49.8) 16.0 (23.4) 9.2 (7.4) 4.8 (2.8) 5.8 (6.0) 2.6 (6.0) 1,450 0.30 

 Malinau (MA) 0.52 54.6 (46.2) 15.0 (21.6) 8.0 (6.3) 6.3 (3.6) 7.1 (7.2) 3.9 (8.7) 1,450 0.36 

 Adaro (AD) - 39.0 (34.3) 10.0 (14.9) 24.5 (20.1) 16.4 (9.7) 0.0 (0.0) 8.0f (18.7) 1,250 1.00 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 - 40.0 (38.6) 10.0 (16.4) 50.0 (45.0) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,351 1.00 

       (A=Al and/or Fe) CA20.40 - 40.0 (35.9) 20.0 (30.5) 40.0 (33.6) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,358 0.67 

       (R=Ca or Mg) CA30.40 - 40.0 (33.6) 30.0 (42.8) 30.0 (23.5) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,509 0.43 

  CF08.39 0.80 39.2 (35.5) 0.0 (0.0)  49.0 (41.4) 0.0 (0.0)  4.0 (4.3) 7.8 (18.8) 1,362 0.55 

  CAF15.11.39 0.76 38.6 (30.2) 14.5 (19.3) 29.0 (21.2) 0.0 (0.0)  6.9 (6.5) 11.0 (22.9) 1,428 1.55 

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA00.50 - 50.0 (51.7) 0.0 (0.0)  50.0 (48.3) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,541 0.88 

       (A=Al or Fe) CA12.50 - 50.0 (47.1) 12.5 (20.0) 37.5 (33.0) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,295 1.00 

       (R=Ca or Mg) CF07.49 0.69 48.5 (44.2) 0.0 (0.0)  38.8 (33.0) 0.0 (0.0)  6.1 (6.6) 6.7 (16.2) 1,202 0.60 

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA00.60 - 60.0 (61.6) 0.0 (0.0)  40.0 (38.4) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,457 1.06 

       (A=Al or Fe) CA10.60 - 60.0 (57.2) 10.0 (16.2) 30.0 (26.7) 0.0 (0.0)  0.0 (0.0)  0.0 (0.0)  1,317 0.70 

       (R=Ca or Mg) MA10.60 - 60.0 (61.8) 10.0 (17.5) 0.0 (0.0)  30.0 (20.7) 0.0 (0.0)  0.0 (0.0)  1,363 0.43 

  CF07.58 0.71 58.3 (52.7) 0.0 (0.0)  29.2 (24.6) 0.0 (0.0)  5.6 (6.1) 6.9 (16.6) 1,258 0.43 

  CF14.57 0.74 57.1 (46.0) 0.0 (0.0)  19.0 (14.3) 0.0 (0.0)  9.8 (9.4) 14.1 (30.2) 1,308 0.72 

 

a The fraction of Fe3+/Fetot was analyzed two or three times for quenched samples using chelate titration method. 
b Molar ratio (mass ratio) for gasified coal slags was obtained based on the contents of major components only. The total amount of minor components was less than 2.1  

  mol% (1.9 mass%).  Synthesized slags consist of the major components only and their compositions are indicated. 
c The contents of FeO and Fe2O3 were calculated from analyzed Fe3+/Fetot. 
d Liquidus temperatures TL for synthesized slags were obtained using FactSage data bank. Homogeneous melting temperatures Thm for gasified coal slags were determined   

  experimentally by hot thermocouple (HTC) method. 
e Basicity parameter (base/acid ratio) without including Fe2O3: (CaO+MgO+FeO)/(Al2O3+SiO2) in molar ratio. 
f All iron oxide was assumed to Fe2O3 in Adaro coal slag. 
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2.2.1.2 Synthesized slag samples 

Table 2.2 shows that the batches of synthesized slag samples were denoted into three 

composition series of (60-x)RO–xA2O3–40SiO2, (50-x)RO–xA2O3–50SiO2, and (40-x)RO–

xA2O3–60SiO2 in molar ratio, where R is Ca and Mg, A is Al and Fe without considering Fe 

valence state. The sample composition was selected for constant SiO2 contents of 40, 50, and 

60 mol% with various contents of CaO, MgO, Al2O3, and Fe2O3. The composition of 

synthesized slags was systematically varied by considering those of gasified coal slags for 

comparison (Table 2.1). The nominal contents used in this study are also shown in Table 

2.2. The sample compositions are labeled by the type and molar fraction of components 

except for SiO2, where C, A, and F mean respective oxides: CaO, Al2O3, and Fe2O3 and x 

and y are their molar fractions. The synthesized slag samples were prepared from a mixture 

of SiO2, Al2O3, CaCO3, MgO, and Fe2O3 powders with 99.99 % purity as raw materials. The 

mixture was melted at 1650 ºC for 2 hours in air using a Pt-30wt%Rh crucible placed in a 

MoSi2 box furnace. The slag melt was poured onto a stainless steel mold, cooled to room 

temperature and then crushed for viscosity measurements.  The valence state of iron was also 

determined experimentally in quenched samples after viscosity measurements using chelate 

titration method. The experimental results of Fe3+/Fetot are presented in Table 2.2. The 

contents of FeO and Fe2O3 are calculated from Fe3+/Fetot for determining sample composition. 

 

2.2.2  Viscosity measurements of slag melts 

The measuring temperature of viscosity was selected for homogeneous melting state. The 

temperature for homogeneous melting was confirmed by FactSage data bank [2.41] for 
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synthesized slags and experimentally by hot thermocouple (HTC) method [2.42] for coal ash 

slags. Table 2.2 indicates the liquidus temperatures TL of synthesized slags. 

The HTC method [2.42] is an established experimental procedure combined the Pt-

13%Rh/Pt thermocouple, a stereoscopic microscope, camera, and PC. The PC has an image 

capturing system to record the macroscopic change of coal slag melt samples. The monitor 

displays experimental conditions of morphologies and solidified fractions directly. Fig. 2.1 

shows the sequence photographs on the HTC measurements of the coal ash at different 

temperatures for selected homogeneous melting state. Table 2.2 also shows homogeneous 

melting temperatures Thm determined by the HTC method for four types of gasified coal slags. 

The rotating cylinder method was established for viscosity measurements. The viscosity 

was determined from the torque measurement of the rotating cylinder viscometer. Fig. 2.2 

presents the schematic diagram of the measuring apparatus consisting of three main parts: an 

electric furnace, a furnace controller, and a set of rotation of cylinder method device. A 

Brookfield digital viscometer (Model DV-E) was used in this study. The viscometer was 

connected to the working cylinder by a Pt–30wt% Rh wire with 542 mm in length and with 

2 mm in diameter. The crucible was made of Pt–30wt% Rh. The cylinder was suspended at 

the middle position upward the crucible before sample heating. The slag sample was re-

melted at the highest measuring temperature and was kept for 2 hours before viscosity 

measurements. After temperature holding, the rotating cylinder was lowered and immersed 

into the slag melts. The optimized rotating speeds were selected for every measurement.  
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Fig. 2.1. The sequence photographs of the coal slag-ash on HTC measurements for 

determining homogeneous melting state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

Furnace

controller

Stainless plate

MoSi2 heating

element

Refractory

Pt-30Rh spindle

Elevating motor

                       

            

Thermocouple

Pt-30Rh crucible

Alumina tube

Brookfield digital 

viscometer DV-E 

Ø 36

Pt-30Rh 

spindle, Ø 2

         

 
 

Pt-30Rh 

crucible

15

2

/mm

5
0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Schematic apparatus for measuring viscosity of slag melts: (a) whole diagram, 

(b) the Pt–30wt% Rh crucible and Pt–30wt% Rh spindle for rotating cylinder method.  

The determination of viscosity by rotating the cylinder at a constant speed can be calculated 

using the Margules equation of Eq. (2-1) [2.43]: 

(a) 

(b) 
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𝜂 = 𝑀 4𝜋⁄ 𝜔ℎ × [1 𝑟𝑖
2⁄ − 1 𝑟0

2⁄ ]                                                                                        (2-1)                           

where M is the torque, ω is the cylinder rotation speed, h is the depth of immersion, ri and r0 

are the radii of inner and outer cylinders. Since the viscosity measurement of slag melts is 

conducted at high temperatures, it is needed to correct the error term derived from the thermal 

expansion of the cylinder. The thermal expansion coefficient to calculate the viscosity is 

considered by the following Eq. (2-2): 

𝜂 = 𝜂′ (1 + 3𝛼∆𝑇)  ⁄                                                                                                          (2-2) 

where 𝜂 is the viscosity determined, 𝜂′ is the viscosity measured experimentally by the 

cylinder at high temperatures, 𝛼 is the thermal expansion coefficient of cylinder [2.44], and 

ΔT is the difference between the measuring and room temperatures. In order to confirm the 

accuracy and the reproducibility of viscosity values for slag melts, the viscometer was 

calibrated at room temperature (25 °C) using Brookfield standard silicone fluids with four 

types of known viscosities (0.01, 0.502, 4.850, and 29.44 Pa·s). The viscometer was 

calibrated two or three times with different speeds of rotation cylinder, and the measured 

deviation from the mean was within 1.04%. The reproducibility of the measurement at high 

temperatures was also evaluated for the viscosities of 50CaO–50SiO2 (mol%) melt as a 

standard sample. 

 

 

2.3 Results and Discussion 

2.3.1 Error estimation 



42 

 

A previous study [2.45] identified that the error estimation of the rotational viscometer 

method was taken by the following factors: the thermal expansion of the crucible and the 

cylinder, the geometric arrangement of the crucible and the cylinder, the error due to 

temperature measurement, and the composition change of the melt during the measurement. 

The total error thus was estimated as ~6.7% in the previous study. Another previous study 

reported that the error of rotational cylinder method was estimated with a uncertainty of ≤ 

10% [2.46].  

The viscosity of 50CaO–50SiO2 (mol%) slag melt was measured at 1550–1600 °C. Fig. 

2.3 shows variation of viscosity with temperature for 50CaO ̶ 50SiO2 slag melt (mol%) with 

the previously reported values of Mizoguchi et al. [2.47] with the same composition and 

Bockris and Lowe [2.48] with a similar composition of 49.7CaO ̶ 50.3SiO2 (mol%). The 

comparison of present study and the previous studies shows that our result is in better 

agreement with the result of Mizoguchi et. al. [2.47] with the deviation of 1.5 % in 

comparison to that of Bockris and Lowe [2.48] with the deviation of 3.3%.  

 

2.3.2 Viscosity measurements 

Table 2.3 summarizes measured results of viscosity in gasified coal and synthesized slag 

melts. 
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Fig. 2.3. Variation of viscosity with temperature for 50CaO ̶ 50SiO2 slag melt (mol%) 

with the previously reported values of Mizoguchi et al. [2.47] with the same 

composition and Bockris and Lowe [2.48] with a similar composition of 49.7CaO ̶ 

50.3SiO2 (mol%). The solid lines are exponential fits to the data of the slag melts. 

[2.47] 
[2.48] 
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 Table 2.3 Measured results of viscosity for gasified coal and synthesized slag melts. 

Series Sample 
Viscosity (Pa·s) at temperature (°C)     

1650 1600 1550 1500 1450 1400 1350 1300 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 - 0.4 0.5 0.7 1.0 1.5 - - 
 CA20.40 - 0.7 1.0 1.6 2.6 4.4 - - 
 CA30.40 0.8 1.3 1.9 3.6 - - - - 
 CF08.39 - - - - - 0.2 0.2 0.3 

  CAF15.11.39 - - 0.2 0.2 0.3 0.4 0.6  

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA00.50 - 0.2 0.3 - - - - - 
 CA12.50 - 1.5 2.2 3.3 5.2 8.4 - - 

  CF07.49 - - - - 0.2 0.3 0.3 0.5 

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA00.60 - 0.5 0.6 0.8 - - - - 
 CA10.60 2.2 3.2 4.8 7.3  11.6 - - - 
 MA10.60 0.8 1.1 1.5 2.2 3.5 5.8 - - 
 CF07.58 - 0.3 0.4 0.5 0.6 0.9 1.3 - 

  CF14.57 - 0.2 0.2 0.3 0.3 0.5 - - 

Coal slag CV 6.2 9.7  15.4 - - - - - 
 TH 3.0 4.4 6.8  10.6 - - - - 
 MA 2.3 3.3 5.0 8.0 - - - - 

  AD - 0.2 - 0.4 - 0.8 2.3  10.8 
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2.3.2.1 Gasified coal slag melts 

Fig. 2.4 shows the temperature dependences of the viscosity of coal slag melts in the 

temperature range 1300 to 1650 °C. The viscosities of CV, TH, and MA coal slag melts 

gradually increase with decreasing temperature as a general trend in slag melts [2.16], while 

the viscosity of AD slag melt exhibits the rapid increase at 1300 °C. The viscosity of slag 

melts rapidly increases below the temperature of critical viscosity, Tcv [2.49]. Tcv is defined 

as a temperature at which the composition of slag is changed from a one-phase to a two-or-

more-phase mixture, and this may correspond to flow changes from Newtonian (above Tcv) 

to non-Newtonian (below Tcv) due to crystallization  [2.49]. Therefore, the rapid increase in 

viscosity of AD coal slag melts at 1300 °C is expected due to the presence of the crystal 

phases.  

Table 2.1 shows the main components of the coal slag samples determined by X-Ray 

fluorescence (XRF) analysis after viscosity measurements. It exhibits the contents of coal 

slag components in mol% and mass% of SiO2, Al2O3, CaO, MgO, FeO, and Fe2O3. Table 

2.3 indicates that the viscosity of gasified coal slag melts varies from 0.2 to 9.7 Pa·s at 1600 

°C. The viscosity was found to decrease in the order of CV > TH > MA > AD for coal slag 

melts. The higher total contents of SiO2 and Al2O3 in coal slag melts give the higher 

viscosities. In contrast, the viscosity of coal slag melts decreases with increasing contents of 

CaO, MgO, FeO, and Fe2O3.    
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Fig. 2.4. Variations of viscosity with temperature for coal slag melts. The dashed lines 

are the fitted Arrhenius model according to Eq. (2-5) and the dotted line for AD slag 

melt is a fit of viscosity experimental results. The AD coal slag melt shows a rapid 

viscosity increase between 1300 and 1350 °C. The red dashed lines are the guides to 

eyes for moderate viscosities of 5 and 15 Pa·s.  
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2.3.2.2 Synthesized coal slag melts 

Table 2.2 gives the analyzed values of Fe3+/Fetot in quenched samples. The experiments 

were conducted two or three times for each sample. The percentage of Fe3+ was accounted 

for 47–56% of gasified coal slags and 69–80% of synthesized slags. A close agreement is 

found with previous data  [2.32] for the similar compositions with the Fe3+ percentage of 45–

90%.  

Table 2.2 also shows calculated and measured values of TL and Thm for synthesized and 

coal slag samples, respectively. The calculated result of TL for 60CaO–40SiO2 (CA00.40) 

slag melt is 1769 °C and is reduced to 1351 °C with adding 10 mol % Al2O3 for 40 mol% 

SiO2 series. The TL increases from 1351 °C to 1509 °C with increasing Al2O3 content in the 

range of 10 and 30 mol% for the same series. The TL decreases when Al2O3 or Fe2O3 is added 

to binary slag melts of 50CaO–50SiO2 (CA00.50) and 40CaO–60SiO2 (CA00.60).  The TL 

values of CAS slags with compositions of 40CaO–10Al2O3–50SiO2 (CA10.50) and 30CaO–

10Al2O3–60SiO2 (CA10.60) are higher than those of CFS slags with compositions of 

38.8CaO–6.1FeO–6.7Fe2O3–48.5SiO2 (CF07.49) and 29.2CaO–5.6FeO–6.9Fe2O3–58.3SiO2 

(CF07.58). The TL value of CA10.60 (1317 °C) is lower than that of MA10.60 of (1363 °C) 

due to the substitution of CaO for MgO.  

Fig. 2.5 shows the temperature dependences of viscosity in a series of (60-x)RO ̶ xA2O3  ̶

40SiO2 synthesized slag melts with various Al2O3 and/or Fe2O3 contents. The viscosities of 

synthesized slag melt gradually decrease with increasing temperature in a similar manner of 

coal slag melts (Fig. 2.4). The viscosity increases as Al2O3 content increases in the range of 

10 and 30 mol% (CA10.40<CA20.40<Ca30.40). The viscosity monotonically decreases 
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when Al2O3 in CA10.40 slag melt is replaced by FeO and Fe2O3 in CF8.39 (49CaO–4FeO–

7.8Fe2O3–39.2SiO2) slag melt. The viscosity decreases monotonically when a part of Al2O3 

is substituted by Fe2O3 for synthesized slag melts with a constant SiO2 content of 40 mol% 

for CA30.40 and CAF15.11.39 slag samples. Furthermore, the viscosity of CAF15.11.39 is 

higher than that of CF8.39 even though FeO and Fe2O3 contents in CAF15.11.39 are larger 

than those in CF8.39. The higher viscosity of CAF15.11.39, compared to that of CF8.39, is 

related to the effect of Al2O3 addition. 

Fig. 2.6 shows the temperature dependences of viscosity in a series of (50-x)RO ̶ xA2O3  ̶

50SiO2 and (40-x)RO ̶ xA2O3 ̶ 60SiO2 slag melts with various Al2O3 and Fe2O3 contents. The 

viscosity increases when Al2O3 is added to binary slag melts named CA00.50 and CA00.60 

at constant SiO2 contents of 50 and 60 mol%. On the contrary, it decreases with FeO and 

Fe2O3 additions. In the series of (40-x)RO ̶ xA2O3 ̶ 60SiO2 slag melts, the viscosity decreases 

as FeO and Fe2O3 contents increase in the range of 0 and 14.1 mol% (Tables 2.2 and 2.3). 

The viscosity of CA10.60 is higher than that of MA10.60 slag melt due to the substitution of 

CaO for MgO.  

In summary, the viscosities of CAS and CFS synthesized slag melts show different trends 

with respect to increase in contents of Al2O3 and Fe2O3 as amphoteric oxides. Namely, the 

viscosity of synthesized slag melts increases monotonically with increasing Al2O3 content 

and decreases with increasing Fe2O3 content.   
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Fig. 2.5. Variations of viscosity with temperature in a series of (60-x)CaO ̶ xA2O3 ̶ 40SiO2 

slag melts with various Al2O3 and/or Fe2O3 contents, where A = Al and/or Fe. The dashed 

lines are the same as those of Fig. 2.4.  
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Fig. 2.6. Variations of viscosity with temperature in a series of (50-x)CaO ̶ xA2O3 ̶ 50SiO2 

and (40-x)RO ̶ xA2O3 ̶ 60SiO2 slag melts with various Al2O3 or Fe2O3 contents, where R = 

Ca or Mg and A = Al or Fe. The dashed lines are the same as those of Fig. 2.4.  
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2.3.3 The behavior of slag melt components 

The previous studies reported that the definition of acid-based theory is an acid as an oxide 

ion (O2−) acceptor and a base as an oxide ion donor [2.50] by the scheme of reaction: 

Acid + O2- = Base                (2-3) 

According to this definition, the oxides to form acids and bases in slag melts have reactivity 

reflecting their acidic, basic, and amphoteric characteristics. Fig. 2.7 shows the simplified 

drawing of slag melt structure. SiO2 as an acidic oxide consists of three-dimensional 

interconnected network of SiO4 tetrahedra  with bridging oxygens and plays a role of network 

former (NWF) [2.51] in the slag melts. The basic oxides such as CaO and MgO break the 

silicate network to form non-bridging oxygens as network modifiers (NWM) [2.31, 2.52]. 

On the other hand, Al2O3 and Fe2O3 as amphoteric oxides play dual roles as NWF and NWM 

depending on slag composition [2.32]. NWF contributes to increase the viscosity, on the 

contrary, NWM affects to decrease the viscosity. 

The previous studies  [2.10, 2.20] reported that the major chemical composition of coal 

slag varies within wide ranges as following: SiO2 as the major component is often 

encountered in concentration range between 25 and 76 mol%. Al2O3 is generally the second-

most concentrated species with concentration range between 8 and 26 mol%. Iron oxides are 

found in concentration range between 0 and 14 mol%. CaO is encountered in concentration 

range between 0 and 30 mol%, on the other hand, MgO concentration is found as lower than 

20 mol%. These composition ranges are in good agreement with the chemical compositions 

of coal slag components in the present study, as shown in Tables 2.1 and 2.2. The effects of 

the major components on melt viscosity are discussed hereinafter. 
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Fig. 2.7. Simplified drawing of slag melt structure. The presence of NWF contributes to 

increase viscosity, on the contrary, NWM affects to decrease viscosity in the slag melts.  
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2.3.3.1 Behavior of SiO2, CaO, and MgO on viscosity 

The viscosities of CAS and CFS slag melts were compared to evaluate the effect of SiO2 

addition. Table 2.3 shows that the viscosity gradually increases with increasing SiO2 content 

at a constant Al2O3 content of ~10 mol% in CA10.40, CA12.50, and CA10.60 slag melts and 

at a constant Fe2O3 content of ~7 mol% in CF08.39, CF07.49, and CF07.58 ones.  

Figs. 2.5 and 2.6 also exhibit that the increase of SiO2 content increases the viscosity for 

binary CaO-SiO2 (CA00.50 and CA00.60 slag melts) and ternary CAS and CFS synthesized 

slag melts. In the slag melts, the increase of SiO2 content enhances the degree of 

polymerization due to the formation of SiO4 tetrahedral network. SiO4 in tetrahedral site is 

connected in three-dimensional polymerized structure with bridging oxygens [2.51]. The 

viscosity also was found to decrease in the order of CV > TH > MA > AD coal slag melts 

with increasing SiO2 content (Table 2.3). 

The alkaline earth oxides (RO), where R=Ca, Mg, tend to break the Si-O bonds to de-

polymerize the SiO4 network by forming non-bridging oxygens [2.53, 2.54] and contribute 

to the decrease of viscosity. A previous study reported that among RO oxides, BaO most 

contributes to the reduce of viscosity, followed by Sr, Ca and Mg oxides [2.43] from the point 

of cation-oxide ion interaction [2.55]. However, the other researchers have studied that the 

viscosities of CaO ̶ Al2O3 ̶ SiO2 melts are larger than MgO ̶ Al2O3 ̶ SiO2 melts at fixed 50, 

67, and 75 mol% SiO2 contents [2.56]. Our result shown in Fig. 2.6 is in good agreement that 

the viscosity of CA10.60 is larger than that of MA10.60 at a fixed SiO2 content of 60 mol%. 

Further study is needed to understand the effect of CaO and MgO on viscosity and structure 

of coal slag melts. 
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2.3.3.2 Behavior of Al2O3 on viscosity 

The study on SiO2 ̶ Al2O3 binary slag melts indicates the structural roles of Al2O3 vary 

from AlO4 to AlO6 polyhedra with increasing Al2O3 content [2.30]. The Al2O3 in silicate 

melts plays the role of amphoteric oxide and its behavior depends on the addition of R2O and 

RO [2.57]. In the case of the molar ratio [Al2O3]/[RO] < 1, Al2O3 mainly behaves NWF as 

described in previous studies of alumino-slicate melts and glasses [2.31, 2.38]. Several 

authors reported that viscosity increased with increasing the polymerization degree of 

network structure by Al2O3 addition [2.58, 2.59]. In other words, Al2O3 ideally plays the role 

of NWF for AlO4 formation in order to link and share the corner between AlO4 tetrahedra 

and with SiO4 tetrahedra when the charge compensating cation such as CaO co-exists enough 

for Al at [Al2O3]/[CaO] ≤  1 [2.30, 2.38, 2.52]. The addition of Al2O3 to CaO-SiO2 

synthesized slag melts due to the formation of AlO4 tetrahedra [2.31] corresponds to the 

increase of viscosity [2.59], as shown in Fig. 2.5.   

Several slag melts of gasified coals have compositions that the total content of R2O and 

RO exceeds Al2O3 content on a molar basis ([Al2O3]/[R2O, RO] ≥ 1) [43,60]. In the present 

study, the total contents of R2O and RO oxides are larger than Al2O3 in the CV and AD coal 

slags melts. As shown in Table 2.3, the viscosity of coal slag melts increases with increasing 

total contents of SiO2 and Al2O3 at all temperatures. It is expected that the coal slag melts 

enriched the SiO2 and Al2O3 contents result in higher viscosity. The Al2O3 probably behaves 

as NWF in the present coal slag melts. The polymerization degree of network structure 

increases with the formation of both SiO4 and AlO4 tetrahedra in the gasified coal slag melts.  
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2.3.3.3 Behavior of iron oxide on viscosity 

   The viscosities of CFS slag melts were measured to evaluate the effect of FeO and Fe2O3 

additions.  The viscosity decreases with increasing FeO and Fe2O3 contents at a fixed SiO2 

content of ~60 mol% (Fig. 2.6). The present study has a good agreement with the previous 

results that the viscosity decreases with increasing iron oxides in CaO ̶ FeO ̶ Fe2O3 ̶ SiO2 

based slag melts [2.61–2.63].  The viscosity of CFS slag melts was decreased by the addition 

of iron oxides, indicating that not only RO (CaO and MgO) but also FeO and Fe2O3 reduce 

the polymerization degree of the network. Iron oxide plays roles of both NWM (Fe2+) and 

amphoteric oxide (Fe3+) and the behavior depends on temperature, composition, pressure, 

and atmosphere of slag melts [2.37, 2.64, 2.65].  The iron oxides existed in the slag melts are 

of structural important information due to polymerisation degree of silicate melt depending 

on the Fe3+/Fetot [2.66]. This ratio was not evaluated during viscosity measurements at high 

temperatures. Therefore, several studies have been measured by Mössbauer spectroscopies 

and chelate titration method for quenched samples with a postulation of structural similarity 

in between melt and glass solid states. There is a general tendency of the Fe3+/Fetot to increase 

with R2O and RO contents [2.40, 2.43, 2.67]. This tendency is in close agreement in CFS 

slag system, as shown in Table 2.2. The Fe3+/Fetot of CV coal slag is higher than those of TH 

and MA at a similar SiO2 content of ~60 mol%. The Fe3+/Fetot of the coal slag melts was 

found to decrease in the order of CV > MA > TH with increasing total contents of R2O and 

RO (CaO, MgO, K2O, SrO, BaO and Na2O) in the order of 20 > 17.9 > 16.6 mol%, as shown 

in Table 2.1. 

    One of previous studies reported that the oxygen coordination number of Fe3+ ions can 

be determined by the ratio [RO]/[Fe2O3] [2.31, 2.62]. In the similar compositions of the CFS 
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quenched slag samples, Fe3+ as NWF and NWM are favored at ≤ 10 mol% and at 10–20 

mol% Fe2O3, respectively [2.32, 2.68]. In this study, the valence states of Fe3+/Fetot of 

quenched sample has been investigated, as shown in Table 2.2. The increase of Fe2O3 content 

decreases the viscosity of gasified and synthesized coal slag melts, as shown in Figs. 2.4, 2.5, 

and 2.6. A previous study [2.32] also suggested that in relatively-acidic silicate melts of 

CaO–FeO– Fe2O3–SiO2 with a CaO/SiO2 molar ratio of 0.5, Fe3+ ions have mainly octahedral 

oxide coordination. In the acidic silicate melts, Fe2O3 acts as a basic oxide with partial 

dissociation [2.32] by the following Eq. (2-4): 

   Fe2O3 → 2FeO+ + O2-                   (2-4) 

Therefore, it is estimated that Fe2O3 would behave as a NWM in the acidic synthesized and 

gasified coal slag melts mainly with (CaO + MgO + FeO)/(Al2O3 + SiO2) molar ratios of ≤ 1 

as a basicity composition parameter (base/acid ratio) (Table 2.2). The Fe2O3 contribution 

results that the viscosity decreases with increasing Fe2O3 content in the gasified coal and 

synthesized slag melts. 

 The effect of Fe2O3 on coal slag melts would be more significant in the larger Fe2O3 

content due to decreases of melting temperatures and of viscosity for slag melts [60]. The 

viscosity was found to decrease in the order of CV > TH > MA > AD coal slag melts with 

Fe2O3 contents of 1.4  2.6  3.9  8 mol%, as shown in Fig 2.4 and Tables 2.1 and 2.2. 

 

2.3.4 The temperature dependence of viscosity 

Large numbers of researches concerning the temperature dependence of viscosity were 

described for synthesized and gasified coal slag melts. The viscosity data has been fitted 
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based on two models for Newtonian and non-Newtonian fluids [2.12]. The Arrhenius model 

can be obtained an expression between viscosity and temperature for silicate melts using only 

two parameters [2.43]:  

𝐿𝑜𝑔 𝜂 = log 𝑎 + 𝑏 𝑇⁄                                                                                                         (2-5) 

where a and b are the fitting parameters as shown in Table 2.4, and T is the temperature. The 

viscosity data shown in Figs. 2.4, 2.5, and 2.6 has been fitted with dashed line using the 

approximation of Arrhenius viscosity–temperature relationship by Eq. (2-5).  

Several models have been developed to explain or fit the temperature dependence of 

viscosity considering simplified melt composition of slag melts [43]. All the viscosity models 

are the result of an empirical fitting based on roles of constituents in slag melts. The empirical 

fitting of Urbain model is one of the viscosity predictions used widely for coal gasification 

slag melts [2.8, 2.26, 2.27]. The Urbain’s model based on the role of the slag melts are 

grouped components of oxygen content as glass formers, glass modifiers or as amphoteric 

oxides by Eq. (2-6) through Eq. (2-10) [2.43, 2.66]:  

𝑥𝑔 = 𝑆𝑖𝑂2 + 𝑃2𝑂5  

𝑥𝑚 = 𝐹𝑒𝑂 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝑀𝑛𝑂 + 𝑁𝑖𝑂 + 2(𝑇𝑖𝑂2 + 𝑍𝑟𝑂2) + 3𝐶𝑎𝐹2 

𝑥𝑎 = 𝐴𝑙2𝑂3 + 𝐹𝑒2𝑂3 + 𝐵2𝑂3.              (2-6) 

Then α is calculated, 

α = 𝑥𝑚 𝑥𝑚 + 𝑥𝑎⁄                  (2-7) 

and the parameter b (K) is calculated by combination of four parabolic equations in a with 

the molar ratio of silica, SiO2, 

𝑏0 = 13.8 +  39.9355 ∗ 𝛼 +  244.049 ∗ 𝛼2 
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𝑏1 = 30.481 −  117.1505 ∗ 𝛼 +  129.9978 ∗ 𝛼2 

𝑏2 = −240.9429 + 234.0486 ∗ 𝛼 −  300.04 ∗ 𝛼2 

𝑏3 = 60.7619 − 153.9276 ∗ 𝛼 +  211.1616 ∗ 𝛼2 

𝑏 = 𝑏0 + 𝑏1 ∗  𝑆𝑖𝑂2 + 𝑏2 ∗  𝑆𝑖𝑂2
2 + 𝑏3 ∗  𝑆𝑖𝑂2

3            (2-8) 

and parameter α (Pa·s/K) is given from b as, 

 − ln 𝑎 = 0.2693 ∗ 𝑏 +  13.9751              (2-9) 

The viscosity (Pa·s) is computed as a function of temperature (K) according to the Weyman 

equation: 

𝜂 = 𝑎 ∗ 𝑇 ∗ 𝑒(𝑏∗103) 𝑇⁄                                                                                                        (2-10) 

The viscosity data of gasified coal slags have been fitted using Eqs. 2-5 and 2-10, as 

shown in Fig. 2.8.  It shows that the two models are able to predict viscosities and capable of 

describing trends of temperature and composition dependences. It is demonstrated in close 

agreement between viscosity measurements and predictions of the Arrhenius and Urbain 

models for the coal slag melts. However, the prediction of viscosity data by Eq. (2-10) of 

Urbain’s model is not accurate for AD slag melt containing relatively-high Fe2O3. The 

prediction is found to deviate from the experimental results of coal slag melts. The large 

deviation was found to decrease in the order of CV < TH < MA < AD (Dot lines in Fig 2.8). 

The deviation increases with increasing Fe2O3 content in the range from 1.4 to 8 mol%. Mills 

[2.28] also pointed out the large deviation of the Urbain model for CaO–Fe2O3–SiO2 slag 

melts with high Fe2O3 concentrations. Thus the other composition parameter to predict melt 

viscosity is needed for gasified coal slags with high Fe2O3 concentrations. 
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  Table 2.4 The fitting parameters of a and b of the Arrhenius model. 

 

Series    Sample a b R2 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 7.8E-05 5.9E+03 0.989 

  CA20.40 1.3E-05 7.6E+03 0.988 

  CA30.40 4.0E-05 7.2E+03 0.959 

  CF08.39 2.0E-04 4.2E+03 0.981 

  CAF15.11.39 1.1E-04 5.0E+03 0.998 

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA12.50 3.6E-05 7.4E+03 0.994 

  CF07.49 1.4E-04 4.6E+03 0.994 

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA00.60 3.5E-04 5.0E+03 0.989 

  CA10.60 3.3E-05 8.0E+03 0.996 

  MA10.60 6.2E-05 6.8E+03 0.988 

  CF07.58 1.3E-04 5.4E+03 0.977 

  CF14.57 3.0E-04 4.4E+03 0.994 

Coal Slag CV 1.1E-04 7.9E+03 0.985 
 TH 1.8E-04 7.0E+03 0.981 
 MA 1.0E-04 7.3E+03 0.986 

  AD 4.4E-05 6.1E+03 0.931 
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Fig. 2.8. Variations of viscosity with temperature for coal slag melts. The dashed and dot 

lines are the same as those of Fig. 2.4. The dash-dot lines are the fitted Urbain model 

according to Eq. (2-10).  
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2.3.5 Composition parameter 

An empirical composition parameter is here proposed for viscosity based on the studied 

compositions and the roles of their components. The major components in the coal slags are 

confirmed as SiO2, Al2O3, CaO, MgO, FeO, and Fe2O3 in this study. It was found 

experimentally that the roles of these components on melt viscosity are classified into two 

types of network former (NWF) for SiO2 and Al2O3 and network modifier (NWM) for CaO, 

MgO, FeO, and Fe2O3.  

 

2.3.5.1 Based on measured data 

Based on measured viscosity data of slag melts, a composition parameter is proposed to 

predict densities from the corresponding components determined by Eq. (2-11): 

P = 16.20 · fSiO₂ + 10.05 · fAl₂O₃  16.37 · fCaO    24.99 · fMgO    33.15 · fFeO    2.09 · fFe₂O₃     (2-11) 

where P is composition parameter of viscosity, and f is the fraction of each component 

expressed by mol%. 

Fig. 2.9 shows the relationship between viscosity and the composition parameter for the 

viscosity values measured at 1550°C. It can be seen that there are good correlation between 

P  and the densities of each system. The calculated value of the correlation coefficient R2 is 

98%, which indicates a positive correlation between measured viscosity and composition 

parameter for gasified and synthesized slag melts. This new model has the capability to 

predict the viscosity of slag melts based on mole percentage by the analysis of their chemical 

compositions without viscosity measurements.  
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2.3.5.2 Based on the role of components 

The composition parameter is approached using the influence the major components of 

coal slags on measured viscosity data. Table 2.5 shows composition parameter Pɳ calculated 

from the sum of molar or mass for NWF (SiO2 and Al2O3) and for NWM (CaO, MgO, FeO, 

and Fe2O3). Fe valence state was not taken into account in the latter mass-based parameter. 

The mass-based parameter without considering Fe valency state may be much convenient for 

engineering applications. Based on measured viscosity data, a factor 2 for MgO, FeO, and 

Fe2O3 is proposed to account for the sum of molar or mass ratios for NWM.  

P = NWM/NWF                        (2-12) 

Figs. 2.10 and 2.11 show correlation between viscosity and the composition parameter 

Pɳ proposed for synthesized and gasified coal slag melts. Solid lines represent the 

relationships between  and P at 1500–1650 °C. The empirical composition parameter 

(Table 2.6) can be approximately used to predict viscosity of gasified coal slag melts. The 

composition parameter Pɳ also gives a prediction that the moderate flow of slag melts with 

≤15 Pa·s at ≥1500 °C achieves by the composition design of slag melts with a Pɳ value of 

>0.43 for molar basis (Fig. 2.10) and a Pɳ value of >0.36 for mass basis without considering 

Fe valency state (Fig. 2.11). Moreover, slag melts with low viscosities of < 1 Pa·s and with 

higher Pɳ values of >1.1, including relatively-high FeO and Fe2O3 contents > 8 mol%, may 

have a possibility existing the critical temperature of Tcv with rapid viscosity increase in a 

similar manner of AD slag melts. The result is in good agreement with our previous study of 

melt density [2.29] that the larger Fe2O3 content of  7.5 mol% may form inhomogeneous 

melt structure including small crystals in melt state.  
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Table 2.5 Composition parameter Pɳ of gasified coal and synthesized slags based on the total contents of NWF and NWM. 

 

Series Sample 

Molar ratio (mass ratio) or mol% 

(mass%) NWFa 
 Molar ratio (mass ratio) or mol% (mass%) 

NWMb     Pɳ = NWM/ 

            ΣNWF SiO2 Al2O3 CaO       MgO FeO Fe2O3 

Coal slag CV 61.5 (54.8) 13.9 (21.1) 75.4 (75.9) 14.2 (11.9) 3.6   (2.1) 2.2 (2.3) 1.4 (3.3) 28.6 (27.3) 0.38 (0.36) 

  TH 57.8 (49.8) 16.0 (23.4) 73.8 (73.2) 9.2   (7.4) 4.8   (2.8) 5.8 (6.0) 2.6 (6.0) 35.6 (37.0) 0.48 (0.51) 

  MA 54.6 (46.2) 15.0 (21.6) 69.6 (67.8) 8.0   (6.3) 6.3   (3.6) 7.1 (7.2) 3.9 (8.7) 42.6 (45.3) 0.61 (0.67) 

  AD 39.0 (34.3) 10.0 (14.9) 49.0 (49.2) 24.5 (20.1) 16.4   (9.7) 0.0 (0.0)  8.0 (18.7) 73.3 (76.9) 1.50 (1.56) 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 40.0 (38.6) 10.0 (16.4) 50.0 (55.0) 50.0 (45.0) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  50.0 (45.0) 1.00 (0.82) 

     (A=Al and/or Fe) CA20.40 40.0 (35.9) 20.0 (30.5) 60.0 (66.4) 40.0 (33.6) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  40.0 (33.6) 0.67 (0.51) 

     (R=Ca or Mg) CA30.40 40.0 (33.6) 30.0 (42.8) 70.0 (76.4) 30.0 (23.5) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  30.0 (23.5) 0.43 (0.31) 

  CF08.39 39.2 (35.5) 0.0   (0.0)  39.2 (35.5) 49.0 (41.4) 0.0   (0.0)  4.0 (4.3) 7.8 (18.8) 72.6 (87.6) 1.85 (2.47) 

  CAF15.11.39 38.6 (30.2) 14.5 (19.3) 53.1 (49.5) 29.0 (21.2) 0.0   (0.0)  6.9 (6.5) 11.0 (22.9) 64.8 (80.0) 1.22 (1.62) 

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA00.50 50.0 (51.7) 0.0   (0.0)  50.0 (51.7) 50.0 (48.3) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  50.0 (48.3) 1.00 (0.93) 

     (A=Al or Fe) CA12.50 50.0 (47.1) 12.5 (20.0) 62.5 (67.1) 37.5 (33.0) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  37.5 (33.0) 0.60 (0.49) 

     (R=Ca or Mg) CF07.49 48.5 (44.2) 0.0   (0.0)  48.5 (44.2) 38.8 (33.0) 0.0   (0.0)  6.1 (6.6) 6.7 (16.2) 64.4 (78.6) 1.33 (1.78) 

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA00.60 60.0 (61.6) 0.0   (0.0)  60.0 (61.6) 40.0 (38.4) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  40.0 (38.4) 0.67 (0.62) 

     (A=Al or Fe) CA10.60 60.0 (57.2) 10.0 (16.2) 70.0 (73.4) 30.0 (26.7) 0.0   (0.0)  0.0 (0.0)  0.0 (0.0)  30.0 (26.7) 0.43 (0.36) 

     (R=Ca or Mg) MA10.60 60.0 (61.8) 10.0 (17.5) 70.0 (79.3) 0.0   (0.0)  30.0 (20.7) 0.0 (0.0)  0.0 (0.0)  60.0 (41.4) 0.86 (0.52) 

  CF07.58 58.3 (52.7) 0.0   (0.0)  58.3 (52.7) 29.2 (24.6) 0.0   (0.0)  5.6 (6.1) 6.9 (16.6) 54.2 (70.0) 0.93 (1.33) 

  CF14.57 57.1 (46.0) 0.0   (0.0)  57.1 (46.0) 19.0 (14.3) 0.0   (0.0)  9.8 (9.4) 14.1 (30.2) 66.8 (93.5) 1.17 (2.03) 
 

a Summation of molar ratio (mass ratio) or mol% (mass%) for SiO2 and Al2O3. 
b Summation of molar ratio (mass ratio) or mol% (mass%) for CaO + 2  (MgO + FeO + Fe2O3). 
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Fig. 2.9. Variations of viscosity with the parameter Pɳ of molar basis of gasified coal and 

synthesized slag melts at 1550 °C. The solid line is exponential fit to the data.  
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Fig. 2.10. Variations of viscosity with the parameter Pɳ of the molar basis for synthesized 

and gasified coal slag melts series at 1500, 1550, 1600 and 1650 °C. Solid lines represent the 

fitting (Table 2.6) by the empirical composition parameter for the viscosity data. The red 

dashed lines are the guides to eyes for moderate viscosities of 5 and 15 Pa·s.  
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Fig. 2.11. Variations of viscosity with the parameter Pɳ of the mass basis for synthesized and 

gasified coal slag melts series at 1500, 1550, 1600 and 1650 °C. It is postulated all iron oxide 

exists as Fe2O3. The solid and dashed lines are the same as those of Fig. 2.9.  
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Table 2.6 The equations for the fitting of the data of molar and mass basis at each temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

(°C) 

molar basis mass basis 

Equation   R2 Equation R2 

1500 ɳ = 0.5873 · Pɳ
-3.210 0.868 ɳ = 0.7618 · Pɳ

-2.189 0.803 

1550 ɳ = 0.4039 · Pɳ
-3.116 0.859 ɳ = 0.5102 · Pɳ

-2.104 0.771 

1600 ɳ = 0.2968 · Pɳ
-2.986 0.854 ɳ = 0.3718 · Pɳ

-2.011 0.763 

1650 ɳ = 0.2322 · Pɳ
-2.970 0.883 ɳ = 0.2769 · Pɳ

-1.938 0.770 
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2.4 Conclusions 

The viscosity of gasified and synthesized coal slag melts with homogeneous melting 

state gradually increases with decreasing temperature. The viscosity of AD slag melt 

rapidly increases at ≤1300 °C supposedly due to crystallization.  

The viscosity of gasified coal slag melts was found to decrease in the order of CV > 

TH > MA > AD. The viscosity increases with increasing total contents of SiO2 and Al2O3 

and decreases with increasing total contents of CaO, MgO, FeO, and Fe2O3.  

The viscosity of CAS and CFS synthesized slag melts shows different trends with 

respect to increase in Al2O3 and Fe2O3 contents. The viscosity of slag melts increases 

monotonically with increasing Al2O3 content and decreases with increasing Fe2O3 

content.  

An empirical composition parameter Pɳ was calculated from the ratio of ΣNWM (SiO2 

and Al2O3) and ΣNWF (CaO, MgO, FeO, and Fe2O3) based on the chemical composition 

of the main components. The viscosity of various coal slag melts has a good correlation 

with Pɳ. The design of slag composition due to blending of various coals for good flow at 

tapping temperature can be estimated from the composition parameter of melt viscosity. 
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Chapter 3 

Density Measurements of Gasified Coal and Synthesized Slag 

Melts 

 

 

 

 

3.1. Introduction 

Physical property data e.g., viscosity, density, surface tension for coal slags are 

required in the design, operation, and the development of gasifier in the Integrated 

Gasification Combined Cycle (IGCC) [3.1–3.4]. The density of slag melts is one of 

fundamental and important properties for IGCC process [3.5, 3.6].  However, limited 

studies on reliable data of density have been reported for coal slag melts [3.7]. 

Furthermore, the chemical compositions of coal slag melts from different origin countries 

can vary significantly [3.8] and consequently the density of these coal slags can show 

appreciable variability.  

Density of melts is necessary for the calculation of other properties, such as molar 

volume and coefficient of volume expansion in order to discuss the molecular structure 

of slag melts [3.9–3.11]. The coefficient of volume expansion also is one of important 

physical properties to control the melting process of slag melts [3.12, 3.13].  

The density measurements at high temperatures have been mainly carried out using 

maximum bubble pressure, pycnometer and Archimedean single- or double-bob methods 
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[3.14–3.18]. The Archimedean methods give reproducible data sets with better precision 

[3.19]. Therefore, the Archimedean double-bob method is selected in this work. 

The slags formed during the coal gasification process mainly contain SiO2, Al2O3, CaO, 

MgO, FeO, and Fe2O3 with small amounts of Na2O, K2O, TiO2, P2O5, SrO, MnO, and 

other compounds [3.10]. Synthesized coal slags with simplified silicate systems have 

been prepared to understand the role of components on melt properties [3.20–3.22]. The 

synthesized coal slags were used to discuss degree of polymerization and crystallization 

behavior of the melts [3.9].  

The effects of Al2O3 and Fe2O3 on the density of CaO–Al2O3–SiO2 (CAS) and CaO–

Fe2O3–SiO2 (CFS) slags are evaluated here as a start to study the structures of gasified 

coal slag melts. The behavior of Al2O3 and Fe2O3 in silicate glasses, crystals and slag 

melts has been widely studied by various techniques such as Raman and Mössbaeur 

spectroscopies and melt properties of density at high temperatures [3.23–3.30]. 

The previous studies have reported that Al3+ generally was NWF in silicate glasses, 

whereas compositional dependences of properties were qualitatively related to the glass 

structure examined by IR spectroscopy  [3.30]. The proportions of AlOx (x= 4, 5, 6) 

species were evaluated by using 27Al MQ NMR spectroscopy [3.28]. In the CAS slag 

melts, behavior of adding Al2O3 shows the monotonic increase of molar volume as NWF 

in the composition region of [Al2O3]/[CaO] < 1.00 [3.24]. 

In silicate glasses and slag melts containing iron oxide, the structural role of iron oxide 

is still not well understood [3.29, 3.31]. A previous study reported that the behavior of 

iron oxide species in CFS melts differs significantly from that in Na2O–FeO–Fe2O3–SiO2 

(NFS) melts due to the behavior of Fe3+ ions [3.15]. Fe2O3 in NFS melts has the tetrahedral 

site, on the contrary, in CFS melts, it has octahedral one from the result of 57Fe Mössbauer 
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spectra [3.26]. Another study [3.24] reported that the roles of Fe3+ varied with tetrahedral 

and octahedral sites in the CFS slag melts. The Mössbauer spectra of quenched samples 

indicated that the site of Fe3+ ions varied from tetrahedral to octahedral coordination with 

increasing Fe2O3 content [3.25].   

According to these scientific and engineering backgrounds, the objectives of this 

research are (i) to establish an Archimedean double-bob method to measure density of 

gasified coal and synthesized slag melts in silicate systems containing CaO or MgO and 

Al2O3 and/or FeO/Fe2O3, (ii) to study the composition and temperature dependences of 

density, molar volume, and the coefficient of volume expansion, (iii) to discuss the effect 

of Al2O3 and Fe2O3 on these properties, and (iv) to propose a composition parameter to 

predict the density of coal slag melts based on chemical composition. 

 

3.2. Materials and Methods 

3.2.1.  Sample preparation 

3.2.1.1  Coal slag samples 

The samples provided by the CRIEPI, Japan are coal slags collected after rapid 

quenching with water of molten slag flowing from the gasifier. The samples are denoted 

as CV (Coal Valley), TH (Tanito Harum) and MA (Malinau). The samples were melted 

in a Pt crucible at 1600 oC for about 2 hours. The density measurements were conducted 

in the range 1500–1600 oC for homogenous melt state. Then the samples were rapidly 

cooled at room temperature to evaluate their chemical compositions. Table 3.1 shows the 

chemical compositions of the coal slag samples determined by X-Ray fluorescence (XRF) 

analysis. The valence state of iron oxide was evaluated using chelate titration method in 

the quenched samples [3.32].    
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Table 3.1 Chemical composition of gasified coal slags. 

Element 

mol% (mass %) 

Coal Valley 

(CV) 

Tanito Harum 

(TH) 

Malinau  

(MA) 

Major component  

SiO2 61.5 (54.8) 57.8 (49.8) 54.6 (46.2) 

Al2O3 13.9 (21.1) 16.0 (23.4) 15.0 (21.6) 

CaO 14.2 (11.9) 9.2 (7.4) 8.0 (6.3) 

MgO 3.6 (2.1) 4.8 (2.8) 6.3 (3.6) 

FeO 2.2 (2.3) 5.8 (6.0) 7.1 (7.2) 

Fe2O3 1.4 (3.3) 2.6 (6.0) 3.9 (8.7) 

Minor component  

K2O 1.1 (1.5) 1.4 (1.9) 1.3 (1.8) 

TiO2 0.6 (0.7) 1.0 (1.1) 1.0 (1.1) 

P2O5 0.1 (0.4) 0.1 (0.4) 0.2 (0.8) 

SrO 0.1 (0.2) 0.1 (0.2) 0.1 (0.1) 

ZrO2 0.1 (0.2) ND a  (ND)  0.1 (0.2) 

MnO 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 

Cr2O3 0.1 (0.2) ND  (ND) 0.1 (0.2) 

BaO 0.2 (0.5) ND  (ND) 0.1 (0.2) 

Na2O 0.8 (0.7) 1.1 (0.9) 2.1 (1.9) 

Total 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 

∑[ A2O3]b / ∑[RO]c   0.76  0.93  0.88  

[Al2O3] / ∑[RO] 0.69  0.80  0.70  

[Fe2O3] / ∑[RO] 0.07  0.13  0.18  

    
a Not detected. 

  b A2O3: Amphoteric oxide (Al2O3, Fe2O3). 

  c RO: Bivalent metal oxide (Fe, Ca, Mg, Sr). 

    ∑[ A2O3] / ∑[RO]: molar ratio of total contents of amphoteric and bivalent metal oxides. 
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3.2.1.2  Synthesized slag samples 

Table 3.2 shows that the batches of synthesized slag samples were divided into three 

series of (60-x)RO–xA2O3–40SiO2, (50-x)RO–xA2O3–50SiO2, and (40-x)RO–xA2O3–

60SiO2 in molar ratio, where R is the alkaline earth metal: Ca and Mg; A is Al and Fe 

without considering the valence state of iron oxide. There are compositions containing 

40, 50 and 60% SiO2 (nominal concentration) with various contents of CaO, MgO, Al2O3 

and Fe2O3. The composition series of synthesized slags were systematically varied by 

considering those of gasified coal slags (Table 3.1).  

The samples were prepared from a mixture of SiO2, Al2O3, CaCO3, MgO, and Fe2O3 

powders with 99.99 % purity as raw materials. Mixed powders were melted in a Pt 

crucible between 1350 and 1600 oC for about 2 hours depending on their homogenous 

melting temperatures. The synthesized slag melt was poured onto iron mold for cooling.  

The cooled sample was crushed, then re-melted at the highest measuring temperature 

and the sample was kept for 2 hours before density measurements. The nominal contents 

used in this study are also shown in Table 3.2. The sample compositions are labeled by 

the type and molar fraction of components except for SiO2, where C, A, and F mean 

respective oxides: CaO, Al2O3, and Fe2O3 and x and y are their molar fractions, as shown 

in Table 3.2. The valence state of iron was also determined experimentally in quenched 

samples after density measurements using chelate titration method. The experimental 

results of Fe3+/Fetot are presented in Table 3.3. The FeO and Fe2O3 mol% are calculated 

from Fe3+/Fetot for determining sample composition. The FeO and Fe2O3 contents (mol%) 

in quenched samples are used to discuss their effects on melt density in the section of 

results and discussion.



82 

 

 

 

Table 3.2 Chemical composition of synthesized coal slag samples. 

 

a The FeO and Fe2O3 were determined experimentally using chelate titration method in the quenched samples. 
b ∑[A2O3] / ∑[RO]: molar ratio of total contents of amphoteric and bivalent metal oxides. 
c [Al2O3] / ∑[RO]: molar ratio of Al2O3 and total content of bivalent metal oxides. 
d [Fe2O3] / ∑[RO]: molar ratio of Fe2O3 and total content of bivalent metal oxides. 

 

 

 

Series Samples 
mol% (mass %) Molar ratio 

SiO2 Al2O3 CaO MgO FeOa Fe2O3
a ∑[A2O3]/∑[RO]b [Al2O3]/∑[RO]c [Fe2O3]/∑[RO]d 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 40.0 (38.6) 10.0 (16.4) 50.0 (45.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 0.20 0.00  

  CA20.40 40.0 (35.9) 20.0 (30.5) 40.0 (33.6) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 0.50 0.00  

  CA30.40 40.0 (33.6) 30.0 (42.8) 30.0 (23.5) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 1.00 0.00  

  CF08.39 39.2 (35.5) 0.0 (0.0) 49.0 (41.4) 0.0 (0.0) 4.0 (4.3) 7.8 (18.8) 0.15 0.00 0.16  

  CAF15.11.39 38.6 (30.2) 14.5 (19.3) 29.0 (21.2) 0.0 (0.0) 6.9 (6.5) 11.0 (22.9) 0.71 0.50 0.38  

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA12.50 50.0 (47.1) 12.5 (20.0) 37.5 (33.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 0.33 0.00  

  CF07.48 48.5 (44.2) 0.0 (0.0) 38.8 (33.0) 0.0 (0.0) 6.1 (6.6) 6.7 (16.2) 0.00 0.00 0.17  

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA00.60 60.0 (61.6) 0.0 (0.0) 40.0 (38.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 0.00 0.00  

  CA10.60 60.0 (57.2) 10.0 (16.2) 30.0 (26.7) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.00 0.33 0.00  

  MA10.60 60.0 (61.8) 10.0 (17.5) 0.0 (0.0) 30.0 (20.7) 0.0 (0.0) 0.0 (0.0) 0.00 0.33 0.00  

  CF02.60 59.5 (59.1) 0.0 (0.0) 37.2 (34.5) 0.0 (0.0) 1.6 (1.9) 1.7 (4.5) 0.04 0.00 0.05  

  CF04.59 59.2 (56.9) 0.0 (0.0) 34.5 (30.9) 0.0 (0.0) 2.8 (3.2) 3.5 (8.9) 0.09 0.00 0.10  

  CF06.59 58.9 (54.6) 0.0 (0.0) 31.9 (27.6) 0.0 (0.0) 3.8 (4.2) 5.5 (13.6) 0.15 0.00 0.17  

  CF07.58 58.3 (52.7) 0.0 (0.0) 29.2 (24.6) 0.0 (0.0) 5.6 (6.1) 6.9 (16.6) 0.20 0.00 0.24  

  CF11.58 57.6 (49.1) 0.0 (0.0) 24.0 (19.1) 0.0 (0.0) 7.8 (8.0) 10.5 (23.8) 0.33 0.00 0.44  

  CF14.57 57.1 (46.0) 0.0 (0.0) 19.0 (14.3) 0.0 (0.0) 9.8 (9.4) 14.1 (30.2) 0.49 0.00 0.74  
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Table 3.3 Properties related density of gasified coal and synthesized slag melts. 

 

Samples 
 

Fe3+/Fetot
a 

Densityb, at temperature (°C) Molar volumeb βb 

1350 1400 1450 1500 1550 1600 1350 1400 1450 1500 1550 1600  

CA10.40 - 2.696 (0.002)c 2.676 (0.003) 2.675 (0.002) 2.657 (0.003) 2.637 (0.005) -   23.1 23.3 23.3 23.4 23.6 - 11.2 

CA20.40 - -   2.665 (0.003) 2.639 (0.002) 2.625 (0.003) 2.603 (0.003) -   - 25.1 25.3 25.5 25.7 - 15.7 

CA30.40 - -   -   -   2.597 (0.005) 2.571 (0.004) -   - - - 27.5 27.8 - 20.4 

CF08.39 0.80 2.972 (0.005) 2.964 (0.002) 2.943 (0.002) 2.929 (0.005) 2.918 (0.006) -   22.3 22.4 22.5 22.7 22.7 - 9.3 

CAF15.11.39 0.76 -   3.012 (0.001) 2.998 (0.001) 2.992 (0.002) 2.967 (0.002) -   - 20.6 20.7 20.7 20.9 - 10.0 

CA12.50 - 2.607 (0.006) 2.594 (0.005) 2.563 (0.006) 2.546 (0.007) 2.535 (0.004) -   24.5 24.6 24.9 25.1 25.2 - 14.2 

CF07.48 0.69 2.953 (0.002) 2.931 (0.001) 2.913 (0.001) 2.902 (0.001) 2.879 (0.001) -   22.3 22.5 22.6 22.7 22.9 - 12.9 

CA00.60 - -   -   2.540 (0.003) 2.525 (0.003) 2.508 (0.002) -   - - 23.0 23.2 23.3 - 13.5 

CA10.60 - 2.54 (0.02) 2.515 (0.007) 2.495 (0.005) 2.491 (0.003) 2.479 (0.004) -   24.9 25.1 25.3 25.3 25.5 - 11.4 

MA10.60 - -   -   2.48 (0.05) 2.47 (0.01) 2.453 (0.005) -   - - 23.5 23.6 23.8 - 10.6 

CF02.60 0.68 -   -   2.589 (0.001) 2.577 (0.001) 2.564 (0.002) -   - - 23.4 23.5 23.6 - 9.7 

CF04.59 0.72 -   2.677 (0.001) 2.667 (0.002) 2.656 (0.001) 2.644 (0.001) -   - 23.4 23.4 23.6 23.7 - 8.3 

CF06.59 0.75 2.751 (0.002) 2.743 (0.001) 2.731 (0.002) 2.718 (0.001) 2.709 (0.001) -   23.5 23.6 23.7 23.8 23.9 - 8.2 

CF07.58 0.71 2.835 (0.001) 2.826 (0.002) 2.805 (0.001) 2.799 (0.001) 2.793 (0.002) -   23.5 23.5 23.7 23.7 23.8 - 7.4 

CF11.58 0.73 2.930 (0.002) 2.924 (0.001) 2.908 (0.001) 2.893 (0.001) 2.885 (0.002) -   24.1 24.1 24.2 24.4 24.4 - 7.8 

CF14.57 0.74 -   -   3.032 (0.003) 3.019 (0.003) 3.002 (0.004) -   - - 24.6 24.7 24.8 - 10.1 

CV 0.56 -   -   -   - - 2.53 (0.01) 2.513 (0.007) - - - - 26.7 26.8 12.2 

TH 0.47 -   -   -   2.566 (0.003) 2.548 (0.003) 2.535 (0.002) - - - 27.2 27.4 27.5 10.4 

MA 0.52 -   -   -   2.570 (0.003) 2.559 (0.002) 2.541 (0.001) - - - 27.6 27.7 27.9 14.1 

 
a The fraction of Fe3+/Fetot was analyzed two or three times for quenched samples.   
bThe units of density, molar volume, and coefficient of volume expansion (β) are g/cm3, cm³/mol and 10-5/°K, respectively. 
c The number in brackets represent individual error's estimation for each temperature and composition. 
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3.2.2. Density measurements of slag melts 

The apparatus used for the Archimedean double-bob method is similar to one that used in 

the previous studies [3.15, 3.33, 3.34], as illustrated in Fig. 3.1. The principle of this method 

is to measure the buoyancies of two Pt-bobs with different sizes by using an electrical balance 

(Sartorius ED124S).  A computer interface (Sartorius YCC01-USBM2) was added to 

monitor and record the buoyancy directly. The measuring temperature was selected for 

homogeneous melting state. The temperature for homogeneous melting was confirmed by 

hot thermocouple method [3.35] and FactSage data bank [3.36]. 

The cooled sample was crushed and then re-melted at the highest measuring temperature 

and was kept for 2 hours before density measurements. After the temperature holding, the Pt-

bob was suspended by a Pt–Rh 13 wt% wire with 0.25 mm diameter from the bottom of the 

electrical balance and then Pt-bob was lowered. When the tip of the bob touched the surface 

of slag melts, the digital balance displayed a change in weight. From the change, it was 

confirmed that the bob actually had touched the surface of slag melts. Then the bob was 

lowered further until the bob reached a depth of 20 mm below the surface of the slag melts. 

The buoyancies of the large and small bobs were continuously measured for 30 minutes 

without removing the bobs from the slag melt in all temperature measurements. The average 

value of buoyancy was used for density determination. The density of slag melts, , was 

calculated using the following Eq. (3-1):  

 𝜌 = (𝑊1 − 𝑊2) (𝑉1 − 𝑉2)⁄                                                                                                 (3-1) 
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where W1 and W2 are the buoyancies, and V1 and V2 are the submerged volumes of the large 

and small bobs, respectively. The thermal expansions of the large and small bobs were 

corrected by Eq. (3-2) with the data of the thermal expansion of platinum [3.37]: 

 𝑉1 − 𝑉2 = (1 + 3𝛼∆𝑇) ∙ (𝑉1′ − 𝑉2 ′)                                         (3-2) 

where α is the thermal expansion coefficient of Pt, ΔT is the difference between measuring 

and room temperatures, and 𝑉1′ and 𝑉2 ′ are the volumes of the large and small bobs at room 

temperature, respectively. The reproducibility of the measurement was evaluated for the 

densities of silicone fluids and a slag melt of 40Na2O–60SiO2 (mol%) as standard samples. 

The density is strongly dependent on the molar weight and the molar volume. The latter is 

more sensitive to change in structure than density [3.11]. The molar volume (MV) Vm is 

calculated using the following Eq. (3-3):  

𝑉𝑚 = ∑(𝑥𝑖 ∙ 𝑀𝑖) 𝜌⁄                            (3-3) 

where xi is the molar fraction, and Mi is the molar weight of a component i. 

     The coefficient of volume expansion (CVE), 𝛽, is calculated from the density change 

corresponding to the temperature measurements by the following Eq. (3-4):  

    𝛽 = (𝜌1 − 𝜌2) 𝜌2⁄ ∙ 1 (𝑇2 − 𝑇1)⁄                                                                    (3-4) 

where 𝑇1 is the lowest temperature corresponding to 𝜌1and 𝑇2 is the highest one 

corresponding to 𝜌2. 
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Fig. 3.1. Schematic apparatus for density measurements of slag melts: (a) whole diagram, 

(b) sample, and (c) large and small bobs. 
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3.3. Results and Discussion 

3.3.1. Error estimation 

The error estimation of the above method was taken as the deviations in the determination 

of buoyancy, temperature, and electrical balance reading [3.38]. The individual errors are 

summarised in Table 3.3 for each measuring condition. The errors caused by viscosity and 

inhomogeneity of the sample in density measurements do not exceed ± 1.5  10-2 g/cm3 for 

CA, ± 6  10-3 g/cm3 for CF, ± 2  10-3 g/cm3 for CAF, and ± 5.2  10-2 g/cm3 for MA 

synthesized slags, ± 1.2  10-2 g/cm3 for gasified coal slags. The error range was depended 

on composition in slag melts. The average value of error was 0.37% for all measured 

densities. 

The accuracy of density measurements was determined in the following ways. Firstly, the 

densities of silicone fluids with the viscosities 0.01, 0.999, 4.850, and 29.44 Pa·s were 

measured at 25 °C. The densities of silicone fluids were tested to be 0.941, 0.972, 0.973, and 

0.974 g/cm3, respectively. The measured densities have good agreement with the data of 

silicone fluid standards [39] with a precision of 0.16%. Secondly, the density of 40Na2O–

60SiO2 (mol%) melt was measured at 1350–1500 °C. The density results of 40Na2O–60SiO2 

melts are shown in Fig. 3.2. The results show that the mean difference between the first and 

second measurements is within 0.61 % of the density values. The reproducibility of this work 

is within the error estimation of density measurements. Furthermore, the density values are 

good agreement with previously reported values [3.33] within a deviation of 0.10%. The 

accuracy and reproducibility of density for silicone fluids and the 40Na2O–60SiO2 (mol%) 

melt support the reasonable results of density measurements in this work. 
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Fig. 3.2. Variation of density with temperature for 40Na2O ̶ 60SiO2 slag melt (mol%) with 

the previously reported value Bockris et.al [3.33]. The dashed line represents the average 

linear fit of densities measured in this study.  
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3.3.2. Density measurements 

Table 3.3 summarizes the results of density, MV and CVE for gasified coal and 

synthesized slag melts. Table 3.3 also gives the analyzed values of Fe3+/Fetot in quenched 

samples. The experiments were conducted two or three times for each sample. The 

experimental results showed that the percentage of Fe3+ was accounted for 47–56% and 68–

80% for gasified and synthesized quenched samples, respectively. A close agreement is 

found by data of previous study with the similar compositions with the Fe3+ percentage of 

45–90% [3.25]. 

Fig. 3.3 shows the temperature dependences of density for coal slag melts. There are linear 

relationships between density and temperature for all coal slag melts between 1500 and 1600 

°C. The densities of the coal slag melts decrease linearly with increasing temperature. The 

density varied from 2.513 to 2.570 g/cm3. The density was found to increase in the order of 

CV < TH < MA with increasing Fe2O3 and FeO contents, as shown in Table 3.1. In addition, 

the density decreases with increasing Al2O3 and SiO2 contents.   

Figs. 3.4 and 3.5 show the temperature dependences of density for synthesized slag melts 

with various Al2O3 and Fe2O3 contents. The density decreases linearly with increasing 

temperature as a general trend in slag melts [3.11]. The slag melt containing the largest Fe2O3 

concentration of 14 mol%, named as CF14.57, has larger density values, compared to all the 

other samples at 1350–1550 °C. The density monotonically decreases when Fe2O3 is replaced 

by Al2O3 for synthesized slag melts with constant SiO2 contents (40, 50, and 60 mol%), as 

shown in Table 3.3 and Figs. 3.4 and 3.5.  The density is also found to decrease as Al2O3 

content increases in the range of 10 and 30 mol%.  The density of 30CaO–10Al2O3–60SiO2 
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(CA10.60) slag melt is slightly bigger than that of 30MgO–10Al2O3–60SiO2 (MA10.60) 

sample due to the substitution of CaO for MgO.  

Densities of gasified and synthesized coal slag melts are shown in Figs. 3.3, 3.4, and 3.5 

and are summarized in Table 3.3. The densities of CAS and CFS slag melts show different 

trends with respect to increase in Al2O3 and Fe2O3 contents. The density of slag melts 

decreases almost monotonically with increasing Al2O3 content and increases with increasing 

Fe2O3 content. 

Fig. 3.6 shows the relationship between density and A2O3 content (A=Al or Fe) for slag 

melts of CAS with 40 mol% SiO2 and CFS with 60 mol% SiO2. The densities shown in Fig. 

3.6 are the measured values at 1550 °C. A comparison between our results and reported 

values in the CAS slag melts shows slight deviation [3.24] and has a good agreement in the 

CFS slag melts [3.26].  
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Fig. 3.3. Variations of density with temperature for coal slag melts. The straight lines 

are least square fit to the data of the coal slag melts at measuring temperatures.  
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Fig. 3.4. Variations of density with temperature in a series of (60-x)RO ̶ xA2O3 ̶ 40SiO2 and 

(50-x) RO ̶ xA2O3 ̶ 50SiO2 slag melts (Table 3.2) with various Al2O3 and Fe2O3 contents. 

The straight lines are least square fit to the data of the synthesized slag melts at measuring 

temperatures.  

 

 



93 

 

2.4

2.5

2.6

2.7

2.8

2.9

3.0

3.1

1300 1350 1400 1450 1500 1550 1600

D
e
n

s
it

y
 (

g
/c

m
³)

Temperature ( C)

CA10.60

CF14.57

CF11.58

CF07.58

CF06.59

CF04.59

CF02.60

CA00.60
MA10.60

Synthesized slags

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5. Variations of density with temperature in a series of (40-x)RO ̶ xAl2O3 ̶ 60SiO2 slag 

melts (Table 3.2)  with various Al2O3 and Fe2O3 contents. The lines are the same as those in 

Fig. 3.4.  
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Fig. 3.6. Variation of density with Al2O3 or Fe2O3 content in a series of (60 ̶ x)CaO ̶ xAl2O3  ̶

40SiO2 (CAS) and (40-x)CaO ̶ xFe2O3 ̶ 60SiO2 (CFS) slag melts (Table 3.2)  at 1550 °C, 

respectively. Solid circles (red and blue) are the results of present studies. Solid triangles 

(black and green) are reported values by Morinaga et al. [3.24] and Dingwell et al. [3.26]. 

Solid squares (blue and green) are binary slag melts of 40CaO ̶ 60SiO2. The solid lines of 

CAS and CFS are least square and polynomial fits to the data, respectively.  
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3.3.3. Molar volume 

The molar volumes of synthesized slag melts with various Al2O3 and Fe2O3 contents are 

shown in Figs. 3.7 and 8. Fig. 3.7 shows the relationship between molar volume (MV) and 

Al2O3 content in a series of CAS slag melts with 40 mol% SiO2. MVs of the slag melts at 

1400–1550 °C increase monotonically with increasing Al2O3 content. MVs of CAS slag melts 

are in the range of 23.6–27.8 cm3/mol (Table 3.3). A good agreement of MV is found with 

data of CAS slag melts with similar compositions [3.24]. MV increases with increasing Fe2O3 

content in a series of CFS slag melts with 60 mol% SiO2, as shown in Fig. 3.8. The 

composition dependence of MV in the CFS series seems to be classified into two regions as 

(1) 0 ≤ x ≤ 7.5 and (2) 7.5 ≤ x ≤ 14 due to discontinuous change. MVs of CFS slag melts are 

in the range of 23–24.8 cm3/mol (Table 3.3). MV reaches almost constant values at ~7.5 

mol% Fe2O3.  

MV tends to increase by adding Al2O3 and Fe2O3 in the CaO–SiO2 slag melts. Hence, MV 

of CAS slag melts monotonically increases (Fig. 3.7), however, MV of CFS slag melts has 

the discontinuous change at the boundary between the regions (1) and (2) (Fig. 3.8). This 

change suggests that the structural change of CFS slag melts occurred at ≥ 7.5 mol% Fe2O3. 
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Fig.  3.7. Variations of molar volume with Al2O3 content in a series (60-x)CaO ̶ xAl2O3  ̶

40SiO2 slag melts (Table 3.2). Solid triangles (green) are reported values by Morinaga et al. 

[3.24]. The lines are the same as those in Fig. 3.4.  
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Fig. 3.8. Variations of molar volume with Fe2O3 content in a series of (40-x)CaO ̶ xFe2O3  ̶

60SiO2 slag melts (Table 3.2). Solid and dashed lines represent the experimental results and 

the guide lines to eyes at the boundary between regions (1) and (2), respectively. The molar 

volume using polynomial fits reaches constant values at ~7.5 mol% Fe2O3 in the region (1). 

The molar volume using least square fits exhibits discontinuously change between the 

regions (1) and (2).  
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3.3.4. Coefficient of volume expansion 

Fig. 3.9 shows the relationship between the coefficient of volume expansion (CVE) and 

Al2O3 content for CAS slag melts. CVE increases monotonically with increasing Al2O3 

content. Fig. 3.10 shows the variation of CVE with Fe2O3 content for CFS slag melts. CVE 

of slag melts exhibits in the range of 7.4–13.5  10-5/K (Table 3.3). CVE is also classified 

into the two regions (1) and (2). CVE decreased with Fe2O3 addition exhibiting a minimum 

value at ~7 mol% and increased in region (2) of x ≥ 7.5. The trend of CVE corresponds to 

that of the molar volume (Fig. 3.9). 

The CVE is calculated from the measured densities at two different temperatures. The 

CVE corresponds to the extent of change (slope) in the MV with increasing temperature. The 

minimum of CVE suggests that the temperature-induced structural change of the CFS slag 

melts occurs at ~7 mol% Fe2O3. 

The density of CAS melt samples with ≥ 10 mol% Al2O3 has not been measured because 

of high temperature for homogenous melting, e.g., the CA00.40 at 1625 °C [3.36]. The good 

density results were obtained without solid components in the CAS slag melts.       
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Fig. 3.9. Variation of the coefficient of volume expansion with Al2O3 content in a series of 

(60-x) CaO ̶ xAl2O3 ̶ 40SiO2 slag melts (Table 3.2). The line is the same as those in Fig. 3.4. 
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Fig. 3.10. Variation of the coefficient of volume expansion with Fe2O3 content in a series of 

(40 ̶ x)CaO ̶ xFe2O3 ̶ 60SiO2 slag melts (Table 3.2). The solid and dashed lines are the same 

as those in Fig. 3.8.  
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3.3.5. The influence of Al2O3 and Fe2O3 on density 

It is well known that Al2O3 and Fe2O3 are amphoteric oxides and their influence depends 

on the type and content of NWM as the basicity of slag melts [3.5, 3.20, 3.24]. The addition 

of CaO results in breaking of the structure of silicate network and the decrease of melt 

viscosity substantially. Influence of Al2O3 addition depends on [Al2O3]/[R2O, R′O] in molar 

ratio due to simple stoichiometric consideration. In the case of the molar ratio [Al2O3]/[RO] 

< 1, Al2O3 behaves NWF as described in previous studies of alumino-slicate melts and 

glasses [3.20, 3.24, 3.30]. Several authors reported that viscosity increased with increasing 

the polymerization degree of network structure by Al2O3 addition [3.24, 3.40]. In other 

words, Al3+ ideally plays the role of NWF for AlO4 formation in order to link and share the 

corner between AlO4 tetrahedra when charge compensating cation such as CaO exists enough 

for Al at [Al2O3]/[CaO] ≤  1 [3.5, 3.23, 3.30]. Moreover, the addition of Al2O3 to CaO-SiO2 

melts due to the formation of AlO4 tetrahedral corresponds to the increases of MV and CVE 

[3.24]. 

The influences of CaO, MgO, and FeO contents as basic oxide (NWM) on density of 

synthesized slag melts are shown in Fig. 3.5 and Table 3.3. The influence of CaO on density 

in CAS and CFS systems depends on molar ratio of [Al2O3]/[CaO] and [Fe2O3]/[CaO]. 

Density of CAS system decreases with increasing molar ratio of [Al2O3]/[CaO] for 40 mol% 

SiO2, as shown in Tables 3.2 and 3.3. On the contrary, the density increases with increasing 

molar ratio of [Fe2O3]/[CaO] for ~60 mol% SiO2 in CFS system. Similarly, the influence of 

FeO on density in CFS system increases with increasing FeO content, as shown in Table 3.3. 

Meanwhile, the influence of MgO on density of slag melts was investigated by substituting 

of CaO in CA10.60 sample by MgO (MA10.60). The result shows that MgO has little effect 
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on density of slag melts, as shown in Fig. 3.5. This result corresponds well with previous 

studies [3.27, 3.41]. 

In order to obtain the influence of Fe2O3 on the structure of slag melts, the molar volume 

(MV) and the coefficient of volume expansion (CVE) are used to support our discussion, as 

shown in Figs. 3.8 and 3.10. MV exhibits the discontinuous change at ~7.5 mol% Fe2O3 (x). 

This boundary corresponds well to the two regions of CVE with 0 ≤ x ≤ 7.5 and 7.5 ≤ x ≤ 14 

mol% Fe2O3. 

In the region (1) of CFS slag melts, MV tends to increase by adding Fe2O3 and reaches 

constant values at ~7.5 mol% Fe2O3. These results correspond to the decrease of CVE in the 

region (1), and it passes through a minimum at ~7 mol% Fe2O3, and then increases again in 

the region (2). Previous study [3.25] reported that the oxygen coordination number of Fe3+ 

ions can be determined by the ratio [Fe2O3]/[R2O, R′O]. In the similar compositions of CFS 

quenched slag samples, Fe3+ as NWF and NWM are favored at Fe2O3 ≤ 10 mol% and 10–20 

mol%, respectively [3.25, 3.42]. It is suggested that the larger Fe2O3 content of > 10 mol% 

may form inhomogeneous melt structure including small crystals even in melt state. Further 

studies are necessary in order to understand the structure of silicate melts including large 

amounts of Fe2O3 (> 10 mol%). 

      

3.3.6. Composition parameter 

The contribution of main components of SiO2, Al2O3, CaO, MgO, FeO and Fe2O3 on 

density was investigated for coal and synthesized slag melts. It was found experimentally 

that main components have different contributions on the density and molar volume of slag 
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melts. Based on measured density data of slag melts, a composition parameter is proposed to 

predict densities from the corresponding components determined by Eq. (3-5): 

Pρ = 2.18 · fSiO₂ + 2.73 · fAl₂O₃ + 2.96 · fCaO + 2.92 · fMgO + 4.88 · fFeO + 5.00 · fFe₂O₃       (3-5) 

where Pρ is the composition parameter of density, and f is the fraction of each component 

expressed by mol%. 

Fig. 3.11 shows the relationship between density and the composition parameter for the 

density values measured at 1550°C. It compares with experimental and calculated results 

using the composition parameter for all density data. The average error Δ of all calculated 

values can be evaluated by using Eqs. (3-6) and (3-7):  

    𝛿𝑛 = (𝜌𝑛)𝑐𝑎𝑙 − (𝜌𝑛)𝑚𝑒𝑎 (𝜌𝑛)𝑚𝑒𝑎⁄ ∙ 100 (%)                                            (3-6) 

∆ =
1

𝑁
∑ |𝛿𝑛|𝑁

𝑛=1  (%)                                                                      (3-7) 

where 𝛿𝑛 is the percentage difference between the calculated (𝜌𝑛)𝑐𝑎𝑙 and measured 

(𝜌𝑛)𝑚𝑒𝑎 density values, and Δ is calculated by taking the summation sign ∑ of all absolute 

values of δn and divided by the total number of data. 

The calculated value of the average error is 0.69%, which indicates a strong positive 

correlation between measured density and composition parameter for gasified and 

synthesized slag melts. This new model has the capability to predict the density of slag melts 

based on mole percentage.  

 

 

 



104 

 

2.4

2.5

2.6

2.7

2.8

2.9

3.0

3.1

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1

D
e
n

s
it

y
 (

g
/c

m
³)

Pρ = 2.18 · fSiO₂ + 2.73 · fAl₂O₃ + 2.96 · fCaO + 2.92 
· fMgO + 4.88 · fFeO + 5.00 · fFe₂O₃

(40-x)RO‒xA2O3‒60SiO2 

(50-x)RO‒xA2O3‒50SiO2

(60-x)RO‒xA2O3‒40SiO2

Gasified coal slag

CV
TH

MA

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11.  Variation of density with the composition parameter based on mole percentage 

for synthesized and coal slag melts at 1550 °C.  
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Fig. 3.12.  Variation of density with the composition parameter based on mass percentage 

for synthesized and coal slag melts at 1550 °C without considering valence state of iron.  
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For engineering application, the composition parameter is used for predictions of the 

densities using mass percentage of synthesized coal slags as shown in Fig. 3.12. Because of 

generally low contents of FeO (≤10 mol%) in the investigated valence states of iron oxides, 

the contributions of the densities due to FeO were neglected and assumed that all of Fe 

component was Fe2O3. Based on these considerations, the second composition parameter as 

shown in Eq. (3-8) is used, 

Pρ = 2.28 · fSiO₂ + 2.73 · fAl₂O₃ + 2.85 · fCaO + 2.77 · fMgO + 3.93 · fFe₂O₃                          (3-8). 

The second composition parameter can be used to estimate the densities of gasified coal 

slag melts as a function of composition mass % and confirmed that the calculated value of 

the average error was 0.66%. Furthermore, the empirical composition parameter can be 

beneficially used to predict density of gasified coal slag melts by the analysis of their 

chemical compositions without density measurements. 

 

3.4. Conclusions 

Density of gasified coals and slag melts decreased linearly with increasing temperature. 

Densities of gasified coal slag melts were found to increase in the order of CV < TH < MA. 

The density decreased with increasing Al2O3 and SiO2 contents, on the contrary, it increased 

with increasing FeO and Fe2O3 contents. 

Two types of amphoteric oxide in slag melts brought about different effects on the 

density: the density decreased with increasing Al2O3 content, on the contrary, it increased 

with increasing Fe2O3 content.  
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The MV and the CVE monotonically increased with increasing Al2O3 content for CaO–

Al2O3–SiO2 slag melts. On the basis of the MV and CVE, their composition variations with 

Fe2O3 content were classified into two regions: (1) low concentration (0 ≤ x ≤ 7.5) and (2) 

high concentration (7.5 ≤ x ≤ 14). The MV increases with increasing Fe2O3 content with the 

discontinuous change between the boundary of the two regions (x~7.5 mol%). The trend of 

the CVE corresponds to the MV. The CVE decreased with Fe2O3 addition showing a 

minimum value at ~7 mol% Fe2O3 and increased in 7.5 ≤ x ≤ 14 mol% Fe2O3.  

An empirical composition parameter was proposed to predict the density from the 

corresponding chemical composition of gasified coal slag melts for the next-generation 

IGCC.  
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Chapter 4 

Surface Tension Measurements of Synthesized Coal Slag Melts  

 

 

 

 

4.1. Introduction 

Physical properties of coal slag melts play an important role in the integrated 

gasification combined cycle (IGCC) [4.1–4.3]. Several previous studies have been 

reported the essential effect of viscosity, density, and surface tension of coal slag melts in 

the IGCC [4.4–4.6]. The surface tension related with multicomponent slag melts is one 

of the most important parameters for controlling the various interfacial phenomena in the 

gasifier [4.7, 4.8]. The surface tension is defined as the energy required to increase the 

surface area of a liquid due to intermolecular forces. It is an essential property of coal slag 

melts since its relevant to fluid flow of slags in the gasifier operating of IGCC [4.9].  

The surface tension plays a great role in controlling the homogeneity, wettability, and 

shape of slag melts [4.7, 4.10, 4.11]. Surface tension is relevant to fluid flow of coal slags, 

and slag melts interactions (wetting) for the successful design of gasifier in the IGCC 

power plant. However, the surface tension data of coal slag in the published literature are 

limited. 

A previous study measured a surface tension of 0.320 N/m for a coal ash slag (54.6 

SiO2–18.3Al2O3–8.7Fe2O3–6.4CaO–4.3MgO–4.3SO3–3.4Na2O–2.4K2O mol%) in the 

temperature interval from 1300 to 1400 °C. [4.12]. The other previous study reported 
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[4.13] used vitreous carbon as the substrate material when measuring the surface tension 

of a gasifier slag by a sessile drop method and found a value of 0.430 N/m for a 

temperature of 1350 °C. The other previous studies [4.14, 4.15] also used the sessile drop 

method found the data of surface tension data ranging from 0.190 to 0.960 N/m for 

different temperature intervals and gas atmospheres to study coal slag and model for glass 

melts. 

The slags formed during the coal gasification process mainly contain SiO2, Al2O3, CaO, 

MgO, FeO, and Fe2O3, with small amounts of Na2O, K2O, TiO2, P2O5, SrO, MnO, and 

other compounds [4.6, 4.16, 4.17]. The basic slag systems of gasified coal slags are CaO–

Al2O3–SiO2 (CAS) and CaO–Fe2O3–SiO2 (CFS). The simplified silicate systems of CAS, 

CFS, and CAFS slag melts have been prepared here to understand the behavior of SiO2, 

Al2O3, CaO, FeO, and Fe2O3 and on surface tension. The roles of Al2O3 and Fe2O3 on 

surface tension as amphoteric oxides were mainly explored. 

 The surface tension data for synthesized slags presented in this study can be used for 

the validation of property prediction derived from measurements of real coal slags. The 

prediction of surface tension data of synthesized coal slag may use for the corresponding 

coal slags in the gasification process. Temperature and composition dependence of 

surface tension of synthesized coal slags have been measured and predicted for 

understanding the coal slag melts used in the IGCC process. 

According to these scientific and engineering backgrounds, the objectives of this 

research are (i) to establish a maximum bubble pressure method to measure surface 

tension of silicate oxide systems (ii) to measure the surface tension of CAS, CFS, and 

CAFS  system as synthesized coal slags melts (iii) to discuss the temperature and 

compositional dependence of surface tension (iv) to discuss the influence of major 



115 

 

component of coal on the surface tension, and (iv) to propose a composition parameter to 

predict the surface tension based on chemical composition. 

 

4.2. Materials and Methods 

4.2.1.  Sample preparation of synthesized slags 

Table 4.1 shows that the batches of synthesized slag samples were divided into three 

series of (60-x)CaO–xA2O3–40SiO2, (50-x)CaO–xA2O3–50SiO2, and (40-x)CaO–xA2O3–

60SiO2 in the molar ratio, A is Al and Fe without considering the valence state of iron 

oxide. There are compositions containing 40, 50 and 60% SiO2 (nominal concentration) 

with various contents of CaO, Al2O3 and Fe2O3. The composition series of synthesized 

slags were systematically varied by considering those of gasified coal slags that had been 

determined in our previous study [4.18].  The surface tension of previous studies of CAS 

[4.19], CFS [4.20], and CAFS [4.21] slag melts in similar composition are also appeared 

for comparison data in this study as shown in Table 4.1. They are labelled RCA, RCF, 

and RCAF, where R is denoted as reference of CAS, CFS and CAFS slag melts, 

respectively.  

 

4.2.2. Surface tension measurements of slag melts 

The available experimental results of surface tension of CAS and CFS slag melts were 

obtained several researches using the maximum bubble pressure method, sessile drop 

method, pendant drop method, ring method, and dipping-cylinder method [4.22–4.25]. In 

the present study, the maximum bubble pressure method was used to measure surface 

tension. This method was selected because the ability to give accurate results at high 

temperatures [4.26, 4.27]. The apparatus used for the maximum bubble pressure method 

described frequently in the previous studies [4.3, 4.28–4.31].  
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Table 4.1 Chemical composition of synthesized coal slag samples. 

 

Series Samples 
mol% (mass %) Molar ratio 

SiO2 Al2O3 CaO FeOa Fe2O3
a ∑[A2O3]/∑[RO] b [Al2O3]/∑[RO] c [Fe2O3]/∑[RO] d 

(60-x)RO ̶ xA2O3 ̶ 40SiO2 CA10.40 40.0 (38.6) 10.0 (16.4) 50.0 (45.0) 0.0 (0.0)  0.0 (0.0)  0.00 0.20 0.00 

  CA20.40 40.0 (35.9) 20.0 (30.5) 40.0 (33.6) 0.0 (0.0)  0.0 (0.0)  0.00 0.50 0.00 

  CA25.40 40.0 (34.8) 25.0 (36.9) 35.0 (28.4) 0.0 (0.0)  0.0 (0.0)  0.00 0.71 0.00 

  CA30.40 40.0 (33.6) 30.0 (42.8) 30.0 (23.5) 0.0 (0.0)  0.0 (0.0)  0.00 1.00 0.00 

  CF08.39 39.2 (35.5) 0.0 (0.0)  49.0 (41.4) 4.0 (4.3) 7.8 (18.8) 0.00 0.00 0.16 

  CAF15.11.39 38.6 (30.2) 14.5 (19.3) 29.0 (21.2) 6.9 (6.5) 11.0 (22.9) 0.88 0.50 0.38 

(50-x)RO ̶ xA2O3 ̶ 50SiO2 CA10.50 50.0 (47.9) 10.0 (16.3) 40.0 (35.8) 0.0 (0.0)  0.0 (0.0)  0.00 0.25 0.00 

  CF07.49 48.5 (44.2) 0.0 (0.0)  38.8 (33.0) 6.1 (6.6) 6.7 (16.2) 0.00 0.00 0.17 

(40-x)RO ̶ xA2O3 ̶ 60SiO2 CA10.60 60.0 (57.2) 10.0 (16.2) 30.0 (26.7) 0.0 (0.0)  0.0 (0.0)  0.00 0.33 0.00 

  CF07.58 58.3 (52.7) 0.0 (0.0)  29.2 (24.6) 5.6 (6.1) 6.9 (16.6) 0.00 0.00 0.24 

Mukai and Ishikawa [19] RCA10.43e 43.1 (0.0)  10.0 (0.0)  46.6 (0.0)  0.0  (0.0)  0.0  (0.0)  0.00 0.21 0.00 
 RCA20.44 44.4 (0.0)  20.0 (0.0)  35.6 (0.0)  0.0  (0.0)  0.0  (0.0)  0.00 0.56 0.00 
 RCA29.41 41.0 (0.0)  29.0 (0.0)  30.0 (0.0)  0.0  (0.0)  0.0  (0.0)  0.00 0.97 0.00 
 RCA15.46 45.7 (0.0)  15.1 (0.0)  39.2 (0.0)  0.0  (0.0)  0.0  (0.0)  0.00 0.39 0.00 

  RCA11.57 57.0 (0.0)  10.8 (0.0)  32.2 (0.0)  0.0 (0.0)  0.0 (0.0)  0.00 0.30 0.00 

Slag atlas, 2nd edition [21] RCAF10.34.56 56.2 (0.0)  9.8 (0.0)  29.7 (0.0)  0.0 (0.0)  34.0 (0.0)  1.47 0.33 1.14 

Skupien and Gaskell [20] RCF16.58f 58.3 (0.0)  0.0 (0.0)  41.7 (0.0)  0.0 (0.0)  15.7 (0.0)  0.00 0.00 0.38 
 RCF16.49 48.5 (0.0)  0.0 (0.0)  51.7 (0.0)  0.0 (0.0)  15.6 (0.0)  0.00 0.00 0.30 

  RCF16.43 42.6 (0.0)  0.0 (0.0)  57.4 (0.0)  0.0 (0.0)  15.5 (0.0)  0.00  0.00  0.27  

 
a The FeO and Fe2O3 were determined experimentally using chelate titration method in the quenched samples. 
b ∑[A2O3] / ∑[RO]: molar ratio of total contents of amphoteric and bivalent metal oxides. 
c [Al2O3] / ∑[RO]: molar ratio of Al2O3 and total content of bivalent metal oxides. 
d [Fe2O3] / ∑[RO]: molar ratio of Fe2O3 and total content of bivalent metal oxides. 
e RCA: R is denoted as reference of CAS slag melts. 
e RCF: R is denoted as reference of CFS slag melts. 
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The principle of this method is to measure surface tension using a capillary tube of known 

radius, r immersed into liquid slag to a known immersed depth, d. The bubble is produced at the 

tip of the capillary by progressively increasing the gas pressure, P in the tube until to form an 

independent bubble which detached from the orifice. The measuring temperature was selected for 

homogeneous melting state. The temperature for homogeneous melting was confirmed by hot 

thermocouple method [4.32] and FactSage data bank [4.33].  

The measuring apparatus consists of three main parts: an electric furnace, a furnace controller 

and a one set of maximum bubble pressure devices as shown in Fig. 4.1. The latter consists of a 

capillary, precision jack, manometer, and transducer to connect the PC using WAVE LOGGER 

software.  The capillary made of Pt ̶ 13%Rh alloy was used. The inner diameter of the capillary is 

1.27 mm. The precision jack, fixed on the upper furnace lid, determined the position of the exact 

touch of the capillary in the liquid surface and showing the chosen immersion depth. The 

manometer was used for pressure measurement.  

The cooled sample was crushed and then re-melted at the highest measuring temperature and 

was kept for 2 hours before surface tension measurements. After the temperature holding, a gas 

used to form the bubbles, a flowmeter, the narrow tube, the manometer with Teflon tube were 

connected to PC with using a transducer. Before surface tension measurements, the gas was slowly 

flowed through the capillary to avoid condensation about 20 minutes. Then, the capillary was 

lowered into the slag melt samples to set gas flow rate using the flowmeter. The capillary was 

raised above the melt samples until the displayed manometer of 0.00.  

  The measurements were performed after the established an electric furnace, furnace control, 

and devices of the maximum bubble pressure method. The capillary was lowered by precision jack 

until the tip touched the surface of slag melts. The tip capillary was lowered at five different depths 
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of immersion (0.005, 0.010, 0.015, 0.020 and 0.025 m). The Argon (Ar) gas flow was adjusted 

using a capillary. The rate of bubble formation was kept constant six bubbles per three minutes. 

The bubble pressure in the capillary at one depth of immersion was measured six times and the 

average value was used for the calculation of surface tension. The measured surface tension was 

made at the highest temperature and decreased to some lower temperature measurements depend 

on homogeneous melting state of samples.  

The bubble pressure was measured by a digital and analog transducer connected from 

manometer to PC. The bubble pressure changes linearly with the immersion depth of the capillary 

in slag melts. For considering of ruptured bubbles is non spherical behaviour in the slag melts, 

surface tensions were calculated using the Schrodinger's approximation by Eq. 4–1,  

𝛾 = 𝑟𝑃0 2[1 − 2 3⁄ (𝑟𝜌𝑔 𝑃0⁄ ) − 1 6⁄ (𝑟𝜌𝑔 𝑃0⁄ )2]⁄                                                                    (4–1) 

where 𝛾 is the surface tension, 𝑟 is the is the inner radius of capillary tube calculated at room 

temperature and the coefficient of thermal expansion platinum of Pt ̶ 13%Rh [4.33], 𝑃0 is the 

maximum bubble pressure at the melt surface, 𝜌 is the density of slag melts and 𝑔 is the gravity 

acceleration. The reproducibility of the surface tension measurement was evaluated for the surface 

tension of pure water and a slag melt of 40CaO–20Al2O3–40SiO2 (mol%) as standard samples. 
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Fig. 4.1. Schematic apparatus for measuring surface tension of slag melts: (a) whole diagram, 

(b) experimental setup, and (c) the Pt crucible and Pt-Rh10 capillary of maximum bubble 

pressure method. 

(a) 
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4.3. Results and Discussions 

4.3.1. Error estimation 

The maximum bubble curves were measured constant of six bubbles per three minutes each 

immersion depth. Immersion depths were measured nine times at every temperature measurement. 

The one maximum peak corresponds to one bubble. The pressure response with time is shown in 

Fig. 4.2. It shows the result of 40CaO–20Al2O3–50SiO2 slag melts at 1600°C using Ar gas as an 

example.  

The maximum bubble pressure obtained when the ruptured bubbles were measured by a digital 

manometer. A computer interface was added to monitor and record the bubble pressure directly 

using analog transducer. The signal data has the line in the monitor correlation between output 

voltage with time at various immersion depths as shown in Fig. 4.2. 

  The density of the slag melts can be determined by a slope of the curve correlation between 

maximum bubble pressure and immersion depths. An example of the relationship between 

maximum bubble pressure and immersion depth is shown in Fig. 4.3. It shows results of 

measurements for 40CaO–20Al2O3–40SiO2 slag melts at 1600°C. The maximum bubble pressure 

was measured at various immersion depths. From these results, density was determined from the 

slope using a least square method. The surface tension was obtained from density and maximum 

bubble pressure at an immersion depth of zero as labelled P0. Then, the surface tension can be 

calculated using the Schrodinger's approximation using Eq. 4–1.  

     A previous study reported that the major sources of experimental errors related to the 

measured surface tension using maximum bubble pressure are capillary radius, pressure 

measurement, determination of surface, temperature, and density [4.26]. The individual errors are 

summarized in Table 4.1 for each measuring condition. The errors caused by viscosity and 
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inhomogeneity of the sample in surface tension measurements do not exceed do not exceed ± 0.3 

 10-2 N/m for CAS and ± 0.2  10-2 N/m for CFS slag melts. The error range was dependent on 

temperature in the slag melts. The average value of errors is 0.12% for all measured surface tension 

data. 

The accuracy and reproducibility of surface tension measurements were determined in the 

following ways. Firstly, the surface tension of pure water was measured at 19 °C. The experimental 

result of surface tension of pure water was 0.0735 N/m with an error estimation of ± 0.0002. The 

measured surface tension of pure water has good agreement with the previous data 0.0728 N/m 

[4.35] with a precision of 0.08%. Secondly, the surface tension of 40CaO–20Al2O3–40SiO2 

(mol%) slag melt was measured at 1400–1600 °C. Fig. 4.4 shows variation of surface tension with 

temperature 40CaO–20Al2O3–40SiO2 (mol%) with the previously reported values of Mukai and 

Ishikawa [4.19] with a similar composition of 44.4CaO–20Al2O3–35.6SiO2 (mol%). The 

comparison of present study and the previous studies shows the mean deviation of 1.87%. The 

deviation result is probably due to difference compositions. The previous study reported that the 

error of maximum bubble pressure method was estimated with an uncertainty 1.68% [4.26]. It 

confirms that the surface tension values measured in the present study are reasonable.    
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Fig. 4.2. Variations of output voltage with time as an example of measuring data of 40CaO–

20Al2O3–40SiO2 at 1600°C. 
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Fig. 4.3. Variations of pressure difference and immersion depth for 40CaO–20Al2O3–

40SiO2 melts at 1600°C. The straight line is a least square fit to the data of the 

synthesized slag melts at immersion depths.   
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Fig. 4.4. Variations of surface tension with temperature for 40CaO–20Al2O3–40SiO2 melt 

(mol%) with the previously reported values of Mukai and Ishikawa [4.19] with a similar 

composition of 44.4CaO–20Al2O3–35.6SiO2 (mol%). The solid lines are a least square fit to 

the data of the synthesized slag melts at measuring temperatures.   
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4.3.2. Surface tension measurements 

4.3.2.1. Temperature dependence 

Table 4.2 summarizes measured results of surface tension in synthesized slag melts. Figs. 

4.5 and 4.6 show the temperature dependences of the viscosity of CAS, CFS, and CAFS slag 

melts in the temperature range 1300 to 1600 °C. Fig. 4.5 shows the temperature dependences 

of viscosity in a series of CaO ̶ Al2O3 ̶ SiO2 slag melts with various Al2O3 contents at a fixed 

SiO2 content of 40, 50, and 60 mol%. The surface tensions of CAS slag melts increase with 

increasing temperature. The surface tension varies from 0.433 to 0.524 N/m. Furthermore, 

Fig. 4.5 also shows the comparison of surface tension of CAS system  between this study 

and previous study [4.19]. A close agreement of surface tension with the previous study is 

found that the surface tension increases with increasing temperature at a higher SiO2 content 

of 40 mol% [4.19].     

Fig. 4.6 shows the temperature dependences of viscosity in a series of CaO ̶ Fe2O3 ̶ SiO2 

and CaO ̶ Al2O3 ̶ Fe2O3  ̶SiO2 slag melts with various SiO2 approximate contents of 40, 50, 

and 60 mol%. The surface tensions of CFS and CAFS slag melts decrease with increasing 

temperature. A close agreement of surface tension with the previous studies [4.20, 4.21] is 

found that the surface tension decreases with increasing temperature with similar SiO2 

contents of 43 ̶ 58 mol%.  

The surface tension of CAS and CFS slag melts show different trends with respect to 

increase in temperature. The surface tension of CAS slag melts increases with increasing 

temperature, on the contrary, it decreases with increasing temperature of CFS slag melts. 
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Table 4.2 Surface tension measurements of synthesized slag melts. 

 

Sample Fe3+/Fetot
e 

Surface tension (N/m) at temperature °C 

1200 1300 1350 1400 1450 1500 1550 1600 

CA10.40 - - - - - - - 0.524 (0.001)b - - 0.521 (0.001) - - 0.512 (0.002) 

CA20.40 - - - - - - - - - 0.461 (0.003) 0.457 (0.002) 0.459 (0.001) 0.460 (0.001) 

CA25.40 - - - - - - - - - 0.459 (0.003) 0.458 (0.002) 0.457 (0.001) 0.455 (0.002) 

CA30.40 - - - - - - - - - - - 0.442 (0.002) 0.4438 (0.0004) 0.444 (0.001) 

CF08.39 0.80 0.484 (0.002) - - - - 0.484 (0.002) - - 0.4809 (0.0004) - - 0.479 (0.001) 

CAF15.11.39 0.76 0.4669 (0.0005) - - - - 0.4669 (0.0005) 0.4660 (0.0004) 0.4661 (0.0003) 0.4660 (0.0003) 0.4651 (0.0004) 

CA10.50 - - - - - - - 0.474 (0.001) - - 0.478 (0.001) - - 0.477 (0.001) 

CF07.49 0.69 0.4323 (0.0004) - - - - 0.4323 (0.0004) - - 0.433 (0.001) - - 0.435 (0.001) 

CA10.60 - - - - - - - - - - - 0.433 (0.002) - - 0.436 (0.001) 

CF07.58 0.71 0.409 (0.001) - - - - 0.409 (0.001) 0.4064 (0.0004) 0.4074 (0.0004) 0.400 (0.001) 0.398 (0.002) 

RCA10.43c - - - - - - - - - 0.487 - 0.484 - 0.485 - 0.488 - 

RCA20.44c - - - - - - - - - 0.551 - 0.452 - 0.453 - 0.455 - 

RCA29.41c - - - - - - - - - - - - - 0.459 - 0.460 - 

RCA15.46c - - - - - - - - - 0.462 - 0.461 - 0.466 - 0.467 - 

RCA11.57c - - - - - - - - - 0.423 - 0.424 - 0.424 - 0.428 - 

RCAF10.34.56 c - 0.437 - 0.432 - 0.428 - - - 0.425 - - - - - - - 

RCF16.58c - - - 0.460 - 0.450 - 0.447 - 0.442 - - - - - - - 

RCF16.49c - - - 0.502 - 0.500 - 0.504 - 0.495 - - - - - - - 

RCF16.43c - - - - - 0.520 - 0.517 - 0.516 - - - - - - - 

 
aThe fraction of Fe3+/Fetot was analyzed two or three times for quenched samples. 
bThe number in brackets represent individual error's estimation for each temperature and composition. 
c RCA, RCF, and RCAF are denoted as references (R) of CAS, CFS, and CAFS slag melts, respectively. 
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Fig. 4.5. Variations of surface tension with temperature in a series of (60-x)CaO ̶ xAl2O3  ̶

40SiO2, (50-x)CaO ̶ xAl2O3 ̶ 50SiO2, and (40-x)CaO ̶ xAl2O3  ̶60SiO2 slag melts with various 

Al2O3 and SiO2 contents. Solid circles with solid lines and squares with dashed lines are 

surface tension values in this present study and previous study [4.19], respectively. The solid 

and dashed lines are least square fit to the data of the synthesized slag melts at measuring 

temperatures.   
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Fig. 4.6. Variations of surface tension with temperature in a series of (60-x)CaO ̶ xA2O3  ̶

40SiO2, (50-x)CaO ̶ xFe2O3 ̶ 50SiO2, and (40-x)CaO ̶ xFe2O3  ̶60SiO2 slag melts with various 

Fe2O3 and SiO2 contents. The solid circles, squares, and the lines are the same as those in Fig. 

4.5.  
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4.3.2.2. Composition dependence 

Figs. 4.5 shows the surface tensions decrease as Al2O3 content increases in the range of 

10 and 30 mol% (CA10.40>CA20.40>CA25.40>CA30.40). The influence of Al2O3 of 

surface tension can be seen obviously that the addition of Al2O3 decreases the surface tension 

of CAS slag melts. The surface tensions of CAS slag melts are also found to decrease 

monotonically with increasing SiO2 content at fixed Al2O3 content of 10 mol% in order of 

CA10.40>CA15.50CA10.60. The surface tensions in the previous study are in close 

agreement in the present study for similar compositions, as shown in Tables 4.2 and Fig. 

4.5. The previous study  [4.19] reported that the surface tension decreases with increasing 

Al2O3 and SiO2 contents in CaO ̶ Al2O3 ̶ SiO2 slag melts.  The contents of Al2O3 and SiO2 

were in the range of 10 to 20 and 43 to 57 mol% contents, respectively. 

Figs. 4.6 shows the surface tension of synthesized slag melts gradually decreases with 

increasing SiO2 content in a similar manner of CAS slag melts (Fig. 4.5). The surface tension 

decreases with increasing SiO2 content in order of CF08.38>CF07.49>CF0758. Furthermore, 

Fig. 4.6 also shows the surface tension of CFS and CAFS system and previous studies [4.20, 

4.21]. The previous study reported that the surface tension of CFS slag melts decreases with 

increasing SiO2 contents at constant Fe2O3 content of 16 mol%. 

The surface tension monotonically decreases when Al2O3 is replaced by Fe2O3 for 

synthesized slag melts with constant SiO2 contents (40, 50, and 60 mol%), as shown in Table 

4.2.  The surface tension increases monotonically when a part of Al2O3 is substituted by 

Fe2O3 for synthesized slag melts with a constant SiO2 content of 40 mol% for CA30.40 and 

CAF15.11.39 slag samples. Furthermore, the surface tension of CAF15.11.39 is lower than 
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of CF8.39 even though FeO and Fe2O3 contents in CAF15.11.39 are larger than those in 

CF8.39.  The higher surface tension of CF8.39, compared to that of CAF15.11.39, is probably 

related to the effect of Al2O3 addition. Further studies are necessary in order to understand 

the effect of Al2O3 and Fe2O3 on surface tension of coal slag and synthesized slag melts 

including large amounts of SiO2 (> 40 mol%). 

     

4.3.3. Composition parameter 

The contribution of component of SiO2, Al2O3, CaO, FeO and Fe2O3 on surface tension 

was investigated for synthesized slag melts. It was found experimentally that the components 

have different contributions on the surface tension of slag melts. Based on measured surface 

tension data of slag melts, a composition parameter is proposed to predict surface tension 

from the corresponding components determined by Eq. 4–2, 

Pγ = A · f SiO₂ + B · fAl₂O₃ + C · fCaO + D · fFeO  +  E · f Fe₂O₃                                                                      (4–2) 

where Pγ is the composition parameter of surface tension, A, B, C, D and E are the coefficients 

of components, and f is the fraction of expressed by mol% and mass%. Table. 4.3 shows the 

equations of Pγ for temperature of 1400, 1500, and 1600°C. Figs. 4.7 and 4.8 show the 

relationships between surface tension and the composition parameter Pγ. Fe valence state was 

not taken into account in the latter mass% based parameter. The mass% based parameter 

without considering Fe valency state may be much convenient for engineering applications. 
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Table 4.3 The equations for the composition parameter of molar and mass percentages basis at 1400, 1500, and 1600 °C. 

 

Temperature 

(°C) 

molar percentage mass percentage 

Equation   a Equation a 

1400 P = 0.29 · fSiO₂ + 0.68 · fAl₂O₃ + 0.66 · fCaO   0.08 · fFeO + 0.62 · fFe₂O₃                                     0.52 P = 0.25 · fSiO₂ + 0.61 · fAl₂O₃ + 0.72 · fCaO + 0.41 · fFe₂O₃                                      0.57 

1500 P = 0.32 · fSiO₂ + 0.42 · fAl₂O₃ + 0.65 · fCaO   0.71 · fFeO + 1.08 · fFe₂O₃                   2.61 P = 0.28 · fSiO₂ + 0.44 · fAl₂O₃ + 0.71 · fCaO + 0.40 · fFe₂O₃                                      2.98 

1600 P = 0.33 · fSiO₂ + 0.43 · fAl₂O₃ + 0.64 · fCaO   0.74 · fFeO + 1.10 · fFe₂O₃                   2.78 P = 0.28 · fSiO₂ + 0.45 · fAl₂O₃ + 0.70 · fCaO + 0.40 · fFe₂O₃                                      3.26 

 
      a Δ is the average error of all calculated values. 
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Fig. 4.7. Variations of surface tension with the parameter P  for synthesized slag melts series 

at 1400, 1500, and 1600°C. Solid circles and squares represent the measured and calculated 

data (Table 4.3) by the empirical composition parameter for the data with the molar 

percentage basis.  
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Fig. 4.8. Variations of surface tension with the parameter P  for synthesized slag melts series 

at 1400, 1500, and 1600°C with the mass percentage basis. It is postulated all iron oxide 

exists as Fe2O3. The solid circles and squares are the same as those of Fig. 4.7.  
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The average error Δ of experimental and composition parameter P  was calculated by 

using Eqs. 4–3 and 4–4,  

    𝛿𝑛 = (𝛾𝑛)𝑐𝑎𝑙 − (𝛾𝑛)𝑚𝑒𝑎 (𝛾𝑛)𝑚𝑒𝑎⁄ ∙ 100 (%)                                                       (4–3) 

∆ =
1

𝑁
∑ |𝛿𝑛|𝑁

𝑛=1  (%)                                                                     (4–4) 

where 𝛿𝑛 is the percentage difference between the calculated (𝛾𝑛)𝑐𝑎𝑙 and measured (𝛾𝑛)𝑚𝑒𝑎 

surface tension values, and Δ is calculated by taking the summation sign ∑ of all absolute 

values of δn and dividing by the total number of data. 

The calculated value of the average error is 0.52–2.78% and 0.57–3.26% for mol% and 

mass%, respectively. In Figs. 4.7 and 4.8, the plots indicated have good correspondence to 

the calculated values using the composition parameter P . Using the composition parameter 

represented by Eq. 4-2 the surface tension of CaO ̶ Al2O3 ̶ Fe2O3 ̶ SiO2 slag melts was 

calculated for synthesized slag melts. The composition parameter as shown in Table 4.3 has 

the capability to predict the surface tension of synthesized slag melts based on mole and mass 

percentages by the analysis of their chemical compositions without surface tension 

measurements. In future, an attempt will be made to develop a maximum bubble pressure 

method to measure surface tension of gasified coal slag melts.  

 

4.4. Conclusions  

The surface tension of CaO ̶ Al2O3 ̶ SiO2 (CAS) slag melts with SiO2 content of 40, 50, 

and 60 mol% increases with increasing temperature, on the contrary, it decreases with 

increasing temperature of CaO ̶ Fe2O3 ̶ SiO2 (CFS) slag melts. 
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The surface tension decreases with addition of Al2O3 content of CAS slag melts at fixed 

SiO2 content. The surface tension was also found to decrease with increasing SiO2 content of 

CAS and CFS slag melts. 

The surface tension monotonically decreases when Al2O3 is replaced by Fe2O3 for 

synthesized slag melts with constant SiO2 contents (40, 50, and 60 mol%). The surface 

tension increases monotonically when a part of Al2O3 is substituted by Fe2O3 for synthesized 

slag melts with a constant SiO2 content of 40 mol% for CA30.40 and CAF15.11.39 slag 

samples. 

An empirical composition parameter at temperatures of 1400, 1500 and 1600 °C is 

proposed to predict the surface tension from the corresponding chemical composition of 

synthesized slag. 
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Chapter 5 

General Conclusion and Future Work 

 

 

 

 

5.1. General Conclusion 

In spite of experimental difficulties arising from the high melting temperatures, 

viscosity (chapter 2), density (chapter 3), and surface tension (chapter 4) of gasified coal 

and synthesized slag melts were measured in air at 1300 and 1650 oC depending on their 

homogenous melting temperatures. The gasified coal slags of multi component minerals 

encompass oxides of silicon, aluminum, calcium, magnesium, and iron used in IGCC 

process. The compositional and temperature dependences of viscosity, density, and 

surface tension data of gasified coal and synthesized slag melts have been positioned on 

the results and discussion. 

The contribution of main components of oxides of silicon, aluminum, calcium, 

magnesium, and iron on viscosity, density, and surface tension was investigated for 

gasified coal and synthesized slag melts. Based on measured data of slag melts, various 

composition parameters are proposed to predict viscosity, density, and surface tension 

from the corresponding components. The empirical composition parameters can be 

beneficially used to predict viscosity and density for gasified coal slag melts and and 

surface tension for synthesized slag melts by the analysis of their chemical compositions 

without density measurements. 

The findings can be summarized as follows: 
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Apparatuses of rotation cylinder, Archimedean double-bob, and maximum bubble 

pressure methods have been successfully established to measure viscosity, density, and 

surface tension of gasified coal and synthesized slag melts, respectively. The accuracy 

and reproducibility of the measurements were evaluated using silicone fluids and pure 

water at room temperatures and synthesized slag melts as standard samples at high 

temperatures. 

The viscometer was calibrated with different speeds of rotation cylinder and the 

measured deviation from the mean was within 1.04% at room temperature of 25 °C. The 

reproducibility of the measurement at 1550–1650 °C was also evaluated for the viscosities 

of synthesized slag melt as a standard sample. The comparison between present study and 

the previous study confirmed that the measured viscosities were close agreement with 

previously reported values within the deviation of 1.5 %. Another previous study reported 

that the error of rotational cylinder method was estimated with an uncertainty of ≤ 10%. 

The measured densities have good agreement with the data of silicone fluid standards 

with a precision of 0.16% at room temperature of 25 °C. In the high temperature of 1350 

– 1500 °C, the density values of synthesized slag melts as standard samples are good 

agreement with previously reported values within a deviation of 0.10%. Another previous 

study reported that  precision of density measurement of 0.14–0.33% using Archimedean 

method depending on the sample viscosity. 

The measured surface tension of pure water has good agreement with the previous data 

with a precision of 0.08% at room temperature 19 °C. The surface tension of slag melt as 

standard sample was measured at 1400–1600 °C. The comparison between present study 

and the previous studies shows the deviation of 1.87%. Another previous study reported 

that the error of maximum bubble pressure method was estimated with an uncertainty of 
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1.68%. It confirms that the surface tension values measured in the present study are 

needed to improve accuracy of the maximum bubble pressure method. 

The gasified coal slag samples were rapidly cooled at room temperature to evaluate 

their chemical compositions after measurements. The chemical compositions of the coal 

slag samples determined by X-Ray fluorescence (XRF) analysis. The valence state of iron 

oxide was evaluated using chelate titration method in the quenched samples. The major 

components in the coal slags are confirmed as SiO2, Al2O3, CaO, MgO, FeO, and Fe2O3. 

The main components are in good agreement with the previous studies of 130 gasified 

coal slags from China, Australia, Indonesia, USA, and Russia used in the IGCC process.  

The synthesized slag melts containing the main components with systematic composition 

variations have been prepared here to understand the effects of the main components on 

viscosity, density, and surface tension. The behavior of Al2O3 and Fe2O3 on as amphoteric 

oxides were mainly explored.  

The experimental results of the viscosity measurements showed that the viscosity 

exponentially increases with decreasing temperature for gasified coal and synthesized 

slag melts. While the viscosity of AD coal slag melt exhibits the rapid increase at 1300 °C. 

The viscosity of AD coal slag melts with relatively-high Fe2O3 (~8 mol%) and low SiO2 

(~40 mol%) contents rapidly increased with decreasing temperature from 2 Pa·s at 1350 

°C to ~10 Pa·s at 1300 °C presumably due to crystallization. The viscosity of gasified 

coal slag melts increased with increasing contents of Al2O3 and SiO2 and decreased with 

increasing contents of CaO, MgO, FeO, and Fe2O3. The roles of these main components 

on melt viscosity are classified into network former (NWF) and modifier (NWM). Two 

types of amphoteric oxides: Al2O3 and Fe2O3 play different respective roles of NWF and 
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NWM on viscosity for gasified and synthesized slag melts in CaO–MgO–Al2O3–FeO–

Fe2O3–SiO2 system. 

The experimental results of the density measurements showed that the density of 

gasified and synthesized coal slag melts was found to decrease linearly with increasing 

Al2O3 and SiO2 contents and to increase with increasing Fe2O3 and FeO contents. The 

molar volume and the coefficient of volume expansion, which were calculated from 

measured density values, increased monotonically with increasing Al2O3 content for 

CaO–Al2O3–SiO2 (CAS) synthesized samples with 40 mol% SiO2. The molar volume for 

CaO–FeO–Fe2O3–SiO2 (CFS) synthesized samples with 60 mol% SiO2 increased with 

Fe2O3 addition and exhibited discontinuous change at ~7.5 mol% Fe2O3. The coefficient 

of volume expansion in the same CFS series decreased with increasing Fe2O3 content also 

showed a minimum value at ~7 mol% Fe2O3 and increased in higher Fe2O3 content.  

The experimental results of the surface tension measurements showed that the surface 

tension of synthesized slag melts of CAS and CFS exhibits different trends with respect 

to increase in temperature. The surface tension of CAS slag melts increases with 

increasing temperature, on the contrary, it decreases with increasing temperature of CFS 

slag melts. The surface tension decreases with addition of Al2O3 content of CAS slag 

melts at fixed SiO2 content. The surface tension is also found to decrease with increasing 

SiO2 content in CAS and CFS slag melts at constant Al2O3 and Fe2O3 content. The surface 

tension monotonically decreases when Al2O3 is replaced by Fe2O3 for synthesized slag 

melts with constant SiO2 contents (40, 50, and 60 mol%).  

Based on measured data of slag melts, a new empirical composition parameter can be 

beneficially used to predict viscosity and density of gasified coal slag melts for the next-

generation IGCC by the analysis of their chemical compositions without measurements. 
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And also the empirical composition parameter calculated from chemical composition was 

proposed to predict the surface tension of synthesized slag melts. 

In practical gasification operation, depending on the gasifier type, the limiting 

requirements for coal slag viscosity and temperature can vary from 5 to 25 Pa·s and from 

1200–1600 °C, respectively. The required of gasified coal slag melts is a need to predict 

viscosity and the temperature of critical viscosity. The viscosity of coal slag melts at the 

tapping temperature should be 5–20 Pa·s (moderate) for entrained flow gasifier. The 

viscosity of coal slag is above 20 Pa·s (hard), it will cause viscous. The viscosity is below 

5 Pa·s (soft), it will result in rapid refractory wear of the gasifier. Therefore, it is essential 

to understand and to predict the composition and temperature dependences of coal slag 

viscosity of 5–20 Pa·s at operation temperatures. 

A composition parameter P and basicity parameter Bp are also proposed to predict 

viscosity based on the studied compositions and the roles of their main components of 

gasified coal slag melts. It was found experimentally that the roles of the main 

components on melt viscosity are classified into two types of network former (NWF) for 

SiO2 and Al2O3 and network modifier (NWM) for CaO, MgO, FeO, and Fe2O3. The 

composition parameter Pɳ calculated from the sum of molar for NWF and NWM in 

gasified and synthesized slag melts. Based on measured viscosity data, a factor 2 for 

MgO, FeO, and Fe2O3 is proposed to account for the sum of molar ratios for NWM. The 

basicity parameter Bp calculated from the sum of molar ratios for basic oxides (CaO, 

MgO) and acidic oxides (SiO2, Al2O3) in gasified coal and synthesized slag melts. The 

basicity parameter Bp without considering Fe2O3 into account because Fe2O3 in silicate 

melts plays the role of amphoteric oxide and its behavior depends on the addition of R2O 

and RO as basicity of slag melts.    
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Fig. 5.1. Variations of composition parameter, Pɳ with basicity parameter, Bp of molar 

basis of 130 gasified coals from China, Australia, Indonesia, USA, Russia and measured 

this study. The dashed lines are the guide to eyes for classification of slag flow at 1550 °C 

of type I (hard type,  15 Pa·s), type II (moderate type, 5 15 Pa·s), and type III (soft type, 

 5 Pa·s).  
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Fig 5.2. The coal classification of bituminous (high rank), sub-bituminous and lignite 

(low rank) in the world by percentage. And the new classification of coal slag melts based 

on the slag flow at 1550 °C.  
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Fig. 5.1 shows the relationship between composition parameter, P and basicity 

parameter, BP values at 1550°C. There are good relationships between the Pand BP for 

130 gasified coals from some countries and measured this study. P increases with 

increasing BP values. Fig. 5.1 is also classified into the three types of slag flows at 

1550 °C. Pɳ gives a prediction that the hard flow (type I) of slag melts with 15 Pa·s, 

moderate flow (type II) with 5 ≤ x ≤ 15 Pa·s and soft flow with ≤ 5 Pa·s (type III) at 

1550 °C.   

The viscosity of coal slag melts with ≤ 5 Pa·s (type III) have a soft flow in the gasifier. 

However, the coal slag melts tapped from the gasifier are perhaps homogenous liquid 

slags or heterogeneous liquid slags containing crystallized particles. Therefore, it is 

important to describe not only the viscosity of fully liquid phase but also the viscosity of 

the liquid phase containing the partly crystallized in coal slag melts. Moreover, coal slag 

melts with low viscosities of < 1 Pa·s and with higher Pɳ values of >1.1, including 

relatively-high FeO and Fe2O3 contents > 8 mol%, may have a possibility existing the 

critical temperature of Tcv (1345°C) with rapid viscosity increase in a similar manner of 

AD coal slag melts. The result is in good agreement with the molar volume (MV) and the 

coefficient of volume expansion (CVE) calculated from measured density values of 

synthesized slag melts exhibited discontinuous change at ~7.5 mol% Fe2O3. The CVE 

corresponds to the extent of change (slope) in the MV with increasing temperature. The 

minimum of CVE suggests that the temperature-induced structural change of the CFS 

slag melts occurs at ~7.5 mol% Fe2O3. It is suggested that the larger Fe2O3 content of > 

7.5 mol% may form inhomogeneous melt structure including small crystals even in melt 

state. Further studies are necessary in order to understand the structure of silicate melts 

including large amounts of Fe2O3 (> 7.5 mol%). 
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The new classification of coal melts also was proposed based on slag flow at 1550 °C 

as shown in Fig. 5.2. Most classification schemes for coal were developed for geological 

and commercial reasons. A widely used and convenient term is the highest rank for 

bituminous followed by lowest rank of sub-bituminous and lignite. Furthermore, the new 

classification of gasified coal slag flow of hard, moderate, and soft types can be added 

and beneficially used for selecting the coal suitable for IGCC applications.  

 

5.2. Future work 

In future, an attempt will be made to measure surface tension of gasified coal slag 

melts.  

1) There is a host factor of properties of coal slag melts and maximum bubble 

pressure apparatus that are intricately related to the surface tension. Factors such 

as varying compositions e.g. gasified coal slag melts in high viscosity, increasing 

detachment time of maximum bubble pressure as the relate to the surface of 

properties slag melts can measure in future with the same setup of this study.  

2) A continuing measurements of gasified coal slag melts is important for 

understanding their properties surface tension and calculating a new empirical 

composition parameter based on measured data.  

The measured data and empirical composition parameter of viscosity, density, and 

surface tension of gasified coal slag melts can be used as a processing optimization 

method in order to have a boarder understanding of the slag melts behavior in a gasifier 

for IGCC process.     


