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Abstract  

In the present study, the dissolution mechanism and rate of lime, limestone and dolomite in 

converter slag was studied. Lime dissolution in stagnant slag was studied first and dissolution 

of lime, limestone and dolomite under forced convection were carried out by new 

experimental setup. 

Dissolution of different CaO samples into stagnant converter slags was carried out in a closed 

tube furnace at 1873K. In the case of CaO-‘FeO’-SiO2 slag, the dissolution of CaO rod in the 

stagnant slag was retarded after the initial period (2 minutes). A dense layer of 2CaO∙SiO2 

was found to be responsible for the total stop of the dissolution. It could be concluded that 

constant removal of the 2CaO∙SiO2 layer would be of essence to obtain high dissolution rate 

of lime. In this connection, it was found necessary to study the dissolution of lime in moving 

slag. 

In order to obtain reliable information of lime dissolution under forced convection, the 

commonly used rotating rod method was examined. Both CFD calculation and cold model 

experiments showed evidently that the mass transfer due to radial velocity introduced by 

forced convection was zero if the rod was centrally placed in a cylindrical container. A new 

experimental design was therefore developed. A cube was placed in the crucible and stirred 

by Mo rod along with slag. The whole system could be quenched in order to maintain the 

state of the system at high temperature. A linear relationship between normalized length and 

time was obtained for lime dissolution. Different lime samples showed big difference in 

dissolution rate. It was found that the main mechanism of CaO dissolution in slag was due to 

the removal of 2CaO∙SiO2 layer.  

Decomposition and dissolution of limestone and dolomite in slag at 1873 K were studied. 

The decomposition was carried out both in argon and in slag under argon atmosphere. The 

decomposition process was simulated using Comsol. The results showed evidently that the 

decomposition of limestone and dolomite was controlled mostly by heat transfer.  

It was also found that the decomposition of limestone product: CaO had very dense structure, 

no matter the sample was decomposed in slag or in argon. The slow decomposition and the 

dense CaO layer would greatly hinder the dissolution of lime in the slag. The present results 

clearly indicate that addition of limestone instead of lime would not be beneficial in converter 

process. 

Discontinuous 2CaO∙SiO2 layer along with MgO∙Fe2O3 particles was found on the surface of 

the dolomite sample. Some 2CaO∙SiO2 islands were found in the vicinity of the sample in the 

slag, which revealed therefore that the dissolution was dominated by the peeling-off of the 

layer of 2CaO∙SiO2-MgO∙Fe2O3 mixture. 2CaO∙SiO2, (Mg, Fe)Oss along with super cooled 

liquid phases were found inside dolomite sample close to the surface. 2CaO∙SiO2 phase was 

replaced gradually by 3CaO∙SiO2 towards the centre of the decomposed sample. 

Key Words: dissolution, lime, limestone, dolomite, converter slag 



  



Acknowledgement  

First of all, I would like to express my sincere thanks to my supervisor Professor Du Sichen 

for his excellent guidance and encouragement during my study. He teaches me a lot, not only 

on the research but also on my life. 

I am thankful to Professor Patrice Nortier and Dr Thierry Chopin for their valuable suggestions 

and stimulating discussions. Financial support from Lhoist is gratefully acknowledged. 

I also appreciate Wenli Long for her help in sample preparation and SEM analysis. 

Thanks to all my colleagues in Micro-Modeling group with their very great help on my 

experiments. 

Finally, I would like to give my appreciation to my family for their continuous support and 

encouragement. 

 

 

 

 

 

 

 

 

Stockholm, July 2012 

 

 

 

Tengfei Deng 

  



  



Supplements  

This thesis is based on following supplements: 

Supplement 1: “Dissolution of lime in synthetic ‘FeO’-SiO2 and CaO-‘FeO’-SiO2 slags” 

Tengfei Deng, Jimmy Gran and Du Sichen 

Steel Research International, 2010, Vol. 81, No. 5, pp. 347-355 

 

Supplement 2: “Experimental design for the mechanism study of lime dissolution in liquid 

slag” 

Tengfei Deng, Björn Glaser, Du Sichen 

Steel Research International, 2012, Vol. 83, pp. 259-268 

 

Supplement 3: “Study of lime dissolution under forced convection” 

Tengfei Deng and Du Sichen 

Metallurgical and Materials Transaction B, 2012, Vol. 43, pp 578-586 

 

Supplement 4: “Limestone dissolution in converter slag at 1873K” 

Tengfei Deng, Patrice Nortier, Mattias Ek and Du Sichen 

Sent to Metallurgical and Materials Transaction B for publication 

 

Supplement 5: “Dissolution mechanism of dolomite in converter slag at 1873K” 

Tengfei Deng and Du Sichen 

Sent to Ironmaking and Steelmaking for publication 

  



 



I 
 

Contents 
1. Introduction ........................................................................................................................................ 1 

2. Experiment .......................................................................................................................................... 3 

2.1 Lime dissolution in stagnant slag .................................................................................................. 3 

2.1.1 Materials and Slag preparation .............................................................................................. 3 

2.1.2 Experimental procedure ........................................................................................................ 4 

2.2 Experiment under forced convection ........................................................................................... 5 

2.2.1 Evaluation of rotating rod method in high temperature experiment ................................... 5 

2.2.1.1 CFD calculation ................................................................................................................ 5 

2.2.1.2 Verification of the CFD calculation by cold model experiments ..................................... 8 

2.2.2 Development of a technique to study different flux dissolution in converter slag ............. 10 

2.2.2.1 CFD calculation .............................................................................................................. 10 

2.2.2.2 Room temperature experiments .................................................................................. 12 

2.2.2.3 High temperature experiments .................................................................................... 13 

3. Results ............................................................................................................................................... 15 

3.1 Lime dissolution .......................................................................................................................... 15 

3.1.1 Dissolution study in stagnant slag ........................................................................................ 15 

3.1.1.1 ‘FeO’-SiO2 slag ............................................................................................................... 15 

3.1.1.2 CaO -‘FeO’-SiO2 slag ...................................................................................................... 16 

3.1.2 Dissolution study under forced convection ......................................................................... 19 

3.2 Limestone and dolomite dissolution in slag under forced convection ....................................... 23 

3.2.1 Limestone dissolution in slag ............................................................................................... 23 

3.2.2 Dolomite dissolution in slag ................................................................................................. 26 

4. Discussion .......................................................................................................................................... 30 

4.1 Lime dissolution in converter slag .............................................................................................. 30 

4.1.1 Dissolution mechanism in different stagnate slag ............................................................... 30 

4.1.1.1 ‘FeO’-SiO2 slag ............................................................................................................... 30 

4.1.1.2 CaO-‘FeO’-SiO2 slag ....................................................................................................... 30 

4.2.1 Dissolution mechanism under forced convection ............................................................... 32 

4.2 Limestone and dolomite dissolution in slag ............................................................................... 34 

4.2.1 Decomposition mechanism ................................................................................................. 34 

4.2.1.1 Limestone ...................................................................................................................... 34 

4.2.1.2 Dolomite ....................................................................................................................... 37 



II 
 

4.2.2 Dissolution mechanism ........................................................................................................ 38 

4.2.2.1 Limestone ...................................................................................................................... 38 

4.2.2.2 Dolomite ....................................................................................................................... 40 

5. Summary ........................................................................................................................................... 42 

Reference .............................................................................................................................................. 43 

 

 

 



1 
 

1. Introduction 

In BOF process, slag plays a very important role in decarburization and oxidizing reactions. 

Converter slag contains mostly CaO, SiO2, MnO, MgO and `FeO .́ While SiO2, MnO and 

`FeO  ́come into the slag by oxidation, and CaO in the slag is due to the addition of different 

fluxes. In industry, lime and doloma are very important slag additives in primary steel 

making process. 

The dissolution of lime (or limestone) and doloma (or dolomite) into different slag systems 

has been the topic of many researchers 
[1]-[18]

. Two different methods are applied to study the 

dissolution mechanism: one is dissolution of flux in stagnant slag and the other is using 

rotation disk method to study the dissolution of the additives in converter slag under forced 

convection. 

Lime or dolomite dissolution in stagnant slag was studied by many researchers 
[1]-[8]

. For 

examples, Russell
 [1]

 studied lime reactivity as well as dissolution rates and reported that the 

dissolution of lime could be determined at room temperature by ASTM water reactivity test. 

He also reported that soft burnt lime had better dissolution ability than hard burnt lime. On 

the other hand, Schlitt and Healy 
[2]

 studied the kinetics of lime dissolution in CaO-FeO-SiO2 

slag and found that the rate of lime dissolution was not significantly affected by the density of 

lime. Hachtel et al.
 [3]

 investigated the dissolution of lime single-crystals in FeO-SiO2 slag 

and found 2CaO∙SiO2 and 3CaO∙SiO2 phases between slag and CaO surface. Satyoko and 

Lee 
[4]

 studied also the dissolution of dolomite in BOF slag. They found that the formation of 

(Fe, Mg)Oss made the 2CaO∙SiO2 layer discontinuous and the slag penetration into the sample 

deeper.  

Since the dissolution of lime or other additives in slag is usually under forced convection, the 

method of rotation cylinder or disk in slag was applied by most of researchers in their studies 
[9]-[18]

. For instances, Matsushima et al. 
[9]

 studied the dissolution rate of solid lime into liquid 

slag by rotation rod concentrically placed in crucible. The authors introduced a J-factor to 

express the mass transfer in liquid. Natalie and Evans 
[10]

 used rotating lime disk in slag to 

study the relation between the properties of lime and dissolution rate. Umakoshi et al. 
[11]

 

used rotation cylinder method to investigate the dissolution rate of burnt dolomite in molten 

converter slag and reported that the dissolution rate was not affected by the porosity of 

sample.  

It must be mentioned that Gregory and Riddiford
 [19]

 clearly pointed out that the theory which 

was used in the rotation method was only applicable to a disk that had very large ratio 

between diameter and thickness. They also emphasized that the vessel should have 

theoretically infinite volume. It is well known that big vessel (theoretically infinite large) is 

almost impossible in high temperature experiments. In fact, in a small cylindrical container, a 

long cylinder would result in almost a symmetrical system. Consequently, the revealed 

dissolution mechanism could depend on the experimental setup. 
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In two very recent studies
 [20]-[21]

, the researchers tried to add limestone instead lime in the 

converter slag. They claimed that using calcium carbonate could save a considerable amount 

of energy. On the other hand, the reported results were only based on limited industrial 

observation and a speculation that the fresh lime just after decomposition was very reactive. 

No theoretical and experimental evidence was given to support their suggestion. It is well 

known that decomposition of limestone at different temperatures results in very different lime 

structures. It is essential to examine the mechanism of limestone dissolution at steelmaking 

temperature both theoretically and experimentally before any conclusion can be made. 

In this thesis, dissolution of lime in stagnant slag is studied first and then a new experimental 

method is developed to study slag additives dissolution in converter slag under forced 

convection. After the development of experimental setup, lime, limestone and dolomite 

dissolution in slag were carried out by using the new experimental equipment. Both 

dissolution mechanism and dissolution rate of slag additives in slag were studied. The 

decomposition mechanism of limestone and dolomite is also given in present work. 
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2. Experiment  

2.1 Lime dissolution in stagnant slag 

Experiment of lime dissolution in stagnant slag aims at a systematic study of the dissolution 

of CaO in different slag under well defined experimental conditions. Both the mechanism and 

the rate of dissolution in stagnant slag are the focus. In view of the variation of composition 

of the converter slag during the dissolution process, the initially formed slag, viz. ‘FeO’- SiO2 

and the slag after 60-70% of lime dissolution, viz. CaO-‘FeO’-SiO2 are used. 

2.1.1 Materials and Slag preparation   

To prepare ‘FeO’-SiO2 slag, SiO2 and ‘FeO’ powders (37 mass% SiO2 and 63 mass% ‘FeO’) 

were mixed in an agate mortar for 20 minutes. About 50g of the powder mixture was packed 

into a pure iron crucible. The pure iron crucible was placed in the hot-zone of the furnace. 

Thereafter, pure argon gas was introduced into the furnace in order to flush away the traces of 

oxygen in the reaction chamber. Low flow rate of argon gas (0.05 L/min) was then 

maintained during the whole preparation process to protect the slag and the iron crucible from 

oxidation. The slag sample was heated up to 1573K and kept at that temperature for 2 hours 

to ensure complete melting. The slag along with the crucible was quenched in air. Ocular 

examination revealed that a transparent slag had been formed. The ‘FeO’-SiO2 slag was 

crushed into small pieces of about 2-3 mm and kept in desiccators for later use. 

Table 1 Four Types of CaO Samples Preparation Procedures and ASTM water test results 

 

The CaO-‘FeO’-SiO2 slag was prepared by mixing CaO powder with the pre-melt slag 

‘FeO’-SiO2. The mixture was melted in a molybdenum crucible under argon atmosphere. To 

ascertain the complete melting, the sample was kept at 1873 K for 2 hours. The CaO-‘FeO’-

SiO2 slag consisted of 30 mass% CaO, 44.1 mass% ‘FeO’, and 25.9 mass% SiO2. 

Four types of lime samples were obtained from a lime producer. The four types of samples, 

named as Type-1 to Type-4, had different preparation procedures (see Table 1). Samples of 

lime rods (10 mm × 10 mm in cross section) were supplied by Lhost. All the samples were 

packed and delivered in vacuum bags just after heat treatment. The samples were taken out 

from the vacuum packing just before the usage. 

Different CaO types of 

samples 

Calcination 

temperature (℃) 

ASTM water result (min) 

Type 1  980 0.3 

Type 2  1200 23 

Type 3  1100 4.6 

Type 4  1140 9.4 
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Figure 1 Experimental setup for lime dissolution in stagnant slag 

2.1.2 Experimental procedure 

A high temperature vertical furnace with alumina tube as the reaction chamber was employed 

to study the lime dissolution. The furnace had Sup-Kanthal heating elements, which enabled 

a maximum temperature of 1923 K. The alumina tube was closed by rubber stoppers at both 

ends.  

Argon gas was introduced through the gas inlet at the lower end of the reaction chamber and 

led out at the top of the chamber. A smaller aluminum tube was set on the lower rubber 

stopper to support the alumina crucible that was used to protect the reaction chamber from 

any contamination from the slag sample. A B-Type thermocouple was placed just above the 

alumina crucible to measure the temperature of the sample. Two radiation shields made of 

alumina, one above the crucible and one below, were used to obtain a better even-temperature 

zone. An alumina tube with inner diameter of 15 mm went through the centre of the upper 

rubber stopper. The tube was used to introduce the sample in the case of rod samples. The 

setup for rod lime sample is shown in Figure 1. 

A Mo crucible (26 mm inner diameter and 37 mm inner depth) that held the slag was placed 

in the alumina crucible (see Figure 1). The CaO rod was hung on an alumina rod by Pt wires. 

The gap between the alumina rod and alumina tube was sealed by a small rubber stopper at 

the upper end of the alumina tube. The CaO rod could be immersed into the slag by pushing 

down the alumina rod.  

In the experiments of dissolution of lime rod, 30 g of pre-melted slag was charged into a 

molybdenum crucible. The crucible with slag was hung on the small alumina tube, and placed 

in the hot-zone of the furnace. The reaction chamber was flushed with argon gas and heated 

up to 1873 K. When the temperature of the slag was stabilized, CaO rod, which was hung on 

an alumina rod, was lowered down to the position just above the slag. The rod was kept at 

that position for several minutes, so that it would reach a temperature very similar as the slag. 
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Thereafter, the CaO rod was introduced into slag. After a predetermined time, CaO rod was 

taken out and quenched in cold air. 

The CaO rods after reaction were cut transversally and mounted. The specimens were 

analyzed by scanning electron microscopy (SEM) after Au-Pd coating. For this purpose, a 

Hitachi-S3700N scan electron microscope was employed. The compositions of the reacted 

layer around the CaO rod and the frozen slag were analyzed by EDS which is attached on the 

SEM.  

In some of the experiment, the rod after reaction fell into very small pieces. It was impossible 

to make any microscopic analysis. Hence, the small pieces were collected for X-Ray 

diffraction to reveal the phases present. 

2.2 Experiment under forced convection 

2.2.1 Evaluation of rotating rod method in high temperature experiment 

The essential criteria of using rotating disk method are the big diameter/thickness ratio and 

the infinite big vessel.
 [19, 22]

 These criteria have practically ruled out the use of this technique 

in the study of lime in slag. It is impossible to have a reaction chamber that can hold crucible 

with big enough diameter. Therefore, only the rotation rod method is discussed in the present 

work. For this purpose, both CFD calculation and experiments at room temperature are 

carried out. 

2.2.1.1 CFD calculation 

In the present study the software package COMSOL Multiphysics 4.2 is used. Considering 

the possible dimensions of the experimental setup at high temperature, a container with an 

inner diameter of 44 mm is studied. The height of the liquid in the container is 95 mm. A rod 

having 8 mm diameter is considered. A number of lengths of the rod immersed in the liquid 

are simulated.  

A 3D steady state model is employed. The flow is considered turbulent in nature. The 

equation of continuity, momentum equations and the k-ε model are solved simultaneously 

with moving mesh. The non-slip condition is employed at the solid walls. A wall function is 

utilized to simulate the logarithmic velocity profile near the wall. At the upper surface it is 

assumed that there is no mass transfer to the gas and the shear stresses is zero. Between the 

liquid domain and rotating domain the flow field is continuous across the pair. The mesh is 

chosen as a compromise between solver memory requirement and convergence. 

Consequently the mesh changes slightly within the calculations.  
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Figure 2 Calculated stream lines along with velocity distributions in four horizontal sections at 100 

rpm rotation speed in the system where the rod is immersed to the bottom of the vessel. 

Figure 2 presents the calculated stream lines along with velocity distributions in 4 horizontal 

sections in the system where the rod is immersed to the bottom of the vessel. The dimensions 

of the vessel and the length of the immersed rod are schematically given in Figure 2. The 

vertical positions of the 4 horizontal sections are also marked in this figure. In the calculation, 

a rotation speed of 100 rpm is used. It is clearly seen in the figures that no radial flow is 

created by the rotation in any of the sections. One can evidently conclude that mass transfer 

 

Figure 3 Calculated stream lines and the velocity distributions in 4 horizontal sections at 100 rpm 

rotation speed in the case of partially immersed rod 
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Figures 4 Calculated stream lines and the velocity distributions in four horizontal sections at 100 

rpm rotation speed in the case of partially immersed rod rotated non-concentrically. 

from the rod to the melt is not enhanced by rotation, if the rod is immersed to the bottom of 

the liquid. 

Figure 3 presents the calculated steam lines and the velocity distributions in 4 horizontal 

sections in the case of partially immersed rod. The length of the immersed part is half of the 

height of the liquid. This is shown in Figure 3. The positions of the 4 sections in Figure 3 are 

also given. Section A is situated at the half length of the immersed rod; Section B is 12 mm 

above the lower end of the rod; Section C is 2 mm above the lower end of the rod; and 

Section D is at the half way between the end of the rod and the bottom of the vessel. Again, a 

rotation speed of 100 rpm is used. Sections A, B and C clearly show that no radial flow is 

observed above the tip of the rotating rod. Very low radial velocities are seen in Section D. 

While the weak radial flow in the lower part of the vessel contributes to increase the mass 

transfer from the rod to the melt, the contribution is very limited. To examine whether higher 

rotating speed will enhance the mass transfer, calculation is made using 200 rpm. The four 

sections are at the same heights as shown in Figure 3. Only very small radial velocity is 

observed just above the tip of the rod.  

The calculated results indicate that the rotation rod does not create any forced convection 

along the radial axis when the rod is immersed all way to the bottom of the vessel. Even in 

the case of half-way immersed rod, the radial velocity is almost zero above the end of the rod. 

Below the level of the immersed rod, the radial velocities are also very small (lower than 1.4 

x10
-3

 m/s). The increase of the rotation speed would increase the radial velocity below the rod 

slightly. On the other hand, since there is no radial velocity along the rod, the mass transfer 

can only be slightly affected by the rotation speed.  



8 
 

Although all the experimental efforts have aimed at concentrically placed rod, the difficulties 

of high temperature experiment very often lead to non-concentric placement. It would be 

interesting to examine how the non-concentrically placement of the rotating rod affects the 

mass transfer. Calculation is made for a rod rotating 5 mm away from the central axis. The 

rod has the same length as the height of the liquid. The rotation speed is 100 rpm. The results 

are presented in Figure 4. Again, the positions of the sections are given. It is seen that radial 

flow is created by the non-concentric rotating rod. The radial velocity can be at the level of 

the peripheral component. The radial velocity component will enhance the mass transfer from 

the rod to the melt. It is logical to expect that increasing rotation speed will increase the radial 

velocities, and therefore enhance the mass transfer. On the other hand, the difficulties of 

knowing the exact position of the rod and placing it at the same position in every experiment 

would introduce uncertainties. These difficulties would also make the result system-

dependent, since different laboratories may not have the same arrangement.         

2.2.1.2 Verification of the CFD calculation by cold model experiments 

To verify the CFD calculation, room temperature experiments were carried out. The 

dissolution of candy bar in water was used for this purpose. Figure 5 shows schematically the 

cold model setup. A thermostat kept the cylindrical container made of plastic along with 

water at 298 K. The container had an inner diameter of 44 mm and liquid height of 95 mm. A 

candy bar having an average diameter of 8 mm was rotated by a Euro Star motor, which was 

mounted above the water container.  

To describe the dissolution, the normalized diameter, DN defined by eq. (1) is used.

              

 

                                                       o

N
D

D
D 

           

                                                     (1) 

 

 

Figure 5 Cold model experiment setup 
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Figure 6 Normalized diameters as a function of dissolution time for different rotating speeds (The 

whole rod was concentrically immersed in water). 

 

Where, D and Do stand for the diameter and the initial diameter of the rod. Figure 6 presents 

the normalized diameter as a function of dissolution time for different rotating speeds. In this 

series of experiments, the rod was placed at the center of the vessel and the immersed length 

was 80mm. The experimental points obtained at 0 rpm reveal that dissolution taking place by 

only natural convection and diffusion. The figure evidently shows that the contribution to 

mass transfer by forced convention is almost zero. The result is in excellent agreement with 

the velocity distributions shown in Figure 2, where no radial velocity exists.  

The results of the experiments with a rod 45 mm concentrically immersed in water show that 

the dissolution depends very little on the rotating speed, and natural convention is still the 

dominating mechanism. However, the effect of rotating rate on the dissolution is not 

profound, since the contribution from natural convention still plays the dominating role.   

The results of non-concentrically placed rod shows that natural convection still plays the 

dominating role, though the rotating speed has somewhat effect on the mass transfer. The 

radial flow generated by the eccentric placement of the rod enhances the mass transfer. Since 

the radial velocity is still low at different depths of the liquid, the contribution of forced 

convection to the mass transfer is limited.  

It should be mentioned that no attempt is made to calculate the exact velocities in the stirred 

liquid. The focus of the CFD calculation is to examine whether radial flow generated by the 

rotating rod plays appreciable role in the mass transfer. In this aspect, the results of CFD 

calculation are well verified by the sugar experiments.  

The CFD calculation along with the cold model experiments evidently show that perfectly 

concentrically placed rotating rod creates no forced convection in the radial direction when 

the rod is long. The radial velocity introduced by the rotating rod is very low even when the 

length of the immersed rod is half of the height of the liquid bath. The non-concentrically 
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                                      (a)                                                                                (b) 

Figure 7 High temperature experiment setup for slag additives dissolution in slag under forced 

convection: a) the stirring system, b) schematic drawing of experimental setup. 

 

 

placement of the rod introduces the radial flow. However, even in this case the forced 

convection in radial direction is limited. The difficulties associated with high temperature 

experiments very often would lead to the uncertainties of the position of the rod, both 

vertically and horizontally. These uncertainties might lead to misleading experimental results.  

2.2.2 Development of a technique to study different flux dissolution in converter 

slag 

Forced convection is much more dominating than natural convection and diffusion in 

converter process. As discussed in the last section, the rotating rod technique cannot enhance 

the mass transfer by forced convection.  A new experimental technique should introduce 

efficient mass transfer by forced convection. 

The development of the new technique is carried out in 3 steps, namely CFD calculation, 

room temperature experiments and high temperature experiments. 

 

2.2.2.1 CFD calculation 

The preliminary idea of the stirring system is shown in Figure 7a. The liquid bath is stirred by 

a bar moving circularly in it. The solid phase shaped as cube moves randomly in the liquid 

bath due to the movement of the liquid. In fact, this kind movement is somehow similar as 

the movement of lime particles in the slag phase.  
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Figure 8 Velocity distributions in the horizontal section in the half height of the bath for 50 rpm 

rotating speeds 

To get basic information of the movement of the liquid, CFD simulation is made. Again, the 

flow is assumed to be steady state and 3 dimensional. The cylindrical container has an inner 

diameter of 44 mm. The height of the liquid bath is 20 mm. The circularly moving bar that is 

15 mm immersed in the liquid moves at a radius of 8 mm.  The equation of continuity, 

momentum and the k-ε turbulent model are solved simultaneously with the moving mesh 

application. The calculations in COMSOL Multiphysics were performed in the same way as 

described in paragraph 2.2.1.1. 

Figure 8 presents the velocity distributions in the horizontal section in the half height of the 

bath for rotating speeds 50 rpm. Note that in the new experimental design, the cube of the 

sample is not situated in the center. As seen in the figure, velocity component perpendicular 

to the cube always exists. The trajectory of the rod is a circle of 16 mm in diameter. The 

highest speed is found at the bar. A cube would experience higher velocity when its position 

is close to the stirring bar. The increase of the stirring speed evidently increases the liquid 

velocity perpendicular to the cube. This increase is essential in the examination whether mass 

transfer in the liquid is the controlling step in the dissolution process. In fact, the rotating rod 

method would not be able to draw this conclusion when the setup is precisely made (exactly 

concentrically placed).     
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Figure 9 Normalized length of the cube, LN as a function of stirring time for different stirring speeds. 

2.2.2.2 Room temperature experiments 

 

 

The experimental setup was similar as the one using rotating rod.  However, the bath was 

stirred by a steel bar moving circularly as shown in Figure 5 with dotted lines. A cube 

(10×10×10 mm) of the same kind of sugar as the rod was moving randomly in the bath. The 

stirring was stopped after a predetermined period. The cube was taken out immediately and 

its dimensions were measured. Fresh water and a new candy cubes were used in each 

experiment. 

Figure 9 presents normalized length of the cube LN as a function of stirring time for different 

stirring speeds. The normalized length is defined as 

 
0321

321

LLL

LLL
LN




                                                                (2)

      

 

Where L1, L2 and L3 are the lengths of three dimensions of the cube, the subscribe 0 denotes 

the initial stage. In contrast to the rotating rod experiments, the stirring speed does have effect 

on the dissolution. The higher the stirring speed is, the higher dissolution rate is observed.  

It is difficult to compare the results of the cube and rod quantitatively, since the natural 

convections of these two cases are very different. On the other hand, a qualitative comparison 

of the results of the two techniques still reveals that the new method is able to introduce faced 

convection efficiently, while the rotating rod method is not able to.  
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2.2.2.3 High temperature experiments 

As discussed earlier, the new experimental method is not only able to introduce the forced 

convection, but also able to freeze the whole system, viz. sample and slag. Figure 7b shows 

schematically the experimental setup. A high temperature vertical furnace with Super-

Kanthal heating elements was employed. An alumina tube was used as reaction chamber. It is 

closed on both ends by stainless steel flange arrangements. A quenching chamber cooled by 

water was placed above the reaction chamber. Argon gas was introduced through the gas inlet 

connected to the quenching chamber and led out at the lower end of the chamber. A Euro Star 

motor was used to drive the stirrer made of molybdenum. The long shaft of stirrer is guided 

by a long Mo tube connected to the upper cover of the sample holder made of Mo. An outer 

Mo crucible that was used to hold the reaction crucible was connected to the cover by two 

Mo nails. This arrangement would also be able to keep the reaction crucible (Mo) steadily at 

its position during the stirring experiment. An alumina plate was put between the crucible and 

its holder to ensure easy replacement of the reaction crucible. The guiding tube was hung on 

a plate that sited on the main lift. The gap between the guiding tube and the upper cover of 

the quenching chamber was sealed by O-ring. The gap between the shaft of the stirrer and the 

guiding tube was also sealed by O-ring system, which allowed the relative vertical movement 

of the stirrer. Another small lifting unit with high precision was used to move the stirrer. The 

second lifting unit was fixed on the main lifting system. The main feature of the setup can be 

summarized below. 

(1) The whole system was gas tight by using o-rings. 

(2) The crucible holder along with the crucible could be moved both down and up rapidly by 

the main lifting system. 

(3) The stirrer could be inserted into the melt and removed from it by the second lifting 

system. 

(4) The dimensions of the reaction crucible are given in Figure 7a. 

The slag was pre-melted in another crucible and quenched to room temperature rapidly. The 

pre-melted slag was crushed into small pieces, a few mm in size. The dimensions of the cubes 

were carefully measured before experiment. 

In a general run, a cube (about 10 mm×10 mm× 10 mm) was embedded in the slag pieces in 

the reaction crucible. The slag weighed 15 g. After assembly of the reaction crucible together 

with the crucible holder, the crucible holder was placed in the low temperature zone of the 

reaction tube. The reaction chamber was then sealed and flushed with argon gas for at least 

60 min. Thereafter, argon flow of about 0.1 L/min was maintained throughout the whole 

experiment. The furnace was heated up to a predetermined temperature, e.g. 1873 K. After 

stabilization of the furnace temperature, the sample holder was lowered down to the high 

temperature zone. After slag melting, the stirring was started. After a given time of stirring, 

the stirrer was lifted by the precision lift, which took about 1-2 seconds. The slag along with 
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the reacted cube was quenched by lifting the holder to the cooling chamber using the main 

lifting system. 

The Mo crucible along with the sample was then taken out. The whole crucible was cut at a 

vertical position going through the remaining cube. The section was polished and subjected to 

light microscopic (LOM) and scanning microscopic (SEM) analysis.  

In the case of limestone and dolomite decomposition without slag, the same procedure was 

used. However, the sample was kept in the crucible alone without slag pieces. 
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(a)                                                                                   (b) 

Figure 10 CaO rods of Type-4 after different reaction times with ‘FeO’-SiO2 slag, (a) 5s, (b) 10s 

3. Results 

3.1 Lime dissolution 

3.1.1 Dissolution study in stagnant slag 

3.1.1.1 ‘FeO’-SiO2 slag 

The dissolution of CaO in the ‘FeO’-SiO2 slag is very fast, irrespective of the type of lime. 

As an example, Figures 10a and 10b present the photos of the CaO rods of Type-4 after 

reacting with the slag for 5 seconds and 10 seconds at 1873 K, respectively. While the rod 

after 5 seconds in contact with the slag still keeps its shape, the rod after 10 seconds of 

reaction collapses into powder. The rods of other types of lime rods behave similarly. Even 

the appearances of the rods after 5 and 10 seconds of reaction are very similar as the ones 

shown in Figures 10a and 10b, respectively. For all types of lime, the parts of the rods 

immersed in the slag vanish after 10-15 seconds. To understand the fast dissolution process, 

the powder collected from each rod after 10 seconds of reaction are subjected to X-ray 

diffraction. The X-ray patterns of the different limes are very similar. Two phases are 

identifies by the pattern, namely CaO and 2CaO∙SiO2.   
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(a)                                                                                           (b) 

 

Figure 11 SEM microphotographs of the reacted region of Type-4 rods after different reaction times 

of (a) 60 s and (b) 480 s. 

3.1.1.2 CaO -‘FeO’-SiO2 slag 

The dissolution of CaO rod in the CaO-‘FeO’-SiO2 slag is considerably slower than in the 

‘FeO’-SiO2 slag. All the four types of rods after taking out from the slag still remain as a part 

of the rod.  

The cross sections of the reacted lime rods are examined in microscope. The morphologies of 

the samples after different reaction times are very similar, irrespective of the type of the rod 

studied. Even the phase relationships in all the samples are very similar. As an example, 

Figures 11a and 11b present the SEM microphotographs of the reacted regions of Type-4 rod 

after 60s and 480s of reaction time, respectively. In addition to the un-reacted CaO part in the 

centre of the rod and the outer slag layer, three different regions can be identified in all the 

samples. Figure 12a-12c present the SEM microphotographs of these regions with higher 

magnification. Region 1 is in slag region and region 3 is the remaining part of CaO. 
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                                  (a) 

 
                                  (b) 

 
                                     (c) 
Figure 12 SEM microphotographs of different regions 

with higher magnification, (a) Region-1, (b) Region-2 

and (c) Region-3. 

Figure 12a shows the SEM 

microphotograph of Region 1. This 

region is in contact with the slag. 

Two phases are identified. Phase 1 

is found to be the slag phase. Some 

small dendrite crystals that could 

have been precipitated during 

quenching are seen. Phase 2 is the 

2CaO∙SiO2 compound. In fact, this 

phase forms a very dense layer just 

beside the slag. 

Figure 12b presents the SEM 

microphotograph of Region 2. 

Three phases are detected in this 

region by EDS analysis. Phase 3 is 

the dark grey phase containing 

mostly CaO and FeO. The light 

grey phase is numbered as Phase 4. 

It is almost pure FeO. Note that the 

composition of Phase 3 suggests 

that it is liquid at 1873 K.
 [23]

 Even 

FeO is liquid at 1873 K. It is 

reasonable to conclude that FeO 

has precipitated out from the liquid 

phase during quenching. The major 

phase in this region is Phase 5, 

which is 3CaO∙SiO2 compound. 

The compositions of the different 

phases are listed in Table 2. 

The SEM microphotograph of 

region 3 is presented in Figure 12c. 

On the left side of the figure, pure 

CaO marked as phase 6 is seen. On 

the right hand side, 3CaO∙SiO2 

phase is found to coexist with 

Phase 3 and Phase 4. As in Region 

2, Phase 4 (FeO) has precipitated 

out from the liquid phase (Phase 3) 

during quenching. Hence, pure CaO, 3CaO∙SiO2 and liquid phase coexist at 1873 K in this 

region.  
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Table 2 Chemical Compositions of Different Phases 

different phase CaO content (pct) SiO2 content (pct) ‘FeO’ content 

(pct) 

phase 1 38.28 14.54 47.18 

phase 2 61.05 35.78 3.17 

phase 3 46.43 2.14 51.43 

phase 4 5.42 1.33 94.25 

Phase 5  67.14 28.73 4.13 

Phase 6 100 - - 

 

To have a better understanding of the slag penetration into the CaO rod, area analyses of the 

composition in different region are carried out by EDS. The average compositions in the 

different regions are presented in Table 3. 

Table 3 Mean Compositions of Different Regions 

different region CaO content (pct) SiO2 content (pct) ‘FeO’ content 

(pct) 

Region 1 49.83 20.85 29.32 

Region 2 57.42 13.32 29.26 

Region 3 69.95 9.98 20.17 

 

To gain an insight into the dissolution rate, the dimensions of the unreacted CaO part are 

measured in an optical microscope. In view of the small difference in the size of the cross 

section of the different lime rods, the normalized length, LN is used to describe the results. LN 

is defined as: 

 
initial

N
LL

LL
L

21

21






                                                           (3)

 

Where L1+L2 is the sum of the lengths of the unreacted core in two perpendicular directions 

of the cross section, while, the subscript “initial” indicates the initial value before the 

experiment. 
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Figure 13 Normalized length of the un-reacted core of lime as a function of reaction time. 

 
 

Figure 14 Normalized length as a function of stirring time at 50 rpm stirring speed at 1873 K 

(1600 °C). 

The normalized lengths are plotted as functions of time for the 4 types of lime in Figure 13. 

In the first 1-2 minutes, the rod reacts with the slag quite fast resulting in a sharp decrease of 

the LN in this period for all types of rods. After this initial period, the reaction is slowed 

down. A plateau is seen in each curve after 2 minutes. While the values of LN show some 

differences between different types of limes, less than 20% of the rods are reacted in the case 

of all types of lime samples. 

3.1.2 Dissolution study under forced convection 

The remaining CaO after reaction with slag still keeps its original shape (a cube), while its 

dimensions have decreased. Figure 14 presents the normalized length LN as a function of 

stirring time at 50 rpm stirring speed at 1873 K.  
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A linear relationship between normalized length and time is seen in Figure 14. It implies that, 

the dissolution rate is constant for each type of sample and is independent of CaO 

concentration in the slag. It is also shown in Figure 14 that the dissolution rate of Type-2 

sample differs substantially from Type-1 and Type-3 samples. 

 

Figure 15 Normalized lengths as a function of stirring speed for 3 min at 1873 K (1600 °C). 

 
(a) 

 
 (b) 

Figure 16 Interface region between lime cube and slag after experiment at 50 rpm stirring speed 

for 3 min at 1873 K (1600 °C): (a) Type 1 CaO cube and (b) Type 2 CaO cube. 
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(a) 

 
(b) 

Figure 17 Interface region between lime cube and slag after experiment at 150 rpm stirring speed for 

3 min at 1873 K (1600 °C): (a) Type 1 CaO cube and (b) Type 2 CaO cube. 

Figure 15 shows the normalized length as a function of stirring speed. The reaction time 

(stirring time) is all 3 minutes at 1873K. While there is a big effect of stirring speed on 

dissolution below 100 rpm, the effect becomes negligible above 100 rpm. 

Figures 16a and 16b present the SEM microphotographs of the interface region between lime 

cube and slag for Type-1 and Type-2 samples, respectively. Both samples have been kept in 

the slag at 1873 K and stirred at 50 rpm stirring speed for 3 min. Four main phases are 

identified in the specimen of Type-1 sample. In addition of the remaining CaO and slag, 

2CaO∙SiO2 and 3CaO∙SiO2 have been formed. Slag has penetrated into the CaO matrix close 

to the interface. However, the penetrating liquid phase has very different composition from 

the original slag, which is still found beyond the interface region. The liquid phase in the CaO 

matrix consists of mostly CaO and FeO. Coexistence of 3CaO∙SiO2 with the liquid phase in 

the CaO matrix is also observed. An explanation of this aspect can be found in the previous 

publication. There is still a region between slag and CaO, in which liquid, 2CaO∙SiO2 and 

3CaO∙SiO2 coexist. This region is about 50-100 µm thick in general. 

Similar as the Type-1 sample, the same four phases are also found in Type-2 specimen (see 

Figure 17b). On the other hand, the amount of liquid phase penetrating into the CaO matrix is 

very little, much less than that found in the matrix of Type-1 sample that originally has high 

porosity. Note that even in the case of Type-2 sample, the liquid found in the CaO matrix has 

mostly CaO and FeO. Even for the dense CaO (Type-2), the interface region consisting of 
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Figure 18 Detachment of the solid 2CaO∙SiO2 islands from the region of interface between the CaO 

cube and slag of Type 2 CaO cube after experiment at 100 rpm stirring speed for 3 min at 1873 K 

(1600 °C). 

liquid, 2CaO∙SiO2 and 3CaO∙SiO2 can be identified. The thickness of this interface region is 

about 50-100 µm. Further discussion will be given in the discussion part. 

To understand the effect of stirring speed on the CaO dissolution, the interfaces of Type-1 

and Type-2 samples studied at 150 rpm are also examined in SEM.  Figures 17a and 17b 

present the SEM microphotographs of Type-1 and Type-2 samples, respectively. Similar as in 

the case of 50 rpm stirring (see Figures 16a and 16b), the same phases are identified in both 

of specimens. While the thickness of the interface region of Type-2 sample are comparable at 

these two stirring speeds (Figure 16b and Figure 17b), the thickness of the region in Type-1 

sample is almost negligible at this stirring speed (Figure 17a). This finding is very different 

from the same CaO (Type-1) stirred at 50 rpm.   

Figure 18 presents the detachment of the solid 2CaO∙SiO2 from the region of interface 

between the CaO cube and slag. The sample shown in the Figure is Type-2, which is in the 

slag for 3 minutes at 1873 K. The stirring speed in this experiment is 100 rpm. As shown in 

the Figure, small pieces of 2CaO∙SiO2 phase have just detached from the interface region. 

The peninsulas of 2CaO∙SiO2 (marked as D) sticking out from the interface region are likely 

to be flushed off in the very next moment. This Figure shows evidently the main mechanism 

of the CaO dissolution when convection presents. 
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Figure 19 photograph of the limestone sample reacted in the slag at 1873K for 180s 

                       

Figure 20 The SEM microphotograph taken in the region near the cube-slag boundary for the 

samples reacted at 1873K for 180s 

3.2 Limestone and dolomite dissolution in slag under forced convection 

3.2.1 Limestone dissolution in slag 

Figure 19 presents the photograph of limestone sample reacted in the slag at 1873K for 180s. 

The stirring speed is 100 rpm. It is clearly seen in Figure 19 that the sample still keeps its 

original cubic shape. The boundary between the sample and the slag in Figure 19 is quite 

sharp and clear.  

The SEM microphotographs taken in the region near the cube-slag boundary are presented in 

Figure 20 for the samples reacted for 180s. Although the reaction times are different, the 

phases present near the slag phase are the same in these two cases. Four phases are identified 

in the sample, in the region close to the slag: CaO, slag, 2CaO∙SiO2 and 3CaO∙SiO. The 

identified phases are identical with the phases found in section 3.1.1.2.  
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Figure 21 The normalized length as a function of time at 1873K with 100 rpm stirring 

Figure 21 shows the normalized length as a function of time at 1873K with 100 rpm stirring. 

The points are roughly aligned, in accordance with lime dissolution under forced convection 

study (Figure 14) stating that the dissolution rate of lime is constant. 

A grey spot is seen on Figure 19 in the central part of the sample stirred for 180s. This reveals 

that, in addition to the external boundary of the cube, another boundary exists inside the cube, 

with an inner core, un-doubly identified by SEM/EDS as un-decomposed CaCO3 phase, 

surrounded by CaO.  

 

Figure 22 The photograph of the cross section of the limestone sample kept at 1873 K for 90s under 

argon atmosphere 
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(a)                                                                                       (b) 

 
(c)                                                                                         (d) 

Figure 23 The porosity of the CaO layer varies from the boundary of CaCO3 to the edge of the cube 

(a) the positions of the 3 regions (b) region 1 (c) region 2 (d) region 3 

Figure 22 shows the photograph of the cross section of the limestone sample kept at 1873 K 

for 90s under argon atmosphere. The figure shows that, as in samples calcined in slag, the 

center part of the limestone has not decomposed. The un-decomposed part is still quite large, 

even slightly larger than in the sample calcined at same time and temperature in slag. The 

CaCO3 core is nearly cubic but with round corner.  

It is interesting to see that the porosity of the CaO layer varies from the boundary of CaCO3 

to the edge of the cube. This aspect is shown in Figures 23a-23d. Figure 23a shows the 

positions of the 3 regions, where microphotographs are taken. Region 1 is about 0.2 mm from 

the surface of the cube, while Region 2 is between Region 1 and Region 3. Region 3 is just 

on the CaO side at the CaO-CaCO3 boundary. The microphotographs of these three regions 

are given in Figures 23b-23d, respectively. It is seen that Region 3 has rather high porosity. 

The porosity in Region 2 is less than Region 3, while its fraction is still appreciable. On the 

other hand near the surface in Region 1, the fraction of porosity is very low, almost not 

visible. 
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                                        (a)                                                             (b) 

Figure 24 Sample kept at 1873K for 30 seconds without slag (a) photograph picture, (b) SEM 

microphotograph 

 
Figure 25 Microphotograph of the decomposed part with high magnification 

 

3.2.2 Dolomite dissolution in slag 

The photograph of the sample kept at 1873K for 30 seconds without slag is shown in Figure 

24a. The sample consists of a core of about 8.3x8.3mm and a thin outer layer. Figure 24b 

shows the SEM microphotograph of the region at the interface between the core and the outer 

layer. The two different areas are clearly seen in the SEM picture. EDS analysis shows that 

the white area (the outer layer) is a mixture of CaO and MgO. The dark area is un-

decomposed dolomite. To examine the structure of dolomite after decomposition, Figure 25 

presents a microphotograph of the decomposed part with high magnification. A loose 

structure with small pores is observed. 

Figure 26 presents the SEM microphotograph and element mappings in the area of the 

interface between slag and remaining part of the sample. The sample was kept in slag at 

1873K for 30 seconds. The islands consist of mainly CaO, MgO and FeO. On the other hand, 

the regions which look like “river” contain only Ca and Si. Those phases indicate that slag 

has penetrated into decomposed dolomite and reacted with it.  
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Figure 26 SEM microphotograph and element mappings in the area of the interface between slag and 

remaining part of the sample after stirring in slag for 30s at 1873K (with 100 rpm stirring speed) 

 

Figure 27 Structure of the sample after being kept in slag at 1873K for 180s (with 100 rpm 

stirring speed) 

 Figure 27 shows the structure of the sample after being kept in slag at 1873K stirred for 180s. 

A lot of pores are found inside the sample. To understand how the slag reacts with dolomite, 

the phases in the two marked regions are identified. The region next to the slag/sample 

interface is marked as S-1 and the region inside the remaining part of the sample is marked as 

S-2. 
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Figure 28 SEM microphotograph of region S-1 with high magnification 

 

Figure 29 SEM microphotograph of region S-2 with high magnification 

Figure 28 presents the SEM microphotograph of region S-1 with high magnification. In the 

slag region close to the interface, three main phases are identified: (1) super cooled liquid 

slag phase, (2) FeO dendrite, (3) 2CaO∙SiO2. The FeO dendrites are likely formed during 

quenching, since FeO is not solid at 1873K. The 2CaO∙SiO2 phase is mostly found as small 

islands. As reported in a previous study, these islands are peeled off from the sample due to 

strong stirring.
 
Note that the 2CaO∙SiO2 phase in the form of island is not observed in the slag 

far away from the interface. The interface of slag/decomposed dolomite has a zigzag form. 

This region (zone 1 in Figure 28) consists mostly of 2CaO∙SiO2 and MgO∙Fe2O3. While many 

2CaO∙SiO2 peninsulas are seen in this region, MgO∙Fe2O3 phase exists in a form of particles. 

It is seen that the 2CaO∙SiO2- MgO∙Fe2O3 layer at the interface is discontinues. In zone 2, 3 

phases are found, namely (1) a solid solution of MgO-FeO noted as (Mg, Fe)Oss, (2) a liquid 

phase containing CaO, FeO and very small amount MgO, and (3) 2CaO∙SiO2. Further away 
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Figure 30 Normalized length as a function of time at 1873K with 100 rpm stirring 

 

from the slag-sample interface inside the sample, 3CaO∙SiO2 is detected. Note that there is no 

clear boundary between zone 1 and zone 2. 

Figure 29 shows SEM microphotograph of region S-2 with high magnification.  Three phases 

are detected in this region. The small dark particles are the solid solution of (Mg, Fe)Oss. The 

light phase is liquid containing CaO, FeO and very small amount MgO. 3CaO∙SiO2 phase is 

the main phase in this region. It is worthwhile to mention that no pure CaO is found in the 

sample after 180s. Since region S-2 is a distance away (a few milli-meters) from the 

interface, 2CaO∙SiO2 is not detected in this region because of the low SiO2 potential. It 

should be mentioned that all the remaining part of the cube except the interface region has the 

same structure as S-2 and the same 3 phases. The normalized length, LN as a function of time 

at 1873K with 100 rpm stirring presents in Figure 30. 
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4. Discussion 

4.1 Lime dissolution in converter slag 

4.1.1 Dissolution mechanism in different stagnate slag 

4.1.1.1 ‘FeO’-SiO2 slag 

According to the viscosity model, 
[24]

 the viscosity of the slag (37 mass% SiO2-63 mass% 

`FeO )́ is only 0.07 Pa∙s at 1873 K. The low viscosity of the slag along with the high driving 

force of chemical reaction makes the penetration of the slag into the porous lime rod very 

rapid. Consequently, CaO has very good contact with the slag sucked into the rod. As 

indicated by the X-ray diffraction pattern, the main phases remaining in the rod after reaction 

are 2CaO∙SiO2 and CaO. No detectable slag or other compound is found. The X-ray pattern 

suggests the following reaction: 

22 22 SiOCaOSiOCaO                                                (4) 

The activity of SiO2 in the slag can be evaluated using the thermodynamic model 
[25]

 base on 

the slag composition, while the activity of CaO can be assumed as 1. The standard Gibbs 

energy of reaction (4) can be obtained from the literature.
 [26]

 Hence, the Gibbs energy of 

reaction (4) is evaluated to be -133.74 kJ/mol at 1873 K. The big negative value of    

indicates that reaction (4) would take place when the CaO has good access to the slag. This 

explains well the X-ray pattern found in the reacted sample after 10 seconds. As mentioned in 

the result part, the part of the rod immersed in the slag vanished after 10-15 seconds. It 

suggests that the rod collapses after reaction (4). The small particles of 2CaO∙SiO2 or CaO or 

both would be dissolved into the slag immediately. It is reasonable to conclude that the 

dissolution of lime into the slag is very fast when the CaO content is low. 

4.1.1.2 CaO-‘FeO’-SiO2 slag 

In order to help the discussion of the CaO dissolution in CaO-`FeO -́SiO2 slag, the ternary 

phase diagram of the system published by Slag Atlas
 [23]

 is reproduced in Figure 31. The 

average compositions of different regions in the sample are also included in the Figure. As 

Figure 31 shows, the initial composition of slag is marked by point A. The compositions of 

the super cooled liquids in Region-1, Region-2 and Region-3 are marked as B, C and D, 

respectively. The average compositions of these 3 regions are also marked in the Figures as 

R1, R2 and R3, respectively. When the lime rod is immersed in the slag, dissolution of lime 

into the slag and penetration of slag into the pores of the rod take place at the same time. The 

dissolution of CaO would lead to the increase of the CaO content in the slag that is in contact 

with the CaO phase. At the same time reaction (4) would take place leading to the formation 

of 2CaO∙SiO2 when the activity of SiO2 is high enough (so is the SiO2 content). The average 

composition in Region-1 should be on the line connecting B and the compound 2CaO∙SiO2. 

In fact, R1 is just slightly deviated away from this connecting line. This could be well 

attributed to the uncertainties of the EDS analysis. 
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Figure 31 The phase diagram of the CaO-‘FeO’-SiO2 system reproduced from Slag Atlas
 [23]

 with the 

mean compositions of different regions and liquid compositions 

Since a part of SiO2 content is consumed due to reaction (4) in Region-1, the liquid 

penetrating deeper into the CaO rod would have lower SiO2 content. The decreased SiO2 

content along with the further dissolution of CaO makes the average composition move from 

R1 to R2 (see Figure 31). Figure 31 also shows that R2 lies approximately on the line 

connecting 3CaO∙SiO2 and the liquid in Region-2, point C. The standard Gibbs energy of 

reaction (4) reveals that the formation of 2CaO∙SiO2 requires an activity of SiO2 higher than 

1.31×10
-4

. A calculation using the thermodynamic model
 [25]

 indicates that the activity of 

SiO2 in Region-2 is 2.53×10
-5

. Hence, the high CaO content (due to dissolution) and low 

SiO2 content (due to consummation in Region-1) in Region-2 lead to very low activity of 

SiO2 and make reaction (4) impossible. Instead, the following reaction would take place: 

22 33 SiOCaOSiOCaO                                                    (5) 
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This reaction consumes all the CaO in Region-2. Therefore only 3CaO∙SiO2 and liquid C 

remains in this region. This aspect is supported by the average composition in this region, R2. 

According to the phase diagram in Figure 31, 3CaO∙SiO2, liquid C(D) and CaO should 

coexist. This coexistence is found in Region-3. It is interesting to see that the liquid 

compositions in Region-2 and Region-3 are almost identical. In fact, Region-2 and Region-3 

would have the same activity of CaO that is 1. 

It is seen in Figures 11 that the 2CaO∙SiO2 layer is formed next to the slag phase, irrespective 

of the types of the rods. It becomes denser when the reaction time becomes longer. The 

formation of this phase has also been reported by other researchers.
 [3], [5]

 They have also 

reported that when 2CaO∙SiO2 is formed, the dissolution will be stopped. The literatures 

show that a dense 2CaO∙SiO2 film can be formed only when the content of FeO is less than 

20 mass%. Otherwise, it is discontinuous in the slag. The present ternary slag contains 44.1 

mass% of FeO.  In Figure 11a, it shows that 2CaO∙SiO2 phase is formed discontinuously. 

This result is in a fairly agreement with previous works. However, Figure 11b shows that 

after 8 minutes reaction, the 2CaO∙SiO2 phase become very dense. The formation of this 

dense 2CaO∙SiO2 layer will definitely hinder the dissolution of CaO. The dissolution of CaO 

can only take place by diffusion of the ions through the solid 2CaO∙SiO2 layer. For all types 

of limes, the reactions after 2 minutes only lead to further 1% decrease in LN.  

A comparison of the results of CaO dissolution in CaO-`FeO -́SiO2 slag and in `FeO -́SiO2 

slag indicates that the dissolution of CaO at the initial stage of the slag formation is very 

different from the later stage. In most steel industries, the lime particles are not too small. 

When big particles of lime are added in the converter, the surface layers of them would suck 

in slag as the one shown in Figure 10. The surface layer would collapse and fall into the 

initial `FeO -́SiO2 slag. The dissolution of the surface layers of the particles would lead to a 

fast increase of CaO content in the slag. If the lime particles are still big enough (even about 

1cm in diameter) when the CaO content reaches about 30 mass%, the formation of 

2CaO∙SiO2 layer would take place. At this stage, an easy removal of the 2CaO∙SiO2 layers on 

the CaO particles would enable the dissolution of lime to continue. The turbulent flow in the 

converter would help the removal. On the other hand, a very strong attachment of the 

2CaO∙SiO2 layer on the CaO would make the mechanical removal of this layer difficult. 

Consequently, the situation shown in Figures 11 would occur. In such case, the lime particles 

would remain in the slag.   

4.2.1 Dissolution mechanism under forced convection 

The stirring would disturb the thermodynamic equilibrium, as the flow would transport the 

phases from one region to another. For example, 2CaO∙SiO2 islands are found in the slag as 

seen in Figure 18. In spite of this stirring effect, an interface region is still clearly seen in all 

samples. This region consists of liquid phase, 2CaO∙SiO2 and 3CaO∙SiO2. A slag infiltrated 

zone is found just next to the interface. In this region, the SiO2 content in infiltrating slag is 

very low, as it has been picked up by CaO forming 3CaO∙SiO2. The small particles of 

3CaO∙SiO2 are also found in the slag infiltrated region.  
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Different limes samples do not show substantial difference in dissolution rate, when only 

natural convention and diffusion occur (Figure 13). The great difference in dissolution rate 

between the different types of lime (Figure 14) shows evidently that forced convection plays 

crucial role in lime dissolution in slag. Type-2 lime shows considerably slower dissolution 

rate in comparison with Type-1 and Type-3. 

As discussion above, a dense layer of 2CaO∙SiO2 is responsible for the total stop of the 

dissolution after the initial period. It suggests that constant removal of the 2CaO∙SiO2 layer 

would be of essence to obtain high dissolution rate of lime. This suggestion is in line with the 

hypothesis of Natalie and Evans 
[10]

. They pointed out that dicalcium silicate is swept into 

bulk slag by motion of the slag.  

The peeling off of the 2CaO∙SiO2 layer by shear stress at the slag-lime interface is evidently 

seen in Figure 18. Small 2CaO∙SiO2 islands are found outside the interface region. A 

discontinue 2CaO∙SiO2 layer with zigzag shape is still visible in the interface region. The 

Figure even shows that some small peninsulas of 2CaO∙SiO2 are detaching from the layer. 

The Figure suggests strongly the removal of the dense 2CaO∙SiO2 layer is mainly due to the 

mechanical peeling off, but not due to chemical dissolution. Note that no 2CaO∙SiO2 islands 

are found far away from the slag-lime interface. It indicates that the islands peeled off by the 

shear stress from the layer dissolve into the slag on their way transported away from the cube. 

The linear relationship between LN and time in Figure 14 is also in accordance with above 

discussion. If the dissolution is controlled by chemical dissolution and mass transfer, the 

reaction rate should depend on the CaO concentration in the slag, which in turn depends on 

time. The linear relationships indicate the reaction rate is independent of time and therefore 

independent of CaO content. Hence, the dominating mechanism of the lime dissolution under 

the present condition is the mechanical removal of the 2CaO∙SiO2 product.   

Figure 14 also indicates that different limes have different reaction rates as shown by their 

slopes. Lime structure is one of the most important parameters affecting the mechanical 

properties of the lime and the reaction rate.  

A comparison of the SEM microphotographs in Figure 16b and Figure 17b indicates that the 

increase of stirring speed has little effect on the morphology of the lime-slag interface region 

for Type-2 samples. On the other hand, the stirring speed has great effect on the morphology 

of Type-1 (see Figures 16a and 17a). In the case of dense lime like Type-2, the penetration of 

liquid slag into the CaO matrix is very limited. The shear stress due to the relative movement 

of the lime cube would only help, to some extent to remove the interface layer especially the 

2CaO∙SiO2 phase. This removal is the dominating mechanism for the lime dissolution. On the 

other hand, a lot liquid slag has infiltrated into the CaO matrix close to the interface in the 

Type-1 sample (see Figure 16a). The volume fraction of the liquid phase is almost about 0.5. 

At low stirring speed, e.g. 50 rpm as in the case of Figure 16a, the shear stress is not strong 

enough to remove the interface layer along with the slag infiltrated region. The increase of 

the stirring increases the relative velocity between the cube and the liquid slag. The slag 

infiltrated region close to the interface would be peeled off by the shear stress. The absence 
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of the liquid infiltrated region in Figure 17a evidently supports this reasoning. A fast removal 

of the 2CaO∙SiO2 layer would keep the lime surface “fresh” and make its dissolution continue 

without hindrance. The removal of the liquid infiltrated matrix along with the 2CaO.SiO2 

layer would considerably enhance the lime dissolution. This would explain why Type-1 and 

Type-2 samples have a difference of LN of 0.4 after 6 minutes. Note that the difference in LN 

between these two types of limes is only 0.1 without stirring in Figure 13.  

As seen in Figure 15, the LN value increases with the stirring speed until 100 rpm. Further 

increase of the stirring speed has limited effect of the dissolution rate. This could also be 

explained by the removal of the interface layer (in the case of Type-1, even the slag 

infiltrated layer). The removal of the interface layer (and the slag infiltrated layer) requires a 

big enough shear stress, therefore high enough stirring speed. There could be a critical 

stirring speed, at which most of the layer(s) would be removed. In the present system, this 

speed is likely around 100 rpm. Further increase of the stirring speed above this critical value 

would not have profound impact on the dissolution. 

4.2 Limestone and dolomite dissolution in slag 

4.2.1 Decomposition mechanism 

4.2.1.1 Limestone  

The thermodynamic data 
[27]

 indicates the equilibrium partial pressure of CO2 is more than 

200 bars at 1873K for the following reaction: 

23 COCaOCaCO                                                           (6) 

Even at 1273K, the equilibrium partial pressure of CO2 is above 4 bars. Such high 

decomposition pressure of CO2 would lead to the explosion of the cube, if the whole cube is 

heat up above 1273 K and the mass transfer is the controlling step. The plausible explanation 

for the fact that the cubes still keep their original shapes after being placed at 1873 K for long 

time is that the endothermic heat of reaction (6) keeps the temperature inside the CaCO3 low. 

The previous studies 
[28]

 have reported that this argument is true when the surrounding 

temperature is as high as 1300 K. However, the temperature gradient is very large at a 

temperature as high as 1873K, whether heat transfer is still the controlling step at such high 

temperature has not been studied.  A theoretical consideration is essential to examine whether 

the hypothesis of heat transfer control at 1873 K is valid. For this purpose, commercial 

software COMSOL Multiphysics 4.2a 
[29]

 is used to simulate the decomposition process of 

the cube. 

A 3D non steady state model is developed to simulate the decomposition of the CaCO3 cube. 

As seen in Figure 19, the partial decomposed cube has two domains, namely CaO domain 

that surrounds the domain of CaCO3. This situation is schematically illustrated as the 

boundary between the two domains moves toward the center of the cube, when the reaction 

proceeds.  
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The initial temperature of the CaCO3 is assumed to be the temperature of the cooling 

chamber (293 K), where the sample is kept before being introduced into the high temperature 

zone.  

In the simulation of calcination in argon gas, the outer boundary in set at a constant position 

(x=+/-5.5 mm, y=+/-5.5 mm, z=+/-5.5 mm). In the simulation of reaction with slag, the outer 

boundary (CaO-Slag interface) moves towards the center of the cube at a constant speed, 

calculated to be 5*10
-6

 m/s using the results shown in Figure 21. 

The temperature at the outer boundary of the cube is set at 1873 K for all t≥ 0. (This is likely 

to happen in argon, while about 10 seconds are needed to remelt the slag and reach the 

reaction temperature after having moved the crucible downward to the hot zone). 

The temperature of the CaCO3-CaO interface keeps a constant temperature 1176 K, the 

temperature imposed by the monovariant equilibrium (6) at p(CO2) = 1 bar 
[26]

 (no mass 

transfer limitation). 

The model assumes that the main controlling step is the heat transfer step, viz. the heat 

conducted from the surrounding to the CaCO3-CaO interface is used up by reaction (6), 

Comsol is required to solve and integrate local heat balance equation (7) 
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where  is the thermal conductivity of CaO (W∙m
-1

∙K
-1

), ΔH is heat for decomposition 

(reaction (3), J.mol
-1

), Vm is the molar volume of limestone (m
3
∙mol

-1
) ,  is the adimensional 

extent of reaction,  is the local density (kg∙m
-3

), cp is the local heat capacity (J∙kg
-1

∙K
-1

) and t 

is time (s). 

The enthalpy of reaction (6) at 1176K is 165000 J∙mol
-1

 from the literature 
[30]

. In order to 

simplify the model and to keep the calculation time reasonable on a standard computer, the 

evolved CO2 gas is not explicitly taken into account but the heat needed for its heating form 

the reaction temperature to the boundary temperature (11000 J∙mol
-1

) 
[26]

 is added to the 

reaction enthalpy. Consequently, the reaction enthalpy is taken as 176000 J∙mol
-1

 of 

decomposed CaCO3.  

It is reported
 [31]

 that the thermal conductivity of decomposed limestone lays between 0.52 

and 0.83 W∙m
-1

∙K
-1

. A value of 0.7 W∙m
-1

∙K
-1

 is adopted in the present calculation. Other 

standard values were adopted: thermal conductivity of the limestone 
[32]

: 0.08 W∙m
-1

∙K
-1

, heat 

capacities 
[26]

: limestone: 1050 J∙kg
-1

∙K
-1

, lime: 886 J∙kg
-1

∙K
-1

. 

Figure 32 presents the calculated results of decomposition after 90 seconds in argon. The 

remaining CaCO3 is not cubic but somewhat round shape (between cubic and sphere). It 

measures about 6.8 mm along the original side line.  The shape and size of the predicted 

remaining CaCO3 are in fairly good agreement with the experiment (7.4 mm according to 
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Figure 22). In slag, the predicted size of the remaining core is 1.8 mm after 180s, which 

compares well with the experimental value (Figure 19, 1.6 mm).  

Although the results of theoretical calculation are in fairly good agreement with the 

experimental result, there are still slight differences. This could be due to the following 

factors: 

- the heat transfer resistance at the external boundary (neglected in the calculation) could 

have some contribution in argon 

- the actual thermal conductivity of the porous layer of lime could be larger than the value 

used in the calculation (0.7 W∙m
-1

K
-1

). 

The second factor could be overwhelmed by the first in argon, and revealed in slag due to the 

good heat transfer at the intricate liquid slag-lime interface. 

Nevertheless, it is confident to conclude that model with heat transfer through the porous 

layer of CaO as the rate determining step for the decomposition of CaCO3 gives predictions 

consistent with the experimental results and that this is a good reason to believe that the 

decomposition of a pebble of limestone in slag is ruled by the heat transfer toward the 

reactive zone. It is noteworthy that the model was set from published data for every 

parameter, with no adjustable parameter. Tuning the thermal conductivity of the in situ born 

lime and/or an effective external boundary temperature (to take the resistance to heat transfer 

at this interface into account) would permit to perfectly reproduce the experimental data, but 

this is not choice of the authors. 

 
Figure 32 The calculated results of limestone decomposition in argon gas after 90 seconds at 1873K 
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4.2.1.2 Dolomite  

To the knowledge of the present authors, all the experimental studies on dolomite 

decomposition have been carried out non-isothermally. In CO2 gas atmosphere, MgCO3 

decomposes into MgO and CO2 first before CaCO3 decomposes 
[33, 34]

.
 
Since all the studies 

have employed non-isothermal technique, both decompositions have finished at temperatures 

much lower than the steelmaking temperature. 

In contradiction to the result of non-isothermal experiment, the present isothermal experiment 

reveals that dolomite decomposes in one step. EDS analysis indicates that the outer light grey 

area (Figure 24b) consists of MgO and CaO mixture. The dark grey area is un-decomposed 

dolomite. Introducing the dolomite sample from room temperature to 1873K makes the 

CaCO3 and MgCO3 decomposed at the same time,   

223 5.05.0)(5.0 COMgOCaOCOCaMg                                   (8) 

The equilibrium partial pressure of CO2 is more than 200 bars at 1873K for the 

decomposition of CaCO3, 
[27]

 and even higher for the decomposition of MgCO3.
[35]

 

Even at 1273K, the equilibrium partial pressure of CO2 is above a few bars. Such high 

decomposition pressure of CO2 would lead to the explosion of the cube, if the whole cube is 

heat up above 1273 K and the mass transfer is the controlling step. The reason that the cubes 

still keep their original cubic shapes after being placed at 1873 K for more than 30 seconds is 

that the endothermic heat of reaction (8) keeps the temperature inside the dolomite low. It has 

been shown that CaCO3 decomposition is controlled mostly by heat transfer even at 1873K. 

A similar theoretical consideration for dolomite decomposition is necessary to see whether 

heat transfer is still the controlling step in this case. 

The same simulation which was developed to study the limestone decomposition was used 

here to study the dolomite decomposition.  The heat for reaction (8) is taken from Criado and 

 

Figure 33 Calculated result of dolomite decomposition at 1873K for 30 seconds 
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Ortega 
[36]

, namely 151.3 kJ.  The thermal conductivity of decomposed dolomite part is 2.7 

W/m/K according to Guo et. al. 
[37]

 The decomposition temperature for reaction (8) is taken 

as 1100K 
[35]

. In view that the process is assumed to be heat transfer control, the CO2 pressure 

at the decomposition site is taken as 1 bar. 

Figure 33 presents the calculated result of dolomite decomposition at 1873K for 30 seconds. 

It shows that the size of un-decomposed core of dolomite is 8.8 mm. This result is in a fairly 

good agreement with experimental result (8.3mm or un-decomposed core) shown in Figure 

24a.  The agreement between the model calculation and experimental result reveals 

confidently that heat transfer is the main controlling step for dolomite decomposition. This 

mechanism would explain why the sample does not explore after being introduced into the 

high temperature zone of 1873K. 

4.2.2 Dissolution mechanism 

4.2.2.1 Limestone  

As discussed in the results part, three phase’s viz. CaO, 2CaO∙SiO2, 3CaO∙SiO2 and liquid 

phase (slag, containing mostly CaO and FeO) are found in the region in contact with the slag. 

The phases are identical with the phases found in the surface region of burnt lime after 

reaction with slag. The previous work has also revealed that the removal of the dense 

2CaO.SiO2 layer is the controlling step for the CaO dissolution in slag. Since detailed 

discussion has already been given in section 4.1.1, the present discussion would be focused 

on the difference between the reactions of burnt lime and in situ decomposed lime with slag. 

As mentioned in the last section, the heat transfer is the main controlling step for the calcium 

carbonate decomposition, the structure of limestone after decomposition at 1873K becomes 

essentially important to understand the reaction. 

Figures 23a-23d show that the porosity varies in the decomposed layer, with a very dense 

layer at the surface. This layer is about 0.3-0.5 mm in thickness. Beyond this dense layer and 

inside the CaO phase, the porosity increases towards the CaO-CaCO3 interface, though the 

increase is not substantial.  

It is well known (e.g. Kerstin Elert et al. 
[38]

) that a hard burned lime which has a very low 

porosity is formed at high temperature and a soft burned lime with high porosity is obtained 

at low temperature. This explains the present results, in conjunction with the decomposition 

model presented before.  

This model is validated by its ability to reproduce the experimental value of the size of the 

remaining core of limestone without any adjustable parameter. In this model, a temperature 

gradient is established between the external boundary of the lime layer, at the temperature of 

the environment (argon or slag, at 1873 K) and the internal boundary, at the decomposition 

temperature corresponding to an equilibrium partial pressure of 1 bar, 1176 K. As a 

consequence, the freshly, low temperature formed lime at the inner frontier would exhibit 

high porosity but the outer frontier lime, undergoing ageing at high temperature would 

exhibit sintering with disappearance of the porosity: this is exactly what we see on Figure 23. 
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Because the slag is (obviously) outside the cube, it cannot react with the low porosity, hard 

burned lime that has a low reactivity: this is the reason why the dissolution is slow. 

The process is self-sustained: as the dissolution is slow at the external (lime-slag) boundary, 

the external boundary progresses toward the center at a lower speed than the limestone-lime 

reaction zone does, as a consequence, the temperature gradient decreases, the thickness of the 

high temperature zone in the lime layer increases, the residence time of lime in the high 

temperature zone increases and the lime and the external boundary becomes even less 

reactive. 

The rate determining step for the dissolution of burnt lime has been shown to be the removal 

of the 2CaO∙SiO2 layer: in contrast, the dissolution of the in situ burnt lime occurs in a mixed 

mode where both the surface reaction and the removal of the dicalcium silicate layer 

contribute to rule the overall kinetics. This is due to the high temperature of the slag that 

promotes a fast move of the decomposition reaction zone toward the core and sintering of the 

in situ lime: the temperature of the slag is a constraint of the steelmaking process and cannot 

be modified to permit an efficient use of limestone. 

Table 4 LN values of different samples after 180s reaction in slag (stirred at 100 rpm) at 1873 K 

 

Two recent studies 
[20, 21]

 argue that using limestone instead burned lime would save energy. 

Based on a few industrials, they claim that limestone can dissolve in slag faster. The reason 

according to these authors is that the external surface of limestone is easily and quickly 

converted into lime at a temperature exceeding the decomposition temperature of CaCO3. 

This would make the lime most active and having many gas cavities. On the other hand, the 

authors have not got any evidence to support their speculation. The present experimental 

results and theoretical considerations evidently show that 

(1) The decomposition is controlled by heat transfer, which results in very slow reaction. 

(2) The produced fresh CaO cannot meet the slag, except at the very initial stage of the 

process. 

(3) The produced CaO layer is not porous. It becomes very dense at the surface. 

(4) The dissolution rate of limestone is in general slower than the burned limes (see Table 4). 

Different samples Density (g/cm
3
) LN 

Lime (Type 1)  1.658 59% 

Lime (Type 3) 1.774 62% 

Lime (Type 5) 1.930 78% 

Limestone  2.800 82% 



40 
 

The above facts prove evidently that the arguments given by the two papers 
[20, 21]

 cannot 

hold. The present results strongly suggest that limestone should not be used directly in 

converter unless very fine powder is employed, since the converter process is too short. A 

lump of limestone having 1 cm in size would need 3 minutes to decompose and considerably 

much longer time to dissolve. The present results also suggest that the result reported by the 

recent studies 
[20, 21]

 need to be carefully examined.    

4.2.2.2 Dolomite  

The porous structure of the decomposed dolomite would enable easy slag penetration. This 

aspect is well brought out by Figure 26. The presence of Si and Fe indicates evidently that 

slag has penetrated into the decomposed layer.  

Based on the decomposition mechanism discussed above, it is reasonable to expect that 

dolomite cube has direct contact with slag at the very initial stage of the dissolution. Since the 

decomposition rate is higher than dissolution, the slag would have contact with the 

decomposition product, namely, CaO and MgO. The element mappings shown in Figure 26 

are obtained in the sample kept in slag for only 30 second. The relatively high activity of 

SiO2 at the reaction site leads to the formation of 2CaO∙SiO2 by the reaction (4) 

Since SiO2 and even CaO in the slag are consumed by the formation of 2CaO∙SiO2, the FeO 

left after reaction (4) would be in good contact with decomposition products, MgO and CaO. 

As shown in the phase diagram of CaO-FeO-MgO system 
[23]

 the reaction results in a two 

phase mixture, solid solutions (Mg, Fe)Oss and CaO. Note that only small amounts of MgO 

and FeO are dissolved in the CaO phase. The big islands in Figure 26 are the mixture of the 

two solid phases, while the river like phase is 2CaO∙SiO2.   

With increasing reaction time, 2CaO∙SiO2 starts peeling off from the “cube” in the presence 

of forced convection.
 
The peeling-off of 2CaO∙SiO2 helps the further penetration of the slag 

into the sample. A comparison of Figure 26 and Figure 28 reveals that the phase relationships 

at the dissolution front are different between initial stage and later stage, viz. the solid 

solution (Mg, Fe)Oss becomes MgO∙Fe2O3 at later stage. This change could be explained by 

the oxidation of (Mg, Fe)Oss by CO2 which is accumulated at the dissolution front due to 

reaction (8).  

In zone 2 shown in Figure 28, the solid solution (Mg, Fe)Oss still remains. 2CaO∙SiO2 is 

stable in this zone, since the continuous slag penetration leads to relative low CaO activity. 

The slag penetration and the formation of 2CaO∙SiO2 result in certain amount of liquid phase 

containing mostly CaO, FeO (with very small amount MgO). The formation of this liquid 

phase has been discussed in detail by thermodynamic consideration in section 4.1.1. Beyond 

zone 2 inside the sample, 3CaO∙SiO2 is also found. This could be well explained by the 

increasing CaO activity towards the centre of the sample. 

Figure 29, which shows the microphotograph of region S-2 reveals three phases, solid 

solution (Mg, Fe)Oss, liquid phase and 3CaO∙SiO2. 3CaO∙SiO2 is the major phase in this 

region. As mentioned earlier, all the remaining part of the cube except the interface region 
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has the same structure as S-2 and the same 3 phases. The absence of 2CaO∙SiO2 is because of 

the high CaO activity in this region. 

Note that all the dolomite has decomposed after 180 seconds. Different from limestone 

dissolution, no pure CaO phase could be found inside dolomite sample after stirring in slag at 

1873K for 180 seconds. The absence of pure CaO phase could be due to the porous structure 

of the decomposed dolomite (see Figure 25). The pores easy the slag penetration and 

therefore lead to faster reaction inside the decomposed sample. The benefit of micro pores in 

helping slag penetrated into the dolomite is suggested by Umakoshi et al. 
[11]

. The 

experimental results are in agreement with their observations. The fact that dolomite contains 

only half amount of CaCO3 as limestone could also contribute to some extent, since the 

2CaO∙SiO2 formed would be more discontinuous compared to limestone.  Satyoko and Lee 
[4]

 

claim that the formation of (Fe, Mg)Oss in the 2CaO∙SiO2 layer made the dicalcium silicate 

layer discontinuous and the discontinuous layer helps slag penetration. 

The dissolution rate of dolomite in slag is faster than limestone. However, the rate is still not 

too high. As shown in Figure 30 LN only reaches 0.67 under the present experimental 

condition. It would be interesting to compare the dissolution rate of dolomite with that of 

doloma at the same experimental condition. This would be a future work for the present 

authors. 
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5. Summary 

The dissolution mechanism of lime in stagnant “FeO”- SiO2 and CaO-“FeO”- SiO2 melts at 

1873 K was studied experimentally.  The reaction was very fast in the “FeO”- SiO2 slag, 

while the reaction became extremely slow in the case of CaO “FeO”- SiO2- slag. Irrespective 

of the type of lime, only less than 16 percent lime was reacted with the CaO-“FeO”-SiO2 slag 

before the dissolution was totally stopped. Three phase-regions were found on the surface of 

the reacted lime rods for all types of limes. The formation of these regions could be well 

explained by thermodynamic constraints based on EDS analysis. The formation of a very 

dense 2CaO∙SiO2 layer next to the slag was found to be reasonable for the hindrance of the 

dissolution. 

To study the lime dissolution in slag under forced convection, the suitability of using rotating 

rod method to study the lime dissolution in slag was examined by CFD calculation and cold 

model experiments first. No radial velocity would be generated by the concentrically placed 

long rotating rod. The mass transfer by forced convection was found to depend on the length 

of the immersed rod and its position, which made the method system-dependent. The minor 

forced convection, if any, introduced by the rotating rod made this method unsuitable for the 

study of lime dissolution under the condition of forced convection.  

Then, a high temperature experimental setup was built up to study lime, limestone and 

dolomite dissolution in converter slag. Lime sample in the form of cube was employed. The 

detachment of 2CaO∙SiO2 particles from the lime-slag interface was evidently seen. The main 

dissolution mechanism was found to be the removal of the interface layer(s) including the 

2CaO∙SiO2 phase by shear stress. This conclusion was drawn based on the microphotographs 

of the quenched samples consisting of both remaining lime and slag. The linear relationship 

between LN and reaction time further supported this conclusion, as the dissolution was 

independent of the CaO concentration. 

Dissolution and decomposition of calcium carbonate and dolomite cubes in converter slag 

and without slag at 1873K was studied. Comsol software was used to simulate the limestone 

and dolomite decomposition. It was found that the heat transfer was still the main control step 

even at 1873K. The structure of decomposed limestone become very dense at the boundary 

and gradually become loose. The changing of structure is consistent with the temperature 

gradient. On the other hand, the direct use of limestone in slag would result in dense CaO 

layer at the surface. The decomposed dolomite had many pores, which allowed easy slag 

penetration. At the initial stage of dissolution, river-like 2CaO∙SiO2 was found to surround 

the islands consisting of (Mg, Fe)Oss and CaO phase. At later stage, 2CaO∙SiO2 islands 

peeled off from the sample by convection were found in the slag region close to the interface. 

It implied that the peeling-off of 2CaO∙SiO2 was the controlling step for the dolomite 

dissolution. At the surface of the sample, the (Mg, Fe)Oss phase was oxidized by the CO2 into 

MgO∙Fe2O3. In the region close to the interface, (Mg, Fe)Oss and 2CaO∙SiO2 coexisted with a 

liquid phase containing mainly CaO and FeO. No CaO phase was detected in the sample after 

180 second of dissolution. In the centre part of the sample after 180 seconds, (Mg, Fe)Oss and 

3CaO∙SiO2 coexisted with a liquid phase containing mainly CaO and FeO. 
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