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ABSTRACT 

The present work is to study slag phenomena in steelmaking process. In order to attain the 

goal, a number of high temperature experiments and simulation experiments were carried out. 

Four master slags were used to study the effect of CaF2 on slag viscosity. Experimental 

results indicated the effect of CaF2 on slag viscosity depended strongly on the composition of 

master slag. For high basicity slags, CaF2 mainly suppressed the precipitation of solid phases 

at lower temperatures, leading to a lower viscosity compared to CaF2-free slags. For slags 

with higher SiO2 contents, CaF2 both lowered the viscosity of the liquid phase and suppressed 

the precipitation of solid phases. 

The viscosities of solid-liquid mixtures were experimentally determined for silicon oil-

paraffin system at room temperature and solid-liquid oxide mixture at steelmaking 

temperature. The results of both measurements indicated that the increasing trend of mixtures 

viscosity with particle fraction can be described by Einstein-Roscoe equation.  

Silicone oils of different viscosities were used to simulate slag foaming. The experimental 

results showed, at a constant viscosity, the foaming height increased first with superficial 

velocity before reaching a maximum value. Thereafter, the foaming height decreased with the 

further increase of the superficial velocity. Similar, a maximum foaming height was observed 

at an optimum viscosity when a constant superficial gas velocity was applied. Based on the 

experimental data, a semi-empirical equation of foaming height was developed. The 

predictions of the model agreed well with experiment data. The model could also reasonably 

well explain the industrial pilot trial experiments. 

Water-silicon oils model and liquid alloy (Ga-In-Sn)- 12% HCl acid model were employed to 

simulate the formation of open-eyes in a gas stirred ladle. The experimental results indicated 

that the viscosity of the top liquid and the interfacial tension between the two liquids had only 

little effect on the open-eye size. A semi-empirical model was developed to describe the size 

of open-eye as functions of the gas flow rate, bath height and slag height. The two sets of 

parameters obtained for the water and Ga-In-Sn models were very different. Industrial trials 

were also conducted to examine the applicability of the models. Liquid alloy model could 

well predict the formation of an open-eye during ladle treatment.  

Two cold models, sodium tungstate-oil model and water-oil model, were carried out to 

simulate the formation of droplets in a gas stirred ladle. The experimental results showed that 

the gas flow rate and interfacial tension had strong impact on the size of droplets. A semi-

empirical model was developed to describe the size of droplets for water model. Meanwhile, 

the parameter obtained for water model can be used for sodium tungstate-silicone oil system. 

The results indicate the model has strong compatibility. 

 

 

Key words: slag viscosity, calcium fluoride, fluid viscosity with particles, mixture viscosity, 

foaming, open eye, droplets, cold model, liquid alloy model, sodium tungstate model 
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1 INTRODUCTION 

Slag plays crucial role in many steelmaking processes. As shown in Figure 1, slags in 

different steelmaking processes involve a number of phenomena. Most of them have great 

impact on steel production. For example, the addition of calcium fluoride 
[1-3]

 or the presence 

of solid particles in slag 
[4-5]

 (Un-dissolved calcium oxide etc. in steelmaking slag) changes 

viscosity and other properties of slag, which directly influences slag-metal reaction and slag 

foaming. The gas-liquid plume and the open-eye play also very important roles in ladle 

refining. It is well known that the gas-liquid plume is of essence for dehydrogenation and 

denitrogenation. It has been recently reported 
[6-9]

 that the good slag-metal contact around the 

open-eye makes faster slag-metal reaction, e.g. desulphurization, in comparison with an 

induction stirred ladle. In addition, the separation of inclusions from the liquid steel to the top 

slag is promoted by the argon bubbles 
[6, 10]

. On the other hand, a valiant gas stirring would 

lead to possible emulsification of slag and metal 
[11, 12]

. The small slag droplets emulsified 

could be a potential source of inclusions 
[6]

, when their sizes are very small. Too big size of 

the open-eye would also enhance the oxygen dissolution into the steel in this region, resulting 

in thereby reoxidation 
[6, 8]

. Gas injected into the reactor or produced by reaction might results 

in slag foaming. Proper slag foaming in basic oxygen furnace (BOF) enhances the transfer of 

heat due to post combustion to the metal bath below and enhances the reaction 
[13-19]

. On the 

other hand, excessive slag foaming results in big slopping, which seriously affects the 

production of steel 
[15-19]

. In electric arc furnace (EAF), slag foaming is used to protect 

electrode and metal from atmosphere. A good foaming slag in EAF can also help energy 

saving 
[13-19]

. 

 

Figure 1 Comparison drawing between supplements and industrial phenomena 

Because of the importance of the behaviour of slag in steelmaking processes, a number of 

studies 
[4-8, 10, 12-19, 20-40] 

have been carried out to relate these phenomena to the properties of 

the melts or the gas flow rate, or both. Although these works are very valuable for researchers 

and engineers to gain a certain understanding of the relationship between different parameters 

and these phenomena, further study is still necessary. 

The present study focuses on some phenomena of slag related to converter, EAF and ladle 

processes. Figure 1 shows the relationship between the processes and the slag phenomena, as 

well as the supplements involved. The tasks of the present work are: (1) Studying the effect 

of calcium fluoride on slag viscosity; (2) examining the effect of solid particles on slag 

viscosity; (3) developing semi-empirical model for open eye size; (4) developing a semi-

empirical model for slag foaming; (5) studying the droplet size formed around the open eye. 
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2 EXPERIMENTAL  

2.1 Viscosity Measurement  

2.1.1 High temperature experiment 

2.1.1.1 Preparation of slag 

In order to study the effect of calcium fluoride and the presence of particles on slag viscosity, 

some slag compositions were chosen based on the phase diagrams of the Al2O3-CaO-MgO-

SiO2 system 
[41]

. These points are shown in Figure 2 and Figure 3. These slag compositions 

are also listed in Table 1 and Table 2.  

 

Figure 2 Phase diagram for master slag 
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Figure 3a Phase diagram involving slag D 

 

Figure 3b Phase diagram involving slag E 
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Table 1 Slag compositions and the analysed CaF2 contents after experiments. 

Exp. No. 
Chemical composition of master slags (mass%) CaF2 content in slag after 

measuring (mass%) CaO Al2O3 SiO2 MgO 

1 
55 25 15 5 

0 

1A 2.9 

1B 4.5 

2 
43 25 22 10 

0 

2A 3.1 

3A 
60 25 7.5 7.5 

3.9 

3B 4.9 

4A 
55 25 10 10 

2.5 

4B 4.3 

Table 2 Compositions of liquid slag, total compositions and viscosities of the mixture  

No. D0 D1 D2 D3 E0 E1 E2 

Volume fraction of particle 0 0.025 0.057 0.091 0 0.029 0.049 

Particle type C2S C2S C2S C2S MgO MgO MgO 

Liquid 

composition 

(mass%) 

CaO 52 52 52 52 43 43 43 

Al2O3 30 30 30 30 25 25 25 

SiO2 13 13 13 13 22 22 22 

MgO 5 5 5 5 10 10 10 

Total 

composition 

(mass%) 

CaO 52 52.4 52.7 53.2 43 41.7 40.6 

Al2O3 30 29.1 28.3 27.3 25 24.3 23.6 

SiO2 13 13.6 14.2 15.0 22 21.4 20.8 

MgO 5 4.9 4.7 4.5 10 12.6 15.1 

Viscosity(mPa.s) 269.8 301.6 336.2 378.4 414.7 447.5 509.8 

MgO, SiO2, Al2O3, CaO and CaF2 reagent grade chemicals were used in present study. Their 

purities along with suppliers are listed in Table 3. MgO, SiO2, Al2O3 and CaO were calcined 

at 1273K for 12 hours in a muffle furnace, while the CaF2 powder was dried at 773 K. After 

weighing, the powders were mixed thoroughly in an agate mortar.  

Table 3 Materials used in the present study  

Material Description Supplier 

CaF2 -325 mesh, 99.95%, metal basis Alfa Aesar 

MgO -325 mesh, 99+%, metal basis SIGMA-ALDRICH 

CaO -325 mesh, 99+%, metal basis SIGMA-ALDRICH 

Al2O3 -200+325 mesh, 99+% SIGMA-ALDRICH 

SiO2 Ar grade SCRC 

Argon gas Argon instrument 5.0 AGA Gas 

To study the effect of CaF2 on slag viscosity, the slags were prepared in 2 steps. First, the 

master slag containing Al2O3-CaO-MgO-SiO2 was pre-melted in Mo crucible in the same 

furnace. The pre-melted master slag along with crucible was quenched rapidly to avoid the 

expansion of the sample due to phase transformation, which would damage the Mo crucible. 

CaF2 powder was added to the master slag. The master slag-CaF2 mixture was pre-melted 

again in the same furnace. In the process, a Mo cover was put on the top of the crucible to 
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avoid the extensive volatilization of CaF2 before it dissolved into the slag. Again, the sample 

was quenched to keep the Mo crucible from cracking. The Mo cover was removed before the 

furnace was heated up again for viscosity measurements. Purified argon gas atmosphere was 

applied throughout the pre-melting procedures. In some case, the master slag had very high 

melting temperature. In such case, only step two was used. Each pre-melted slag was about 

160 g.  

To examine the effect of solid particles on the viscosity of liquid, two types of solid-liquid 

mixtures were prepared, one with 2CaO.SiO2 particles and the other with MgO particles. The 

liquid compositions of the two liquids were chosen on the basis of the phase diagrams of the 

Al2O3-CaO-MgO-SiO2 system. The composition of the first liquid (Sample D0), in which 

2CaO.SiO2 particles were later added, is shown in Figure 3a. The composition of the second 

liquid (Sample E0) for the MgO addition is shown in Figure 3b.  

The mixed sample was pre melted in graphite crucible using an induction furnace. The 

composition of the pre melted slag was confirmed using X-ray Fluorescence (XRF) analysis. 

The analyzed composition showed very little difference with the target composition with a 

deviation of ±1 mass%. 

In view of the uncertainties of the liquidus temperatures given by the phase diagram, efforts 

were made to determine accurately the liquidus temperatures of the two Sample D0 and 

Sample E0. This determination was essential to ascertain the fractions of solid particles for 

the solid-liquid mixtures. To obtain the liquidus temperature, the viscosity-time curves were 

used. (The viscosity measurement procedure is discussed in detail later in this section.) As an 

example, Figure 4 presents the viscosity-time curves of Sample D0 at four different 

temperatures. The initial times were chosen in the same way for all the temperatures. It is 

seen, a plateau is observed after about 1200 s, at 1790 K and 1788 K. On the other hand, the 

viscosity of the sample has not reached a plateau after 5000 s at 1784 K and 1786 K. The 

increasing trends of viscosity with time shown in Figures 4a and 4b indicate the 

precipitation of particles. It is reasonable to expect that the liquid temperature is about 1788 

K. In a similar manner, the liquidus temperature of Sample E0 was determined to be about 

1736K. Different amounts of SiO2 and CaO (in mole ratio of 1:2) were added to Sample D0 

for the preparation of liquid-2CaO.SiO2 particle mixtures. In the case of MgO particles, 

different amounts of MgO were added to Sample E0 to get different fractions of MgO 

particles. All the samples are listed in Table 2. The liquid compositions of the samples are 

also presented in the same table. 
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Figure 4 Variation of viscosity with time at different temperatures (sample D0) 

2.1.1.2 Setup and procedure 

The experimental setup is schematically shown in Figure 5.  A Brookfield digital viscometer 

(model: DV-II+ Pro) was used. The viscometer was placed in a vacuum tight Polymethyl 

methacrylate (PMMA) box on the top of the furnace setup. The viscosity value could be 

followed by the computer as a function of time using the software supplied by Brookfield.  

A graphite resistance furnace, the Laboratory Furnaces Group 1000, supplied by Thermal 

Technology Inc. was used for this investigation. The variation of the temperature in the even 

temperature zone of the furnace was less than ± 3 K. The furnace could be moved along the 

vertical direction by a hydraulic moving system. The temperature of sample was measured by 

Pt - 6% Rh / Pt - 30% Rh thermocouple in a molybdenum rod connected to the molybdenum 

platform. The thermocouple was kept in an alumina tube with closed upper end. 

Molybdenum crucible (inner diameter: 42 mm and inner height: 153mm) was used for all the 

measurements. The crucible was placed on the molybdenum platform. The spindle was also 

made of Mo. The spindle consisted of a bob and a shaft (see Figure 5). The dimensions of the 

bob were 19 mm in diameter and 18 mm in height. The diameter of the shaft was 4 mm, and 

its length 50 mm. About 160 g of the prepared sample was put into a molybdenum crucible.  
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Figure 5 Experimental set up for viscosity measurement at high temperature 

In a general run, the reaction chamber along with the PMMA box was evacuated after placing 

the Mo crucible on the platform and the spindle just above the sample. Purified argon gas was 

introduced from the gas inlet situated at the bottom of the reaction chamber and led out from 

the top of the PMMA box. An argon flow of low flow rate (about 0.05L/min) was maintained 

throughout the whole experiment. The sample was heated up to a temperature of 1913 K and 

kept there for 4 hours for complete melting. The furnace was moved up slowly to immerse 

the spindle into the liquid. A low rotational rate was employed to ensure homogenization of 

the sample. Thereafter, the sample was cooled down slowly or heat up to the measuring 

temperature. The viscosity-time curve was registered. 

After measurement, the sample along with the crucible was quenched by moving the sample 

to the quenching chamber. At the same time, argon gas with very high flow rate was 

impinged on the sample to increase the cooling. The sample temperature was followed by the 

thermocouple attached to the bottom of the crucible. Usually, the sample could be cooled to 

1573 K in 30 s.  

A number of pieces of the quenched sample were collected for analysis. In the first case, ion 

elective electrode method was used to analyze the content of CaF2 in slag. In the second case, 

in order to confirm the phase of precipitated particles and estimate the volume fraction of the 

particles, a Scanning Microscope (Hitachi-S3700N) equipped with EDX analyser was 

employed. 

2.1.2 Room temperature experiment 

Silicon oils with different viscosities were employed. The oils were supplied by BDH 

Laboratory, Supplies Poole, BH15 1TD, England. Table 4 presents the physical properties of 

the oils (B and G). Paraffin particles were added to the silicon oil to obtain different oil-

paraffin mixtures. Pieces of paraffin were first grinded into fine particles. A series of sieves 

with different meshes were employed to obtain particles in different size ranges.  
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Table 4 Physical properties of silicone oils used in the study 

Oil 
Kinematic viscosity  

μ(10
-6

m
2
/s) 

Surface tension 

σ(10
-3 

N/m)
 

Density  

ρ(kg/m
3
) 

Initial height  

h0(cm) 

A 50 20.7 960±4 4.5 

B 100 20.9 965±4 1.5,3.0, 4.5, 6.0, 7.5 

C 118 (21) (970) 4.5 

D 130 (21) (970) 4.5 

E 146 (21) (970) 4.5 

F 165 (21) (970) 4.5 

G 200 21 968±4 4.5 

H 229 (21) (970) 4.5 

I 256 (21) (970) 4.5 

J 280 (21) (970) 4.5 

K 335 21.1 969±4 4.5 

L 515 21.1 970±4 4.5 

A digital Brookfield LVDVII +Pro viscometer was adopted. The experimental setup is 

schematically shown in Figure 6. A beaker having inner diameter of 90mm and height of 

120mm was employed to hold the two phase mixture. The beaker was placed in a thermostat 

that kept a constant temperature of 298 K for all the measurement.  The viscometer was kept 

above the beaker. A guard leg was used according to the recommendation given by 

Brookfield. The spindle along with its dimensions is also presented in Figure 6.  

 

Figure 6 Experimental set up for viscosity measurement at room temperature 

In a general run, a predetermined amount of paraffin particles in a chosen size range were 

added into the silicon oil. The oil-paraffin mixture was stirred extensively by the spindle 

using very high rotation speed to ensure homogenization. Thereafter, the viscosity of the two 

phase mixture was measured using different rotation speeds. At each rotation speed, the 

measuring time was about 600 s. An average value was calculated over the time. Using 

different rotation speeds was to make sure no turbulence was generated by the stirring. Too 

high rotation speed would lead to higher torque due to turbulent viscosity. A nearly constant 

viscosity value at different rotation speeds would suggest the absence of turbulence. A final 

average value was calculated over the measurements of at least 3 different rotation speeds.  
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The viscometer was calibrated regularly, usually after a few measurements using the standard 

oils (50.4 mPa.s and 480mPa.s) supplied by Brookfield. 

2.2 Cold Model 

2.2.1 Silicon oil model 

Silicon oils with different viscosities were employed. The physical properties of the oils are 

presented in Table 4. Oils A, B, G, K and L were supplied by BDH Laboratory, Supplies 

Poole, BH15 1TD, England, while oils C, D, E, F, H, I and J were obtained by mixing the 

different oils commercially available. Oils C, D, E, F, I and J were all single-phase solutions, 

as different oils could easily dissolve each other. Note that the surface tensions of oils A, B, 

G, K and L are all about 21×10
-3

N/m. It is reasonable to expect that the surface tensions of 

the oil mixtures, namely, oils A, B, G, K and L have also surface tensions very close to 

21×10
-3

N/m. While the viscosity of oils A, B, G, K and L were supplied by BDH Laboratory, 

the viscosities of the oil mixtures were determined by a digital Brookfield LVDVII +Pro 

Viscometer. The viscometer measured the torque required to rotate the spindle in a fluid. 

To study the effect of particles on foaming, paraffin was grinded into small particles. The 

powders were filtered with sieves of different meshes successively to get powders in a 

number of different size groups.  

The experimental setup is schematically shown in Figure 7. A transparent cylindrical vessel 

was used. It had an inner diameter of 92mm and height of 400mm. A silicon oxide filter (with 

pore range 17-40μm) divided the vessel into two parts, namely a gas chamber and liquid 

column. The height of the gas chamber was 45mm. Compressed air was used to generate the 

foam. The flow rate of the compressed air was controlled by a digital flow meter 

(BRONKHORST HIGH-TECH, Type: F-201C-FA-33-V). Different gas flow rates were 

used. The air gas was introduced through the gas inlet situated in the centre of the bottom of 

the gas chamber. The gas chamber enabled a uniform distribution of gas passage through the 

pores of the filter. A ruler was attached to the outside wall of the vessel to measure the height 

of foaming. The process of foaming was recorded by video camera after stabilization of the 

foam. In view of the fluctuation of the foaming height, an average value was taken over many 

flames recorded in a time period of 5 minutes.  

 

Figure 7 Schematic diagram of the experimental set-up for modelling foaming 

The effect of small particles on foaming was studied by adding different amounts of paraffin 

particles in the oil and following the foaming heights. Again, different gas flow rates were 

employed. To examine whether the increase of the viscosity of the liquid due to the presence 
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of particle was the reason for the particle effect on foaming, the viscosities of different oil-

paraffin mixtures were also measured by the Brookfield LVDVII +Pro Viscometer. 

2.2.2 Water-silicon oil model 

One water model of 1/5-scale of a 170 ton steel ladle was employed in the present study. The 

experimental setup is shown in Figure 8. It consisted of an acrylic cylindrical vessel (inner 

diameters: 60cm, the maximum height of the liquid bath: 50cm) that was placed in a 

rectangle container (avoiding image distortion), and a mass flow controlling system. 

Compressed air was injected into the vessel through a centrally placed nozzle on the bottom 

of the cylindrical vessel. The nozzle had an inner diameter of 6mm. Tap water and silicone 

oil were used to simulate liquid steel and slag layer, respectively. In order to clearly observe 

droplets and open eye, a few drops of Sudan blue were added to the silicone oil. A previous 

study showed that the addition of Sudan blue had no detectable effect on the physical 

properties of the system. In order to study the effect of interfacial tension on droplet size and 

open-eye size, different amounts of soap were added to water to get different interfacial 

tensions between water and silicone oil. Video cameras were employed to catch the size of 

droplets and open-eye. In order to measure the droplet sizes, a transparent soft ruler was 

adhered to the inner wall of the cylinder.  

 

 

Figure 8 Schematic diagram of the experimental setup for simulating ladle 

2.2.3 Sodium tungstate–silicon oil model 

The model of 1/16-scale of the 170 tons ladle was used to simulate the formation of droplets. 

The experimental setup is similar to water model. It has an inner diameter of 18.8cm and the 

maximum liquid bath height of 17.2cm. Sodium tungstate solution and silicone oil were used 

to simulate liquid steel and slag layer, respectively. A few drops Sudan yellow were added to 

the top liquid. Compressed air was employed in this study. The gas inlet positioned in the 

centre of the bottom had an inner diameter of 6 mm. The properties of the liquids used in the 

experiments are included in Table 5. 
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Table 5 Physical Properties of the liquids used in the study excluding silicone oil  

Fluid Density (kg/m
3
) Viscosity (Pa.s) 

Water 1000 0.001 

Liquid alloy 6400 0.006 

Hydrochloric acid (12%) 1060 0.001 

Sodium tungstate 2000 0.010 

2.2.4 Liquid alloy - hydrochloric acid model 

In the case of the cold model using Ga-In-Sn alloy, the model was 1/12.5-scale of the 170 ton 

ladle. The inner diameter of the model was 24cm; and the maximum height of the metal bath 

was 60 cm. Liquid Ga-In-Sn alloy and hydrochloric acid were used to simulate liquid steel 

and slag layer, respectively. A few drops Sudan yellow was added in the top liquid to observe 

open eye easily, which showed a yellowish color. The properties of the liquids used in the 

experiments are also included in Table 5. Argon gas instead of air was employed in this 

model experiments to avoid any oxidization of the alloy. The gas inlet positioned in the 

centre of the bottom had an inner diameter of 6 mm. 

In a general experiment, the heights of liquids were carefully measured. A predetermined 

constant gas (either compressed air) flow rate was kept in each experiment. Video record 

lasted 10 minutes after the flow had reached steady state. Both video clips and steady photos 

were taken. The images were used to determine the size of droplets and open eye.  

2.3 Industrial Trials 

Saarstahl AG, Germany produces special steels for automotive industry. It has a ladle of 170t 
[10]

. Argon stirring practice is applied in the ladle treatment. Argon is introduced through one 

off-centered porous plug on the bottom of the ladle. The height of the top slag is usually in 

the range of 4-6 cm. An infrared video camera has been installed to monitor the open-eye 

formation recently. An image analysis software package has been developed by the 

collaboration of BFI and Saarstahl. This on line analysis tool allows accurate measurements 

of the open-eye size. In the present study, trials were carried out to measure the size of open-

eye as a function of argon gas flow rate. In each measurement, the size of open-eye was 

recorded after the flow had reached steady state at a predetermined gas flow rate. In general, 

2-3 minutes were required for the flow to stabilize.  
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3 RESULTS 

3.1 The Effect of Calcium Fluoride on Slag Viscosity 

The compositions of the master slags and the analyzed CaF2 content are presented in Table 1. 

The experimental results are presented in Figures 9a-9d. The different figures show the 

results involving the four different master slags, respectively. The data for the master slag 2 

without CaF2 addition are from a previous work in the present laboratory 
[67]

. 
 

 

 

Figure 9 Variation of viscosity with temperature for different CaF2 additions 

3.2 The Effect of Solid Particles on Liquid Viscosity 

3.2.1 Viscosity measurements at room temperature 

Three silicon oils (see Table 6) and paraffin particles in 5 size groups are studied. The 

determined viscosities of different oil-paraffin mixtures are listed in Table 6. As mentioned 

in the experimental part, each listed value is the average value calculated based on 

measurements of at least 3 rotation speeds. The deviations of the data from the average values 

are less than 1%. For each series (Column 1), the same silicon oil is studied. The measured 

viscosities for different amounts of paraffin addition are presented in the table in the same 

column. It is clearly seen that the increase of volume fraction of the paraffin results in the 

increase of the viscosity of the mixture, irrespective of the particle size. 
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Table 6 Viscosities (mPa.s) of different paraffin-oil mixtures at 298K 

No. 1 2 3 4 5 6 7 

Particle size(μm) ≤150 150-250 250-350 350-450 250-350 350-450 450≤2000 

Content of 

paraffin 

particle 

(volume%) 

0 97.9 97.5 97.3 98.1 185.9 187.3 192.0 

0.6 100.2 100.8 99.4 99.5 189.1 191.3 - 

1.1 102.1 103.1 101.7 102.0 193.0 195.2 - 

3.3 111.6 110.6 109.5 111.0 208.7 210.6 - 

5.1 - - - - - - 233 

9.7 - - - - - - 275 

10.2 141.6 140.3 140.9 143.3 273.7 268.2 - 

15.0 - - - - - - (350) 

17.4 - - - - - - (390) 

21.3 - - - - - - (468) 

Note that the viscosity values for the mixtures above 15 volume percent of paraffin additions 

are given in blankets (Series 7). It is found in the experiments that the mixture of two phases 

deviates from Newtonian fluid when the content of particles is at and above 15 volume%. 

The viscosity value behaves abnormally with the variation of rotation speed. This aspect is 

illustrated in Table 7. The measured viscosities of oil G at different rotation speeds are 

presented in the second row, while the viscosities of the same oil with 15volume% and 

25volume% additions are listed in row 3 and 4 respectively. The measurements at different 

rotation speeds show very consistent values for the pure oil. On the other hand, the viscosities 

vary with the rotation speed in the case of both 15volume% addition and 25volume% 

addition. It is worthwhile to mention that the viscosity increases with the increase of rotation 

speed for 15volume% addition, but decreases with the increasing rotation speed for 

25volume% addition. Hence, the values given for these measurements could only be used for 

some kind reference. 

Table 7 Viscosities at different rotation speeds 

Volume fraction 

of oil 

Volume fraction  

of Particle 

Rotation speed(r/min) 

20 40 60 80 100 

1 0 194 191 192 192 191 

0.85 0.15 - 455 464 480 - 

0.75 0.25 - - 603 - 580 

3.2.2 Viscosity measurements at steelmaking temperature 

Figure 10a presents the SEM micrograph taken from the quenched sample E2. As discussed 

in the sample preparation, the sample is expected to precipitate 6 mass% MgO when it is 

cooled down from 1903 K to experimental temperature 1736K. The dark phase is identified 

to be MgO by EDX analysis, while the grey matrix is super cooled liquid. Note that some 

micro fishbone like particles are seen in the liquid matrix. This is believed to be the 

precipitation during quenching. The quenching rate is not sufficient to avoid the precipitation. 

However, it is very easy to identify the solid MgO particles from the micro precipitation 

during cooling. Area EDX analyses in the matrix reveal a composition that is very close to 

sample E0. The analyzed liquid composition of sample E2 is presented in Table 8. As seen, 

the composition of the liquid in sample E2 is almost the same as that of sample E0 within the 

uncertainty of the EDS analysis.  The surface area of the MgO phase was evaluated using 

several images taken from different positions of sample E2. Based on the area of the MgO 

phase, the volume fraction of MgO in the sample is roughly estimated to be about 0.05. The 
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identical composition of the liquid in Sample E2 and the composition of Sample E0 along 

with evaluated volume fraction of the MgO phase confirm the expected experimental 

condition, that 6 mass% MgO coexist with liquid in sample E2 at 1736K. The sizes of the 

MgO particles are in the range of 50-100 μm.  

Table 8 Analyzed liquid compositions of D3 and E2 

No. 
Compositions of liquids (mass%) 

CaO Al2O3 SiO2 MgO 

D3 52.7 29.5 12.7 5.1 

E2 42.7 25.4 21.6 10.3 

Figure 10b presents the SEM micrograph taken from the quenched sample D3. The light 

grey phase is identified to be 2CaO.SiO2 by EDX analysis, while the matrix which is dark 

grey is super cooled liquid. Similar as Sample E2, micro precipitation in the matrix is seen. 

The analyses of area EDX in the matrix (see Table 8) reveal a composition that is almost 

identical with sample D0 (see Table 2). Based on the area of 2CaO.SiO2, the volume fraction 

of 2CaO.SiO2 in the sample is roughly estimated to be 0.09-0.1. As in the case of sample E2, 

the identical liquid composition in sample D3 and D0 as well as the evaluated volume 

percentage of 2CaO.SiO2 in sample D3 indicates that Sample D3 consists of liquid phase and 

about 10 mass% 2CaO.SiO2 at 1788K. The average particle size of 2CaO.SiO2 is estimated to 

be about 40 μm. 

Figure 10 SEM images of sample E2 and D3 

Note that the conformation of the experimental conditions for sample E2 and D3 would also 

confirm the experimental conditions for E1, D1 and D2. 

Figure 11a presents the variation of viscosity with time for sample D3 at 1788K. The 

viscosity decreases with stirring time in the initial stages. The decreasing rate, as indicated by 

the slope of the curve, decreases with time. A plateau is reached after 4250 s. The viscosity is 

constant thereafter. The curve shown in Figure 11a is typical when the samples containing 

high volume fraction of particles are studied. The plateau indicates the homogenization of the 

sample. An average value is taken from the plateau region (as indicated by the horizontal 

line) for the two phase mixtures.  
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Figure 11 Variation of viscosity with time for Sample D3 and D1 at 1788K 

Figure 11b presents the variation of viscosity with time for sample D1 at 1788K. Unlike 

Sample D3, the viscosity increases with stirring time before it reaches a plateau. This 

behaviour is common when the samples containing high volume fraction of particles are 

studied. Again, an average value is taken from the plateau region for the two phase mixtures. 

The measured viscosities of the two phase mixtures are listed in Table 2 along with the 

viscosities of the two samples of pure liquid. 

3.3 Modelling of Slag Foaming 

Foaming experiments of 12 oils (see Table 4) were conducted. As an example, Figure 12a-

12c present the photographs of the foams of oil B at three superficial gas velocities. It was 

commonly observed that silicone oil could not foam at very low superficial velocity, because 

of the rupture rate of bubbles is higher than the formation rate of bubbles. Below a certain 

superficial velocity, many small gas bubbles scattered inside the oil and rose slowly, while 

the increase of the oil height was hardly noticed. At moderated gas flow rates, foams were 

generated. In most of the cases, the “liquid” became two layers when foaming started 

appearing. Figure 12a is an example of this foaming regime. When the superficial gas 

velocity was in a suitable range, the whole liquid bath became foam. Figure 12b shows a 

typical example of this situation. As seen in the figure, the foaming height is several times of 

initial height of the liquid. Above a certain gas velocity, the height of foam started 

decreasing. The “liquid” became two layers again (see Figure 12c). When the superficial 

velocity became too high, big bubbles formed. The big bubbles rose rapidly, resulting in 

strong turbulence in the oil. In this regime, very little foaming was observed.  



16 

 

 

Figure 12 Images of foaming (oil B, a: j=0.18×10
-2

m/s, b: j=0.72×10
-2

m/s,  

c: j=1.44×10
-2

m/s) 

The foaming heights of the 12 oils were measured at different gas flow rates and initial liquid 

heights. The results are presented in Table 9. Δh in Table 9 is defined by the following 

relationship, 

                                                          0hhh   

where h and ho stand for the total height and initial height of the bath, respectively. μ in 

Table 9 represents the kinematic viscosity of the oil. 

Table 9 Experimentally determined foaming heights 

Kinematic 

viscosity 

(10
-6

m
2
/s)

 

Initial 

height 

h0(cm) 

Δh 

Superficial gas velocity(10
-2

m/s) 

0.18 0.36 0.54 0.72 0.90 1.08 1.26 1.44 1.80 2.16 

50 4.5 1.5 3.6 4.5 4.7 4.3 3.6  1.8 1.8  

100 

1.5 0.4 1 1.8 2.2 2.3 2.2  2   

3.0 0.5 2.4 3.5 4.3 4.3 3.8 3.4 2.7 2.2  

4.5 1.8 5 5.7 5.8 5.1 4.1  2   

6.0 1.1 7.2 7.4 6.8 5.5 4.2  1.9   

7.5 1.1 8.7 9.1 8 5.3 2.6  1.8   

118 4.5 4.2 6.1 6.4 6.1 5.6 5.1  3.3 2.4  

130 4.5 7.4 7.8 8.1 7.3 6.5 5.9  4.7 3.2 1.9 

146 4.5 6.7 7.2 7.4 6.7 6.1 5.5  3.5 2  

165 4.5 6.5 7.6 7.6 7.2 5.6 4.8  2.9 1.8  

200 4.5 4.4 5.4 5 3.5 2.7 2.3 1.8 1.4 1.2  

229 4.5 3.7 4.6 3.2 2.5 2 1.6 1.4 1.2   

256 4.5 0.8 2.2 2.2 1.8 1.6 1.5 1.2 1.2   

280 4.5 0.5 0.8 1 1 1 1 1 1   

335 4.5 0.9 1 1 1 1 0.9 0.9 1   

515 4.5 1.4 1.4 1 1 1 1 1 1   

Two oils, namely oil B and oil G, were employed to study the effect of small particles on 

foaming. The results are presented in Table 10. It should be mentioned that all the paraffin 
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particles are smaller than 1 mm. Experiments with particles bigger than 5 mm indicate that 

the foaming height is generally decreased by the particles. In view of the irreproducibility of 

this type of experiments, it is difficult to present the experimental observation. Nevertheless, 

the experiments show clearly that big solid particles only decrease the foaming height. 

Table 10 Experimental results of oil B and oil G with different amounts of additions of 

paraffin particles (particle size < 1mm) 

Viscosity 

η0(mPa.s) 

Superficial 

velocity 

j(10
-2

m/s) 

Δh/h0 

Particle percent (volume%) 

0 2 4 6 8 10 

97 0.13 0.98 0.98 1.36 1.36 1.36 1.2 

97 0.26 1.29 1.29 1.49 1.31 1.09 1 

97 0.39 1.42 1.33 1.38 1.16 0.96 0.78 

97 0.52 1.44 1.27 1.2 1 0.71 0.56 

97 0.79 1.29 1.11 0.76 0.51 0.38 0.38 

97 1.05 0.93 0.8 0.51 0.38 0.29 0.27 

97 1.42 0.51 0.44 0.33 0.29 0.22 0.24 

97 1.77 0.38 0.33 0.29 0.24 0.22 0.22 

97 2.13 0.29 0.24 0.24 0.24 0.22 0.22 

186 0.13 1.58 1.51 1.36 1.22 1 0.82 

186 0.26 1.53 1.42 1.11 0.82 0.67 0.51 

186 0.39 1.36 1.13 0.76 0.6 0.44 0.42 

186 0.52 1.07 0.82 0.56 0.33 0.38 0.38 

186 0.79 0.62 0.49 0.38 0.29 0.33 0.29 

186 1.05 0.36 0.33 0.29 0.27 0.27 0.24 

186 1.42 0.24 0.24 0.24 0.24 0.24 0.24 

3.4 Open Eye Formation in an Argon Stirred Ladle 

 

Figure 13 Schematic diagram of gas-liquid plume along with the open-eye region 



18 

 

In the study of water model, the effects of the height of water (H), the height of the top phase 

(h), the viscosity of the top phase (η) and gas flow rate (Q) were studied. The experimental 

results of the water model experiments are presented in Table 11. Figure 13 schematically 

illustrates the flow of the gas-liquid plume along with the open-eye region. Table 11 lists the 

conditions for all water model experiments along with the measured data for Ae. Note that the 

listed values of Ae are the average values over more than 10 images, as the open-eye always 

fluctuates with time. The open-eye sizes obtained with silicon oils of different viscosities are 

presented as functions of gas flow rate in Figure 14a. Though the viscosity of the upper 

liquid shows somewhat effect on the open-eye size, the effect is not substantial, especially at 

lower gas flow rate. The effect of interfacial tension between the two liquids is shown in 

Figure 14b. It is to be seen that the impact of the interfacial tensions on the open-eye size is 

minor.  

Table 11 The measured sizes of open-eye in water model  

No. H(10
-1

m) h(10
-2

m) Q(10
-5

m
3
/s) η(Pa·s) σ(N/m) Ae(10

-1
m

2
)
 

1 4.5 1.5 1.5 0.1 0.031 0.57 

2 4.5 1.5 2.5 0.1 0.031 0.85 

3 4.5 1.5 3.75 0.1 0.031 1.23 

4 4.5 1.5 6.25 0.1 0.031 1.58 

5 4.5 1.5 7.5 0.1 0.031 1.72 

6 4 2.0 1.5 0.1 0.031 0.29 

7 4 2.0 2.5 0.1 0.031 0.57 

8 4 2.0 3.75 0.1 0.031 0.86 

9 4 2.0 5 0.1 0.031 1.04 

10 4 2.0 7.5 0.1 0.031 1.30 

11 4.5 2.0 1.5 0.1 0.031 0.44 

12 4.5 2.0 2.5 0.1 0.031 0.63 

13 4.5 2.0 3.75 0.1 0.031 0.96 

14 4.5 2.0 5 0.1 0.031 1.14 

15 4.5 2.0 7.5 0.1 0.031 1.44 

16 4.5 2.5 1.5 0.1 0.031 0.27 

17 4.5 2.5 2.5 0.1 0.031 0.47 

18 4.5 2.5 3.75 0.1 0.031 0.67 

19 4.5 2.5 5 0.1 0.031 0.99 

20 4.5 2.5 7.5 0.1 0.031 1.24 

21 3.5 2.0 1.5 0.1 0.031 0.26 

22 3.5 2.0 2.5 0.1 0.031 0.46 

23 3.5 2.0 3.75 0.1 0.031 0.77 

24 3.5 2.0 6.25 0.1 0.031 1.10 

25 3.5 2.0 7.5 0.1 0.031 1.20 
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Figure 14 Variation of open-eye size with gas flow rate for different viscosities of top liquid 

and interfacial tensions between top liquid and bath liquid 

Figure 15a presents an example of the open-eye formed in the Ga-In-Sn model 

(Experimental No.3). Table 12 contains the values of Ae determined in the Ga-In-Sn model 

experiments. In view of the fluctuation of the open-eye due to high gas flow rates, the listed 

values are the average values over more than 15 images. The critical gas flow rates for the 

initiation of open-eye under different experimental conditions are presented in Table 13. 

 

Fig. 15 Images of open eye  
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Table 12 The measured sizes of open-eye in liquid metal model 

No. H(10
-1

m) h(10
-2

m) Q(10
-4

m
3
/s) Ae(10

-6
m

2
) 

1 1 1.5 0.18 Critical point 

2 1 1.5 0.35 5.0 

3 1 1.5 0.53 15.0 

4 1 1.5 0.70 23.0 

5 1 2 0.35 Critical point 

6 1 2 0.53 4.2 

7 1 2 0.70 11.2 

8 1 2 0.88 13.0 

9 1 2 1.05 23.0 

10 1 3 0.88 0.4 

11 1 3 1.05 2.8 

12 1 3 1.40 9.9 

13 1 4 0.88 0 

14 1 4 1.05 0 

15 1 4 1.40 0 

16 1.45 1.5 0.18 Critical point 

17 1.45 1.5 0.35 6.9 

18 1.45 1.5 0.53 18.0 

19 1.45 1.5 0.70 30.0 

20 1.45 3 0.35 0 

21 1.45 3 0.53 0 

22 1.45 3 0.70 0 

23 1.45 3 0.88 0 

24 1.45 3 1.05 1.6 

25 1.45 3 1.40 8.0 

26 1.45 4 0.88 0 

27 1.45 4 1.05 0 

28 1.45 4 1.40 0 

Table 13 Critical gas flow rates of open-eye formation for cold metal model 

H(10
-1

m) h(10
-2

m) Q(10
-5

m
3
/s) w 

1 1.5 1.8 0.49 

1 2 3.5 0.50 

1 3 8.8 0.51 

1.45 1.5 3.5 0.56 

1.45 3 10.5 0.52 

In the industrial trials, 4 heats were studied. In each heat, different gas flow rates were 

employed. Figure 15b presents one of the images obtained by the infrared camera. In 

contrast with the ordinary camera, the open-eye can be very well defined. The sizes of open-

eye measured with the BFI online image analysis software package are plotted in Figure 16 

as functions of recorded gas flow rates of argon for the four heats. Unfortunately, it is 

impossible to measure the exact heights of the slag layers of these heats. According to the 

operators, the thicknesses of the layers are in the range of 4-6cm. It should be pointed out that 

the slag layer is unusually thin in Heat 3. The height of the steel is calculated to be 3.18 m 

from the ladle dimensions and the density of the liquid steel.  
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Figure 16 The comparison between the model predictions and the industrial open-eye sizes  

3.5 Droplet Formation in Bottom Blowing Ladle 

In the case of water model, the effects of the height of water (H), the height of the top phase 

(h), the interfacial tension between two liquids (σ) and gas flow rate (Q) were studied. Figure 

17 presents an example of droplet formation in the water model (Experimental No.2). To help 

the reader, Figure 13 illustrates schematically the formation of droplets around open eye. 

Table 14 lists the conditions for all water model experiments along with the average 

diameters of droplets. The average diameter of droplet is evaluated over at least 50 droplets.  

 

Figure 17 Droplet image in water-silicone oil model 
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Table 14 The measured sizes of droplet in water model 

No. h(cm) H(cm) σ(N/m) Q(l/min) Ae(m
2
) d(measured,mm) 

1 1.5 45 0.032 3.75 0.155 2.7 

2 1.5 45 0.032 4.5 0.171 2.1 

3 1.5 45 0.032 6 0.18 1.8 

4 2 45 0.032 3 0.119 2.4 

5 2 45 0.032 4.5 0.146 1.9 

6 2 45 0.032 6 0.163 1.9 

7 2.5 45 0.032 3 0.094 2.5 

8 2.5 45 0.032 4.5 0.119 1.6 

9 2.5 45 0.032 6 0.141 1.5 

10 2.5 45 0.02 3 0.094 1.6 

11 2.5 45 0.02 4.5 0.119 1.3 

12 2.5 45 0.02 6 0.141 1.1 

13 2.5 45 0.012 3 0.094 1.1 

14 2.5 45 0.012 4.5 0.119 0.8 

15 2.5 45 0.012 6 0.141 0.8 

16 2 40 0.032 3 0.102 2.1 

17 2 40 0.032 4.5 0.135 2.0 

18 2 40 0.032 6 0.159 1.4 

19 2 35 0.032 4.5 0.139 2.1 

20 2 35 0.032 6 0.157 1.9 

21 2 35 0.032 7.5 0.17 1.8 

22 2 35 0.032 9 0.185 1.6 

The average sizes of droplets obtained with different interfacial tensions are presented in 

Figure 18. It can be seen that the size of droplet increases with interfacial tension, when the 

other experimental conditions are kept constant. The same trend is observed for all gas flow 

rates. 

 

Figure 18 The variation of droplet size with interfacial tension for different gas flow rates 
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Table 15 The measured sizes of droplet in sodium tungstate model 

No. h(cm) H(cm) σ(N/m) Q(l/min) Ae(m
2
) d(measured,mm) 

23 1 17.3 0.045 3 0.0055 6.1 

24 1 17.3 0.045 3.5 0.006 5.4 

25 1 17.3 0.045 4 0.0063 4.6 

26 1 17.3 0.045 4.5 0.0067 4.3 

27 1 17.3 0.045 5 0.0069 4.5 

28 1 17.3 0.045 6 0.0077 3.9 

29 2 17.3 0.045 3 0.0026 7.6 

30 2 17.3 0.045 3.5 0.0032 6.5 

31 2 17.3 0.045 4 0.0034 6.9 

32 2 17.3 0.045 4.5 0.0043 6.1 

33 2 17.3 0.045 5 0.0045 5.6 

34 2 17.3 0.045 6 0.0046 4.8 

Table 15 presents the values of d determined in the sodium tungstate model. Again, the listed 

values are the average values of many droplets over more than 10 clips or photos.  The 

droplet sizes as functions of flow rates are shown in Figure 19. As seen in the figure, the size 

of droplet decreases with flow rate. 

 

Figure 19 Variation of droplet size with flow rate in sodium tungstate model 
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4 DISCUSSION 

4.1 The Influence of Calcium Fluoride on Slag Viscosity 

Master slags 1 and 2 have relative low liquidus temperatures. As seen in Figures 9a and 9b, 

the addition of CaF2 leads to a substantial decrease of the viscosity in the case of both master 

slags.  An addition of 3.1 mass% CaF2 would in general decrease the viscosity of master slag 

2 by 40% at and above 1800 K. (see Figure 9b). Note that the main purpose of the study of 

master slag 2 is to examine the effect of CaF2 on the slags having low liquidus temperature. 

Since the slag composition is somewhat away from the basic ladle slags, only one CaF2 

addition is studied for this master slag. The phase diagram of the Al2O3(25mass%)-CaO-

MgO-SiO2 system
[41]

 indicates slag 1 is likely in two phase region below 1850 K. The 

presence of the solid phase would explain the dramatic increase in viscosity. On the other 

hand, the viscosity data for slag 1A and 1B reveal good continuity, increasing smoothly with 

the decrease of temperature. These two curves would suggest that there is no solid 

precipitation in these two samples. It implies that the addition of 2.9mass% CaF2 can 

decrease the liquidus temperature substantially. Even the viscosity is considerably lowered by 

the addition. The bigger addition leads to bigger viscosity decrease. 

In the case of master slag 3 and 4, the liquidus temperatures are too high to make viscosity 

measurements. Hence, only the slags with CaF2 additions are studied. It is evidently seen in 

Figures 9c and 9d, that there are almost no differences in viscosity between the A and B 

slags at higher temperatures (above ~ 1800 K). The moderate viscosity increase and the 

absence of discontinuity of the viscosity-temperature curves suggest that these slags are all 

liquid above 1800K. Note that both master slag 3 and 4 have very high liquidus temperature 

(>1900K). It is very interesting to see that the addition of about 3 mass% CaF2 can lower the 

liquidus temperature substantially. Although the real liquidus temperature of slags 3A, 3B, 

4A and 4B still need further work to find out, the viscosity curves in Figure 9c and 9d 

suggest strongly that all the 4 slags have very good flowability at the temperature of ladle 

treatment. Above 1800K, all the 4 slags have viscosity values lower than 0.1 Pa.s. Below 

1800K, the viscosity increases dramatically with decreasing temperature, in the case of slags 

3A, 3B and 4A. This dramatic increase would suggest the precipitation of solid particles 

below 1800K. Further study is needed to confirm this aspect. Since most of the steel refining 

processes are conducted above 1800 K, the addition of CaF2 of 2-3mass% might help the 

steel makers to operate the slag in the much higher basicity region. 

Figures 9c and 9d also indicate that there is a distinct difference between the slags with 

different amounts of CaF2 addition. Bigger amount addition seems to push even further down 

the liquidus temperature of the slag, thereby decreasing the amount of solid particles. It is 

well known that the presence of bigger fraction of solid particles would result in higher 

viscosity. 

A comparison of Figures 9a-9d indicates that the addition of CaF2 has strangest effect on the 

viscosity of master slag 2.  This is believed to be due to the higher silica content of slag 2. 

The presence of CaF2 would disintegrate the silicate chains/molecules, leading to profound 

viscosity decrease. On the other hand, the rest of the master slags have low SiO2 content (see 

Table 1). The disintegration effect by CaF2 would not be so appreciated. 

Ladle treatment is usually conducted above 1800 K. The present viscosity data for the high 

basicity slags would be valuable for slag optimization. 

4.2 The Variation of Liquid Viscosity with the Addition of Solid Particles  
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One of the objectives of the present study is to examine the applicability of the viscosity 

models to the liquid-solid mixtures. For this purpose, a brief review of the existing models for 

two phase mixtures is presented here to help the readers. 

4.2.1 The existing viscosity models for two phase mixtures 

It is generally believed that at very low particle fraction, the energy dissipation during 

laminar shear flow increase due to the perturbation of the streamlines by particles. Following 

this line, Einstein derived a simple model to estimate the viscosities of liquid with a certain 

fraction of small solid particles 
[42, 43]

. In the model development, he assumed that the radius 

of hard spherical particles was much smaller than the size of measuring apparatus, but much 

bigger than solvent molecules. It was also assumed that there was no interaction between the 

solid particles. He related the viscosity of the mixture of two phases to volume fraction of 

particles by the following equation, 

 fo 5.21                                                            (1) 

where η is the viscosity of the mixture of two phases, η0 is the viscosity of pure liquid, f is the 

fraction of particles. Since the interactions between the particles are not considered, the 

equation can only be applied to the system with very low fraction of solid particles. 

To be able to predict the viscosities of two phase mixtures with higher fractions of particles, a 

number of models were developed after Einstein’s pioneer work. These models can be 

roughly classified into three types: cell model
 [44-51]

, empirical model 
[52-54]

 and model 

modified on the basis of Einstein’s approach 
[55-58]

.  

The most widely studied method to predict the viscosities of two phase mixtures is cell 

model. One of the most well-known cell models is by Happel 
[45]

. Happel assumed that the 

disturbance due to each sphere was confined to a frictionless envelope surrounding it. He 

proposed the following equation based on the steady-state Stokes-Navier equations of motion 

and after omitting the inertia terms, 
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Many similar works based on cell consideration were carried out in the past few decades 
[44-

51]
.  

These equations agree with Einstein’s first order correction of the viscosity when suspension 

is dilute. However Sherwood’s work demonstrates the sensitivity of cell models to the choice 

of boundary conditions at outer surface of the cell 
[51]

.  

A number of works were carried out to get predicting equation based on experimental data 
[52-

54]
. Thomas’ model is the mostly used one. The expression is given in eq. (3). 

 

  fffo 6.16exp00273.005.105.21 2                                (3) 

 

However, Jeffery pointed out that Thomas’ equation was in contradiction with Einstein 

equation 
[59]

.  

A lot of studies were carried out to modify Einstein’s equation 
[56-58]

. Krieger and Dougherty 
[57]

 suggested an equation, 
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where [η] and fm are the intrinsic viscosity and maximum packing fraction of solids. They are 

2.5 and 0.62, respectively. 

The simple and most well known model based on Einstein’s approach was due to Roscoe 
[58]

. 

Instead of uniform particle size, Roscoe assumed that the particles having spherical shape had 

different sizes.  If the total volume fraction of the particles was f, he assumed that adding 

another set of bigger spheres of fraction fn+1 would lead to a new total fraction f(1-fn+1)+ fn+1. 

The change of the total fraction would be df=fn+1(1-f). By considering the two phase mixture 

before the addition of the n+1 set particles as a homogenous liquid in its flow round the new 

spheres 
[57]

, Roscoe reached the following equation for the new two phase mixture,  

 15.21  nfd                                                   (5) 

Eq. (5) can be rearranged as 

fdf

d




1

5.2 
                                                           (5’) 

Integration of this equation leads to  

  5.2
1


 fo                                                          (6) 

At high particle fraction, the aggregation of the particles would increase the effective fraction 

by a factor of 1.35. Hence, the following eq. (6) should be modified as  

    5.2
35.11


 fo                                                     (7) 

The power 2.5 is from Einstein’s equation (1), while 1.35 is optimized base on big number of 

experimental data.  

4.2.2 Model application 

4.2.2.1 Room temperature 

Figures 20a, 20b and 20c present the predicted viscosities as functions of particle fraction 

using different models for oil B and G respectively. To examine the applicabilities of the 

models, the present experimental results using oil-paraffin mixtures are also included in the 

Figures. It is seen in the figures that the predicted viscosities by different models differ 

considerably. The predicted values increase with the order, Einstein (eq. (1)), Krieger (eq. 

(4)), Thomas (eq. (3)), Einstein-Roscoe (eq. (7)) and Happel (eq. (2)). A comparison of the 

experimental data with the model predictions evidently shows that Einstein-Roscoe model 

can predict the experimentally determined viscosities very well, while the other models fail. 

Figures 20a and 20b also show that the particle size has negligible effect on the viscosity of 

the two phase mixture in the size range studied. Einstein-Roscoe model predicts viscosities of 

all particle sizes with good precision. Figure 20c further confirms this aspect. For these 

measurements, the particles ranging between 450 µm and 2000µm are used. The model 

prediction by Einstein-Roscoe equation can well reproduce the experimental values, although 

the particles have very different sizes and some of them are as big as 2 mm.  
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Figure 20 Variation of mixture viscosity with the fraction of paraffin particles 

It should be mentioned that liquid-paraffin mixtures deviate from Newtonian flow behavior 

when the volume fraction of paraffin is higher than 0.15. This aspect has been discussed in 

the result part. The experimental values at and above f=0.15 are the average values of many 

measurements. The measured values change with rotation speed. However, these values 

should still only be considered as a reference. For this reason, measurements of volume 

fractions higher than 0.1 are not reported for the others oils. Nevertheless, Einstein-Roscoe 

model can estimate the viscosities of the mixtures with rather high fraction of particles 

approximately. 

4.2.2.2 Steelmaking temperature 

Figures 21a and 21b present the results of model calculations for the mixtures of slag-

particle. In Figure 21a, the liquid phase in the two phase mixtures has a composition 

30mass%Al2O3, 52mass% CaO, 5mass% MgO and 13mass% SiO2. The solid particles in 

these mixtures are 2CaO.SiO2. In Figure 21b, the liquid phase in the two phase mixtures has 

a composition 25mass%Al2O3, 43mass% CaO, 10mass% MgO and 22mass% SiO2. The solid 

particles in these mixtures are MgO. The experimentally determined viscosities are also 

presented in the figures for comparison. 

As in the case of room temperature, Einstein-Roscoe model is found to provide reasonably 

good predictions for the liquid-solid mixtures for both types of oxide particles. The other 

models only work at very low particle fractions. 
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A comparison of Figure 21a and 21b indicates that the model prediction for the 2CaO.SiO2 

particles is better than that for MgO particles. Einstein-Roscoe model was developed for 

spherical particles. As shown in Figure 10a and 10b, the MgO particles in sample E2 are 

irregular, while the 2CaO.SiO2 particles are more close to spherical shape. This might explain 

the difference in the precision of the model predictions. In the case of high temperature 

experiments, it is impossible to control the size of the particles. Figure 10a and 10b also 

show that both types of solid particles are around 50-100µm. Hence, it is reasonable to expect 

that Einstein-Roscoe model would be able to predict the viscosities of liquid-solid mixture 

when the particle sizes are in this range. Though the low temperature results have shown 

Einstein-Roscoe model works for particles as big as 2mm, similar experimental evidence 

cannot be obtained in the experiments at steelmaking temperature. 

 

Figure 21 Variation of slag viscosity with fraction of solid particles 

It should also be pointed out that attempt to measure the viscosity of liquid-MgO mixture 

with fraction MgO of 0.1 was not successful. The viscosity-time curve could never reach a 

plateau. Since the viscosity value decreased constantly with time, it might indicate the growth 

of MgO particles by agglomeration and followed by their descending.  

As discussed earlier in the experimental part, the measurement of melting point might involve 

some uncertainties, which in turn would lead to the uncertainties of the particle fraction.  

However, this uncertainty is not expected to affect substantially the present discussion 

regarding the model applications. 

Both Kondratiev
[4]

 and Wright
[5]

 suggest modified model parameters for Roscoe model. They 

differ considerably much from 1.35 and 2.5 in eq. (7). On the other hand, the present results 

do not seem to suggest the need of any modification. The present experiments have tried to 

reject all the data involving uncertainties, e.g. inhomogeneous samples, non Newtonian 

system, uncertain fractions caused by thermodynamic calculation and measurements at non 

steady state (indicated by the constant variation of viscosity with time). Both high 

temperature measurements (although not many) and room temperature measurements are 

conducted under well controlled conditions. It is reasonable to conclude that the solid-liquid 

oxide mixtures behave very similarly as the oil-paraffin system regarding the viscosities of 

the mixtures. 

4.3 Modelling of Slag Foaming 

4.3.1 Effect of initial height of liquid 

In many publications, the effect of the initial height of slag on foaming height is not 

considered and discussed. In order to examine this aspect,     is plotted as a function of 
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initial height of liquid in Figure 22 for oil B. It is evidently seen in Figure 22 that    

increases nearly linearly with the increase of initial liquid height.  

 

 Figure 22 The variation of ∆h with h0 for different superficial velocities  

4.3.2 Effect of viscosity      

Figure 23a shows the variations of  0/ hh  with kinematic viscosity at different superficial 

velocities. 0/ hh  increases with the increase of kinematic viscosity before it reaching a 

maximum value, irrespective of the superficial velocity. Further increase of the kinematic 

viscosity leads to the decrease of the foaming height. It is interesting to mention that the 

maximum foaming heights are all observed at about μ=130×10
-6

m
2
/s, though the values are 

slightly dependent on the superficial velocity. 

 

Figure 23 The variations of 0/ hh with kinematic viscosity and superficial gas velocity 

It is well known that a liquid with low viscosity exerts small drag force on the rising gas 

bubbles. Consequently, the bubbles rise rapidly and therefore leading to low gas fraction in 

the bath and poor foaming. The increase of liquid viscosity would slow down the passing 
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through of the bubbles and lead to better foaming. On the other hand, liquid with too high 

viscosity would increase the departure size of the bubbles when they separate from the pore 

of filter 
[60-62]

. Moreover, too high viscosity of the liquid leads to also rapid bubble 

coalescence 
[32, 33]

. The bigger bubbles would pass through the liquid much faster and thereby 

leading to lower gas fraction. The two opposite effects would naturally lead to an optimum 

viscosity for foaming. This aspect is well brought by the 0/ hh –kinematic viscosity plot in 

Figure 23a. In fact, similar observation is also reported in the industrial experiment. The 

variation of foaming height with slag basicity reported Capodilupo et al. 
[30]

 is reproduced in 

Figure 24. The viscosity of the slag having 20 mass% FeO would increase with CaO content 

when the basicity is higher than 1.2 
[13, 19]

. A comparison of Figure 23a and Figure 24 

indicates that the present laboratory observation is in good accordance with the industrial 

data. It is possible that the reported foaming heights 
[13-17, 26, 27]

 that are described by foaming 

index are associated with the viscosity region, wherein the viscous drag force is dominating. 

On the hand, the observations of the decrease of foaming height with viscosity 
[18, 19, 28, 29]

 are 

associated with the region, wherein bigger bubbles have more profound effect than the drag 

force.  

 

Figure 24 The variation of foaming height with slag basicity 

 4.3.3 Effect of superficial gas velocity      

Figure 23b shows the variation of 0/ hh  with superficial velocity at different kinematic 

viscosities. It is almost impossible to generate foam when the kinematic viscosity is higher 

than 280×10
-6

 m
2
/s. In accordance with Figure 23a, the oil having kinematic viscosity of 130 

×10
-6

 m
2
/s has the highest foam ability. The 0/ hh  of this oil reaches a value of 1.6 at a 

superficial velocity as low as 0.2 cm/s. Except the oils (Oil I, J and K) that do not foam, the 

foaming height increases first with the increasing superficial velocity before reaching a 

maximum value. Thereafter, the foaming height decreases with the further increase of the 

superficial velocity. Figure 23b indicates that the value of superficial velocity associated 

with the maximum foaming height decreases with the increase of viscosity. On one hand, 

higher superficial velocity would increase the fraction of gas in the foam, which would 

increase the foaming height. On the other hand, the experimental observation shows that too 
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high superficial velocity would result in intensive turbulence and bigger bubble size, which 

leads to rapid bubble coalescence and shorter bubble-residence time in the bath. As the result 

of the two opposing factors, a maximum foaming height occurs at an optimum superficial 

velocity at a given viscosity. Figure 23b might be a reasonable explanation to the 

controversy between the different studies, viz. some of them 
[13-17, 26, 27]

 reporting an increase 

of foaming height with increase superficial velocity and some reporting a decrease 
[19]

. They 

might have worked in different experimental conditions. 

4.3.4 Semi empirical model 

Slag foaming is a very complicated phenomenon, as the residence of bubble in the bath 

depends on a number of forces, such as gravity, buoyancy, inertia force and viscous force. 

These forces are related to the superficial velocity and the physical properties of the liquid as 

well as gas. In view of the fact that a model based on first principal would be less satisfactory 

when applied to real processes, a semi empirical model is developed in the present work.  

As shown in Figure 23a, 0/ hh shows a maximum at a certain kinematic viscosity. The 

0/ hh - kinematic viscosity relationships appear to follow Gaussian distribution,  

  2

011

0

exp  


Cf
h

h
                                            (8) 

where μ is the kinematic viscosity of the liquid, μo is the kinematic viscosity, at which the 

foaming of the liquid at a given superficial velocity shows a maximum. C1 is a constant, 

while f1 is a function of the superficial velocity and other physical properties. To confirm this 

assumption, all the 0/ hh -viscosity curves are fitted by eq. (8). As examples, Figure 25a 

presents the fittings for j=0.72cm/s and j=1.08cm/s. The fittings could be considered very 

reasonable, in view of the uncertainties involved in the experiments.  

 

Figure 25 Gaussian fitting for the variation of foaming height 

Similarly, Figure 23b suggests that 0/ hh -superficial velocity also follow Gaussian 

distribution,  
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where j is the superficial velocity of the gas and the jo is the superficial velocity also. C2 is a 

constant in the Gaussian function. f2 in eq. (9) is a function the physical properties. The term



0  in eq. (9) is to take account the shift of the maximum foaming height due to the 

kinematic viscosity effect. In Figure 25b, the fitted Gaussian distributions for oil B and oil G 

are presented as examples. The functions fit the experimental data quite well. 

It is commonly agreed that the residence time of a bubble is related to the Morton number 
[63]

, 

which is defined as, 
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where ρ and σ are the density and surface tension of the liquid, respectively. g in eq. (10) is 

the gravitational constant. The bigger Morton number would result in longer residence time 

of the bubbles and therefore larger foaming height.  

Based on the above discussion, it is reasonable to expect that 0/ hh  can be described by the 

following equation, 
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 C3 and C4 are another two constants.  On the basis of the experimental data listed in Table 9, 

the constants C1, C2, C3 and C4 are optimized.  Hence, eq. (11) is rewritten as, 

      2

0

8

2

0
0

045.0

3

34

0

10094.1exp8150exp238.2 
















































jj

g

h

h
        (12)  

Note that in eq. (12), j>0.1×10
-2

m/s, all properties are in SI unites. 

In Figure 26, the predicated 0/ hh  is plotted against the experimental data. The model 

predictions are satisfactory, indicating thereby the reliability of the model. 

 

Figure 26 The comparison between experimental results and model predictions 
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4.3.5 Application to the industrial data 

Tokumitsu et al 
[19]

 studied the slag foaming in a 5 tons converter. Their main findings are:  

(1) the foaming height increases with iron oxide content; (2) slag foaming becomes 

significant if coke weight in the converter is decreased below a certain level; (3) slag height is 

probably due to the gas bubbles evolved at the slag-metal interface or in the slag layer. It 

would be interesting to examine whether the present model can be applied to their experiment 

data. 

The slag properties are not reported in the publication. Fortunately, the general slag 

compositions employed in the pilot converter (see Table 16) are very close to the one 

reported by Nippon Steel 
[15]

, viz CaO:45 mass%, SiO2: 30 mass%, MgO: 10mass%, Al2O3: 

15mass%. The physical properties of the slags having different FeO contents are given in 

Table 17 (reproduced from [15]). It is seen in Table 17 that the surface tension and density 

show very little dependence on the slag composition, while the viscosity decreases with the 

increase of FeO content. It would be a good approximation that the same ρ and σ are used in 

the model calculation, while the slag viscosity is allowed to vary.  

Table 16 Slag composition at steady state in Tokumitsu’ trials  

Compositions CaO SiO2 Al2O3 MgO T.Fe M.Fe MnO P2O5 S 

Content (mass%) 39.29 27.50 14.63 14.73 4.06 0.22 0.85 0.78 0.12 

Table 17 Nippon steel’s bath smelting slag 

(CaO: 45pct, SiO2: 30pct, MgO: 10pct, Al2O3: 15pct, T=1773K) 

The content of FeO(mass%) 1.0 3.0 6.0 9.0 

Density (kg/m
3
) 2776 2801 2838 2877 

Surface tension(mN/m) 522.7 524.9 528.4 532.4 

Viscosity (N.s/m
2
) 0.475 0.458 0.433 0.409 

In the paper of Tokumitsu et al 
[19]

, the gas generation rate is not evaluated. As mentioned 

earlier, the authors report a decrease of foaming height with the addition of coke. It is well 

known that the increase of coke attrition would result in an increase of gas evolution. It can 

be concluded that the superficial gas velocities in their experiments are on the right hand side 

of the optimum gas velocity (see Figure 23b). Because of the lack of information on the 

actual superficial gas velocities, model calculations are made based on two fractions of the 

maximum foaming height, 0.55hmax and 0.8hmax. The calculated foaming heights are plotted 

as functions of viscosities in Figure 27. The experimentally determined foaming heights in 

the 5 ton converter 
[19]

 are also included in the figure for comparison. Although assuming the 

gas flow rates corresponding to 0.55hmax and 0.8hmax are somewhat arbitrary, the assumptions 

are still reasonable. Firstly, it is very difficult for the converter to reach the optimum gas 

generation rate. Secondly, different amounts of coke additions would lead to different 

superficial gas velocities. Nevertheless, the model predictions are quite reasonable. It might 

be worthwhile to mention that the application of foaming index would predict opposite trends 

in comparison with the experimental data.  
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Figure 27 Foaming heights in industrial practice 

It should be mentioned that the present model does not need the measurement of the constant 

in the foaming index. It could predict the trend of foaming height in a very realistic manner 

even the superficial gas velocity is not exactly known.  

4.3.6 Effect of small particles 

In general, the addition of paraffin particles has positive effect on foaming only when the 

amount of addition is very low. The small amount of paraffin addition moves the onset of 

foaming to lower superficial velocity. On the other hand, higher amount of particle addition 

in general has negative effect on foaming. In Figure 28a, the 0/ hh  of oil B is plotted as a 

function of superficial gas velocity for different amounts of paraffin additions. A decrease of 

foaming height with the increase of paraffin addition is generally noticed, though small 

increase is seen at very low superficial velocity and with small amount of additions. This 

observation is in contradiction with the argument that the presence of tiny solid particles 

usually increases the foaming.  

 

Figure 28 The effect of particles on foaming height 
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As seen in Figure 20, the addition of paraffin particles does increase the viscosity. On the 

other hand, the addition has generally negative effect on foaming. To further elaborate this 

aspect, the 0/ hh of the oil G with 10mass% paraffin addition is plotted in Figure 28b. 

According to the viscosity measurement, this mixture of two phases has a viscosity value of 

280mPa.s. The 0/ hh  of oil J that has a viscosity of 272 mPa.s is also included in this figure. 

Although the two systems have very similar viscosity values, the foaming behaviours are 

very different. If the effect of particles on foaming was mainly due to the increase of the 

viscosity, the two systems should have very similar foaming behaviour.  

On the basis of the above discussion, it can be concluded that the presence of small amount of 

solid particle would help initiate slag foaming. On the other hand, the small particles would 

not increase the foaming height. Too much small particle will decrease the foaming height. 

The effect of the presence of particles on foaming is not mainly due to its effect on viscosity. 

4.4 The Formation of Open Eye in an Argon Stirred Ladle 

4.4.1 Semi empirical model 

It is well known that there is great uncertainty in the measurement of the gas flow rate in the 

industry. The blockage of the porous plug or/and the leakage in the pipe line of the gas supply 

to the ladle would always make the gas flow rate uncertain. It is highly desired finding a new 

technique to document accurately the flow rate of the argon gas entering the steel.  In fact, the 

development of a reliable mathematical model is one of the main objectives of the present 

study. 

It is generally acknowledged that the velocity distribution of plume follows the shape of a 

bell curve, known as a Gaussian distribution 
[64, 65]

.  
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where pU and maxpU  are the velocity and the maximum velocity in the plume, respectively; r 

is the distance from plume center and ω is a constant. The maximum velocity of plume has 

been studied by a number of researchers 
[64-66]

. The equation given by Castello-Branco and 

Schwerdtfeger 
[66]

 is adopted. The authors suggest the following equation, 
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where Q is the gas flow rate; g  and 1  are the densities of gas and bath liquid respectively; 

H is the height of the liquid bath. 

According to Figure 13, the mass of liquid brought up by the gas-liquid plume must come 

back to the bulk phase between the surfaces, ACB and DCE. No velocity distribution 

between these two surfaces has been reported so far. However, to meet the mass balance at 

the level of the free surface of the top liquid, the mass of liquid brought up by the plume must 

be equal to the mass coming back to the bulk. As a first approximation, one could assume 

that the area of the cross section between ACB and DCE at the free surface level is 

proportional to the cross section of the plume at the same level. Hence,  
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                                                                          or 

           pe AA                                                            (16) 

pD  and eD  in eq. (15) are shown in Figure 13. pA  and eA  are the surface areas related to 

these two diameters, respectively. ζ and ς are all constants. 

Below a certain gas flow rate, the gas-liquid plume would not have a nature of gas jet 
[10]

. In 

this region, larger gas flow rate would lead to larger pA . As seen in eq. (14), a higher gas 

flow rate also results in higher maximum velocity of the plume. Hence, the following 

relationship is expected.   

        
 maxppe UAA                                                    (17) 

The superscript  is a constant. 

In fact, eq. (17) is only valid for water model, wherein the density difference between water 

and silicon oil is very small. It is well known that a critical gas flow rate is required to form 

an open-eye in an industrial ladle. Even in the Ga-In-Sn experiments, when the upper liquid 

is thick, e.g. 4 cm, the formation of open-eyes requires very high gas flow rates. Hence, the 

following relationship is more reasonable, 

        
0max UUA pe                                                   (17’) 

0U  in the equation stands for the critical velocity, at which an open-eye will be generated. 

It is also a common knowledge that a larger H leads to a larger pA , as the plume has longer 

distance to develop itself. On the other hand, a higher thickness of the upper liquid will result 

in smaller open-eye. Hence, 
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 and  are constants. By combining eq. (17’) and eq. (18), one gets; 

       hHUUA pe 0max1X                                         (19) 

X1 in the above equation is again a constant. 

As shown in Figure 14a and Figure 14b, the effect of the viscosity of the upper liquid and 

the interfacial tension between the liquids have only a little effect on the open-eye size. 

Hence, these two parameters are not included in the presentation consideration. 

The value of 0U  can be estimated using energy balance. The liquid metal at position F (see 

Figure 13) should have enough kinetic energy to overcome the potential energy difference 

between point F and point G due to the buoyancy force. This energy balance can be 

expressed as 
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p and 2 in the above equation stand for the density of plume and the density of upper liquid 

respectively. It is difficult to estimate the value of the density of the plume p  at point G, due 

to the fraction of gas in the plume and the fluctuation of the flow. To tackle this difficulty, 

one can assume that 
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where w  is a constant and  is the density difference between the lower and upper liquids. 

Inserting eq. (21) into eq. (20’) leads to the following equation, 

        
1

0

2



gh
wU


                                                    (22) 

When an open-eye is just forming, eA  should have a value of 0. Under this condition, a 

combination of eq. (14) and eq. (22) leads to 
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The values of w can be evaluated using equation (23) based on the data given in Table 13. 

The calculated values of w are included in Table 13. It is seen that these values are all 

reasonably close to 0.5. Hence, w is taken as 0.5 in the later modeling approach. 

Consequently, eq. (22) can be written as, 
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Eq. (19) becomes; 
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The model parameters, 1X , ,  and  can be optimized using the experimental data listed in 

Table 11 and Table 12. 

An attempt to get a general model description for both water model experiments and Ga-In-

Sn model experiments is not successful. The two sets of experimental data appear to be not 

compatible. The huge differences between the physical properties of water and liquid metal 

can be a reasonable explanation for this incompatibility. For this reason, different model 

descriptions are obtained for water model and Ga-In-Sn model. 

The open-eye size in the experiments of water model can be expressed as: 
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The open-eye size in the experiments of Ga-In-Sn model can be taken as: 
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Note that Upmax in the above equations is evaluated using the model by Castello-Branco and 

Schwerdtfeger 
[66]

, viz. eq. (14). 

Figure 29a presents the comparison between the model predictions using eq. (25) and the 

measured sizes of open-eye in the water model experiments. A good agreement is seen in this 

comparison. 

 

Figure 29 The comparison between the model predictions and the measured open-eye sizes 

(a, water model; b, liquid alloy model) 

Figure 29b presents the comparison between the model predictions using eq. (26) and the 

measured open-eye sizes in the Ga-In-Sn model experiments. The model predictions are quite 

satisfactory. The slightly disagreement in the case of Ga.-In-Sn model is at least partially due 

to the fluctuation of the open-eye and the uncertainties associated with it. 

4.4.2 Model application to the industrial ladle 

In order to examine the applicability of the models to ladle treatment, calculations are carried 

out using the industrial data. In Figure 16, the predicted sizes of open-eye using eq. (26) are 

plotted as functions of the gas flow rate for different slag heights. It is worthwhile to point out 

that it is difficult to measure the height of the slag in each experiment. As mentioned in the 

experimental part, the slag heights are estimated to be between 4-6 cm in Heats 1, 2 and 3. In 

the case of Heat 4, exceptional thin slag layer is employed. It is seen in Figure 16 that the 

data obtained in Heats 1-3 are well laying between the two predicted lines corresponding to 

h=4cm and h=6cm. The data obtained in Heat 4 are situated between the lines corresponding 

to h=4cm and H=2cm. In view of the uncertainties in the measurements of gas flow rates, the 

agreement between the model predictions using eq. (25) and the industrial data could be 

considered satisfactory. 

On the other hand, the model predictions according to the water model, eq. (25) are far from 

the experimental data. The calculated line corresponding to h=6cm are much higher than the 

experimental data. For example, a flow rate of 20 STP m
3
h

.-1
 results in an open-eye of 1-1.5 

m
2
 in the industrial ladle. On the other hand, the water model predicts a value of 6-8 m

2
. The 

huge difference can be well attributed to the difference between the physical properties of 

water and liquid metal, e.g. their densities. 

The model predictions corresponding to h=6cm using the model by Krishnapisharody et al. 
[6]

 

are also included in Figure 16. Even, this model predicted too low gas flow rates from the 

open-eye sizes. Again, the difference between the physical properties of water and liquid 

metal could be an important reason, as their model is mostly developed on water model 

experiments. 
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It is interesting to examine the applicability of the model in predicting the critical gas flow 

rate for the generation of an open-eye. Table 18 presents the estimated critical gas flow rates 

for different h values using eq (22’) and eq. (23). According to the industrial observations 

during these experiments, the open-eye will be generated when the gas flow rate reaches 1-2 

STP m
3
h

-1
. The results in Table 18 are in fairly agreement with the industrial observation. 

Note that eq. (22’) is not able to be derived from the data of water model experiments, as the 

density difference Δρ is too low. 

Table 18 Critical flow rate of open-eye formation at different slag heights 

Bath height (m) Slag height (m) Critical flow rate (m
3
/h) 

3.2 0.08 3.5 

3.2 0.07 3 

3.2 0.06 2 

3.2 0.05 1.5 

3.2 0.04 1 

3.2 0.03 0.5 

4.4.3 Limitation of the model 

The above discussion suggests that the model based on water model experiments has to be 

used with precaution when applied to ladle treatment. It must also be pointed out that the 

model developed on the basis of the Ga-In-Sn experiments is only valid below a moderated 

gas flow rate. At high gas flow rates, gas jets can be formed 
[10]

. The transformation of the 

gas-steel plume to a gas jet would reduce the size of the open-eye. Eq.(26), revealing a 

constant increase of open-eye size with the increase of gas flow rate cannot be applied for 

stirring conditions when the raising gas has the  nature of a jet. 

As mentioned earlier that the industrial ladle involves many uncertainties, e.g. the blockage 

of the porous plug and the leakage of the gas line. The model, eq. (26) would be useful tool to 

estimate the real gas flow rate from the size of the open-eye. However, precaution must be 

given when the open-eye size is predicated using the gas flow rate, since it is always 

subjected to uncertainties. 

4.5 Cold Model for Droplet Formation in Gas Stirred Ladle 

4.5.1 Semi empirical model 

In fact, droplet size is an important subject in steelmaking process 
[37-39]

. For example, if the 

droplet is very small, <50 µm, it would become a source of inclusions. Since most of the 

observation and discussion in the literature are based on the droplets in the range bigger than 

1 mm, it would be useful to develop a semi-empirical model to predict approximately the 

range of the droplet size. 

As mentioned earlier, it is generally reported that the vertical velocity distribution of plume 

follows a Gaussian distribution 
[64-66]

.  
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Hence, the average velocity of plume can be obtained by the following equation:  
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where pU , m, v, 1  and t are the average velocity of plume, mass, velocity, the density of 

bath liquid and time respectively. 

The total kinetic energy of the liquid in the plume can be expressed as, 

3
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                              (28) 

where pE  stands for kinetic energy of the liquid plume in a period of t and pA  is the area of 

the cross section of the plume. 

In term of mass balance, the mass of liquid brought up by the plume must be equal to the 

mass coming back to the bulk. So the assumption can be suggested that the area of plume is 

proportional to the area of open eye size.  

ep AA                                                                      (29) 

where ε is a constant and eA is open-eye area. 

Inserting equation (29) into equation (28) and rearranging lead to the following equation, 

        
3

max1 pep tUAE                                                          (30) 

where φ is a constant. 

The following assumptions could be reasonably made (see Figure 13):  

(1) Only the slag between horizontal planes AB and A’B’ is punched by the liquid metal. (2) 

The droplets formed follow the descending liquid metal. The average velocity of droplets 

between planes AB and A’B’ is proportional to the average velocity of the plume: 

maxppd UUU                                                     (31) 

where λ and ξ  are constant.  The vertical component of velocity of a droplet can thus be 

expressed as  cosmaxpU . 

Hence, the time of droplets impacted by the metal before it leaves the open eye region can be 

calculated by the following equation： 

 cosmaxpU

h
t                                                        (32) 

where h is the thickness of the top liquid. 

Insert eq. (32) into eq. (30). 

   




cos

2

max1 pe

p

hUA
E                                                    (30’) 

It is reasonable to assume that only a ring of slag surrounding the open eye is impacted by the 

rising plume, after the open eye is formed. The number of droplet formed by the breaking 

down of the ring can be expressed by eq. (33), if the thickness of the slag ring is b. 
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where N, eR , and d stand for the number of droplets, radius of open eye and the average 

diameter of droplet, respectively. 

Hence, the total interfacial energy of droplets formed can be expressed as, 

            
d

bhR
dNE e

s




122                                           (34) 

where sE  and σ stand for the total interfacial energy and interfacial tension of droplet, 

respectively. 

It is expected that only a small fraction of the kinetic energy of the plume is transformed into 

interfacial energy, since the plume also functions to drive the liquid metal bath to flow. It is 

also expected that higher kinetic energy of the plume leads to bigger interfacial area, and 

therefore bigger transformed interfacial energy according to eq. (35). 

       ps EE                                                           (35) 

In the above equation, τ is a proportional factor. Hence,  

             







cos

12
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d
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Rearranging equation (36) leads to the following equation of the diameter of droplets. 

       
2

max1

5.0

cos12

pUA

b
d




                                                 (37) 

The experimental observation indicates that the variation of θ is negligible. Hence, equation 

（37） can be further simplified,  

         
2

max1

5.0

pe UA

Yb
d




                                                  (38) 

where Y is a constant and is expressed by the following equation 



 cos12
Y                                                (39) 

In view of the difficulty in evaluating the thickness of slag ring around the open eye, it is 

assumed to be a constant. Hence, 

  
2

max1

5.0

pe UA

X
d




                                                (40) 

where X is a constant having a dimension of unit meter. 

The parameter X is optimized using the experimental data of water model. It has a value of 

2.4 m. Therefore, the average diameter of droplets can be expressed as: 
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maxpU  in the above equations is evaluated using the model proposed by Castello-Branco and 

Schwerdtfeger 
[66]

, viz. eq. (14). 

Figure 30a presents the comparison between the model predictions using eq. (41) and the 

measured average sizes of droplets in the experiments of water model. A good agreement is 

seen in this comparison. 

 

Figure 30 The comparison between model predictions and measured droplet sizes (a, water 

model; b, sodium tungstate model) 

The expression is employed to predict the average diameters of droplets for the sodium 

tungstate model. The results are satisfactory. Figure 30b presents the comparison between 

the model predictions using eq. (41) and the measured droplet sizes in the sodium tungtaste 

model experiments. While the model predicts somewhat bigger droplet sizes, the agreement 

is still reasonable.  

4.5.2 Model prediction for the industrial ladle 

Some researchers believe that falling liquid metal smash slag, producing many small slag 

particles,
 [10-12]

 which could become a source of inclusions. On the other hand, all the 

discussions are based on the observation of the formation of droplet with diameter in the 

millimeter level. In order to have a rough idea whether very tiny droplets can be formed 

around the open eye, calculations are carried out using the industrial condition. In Figure 31, 

the predicated droplet sizes using eq. (41) are plotted as functions of the gas flow rates for 

different interfacial tensions. Note that Ae in eq. (41) is evaluated using equation (26). In the 

calculation, steel and slag heights are taken as 3.18 m and 0.05m, respectively. 
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Figure 31 Model predictions for certain industrial conditions 

As seen in Figure 31, interfacial tension has a great impact on droplet size. The influence of 

gas flow rate on droplet size is obviously when interfacial tension between slag and liquid 

metal is big. Otherwise, the effect is weak. It is seen that droplets smaller than 50µm can only 

form when the interfacial tension is low, e.g. 0.1 N/m. On the other hand, droplets formed 

with higher interfacial tensions, e.g. 0.7 N/m are usually bigger than 0.2 mm, which would 

float up easily. These bigger droplets would not form inclusions. Note that the slag-metal 

reaction at the initial stage of the ladle treatment would dramatically lower the interfacial 

tension between slag and metal. It could be lower than 0.1 N/m, though the equilibrium 

interfacial tension is usually between 0.5 and 1 N/m. It is possible to get emulsification 

during this period, when the gas flow rate is high. Once the tiny droplets are entrapped into 

the liquid metal, they will follow the flow of the metal and consequently forming inclusions.     

4.5.3 Limitation of the model 

It must be pointed out that the model is developed based on cold model experiments. The 

flow rates are below a moderated gas flow rate. However it was reported that gas jets can be 

formed at high gas flow rates 
[10]

. The transformation of the gas-steel plume to a gas jet 

makes it impossible to calculate Upmax. Equation (41) cannot be applied for stirring conditions 

when the rising gas has the nature of a jet. It is also noted that the model is a semi empirical 

approach, involving a number of assumptions. Nevertheless, it is still useful to have a semi 

quantitative understanding of the ranges of droplet sizes under different operation conditions. 
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5 SUMMARY 

In present work, a number of phenomena of slag in steel making were studied. The studied 

phenomena were (1) the effect of CaF2 and particles on the viscosity of slag, (2) slag 

foaming, (3) open-eye size and (4) droplet formation.  

The effect of CaF2 on slag viscosity depends strongly on the composition of the master slag. 

For high basicity slags, CaF2 suppresses the precipitation of solid phases at lower 

temperatures, leading to a lower viscosity compared to CaF2-free slags. For slags with higher 

SiO2 contents, CaF2 lower both the viscosity of the liquid phase and suppress the 

precipitation of solid phases. 

For silicon oil – paraffin particle mixture, when particle fraction was lower than 0.1, the two 

phase mixtures still behaved as Newtonian flow. The two phase mixtures deviated from 

Newtonian fluid when the particle fraction was 0.15 and higher. While the experimentally 

determined viscosities were very well predicted by Einstein-Roscoe model in the case of both 

room temperature and high temperature studies, the rest of the models failed to predicate the 

viscosities of the two phase mixtures. It was also found that Einstein-Roscoe model could 

even be employed for the particles having irregular shapes.  

In the case of foaming, it was found that the variation of foaming height with viscosity and 

superficial velocity could both be approximated as Gaussian distributions. An equation was 

suggested based on this approximation. The semi empirical model was found satisfactory to 

reproduce the experimental data. The model was also promising when applied to the 

industrial converter. The experimental results also indicated that the effect of the presence of 

small solid particles on foaming height was not mainly due to the increase of viscosity. 

As for the model of open eye formation, the water model results indicated that the viscosity 

had minor effect on the open-eye. Semi-empirical models were developed to describe the 

sizes of open-eyes for both water and metal models. While the constructions of the water and 

Ga-In-Sn models were very similar, different model parameters were obtained for these two 

types of models. In both cases, the model predictions were in good agreement with the 

experimental data. The model predictions using the mathematical description base on water 

experiments were found not being able to describe the industrial data. On the other hand, the 

semi-empirical model based on the Ga-In-Sn model experiments predicted the industrial data 

reasonably well within experimental uncertainties. Even the critical gas flow rate to form an 

open-eye in an industrial ladle could be well predicted by the model. 

Cold model experiments were carried out to study the formation of droplet by bottom 

blowing in a vessel. In the case of water model, water and silicon oil were used to simulate 

liquid metal and slag, respectively. In another model, sodium tunstate was used to simulate 

liquid steel and silicone oil to simulate slag. Semi-empirical model was developed to describe 

the size of droplet as function of open eye, plume velocity and interfacial tension between 

bath liquid and top liquid. The parameter obtained based on water model experiments could 

be used in sodium tungstate model with reasonably good predictions.   
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