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ABSTRACT 
 
 

 The aim of the present work was to get an in-depth understanding of the slag-
metal interaction in ladle treatment. A new sampling technique was developed to obtain 
the physical description of the slag-metal interface in the presence of bulk flow. A large 
number of samples of slag-metal interface were collected from an industrial 65-ton ladle 
furnace at Uddeholm Tooling, Hagfors, Sweden using the designed sampler. Different 
stirring conditions and sampling positions in the ladle were chosen. The Light Optical 
Microscopic analysis of the slag samples indicated very low percentage of fine metal 
droplets in the slag bulk under all stirring conditions. Slag analysis using magnetic 
separation as well as spectrophotometer confirmed this finding. On the other hand, no 
appreciable amount of slag was detected in the metal bulk. The presence of fine metal 
droplets in the slag bulk in the absence of gas stirring reveals that gas bubbles are not the 
only reason for the transfer of the denser liquid phase into upper phase. The shear force 
between the two liquids plays an important role in slag-metal mixing. Evidence for the 
existence of slag droplets, each surrounded by a very thin metal film was found in the 
samples taken under both gas-stirred and induction-stirred conditions. Chemical analysis 
of the slag samples showed the absence of any appreciable concentration gradient 
throughout the slag bulk after the stabilization of the flow.  
 
 In order to understand the mechanism(s) of the slag-metal interaction, the mixing 
behaviours of two liquids introduced by shear force and by rising gas bubbles were 
studied using cold models. Water was used to simulate liquid metal, while silicone oils 
were used to simulate slag. In both stirring modes, a “sphere-bed” structure of water 
coated oil droplets was observed above water bath after stabilization of the flow. The 
mechanisms involved in the formation of “sphere-bed” structure were proposed. 
Preliminary models of the slag-metal mixing were suggested on the basis of the 
correlation between cold model study and industrial sample study results. The ratio of the 
mass exchange rates in the open eye region and the rest part of the ladle was estimated to 
be 9:2.  
 
 
KEY WORDS: Slag-metal, mixing, interface, induction stirring, gas stirring, ladle 
treatment, droplets, bubbles, entrainment, cold model, steelmaking 
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1. INTRODUCTION 
 

Slag-metal mixing is a very common phenomenon during ladle treatment. 
Generally, gas stirring or induction stirring or a combination of both is applied to 
generate desired slag-metal mixing inside the ladle. Extent of mixing determines the rates 
of the exchange reactions between metal and slag and affects the kinetics of many 
chemical reactions like desulphurization and dehydrogenation. The kinetics of these 
reactions directly determine the time of operation and consequently the consumption of 
energy.  

 
In the case of gas stirring, argon is injected through the porous plug from the 

bottom of the ladle. The argon injection leads to the formation of gas bubbles in the metal 
phase. These gas bubbles move up through metal phase and reach metal/slag interface 
and finally escape out from the top layer of slag phase. The physical phenomena involved 
during the crossing of bubbles through the interface are very complex. In the case of 
induction stirring, slag and metal are mixed using magnetic induction technique. The 
two-phase mixing induced by shear force at the slag-metal interface depends on many 
factors, such as the viscosities and densities of the two phases, the interfacial tension and 
the flow velocities of the liquids. While many investigations [1-13] have been conducted 
to understand slag-metal interface during mixing, the knowledge of the slag-metal 
interface is still very poor. 

 
Poggi et al. [9] studied the mechanism of metal entrapment in slags due to rising 

gas bubbles on a laboratory scale. They concluded that, for all the slag-metal systems 
considered, the gas bubbles rising across a liquid/liquid interface carried a surface coating 
of the denser liquid into the upper phase. They also reported that this metal coating 
subsequently ruptured and scattered small droplets of the denser liquid into the slag 
phase, though the percentage of metal entrapment by this mechanism was quite low. Han 
and Holappa [2] also studied the mechanism of iron entrainment into slag due to rising 
gas bubbles on a laboratory scale. They proposed two mechanisms of entrainment of iron 
droplets into slag, viz. large droplets were entrained by jet formation, while fine droplets 
were formed by the rupture of the metal film covering the gas bubble releasing from the 
iron/slag interface. Reiter and Schwerdtfeger [6, 7] investigated the phenomena occurred 
during passage of bubbles through liquid/liquid interfaces using high-speed photography 
and different slag-metal systems on a laboratory scale. They also reported that, in all the 
systems material of the lower phase was carried into the upper phase, though their study 
was focused on the phenomena associated with single bubbles. 

 
An in-depth understanding of the slag-metal interface and mixing behaviour in 

different stirring conditions is more and more felt today, as it is the foremost precondition 
for the development of a process model of high precision. In fact, the lack of the 
industrial information in the ladle has greatly hindered this understanding. So far, almost 
all the investigations have been conducted either using low temperature media or at a 
laboratory scale [1-10]. Data for actual high temperature system is very rare.  
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The present work aims at gaining an insight into the slag-metal mixing behaviour 
at the interface in a stirred ladle by sampling the real slag-metal interface in an industrial 
ladle. As a preliminary step of a long term project towards process control in ladle 
treatment, a new sampling technique was developed by joint effort of MEFOS, 
Uddeholm Tooling and KTH. This sampling technique was proved to be successful in 
taking the samples of the slag-metal interface from both argon-stirred ladle and 
induction-stirred ladle. Mixing behaviour with respect to different stirring conditions was 
studied by analyzing the slag-metal samples taken by this new sampling technique. Fine 
metal droplets were found in the slag samples taken from both the induction-stirred ladle 
and the gas-stirred ladle. Evidence for the existence of the slag droplets each surrounded 
by a very thin metal film was found in the bulk of slag in the samples taken under both 
gas-stirred and induction-stirred conditions. While these studies had thrown strong lights 
on the behaviour of slag-metal mixing at the interface, an insight into the mechanism of 
the mixing was still lacking. Aiming at an in-depth understanding of the mixing 
mechanism(s) and modelling of the interface, slag-metal mixing was further investigated 
using cold model experiments in the present work. Preliminary models to describe the 
mixing of slag and metal introduced by shear force and by gas bubbles are also 
attempted. 
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2. EXPERIMENTAL 

2.1 Study of industrial samples 

2.1.1 Description of sampler 
 
 A new sampling technique was developed to obtain samples of the slag-metal 
interface from the industrial ladle during ladle treatment. The specially designed sampler 
is schematically shown in Figures 1(a) and 1(b). The sampling device is composed of a 
stainless steel sampling tube (Length: 0.58 m, Inner Diameter: 0.056 m), an outer 
mounting tube and a bottom part to be able to enclose the sample. The bottom part 
consists of 4 steel rods welded to a steel plate. The steel plate has a raised conical-shaped 
part in the centre. The base of the cone has a diameter, which matches the inner diameter 
of the stainless steel sampling tube, so that the sampling tube can be closed by the bottom 
plate during sampling. The four steel rods are threaded in the upper part so they can be 
screwed on to the outer mounting tube. The principle is shown in Figure 1(a). A weight 
of 34 kg made of steel is attached on the top of the sampling tube. This weight functions 
to accelerate the movement of the inner tube during sampling. 
 

Sampling tube

Release mechanism

Steel rods

Steel plate

Outer tube

Nut

Threaded part

 
 

Figure 1(a): Schematic diagram of sampler when sampling tube is empty 
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Sampling tube, "filled"

Release mechanism, "open"

Slag

Steel

 
 
 

Figure 1(b): Schematic diagram of sampler when sampling tube is filled with metal and 
slag 

 
 
 Before sampling, the sampling tube is placed inside the mounting tube and hold in 
position by a sprint. The bottom part is thereafter screwed on to the outer steel tube, as 
seen in Figure 1(a). During sampling, the sprint is released and the sampling tube falls 
down into the melt and close against the bottom part, keeping a sample of the slag-metal 
mixing zone inside, as shown in Figure 1(b). A series of photographs of the sampler at 
different stages of sampling is further shown in Figure 2. A forklift, which is not shown 
in the figure, is used for vertical and horizontal positioning of the sampler during 
sampling. 
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(a) (b) 

  

  
(c) (d) 

 
Figure 2: A series of photographs of the sampler at different stages of sampling: 
(a) Sampling tube and the bottom part of the sampler 
(b) Sampler above ladle: just before sampling 
(c) Filled sample: just before quenching 
(d) Filled sample: just after quenching 
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2.1.2 Sampling procedure 
 
 The samples of the slag-metal interface were taken in the industrial 65-ton ladle at 
Uddeholm Tooling AB in Hagfors, Sweden. A detailed description of the ladle treatment 
at Uddeholm Tooling can be found in an earlier publication [14]. The samples were taken 
after deoxidation but before vacuum degassing.  
 
 Before sampling, an estimation of the thickness of the slag layer in the ladle was 
first made to assure that the sampler would be immersed through the slag layer into the 
steel. Usually the slag layer thickness in the 65-ton ladle at Uddeholm Tooling is about 
10 cm. The slag depth was estimated by considering the metal weight in the ladle and the 
bath height when the ladle arrived to the ladle station. The estimated immersion level was 
thereafter marked on the bottom part of the sampler. After the sampler was mounted on 
the forklift, it was placed in position over the ladle. Sampling positions were 
predetermined, and marks were made on the floor of the steel shop for the correct 
position of the forklift corresponding to each position. Thereafter the sampling device 
was lowered. When the marked immersion level was reached, the releasing mechanism 
was loosened and the sampling tube was released, falling through the slag layer into the 
steel and enclosing a part of the slag-metal interface. The sample holder was thereafter 
quickly lifted from the steel bath, and immediately quenched in the water. A pre-cooling 
of the sample would take place as soon as the sampling tube was lifted from the melt and 
got in contact with the surrounding air of lower temperature. The time for the sampling 
procedure was about a few seconds. The time for the sampler to reach the water-cooling 
was about 30 seconds. Precautions were taken to avoid water coming inside the sampling 
tube during water-cooling of the sample. After the sample had cooled down, the sampling 
tube was filled with plastic resin to protect the slag from the surrounding air and also for 
mechanical protection during transportation of the samples. 
  

2.1.3 Samples details 
 
 The samples were collected in both induction-stirred ladle as well as in gas-stirred 
ladle. In the case of induction stirring, four different strengths; 300 A, 600 A, 750 A, and 
900 A, were applied. In each case, samples were collected from three different positions; 
P1, P2 and P3 in the ladle as shown in Figure 3. In the case of gas stirred sampling, the 
molten bath was first induction stirred and then allowed for some time to calm down. 
After this short time gap, argon-gas-stirring was applied and samples were collected in 
the ladle. All the three samples taken in the gas stirring mode were collected from the 
same position very close to the open eye area, namely P2. It should be pointed out that 
open eye is only observed in the case of gas stirring. However, the open eye position in 
the case of gas stirring and all three sampling positions in the case of induction stirring 
are superimposed in Figure 3 for easy discussion. The sampling conditions of the 15 
samples are presented in Table 1. The temperatures of the liquid metals just before 
sampling are also included in the same table. Note that the heat numbers and steel grades 
in the last two columns in Table 1 are industry specifications. 
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open eye

P1

P2

P3

2.95 m

P1: approx. 0.3-0.5 m from ladle wall
(measured from side closest to ind. stirrer)

P2: approx. 0.8-1.2 m from ladle wall
(measured from side closest to ind. stirrer)

P3: approx. 0.3-0.4 m from ladle wall
(measured from side opposite to ind. stirrer)

Inductive stirrer (upward)

 
 

Figure 3: Schematic diagram showing the sampling positions in the ladle 
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Table 1: Details of the sampling conditions 

Sample 
No. 

Sample 
Name Stirring Condition 

Position in 
Ladle 

(See Fig 3) 

Sampling 
Temp 
(0C) 

Heat No. Steel Grade 

1 I 1 Inductive 300 A P1 1634 52958 Ramax 2 

2 I 2 Inductive 300 A P2 1655 52965 Orvar Sup 

3 I 3 Inductive 300 A P3 1642 52965 Orvar Sup 

4 I 4 Inductive 600 A P1 1645 52963 Orvar 14 Sup 

5 I 5 Inductive 600 A P2 1623 52963 Orvar 14 Sup 

6 I 6 Inductive 600 A P3 1632 52965 Orvar Sup 

7 I 7 Inductive 750 A P1 1599 52971 Orvar Sup 

8 I 8 Inductive 750 A P2 1592 52971 Orvar Sup 

9 I 9 Inductive 750 A P3 1586 52971 Orvar Sup 

10 I 10 Inductive 900 A P1 1546 52964 Sverker 3 

11 I 11 Inductive 900 A P2 1547 52964 Sverker 3 

12 I 12 Inductive 900 A P3 1543 52964 Sverker 3 

13 G 1 Gas (plug 1-179 l/min, 
plug 2-175 l/min) P2 1622 53801 Orvar Sup 

14 G 2 Gas (plug 1-192 l/min, 
plug 2-180 l/min) P2 1603 53801 Orvar Sup 

15 G 3 Gas (plug 1-194 l/min, 
plug 2-180 l/min) P2 1599 53801 Orvar Sup 

 

2.1.4 Analyses of the slag-metal samples 
 

After sampling and quenching, each sample was mechanically opened using lathe 
and milling machine. Figures 4(a) and 4(b) show the typical photographs of a sample 
before and after machining. To reveal the slag-metal interface, the central part of the 
sampling tube was first lathed into a thin shell and then a part of the thin shell was 
separated using milling machine. Separation of the thin shell from the slag-metal sample 
was not difficult because there was no attachment between the sampling tube and the 
sample. Figure 5 shows a typical photograph of an opened sample with part of the thin 
shell of the sampling tube which was in immediate contact with slag and metal before 
opening. As exemplified in Figure 4(b), the metal bulk, slag bulk and slag-metal interface 
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can be easily identified. Thereafter, the slag part was physically divided into a number of 
zones on the basis of the distance from the slag-metal interface. The total number of 
zones was not fixed for all the samples, it varied according to the length of the slag bulk 
and the width of each zone. Figure 6 illustrates a typical zone-division of the slag part. 
The width of each zone was not constant for all the samples. After marking different 
zones on the opened sample, slag samples were collected very carefully in separate 
plastic bags for each zone and for each sample. The zone divisions of all the samples and 
their corresponding distances from the slag-metal interface are presented in Table 2. 
Also, few samples of steel part in contact with slag bulk were cut off from the steel bulk 
for microscopic examination. 

 

 
 

Figure 4(a): Photograph of a sample just after sampling and before quenching 
 
 

 
Figure 4(b): Photograph of a sample after machining 
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Figure 5: Photograph showing clear inner surface of sampling tube after opening 
 
 
 
 

 
 

 
Figure 6: Photograph showing physical division of slag part into a number of zones 
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Table 2: Zone division of all the samples and their corresponding distance from the slag-
metal interface 
 

Distance from the slag-metal interface (cm) Sample 
No. 

Sample 
Name Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

1 I 1 0.0-1.5 1.5-4.5 4.5-7.0   

2 I 2 0.0-1.5 1.5-3.0 3.0-5.0 5.0-7.0  

3 I 3 0.0-2.0 2.0-4.0 4.0-7.0 7.0-9.0 9.0-11.0 

4 I 4 0.0-2.0 2.0-4.8 4.8-7.7 7.7-10.5  

5 I 5 0.0-1.5 1.5-3.0 3.0-4.5 4.5-9.0  

6 I 6 0.0-3.0 3.0-6.0 6.0-9.0 9.0-11.0  

7 I 7 0.0-2.7 2.7-4.5 4.5-7.5   

8 I 8 0.0-1.5 1.5-3.0 3.0-4.5 4.5-6.0 6.0-10.0 

9 I 9 0.0-3.0 3.0-6.0 6.0-9.0   

10 I 10 0.0-3.0 3.0-6.0 6.0-10.0   

11 I 11 0.0-1.5 1.5-3.0 3.0-4.5 4.5-6.0 6.0-11.0 

12 I 12 0.0-0.5 0.5-4.5 4.5-9.5   

13 G 1 0.0-5.0 5.0-10.0 10.0-17.0   

14 G 2 0.0-4.0 4.0-8.0 8.0-13.0   

15 G 3 0.0-3.0 3.0-6.0 6.0-10.3   

 
 
 The slag as well as metal samples were examined by Light Optical Microscope 
(LOM) and Scanning Electron Microscope (SEM; Model: JEOL JSM 840). For this 
purpose, small pieces of collected slag or metal were mounted and analyzed after 
polishing. SEM was employed mostly to confirm the presence of the metal droplets in the 
slag and to estimate the sizes of very fine metal droplets. In the case of metal samples, 
SEM was used to examine whether slag droplets exist in the steel bulk close to the 
interface.  
 

The chemical compositions of the slag samples were analyzed by an X-Ray 
Fluorescence Spectroscopy unit (XRF; Model: Phillips Perl X-2). The sulphur contents 
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were determined using a CS - 444 LS Carbon/Sulphur Determinator (supplied by the 
Leco Corp. in Michigan, USA).  
 
 Magnetic separation was employed to separate the metal droplets from the slag. 
The separation was performed by first crushing the slag sample into very fine powder and 
then collecting the metallic portion by a weak electromagnet. After the separation, metal 
and slag were weighed separately using an electronic balance. Magnetic separation of 
slag samples was repeated for a few samples with strong permanent magnet. However, 
difficulties were encountered in quantitative analysis using this technique because of the 
very fine size of the metal droplets. The metal contents in the samples were also analyzed 
by spectrophotometer. In this analysis, the slag samples were first dissolved in acid (HCl 
and HNO3). Chemical reagent, phenanthroline (C12H8N2-H2O) was added as the colour 
indicator and distilled water was added as the colorimetric reagent. 
 

2.2 Cold model study 

2.2.1 Experimental setup 
 
 In steelmaking, slag-metal mixing occurs due to shear at the slag-metal interface 
caused by excessive liquid steel flow [1]. To simulate this phenomenon, a simple 
experimental setup was designed. It is schematically presented in Figure 7. The 
rectangular container (95 cm X 15 cm X 40 cm) was made of PMMA (Chemical name: 
polymethylmethacrylate; Commercial name: Plexiglas) sheet.  Tap water and silicone oil 
were used for simulating metal and slag, respectively. The shear force between water and 
silicon oil was generated by introducing constantly the tap water through the inlet tube 
and, at the same time, keeping the valves of the three outlets open. The water inlet and 
outlet were kept at the same level for all the experiments. Three flow-meters (one at each 
outlet and each having operating range between 100 l/h to 350 l/h) were used for 
measuring the flow rate. Flow rates of all the three outlets were kept almost at the same 
level to get uniform flow distribution at the water-oil interface. A typical range of 
inlet/outlet flow rate to initiate mixing was between 500 l/h to 600 l/h. A CCD camera, a 
digital still imaging camera and a computer were used for capturing and analyzing the 
images during cold model study. For the sake of clarity, these components are not shown 
in the schematic diagram. To vary the experimental conditions three different silicone 
oils were used. The kinematic viscosities of these oils were 50, 100 and 200 cSt (1 cSt = 
10-6 m2/sec). The thickness of the oil layer was also varied. 
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Figure 7: Schematic diagram of the setup used for the study of slag-metal mixing caused 
by shear force at the interface 

 

Length 95 cm 

Inlet connected to 
tap water supply 

3 outlets in same row (all 
having inner diameter 1 cm), 
connected to flow-meter  

Width 
15 cm 

Top view 

Tap hole at bottom 
center (having inner 
diameter 1 cm) 

95 cm

Height 
40 cm 

2 cm 
Front view 

Water

Oil
Tube inner 
diameter 1 cm 
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 To simulate the slag-metal mixing in the vicinity of the open-eye generated by gas 
bubbles, a cylindrical vessel (internal diameter = 25 cm) made of PMMA sheet was used. 
As shown in Figure 8, compressed air gas was introduced through a metallic nozzle at the 
bottom of the vessel to simulate the gas stirring. The nozzle having an inner diameter of 2 
mm was located at the centre of the bottom. Again, tap water and silicone oil were used 
for modelling metal and slag, respectively. In this study, silicone oil having a kinematic 
viscosity of 100 cSt was used. Water layer thickness and oil layer thickness were kept 
constant at 20 cm and 5 cm, respectively. 
 

 
 

Figure 8: Schematic diagram of the setup used for the study of gas stirring 
 

2.2.2 Critical velocity measurement 
 
 Critical velocity is defined as the bulk flow velocity when mixing just starts due 
to the turbulence caused by the shear force at the water-oil interface. Below this velocity, 
flow is streamline and no mixing is noticed.  
 

For critical velocity measurement, the rectangular container shown in Figure 7 
was used. Fine mica powder (supplied by Eberhard Faber) was used as a medium for the 
measurement of critical velocities. The density of the mica powder lies between the 
densities of water and silicone oil and so that it keeps floating exactly at water-oil 
interface. A CCD camera was mounted on the top of the setup in such a position that it 
could focus on the mica powder. The magnifications of the images were measured by 
focusing the CCD camera on a paper-scale at the same level of the interface where mica 
powder was floating. To avoid the wall effect (effect of side walls of container on the 
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flow) on the velocity measurement, the CCD camera was placed in the centre of the 
setup. With the help of an inlet tap and three outlet taps, a continuous flow was 
introduced just below the water-oil interface. The flow was increased continuously till the 
start of mixing at the interface. Simultaneously this flow was captured by the CCD 
camera mounted on the top of the setup. Although the flow speed was increased 
continuously to initiate the mixing, the distance between the CCD camera and the 
interface was kept constant. This distance was kept constant by maintaining the inlet and 
outlet flow rates being the same. To reach this predetermined distance, the height of the 
water bath was adjusted by releasing water from the bottom tap hole. By keeping the 
constant distance between the CCD camera and the interface, the camera could be 
focused on the mica powder all the time before the mixing started. The defocusing of the 
mica powder in the video would indicate the starting point of the mixing. All videos were 
captured at the rate of 25 frames per second (fps) and a magnification of 6.15 X.  

 
Figure 9 shows an example of the critical velocity measurements. The white dots 

of irregular shape are the mica particles. Comparatively smaller mica particle was chosen 
in the image for better accuracy. The mica particle which was analyzed for critical 
velocity measurement is marked by the black circles in Figure 9. The flow direction is 
also shown by an arrow sign. On the basis of the distance travelled by the mica particle 
and the time interval between the corresponding two frames, the velocity of the flow was 
evaluated. 

 
For mixing height measurement, images of mixing zone were captured by a 

digital still imaging camera situated in front of the rectangular setup. Scales in horizontal 
and vertical directions were fixed on the front side of the setup to obtain the 
magnification during mixing height measurement. 

 
 One photograph captured by still imaging camera is shown in Figure 10, which 
was used for mixing height measurement. Even the average droplet size in the mixing 
zone was measured with the help of the captured images. 
 

2.2.3 Visual observation 
 

To get better understanding of mixing of two different liquids, a water soluble 
colour was dissolved in water in some of the experiments. For this purpose, the silicone 
oil having kinematic viscosity of 200 cSt was used in the case of rectangular setup while 
silicone oil having kinematic viscosity of 100 cSt was used for the cylindrical setup. No 
colour change of oil was detected, indicating the insolubility of the colour in the oil. 
Mixing of coloured water and silicon oil was visually observed in both of the 
experimental setups shown in Figures 7 and 8. Images of the flow patterns were captured 
by the digital camera to assist the discussion. 
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(a) Frame No. 425 

Assuming leftmost bottom point as origin, 
horizontal coordinate of encircled particle 

in actual image* is  = 10.1 cm 

(b) Frame No. 433 
Assuming leftmost bottom point as origin, 
horizontal coordinate of encircled particle 

in actual image* is  = 19.7 cm 
 

Distance travelled in actual video = (19.7-10.1) cm = 9.6 cm 
Actual distance travelled = 9.6 /magnification (6.15) = 1.56 cm 

Time gap between these two frames = (433-425)/25 seconds = 0.32 sec. 
Critical velocity = 1.56/0.32 = 4.9 cm/sec 

* Above images are smaller than the actual images in dimension 
 
Figure 9: An example of the critical velocity measurement (used for 1.5 cm thick layer of 
100 cSt silicone oil; images shown above are taken form the video captured by the CCD 
camera at 25 fps) 
 

 

 
 

Figure 10: Image captured by the digital still imaging camera at the time of the start of 
mixing, which was used for mixing height measurement (Mixing height: 2.3 cm, silicone 
oil: 100 cSt, oil layer thickness: 1.5 cm) 
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3. RESULTS 

3.1 Industrial samples study results 

3.1.1 Visual observation 
 
 The physical appearance of all the opened slag-metal samples was found very 
similar, despite of the different stirring conditions and different sampling positions in the 
ladle. In all the samples, slag-metal interface was clearly distinguishable with a sharp 
boundary between slag and metal bulk as can be seen in a typical photograph of an 
opened sample presented in Figure 4(b). No attachment was found between the stainless 
steel sampling tube and the slag-metal sample which indicates that all the samples were 
quenched sufficiently fast. Otherwise, the tube would at least have been partially welded 
or attached on the sample. In Figure 5, it can be easily seen that the inner surface of 
sampling tube and the surface of slag-metal are absolutely clean and there is no sign of 
any attachment or welding. 
 

3.1.2 LOM analyses of slag samples 
 
 LOM analyses of all the slag samples revealed that the microphotographs of the 
slag samples are very similar despite of different stirring conditions and different 
sampling positions in the ladle. Moreover, microphotographs of slag samples taken from 
different zones of the same sample were also found very similar. In all the cases small 
metal droplets are seen within slag matrix. The metal droplets were found in the size 
range of 1 to 245 micron in diameter. It should be mentioned that the metal droplets 
bigger than 100 micron in diameter were found in all the zones of every slag sample, 
indicating that metal droplets bigger than 100 micron are not confined only to the zone 
closest to the slag-metal interface. Although, the appearance of the microphotographs of 
all the samples were very similar with respect to the presence of the small metal droplets 
in the slag matrix, the morphology of the slag matrix showed variation with the distance 
from the interface. Slag matrix was found glassy in the samples that were collected from 
the zone closest to the slag-metal interface or samples closest to the inner surface of the 
sampling tube. But slag appeared dendritic in the samples collected in the zone farthest 
from the slag-metal interface and not in the vicinity of the sampling tube. This variation 
indicates that slag in contact with the metal bulk or sampling tube cooled faster than the 
slag farthest from the slag-metal interface or sampling tube. This is because of the high 
thermal conductivity of metal.  
 
 Figures 11(a), 11(b), and 11(c) present the microphotographs of three slag 
samples taken from the samples named as I4, I5 and I6, respectively. As shown in Table 
1, samples I4, I5 and I6 were all taken in an induction-stirred ladle with 600 A but at 
three different positions P1, P2 and P3, respectively. All the three slag samples shown in 
Figures 11(a)-11(c) were taken from the zone closest to the slag-metal interface, i.e. zone 
1. In all the microphotographs of slag samples, the bright circular spots are the metal 
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droplets. It can be clearly seen that all the three microphotographs are very similar. This 
similarity was also found for the other induction intensities, i.e., 300 A, 750 A, and 900 
A.  
 

 
 

Figure 11(a): LOM photograph of a slag sample taken from Sample-I 4; Zone 1, showing 
small metal droplets in the slag matrix (magnification – 200 X) 

 

 
 

Figure 11(b): LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing 
small metal droplets in the slag matrix (magnification – 200 X) 
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Figure 11(c): LOM photograph of a slag sample taken from Sample-I 6; Zone 1, showing 
small metal droplets in the slag matrix (magnification – 200 X) 

 
 

Figures 12(a), 12(b), and 12(c) show the microphotographs of three slag samples 
taken from three different zones (zone 1, zone 2, and zone 3) of the sample, G1, which 
was obtained in an argon-stirred ladle. Again, all the three microphotographs share 
similarities with respect to the presence of the small metal droplets. On the other hand, 
slag sample taken from zone 1 appears glassy while slag samples taken from zone 2 and 
zone 3 appear dendritic. Similar results were also found for the other gas-stirred samples 
i.e., G2, and G3. 
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Figure 12(a): LOM photograph of a slag sample taken from Sample-G 1; Zone 1, 
showing small metal droplets in the slag matrix (magnification – 200 X) 

 

 
 

Figure 12(b): LOM photograph of a slag sample taken from Sample-G 1; Zone 2, 
showing small metal droplets in the slag matrix (magnification – 200 X) 



 21

 
 

Figure 12(c): LOM photograph of a slag sample taken from Sample-G 1; Zone 3, 
showing small metal droplets in the slag matrix (magnification – 200 X) 

 
 

 More careful investigation of slag samples under LOM revealed the existence of 
very fine metal droplets in slag matrix arranged in a very unique way as shown in Figures 
13(a), 13(b), and 13(c). 
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Figure 13(a): LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing 
an array of very fine metal droplets in the slag matrix (magnification – 500 X) 

 
 

 
 

Figure 13(b): LOM photograph of a slag sample taken from Sample-G1; Zone 3, showing 
a cluster of a few closed loops of very fine metal droplets (magnification – 200 X) 
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Figure 13(c): LOM photograph of a slag sample taken from Sample-G 1; Zone 2, 
showing almost a closed loop of very fine metal droplets in the slag matrix 

(magnification – 50 X) 
 

3.1.3 Chemical compositions of slag samples 
 
 The collected slag samples were analyzed using XRF (X-Ray Fluorescence 
Spectroscopy) technique. The chemical compositions of the slag samples are presented in 
Table 3. The sulphur concentrations of the slag for some of the samples are also listed in 
the same table.  
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Table 3: Chemical compositions (mass %) of the slag samples taken from different zones 
for different sampling positions and different stirring conditions 
 
Sample 
Name 

Zone 
No. CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2 S 

1 34.4 0.4 17.3 19.0 16.2 1.4 1.5 5.0 0.8 0.2 - 
2 32.9 0.4 18.3 18.9 15.4 1.5 1.5 5.5 0.9 0.2 - I 1 
3 33.8 0.2 17.5 18.6 15.8 1.4 1.5 5.1 0.8 0.2 - 
1 52.2 0.2 8.2 22.4 11.4 0.8 0.04 0.2 0.06 0.1 0.23 
2 52.3 0.2 8.2 22.4 11.4 0.7 0.04 0.2 0.06 0.1 0.23 
3 50.8 0.2 9.4 21.7 11.1 1.1 0.05 0.2 0.05 0.1 0.21 

I 2 

4 50.1 0.2 9.3 21.2 11.1 1.7 0.07 0.3 0.07 0.1 0.20 
1 52.0 0.2 8.4 22.6 11.3 0.4 0.06 0.3 0.05 0.1 - 
2 52.9 0.2 8.3 22.8 11.4 0.5 0.04 0.2 0.05 0.1 - 
3 52.0 0.2 8.3 22.6 11.3 0.4 0.03 0.2 0.04 0.1 - 
4 52.6 0.2 8.2 22.7 11.3 0.4 0.03 0.2 0.04 0.1 - 

I 3 

5 52.4 0.2 8.3 22.8 11.4 0.4 0.03 0.2 0.04 0.1 - 
1 45.8 0.2 9.4 27.4 10.6 1.4 0.2 0.6 0.4 0.1 - 
2 45.2 0.2 9.4 27.2 10.6 1.3 0.2 0.6 0.4 0.1 - 
3 45.4 0.2 9.5 27.4 10.7 1.4 0.2 0.6 0.4 0.1 - 

I 4 

4 45.7 0.2 9.3 26.6 10.8 1.3 0.1 0.6 0.3 0.1 - 
1 45.9 0.2 9.8 27.5 10.6 0.6 0.1 0.5 0.3 0.1 0.17 
2 45.8 0.2 9.6 27.8 10.8 0.5 0.1 0.5 0.3 0.1 0.18 
3 45.9 0.2 9.6 27.8 10.8 0.5 0.1 0.5 0.3 0.1 0.18 

I 5 

4 46.2 0.2 9.7 28.0 10.9 0.6 0.1 0.5 0.3 0.1 0.18 
1 52.0 0.2 8.6 22.8 11.5 0.4 0.05 0.2 0.05 0.1 - 
2 52.3 0.2 8.3 22.7 11.4 0.3 0.03 0.2 0.04 0.1 - 
3 52.4 0.2 8.3 22.9 11.4 0.4 0.03 0.2 0.04 0.1 - 

I 6 

4 52.1 0.2 8.3 22.8 11.6 0.3 0.03 0.2 0.04 0.1 - 
1 48.2 0.2 10.0 26.5 8.8 0.3 0.7 0.1 0.2 0.1 - 
2 48.4 0.2 10.0 26.7 8.9 0.4 0.1 0.1 0.2 0.1 - I 7 
3 48.5 0.2 10.2 26.7 8.9 0.4 0.1 0.1 0.2 0.1 - 
1 49.5 0.2 10.2 27.1 8.9 0.3 0.04 0.1 0.2 0.1 0.41 
2 48.7 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.42 
3 48.8 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.42 
4 48.6 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.41 

I 8 

5 49.1 0.2 10.2 27.1 8.9 0.3 0.04 0.1 0.2 0.1 0.41 
1 48.5 0.2 10.0 26.9 8.7 0.3 0.04 0.1 0.2 0.1 - 
2 48.8 0.2 10.1 27.2 8.8 0.3 0.04 0.1 0.2 0.1 - I 9 
3 47.8 0.2 10.1 26.6 8.7 0.3 0.04 0.1 0.2 0.1 - 
1 39.6 0.2 14.7 21.3 12.0 2.3 1.3 4.7 0.4 0.2 - 
2 38.8 0.2 14.9 21.0 11.9 2.2 1.3 4.8 0.4 0.2 - I 10 
3 39.1 0.2 14.9 21.0 11.9 2.0 1.3 4.9 0.4 0.2 - 
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Table 3 continued… 
 
Sample 
Name 

Zone 
No. CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2 S 

1 - - - - - - - - - - - 
2 39.2 0.2 14.9 21.4 12.5 2.2 1.2 3.9 0.3 0.2 - 
3 39.3 0.2 15.4 21.4 12.6 1.7 1.2 4.0 0.4 0.2 - 
4 38.1 0.2 15.0 20.7 12.6 1.8 1.1 3.6 0.3 0.2 - 

I 11 

5 39.0 0.2 15.3 21.4 12.6 1.8 1.1 4.1 0.4 0.2 - 
1 - - - - - - - - - - - 
2 38.2 0.2 16.5 21.5 12.9 1.7 1.1 3.8 0.3 0.2 - I 12 
3 38.5 0.2 15.8 21.2 13.3 1.5 0.9 3.0 0.2 0.2 - 
1 53.7 0.2 10.6 23.0 8.3 0.6 0.02 0.09 0.05 0.1 0.18 
2 54.3 0.2 10.4 23.3 8.4 0.6 0.02 0.08 0.05 0.1 0.18 G 1 
3 53.8 0.2 10.0 23.1 8.3 0.6 0.02 0.06 0.05 0.1 0.17 
1 52.9 0.2 10.2 23.1 8.4 0.9 0.02 0.08 0.03 0.1 0.19 
2 53.4 0.2 10.6 23.2 8.3 0.6 0.01 0.1 0.03 0.1 0.19 G 2 
3 53.5 0.2 10.3 23.3 8.3 0.5 0.01 0.07 0.03 0.1 0.19 
1 53.1 0.2 10.1 23.5 8.2 0.5 0.01 0.06 0.02 0.1 0.21 
2 53.8 0.2 10.0 23.7 8.3 0.4 0.01 0.06 0.02 0.1 0.20 G 3 
3 53.9 0.2 10.1 23.7 8.3 0.4 0.01 0.06 0.02 0.1 0.21 

 

3.1.4 Metal fraction in slag samples by magnetic separation 
 
 On the basis of the results of magnetic separation, metal content in the slag was 
calculated for each sample in terms of weight percentage. The results are presented in 
Table 4. The table shows that the metal contents in most of the slag samples are lower 
than 1 wt %. 
 
 
Table 4: Metal contents analyzed by electromagnetic technique for different slag samples 
 

Metal content in the slag (wt %) Sample 
Name Zone 1 Zone 2 Zone 3 

I 1 - 0.33 0.25 

I 3 0.10 0.10 - 

I 5 0.33 0.24 - 

I 8 0.20 0.12 - 

I 12 0.74 0.35 1.86 
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 It is worthwhile to mention that a few slag samples were analyzed using a strong 
permanent magnet to check whether magnetic strength plays any role in determining the 
metal content. Surprisingly, 70-80 % slag got attracted to the strong magnet. This 
indicates that most of the metal droplets present in the powdered slag were very fine and 
coated with thick layer of slag. In other word, fine metal droplets coated with thick layer 
of slag need large magnetic force to get attracted towards magnet and that is why very 
low portion of metal droplets got attracted towards weak electromagnet. 
 

3.1.5 Metal fraction in slag samples by spectrophotometer 
 
 To obtain the exact amount of metal in the slag, a number of slag samples were 
also analyzed by spectrophotometer. The metal contents analyzed by this technique are 
presented in Table 5. It is seen that metal contents analyzed using this method are also 
very low which is in accordance with the results of the magnetic separation. Note that for 
most of the cases metal contents analyzed by spectrophotometer are slightly higher than 
that analyzed by electromagnet technique. This is because of the fact that weak 
electromagnet was not able to attract all the metal droplets present in the slag due to the 
“thick” slag coating on the metal. On the other hand, strong permanent magnet attracted 
almost all the metal droplets present in the slag but with large amount of slag. Hence, the 
metal contents analyzed by spectrophotometer technique should be considered as most 
accurate. 
 
 

Table 5: Metal contents analyzed by spectrophotometer technique for different slag 
samples 

 

Metal content in the slag (wt %) Sample 
Name Zone 1 Zone 2 Zone 3 

I 1 - 1.28 1.22 

I 3 0.33 0.33 - 

I 5 0.39 0.42 - 

I 8 0.29 0.59 - 

I 12 1.13 1.29 1.09 

G 1 0.63 1.14 0.76 
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3.1.6 LOM analyses of metal samples in contact with the slag 
 
 The microphotograph of the steel sample in contact with the slag is presented in 
Figure 14. Even the slag part is seen in the figure. As shown in the microphotograph, no 
slag droplets were detected in the steel bulk. 
 
 

 
 

Figure 14: The LOM photograph of the steel sample in contact with the slag 
(magnification – 50 X) 

 

3.2 Cold model study results 

3.2.1 Critical velocity 
 
 A number of experiments were carried out to determine the critical velocities 
for mixing. Three types of silicon oils were employed. The effect of initial thickness of 
the oil layer on the mixing behaviour was examined. Table 6 lists the experimental 
conditions along with the critical velocities. Even the mixing heights and the average 
radii of the oil droplets in the mixing zone are presented in this table. It is important to 
mention here that all the data presented in Table 6 were measured without any colour 
addition. 
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Table 6: Results of the critical velocity measurements 
 

Silicone 
oil type 

(kinematic 
viscosity 
in cSt) 

Oil layer 
thickness 

(cm) 

Height of oil-
water interface 

from inlet/outlet 
level (cm) 

Critical 
velocity 
(cm/sec) 

Mixing 
height at 
critical 

velocity (cm) 

Average 
radius of oil 
droplet in 

mixing zone 
(cm) 

1.9 3.2 4.8 2.7 0.8 
50 

3.0 3.3 3.0 3.9 0.8 

1.5 3.6 4.9 2.3 0.7 
100 

3.1 3.5 3.5 3.1 0.7 

2.0 3.1 2.9 4.3 0.6 
200 

2.7 3.6 2.7 4.9 0.7 

 
 

3.2.2 Mixing introduced by shear force at the interface 
 
 The sequences of mixing by shear force at the water-oil interface are presented in 
Figures 15(a)-15(c). All the images were taken in the rectangular setup. The silicon oil of 
200 cSt was employed in this experiment.  The initial thickness of the oil was 3.5 cm. 
Figure 15(a) shows the two phases, which are clearly distinguishable in the absence of 
any flow. Thereafter, a continuous water flow was introduced below the water-oil 
interface. Figure 15(b) shows the water-oil interface below critical velocity. As shown in 
the figure, no oil droplet was observed in the bulk of water. It was observed that 
entrainment of oil in water occurred due to shear force between two liquid phases after 
the flow reached a critical velocity. The entrained oil droplet would go back to the bulk 
of oil phase with a thin coating of water on it. This thin coating of water was clearly 
visible when oil droplet re-entered into the oil phase because of the colour of the water 
film. This stage is shown in Figure 15(c). Cluster of water coated oil droplets can be 
clearly seen in the figure. After stabilization of the flow, very few oil droplets were found 
in the water bulk. It is also important to mention that water coated oil droplets were found 
rotating along their own centre of axis and also moving with the flow simultaneously. 
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(a) Two separate layers of colored water and silicone oil in the absence of any flow 
 

 
 

(b) Water-oil interface below critical velocity 
 

 
 

(c) Water coated oil droplets above water bath 
 

Figure 15: Different stages of mixing due to shear force at the interface 
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3.2.3 Mixing introduced by rising gas bubbles 
 

In the experiments of water-oil mixing introduced by gas bubbles in the 
cylindrical setup, it was observed that air bubbles passed through the water-oil interface 
with a thin film of coloured water on it and finally escaped from the oil layer leaving 
small droplets of coloured water in oil phase. This phenomenon continued till the 
formation of an open eye. Once open eye was created, a vertical channel of water was 
formed for the passage of air bubbles. Almost all the air bubbles passed through this open 
eye without interacting with oil phase. After the formation of the open eye, shear force 
between water and oil increased due to high flow rate; and consequently oil droplets were 
formed in the vicinity of the open eye. All the oil droplets were coated with coloured 
water. These droplets formed a sphere-bed like structure around open eye after 
stabilization of the flow. The above mentioned sequences are presented in Figures 16(a)-
16(d). Figure 16(a) shows the separate layers of coloured water and oil in the absence of 
air flow. Figure 16(b) shows the coloured water droplets in oil phase dragged by the air 
flow before the formation of the open eye. These water droplets were formed after 
detachment of thin water film from the air bubbles. Figure 16(c) shows the open eye and 
the escaping-out of the air bubbles through the open eye. This photograph was captured 
before flow reached critical velocity and that is why no water coated oil droplet can be 
seen in the vicinity of the open eye. No clear photographs could be captured when high 
air flow rate was applied due the limitations of the experimental setup. Figure 16(d) 
shows a photograph which was captured just a few seconds after stopping the air flow. It 
shows sphere-bed like structure of water coated oil droplets. This image suggests the 
existence of sphere-bed like structure of water coated oil droplets around open eye when 
high air flow rate is employed. In the experiments, it was also observed that these water 
coated oil droplets rotates along its own centre of axis and also move with the flow 
current.  

 
 

 
 
Figure 16(a): Separate layers of colored water and silicone oil in the absence of gas flow 
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Figure 16(b): Water droplets in the oil phase dragged up by the gas flow before the 
formation of the open eye 

 

 
 

Figure 16(c): Gas bubbles escaping out through the open eye 
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Figure 16(d): Sphere-bed like structure of the water coated oil droplets just after stopping 
the gas flow 
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4. DISCUSSION 

4.1 Study of industrial samples 
 
 As shown in the Figure 5, the clean surfaces of the sample and the sampling tube, 
which had been in contact with each other during sampling and quenching, indicate that 
the sample was cooled down very fast to a temperature well below the melting 
temperature of the stainless steel sampling tube. In fact, the part of the slag in contact 
with the sampling tube should be frozen immediately. Otherwise, partially melting of the 
sampling tube should have been noticed. Although, during the process of quenching, the 
time for the sampler to reach the water-cooling was about 30 seconds, slag would have 
been solidified within initial few seconds due to air quenching. Since the samples solidify 
in only a few seconds, the quenched samples would have reasonably good representation 
of the slag-metal interface in the ladle.  

 
As shown in the Figure 14, LOM analyses of metal samples in contact with the 

slag have revealed that there was no detectable entrainment of slag in the metal bulk 
close to the interface. On the other hand, LOM analyses of the slag samples revealed that 
fine metal droplets were present everywhere in the slag bulk irrespective of the sampling 
positions and stirring conditions. Also, metal droplets bigger than 100 micron in diameter 
were found in all the zones of the same slag. This implies that fine metal droplets, i.e., 
approximately up to 100 micron in diameter, were distributed almost homogeneously 
throughout the slag bulk in the ladle. This aspect is clearly brought out in Figures 11 and 
12. Figures 11(a), 11(b), and 11(c) show the similarity of the microphotographs of three 
samples taken at three different positions in the ladle, P1, P2, and P3 respectively, while 
keeping the other parameters constant. On the other hand, Figures 12(a), 12(b), and 12(c) 
show the similarity of the microphotographs of three slag samples taken at three different 
zones of same sample, G1. These microphotographs strongly indicate that fine metal 
droplets were homogeneously distributed throughout the slag bulk irrespective of the 
stirring conditions and sampling positions in the ladle. The steel grades of the samples are 
listed in Table 1. The present results also indicate that even the steel grade has no 
appreciable effect on the mixing behaviour. Comparison of Figures 11 and 12 suggest 
that slag-metal mixing behaviours in the two stirring modes are very similar except the 
open eye area. 

 
 As discussed in the result part, the metal contents in the slag analyzed by 
magnetic separation involve great uncertainties due to the tiny size of the metal droplets. 
Hence, the metal contents in the slag analyzed by spectrophotometer are considered more 
reliable and are used for the present discussion. As shown in Table 5, the total metal 
contents in the slag samples are quite small, approximately 1 wt %, in most of the cases. 
These results are in accordance with the experimental results of Poggi et al. [9]. They 
studied the liquid-liquid interfaces in gas bubble stirred systems on a laboratory scale. 
The authors reported that the amounts of the metal droplets in the simulated slag were 
very small, irrespective of the types of slag-metal system employed [9]. Note that Poggi 
et al. [9] applied only gas stirring in their study and found denser liquid in the upper 
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phase. On the other hand, the presence of metal droplets in the slag and their percentage 
in the induction stirred ladle are very similar to the results of Poggi et al. [9]. This 
similarity strongly suggests that gas bubbles are not the only reason for the transfer of 
denser phase into upper phase. The shear force between the two liquid phases may also 
result in the slag-metal mixing. 
 
 Table 3 shows the chemical analysis of all the slag samples analyzed by XRF 
technique along with the results of the sulphur analysis. A substantial variation of the slag 
composition with the grade of steel is noticed in this table. For instance, the slag 
compositions of samples I1 and I6 are very different from other samples in their 
corresponding stirring groups. On the other hand, there is no significant concentration 
gradient in the slag analyzed from different zones of the same sample. Also, slag samples 
taken from different positions in the same heat do not reveal appreciable composition 
difference. An examination of the sulphur concentrations in Table 3 shows the same 
trends.  
 

4.2 Cold model study 
 
 A comparison between the data for oil layer thickness and data for critical 
velocity listed in Table 6 shows that the mixing occurs more easily at larger oil thickness 
for a particular type of silicone oil, i.e., when oil layer is thicker, even low interfacial 
flow velocity can initiate mixing. On the other hand, for small oil layer thickness, high 
interfacial flow velocity is required to initiate mixing at the interface. This result is in 
accordance with the finding of Harman and Cramb [4]. They studied the mechanism of 
emulsification in casting system with water and silicone oil. In their cold model study 
they also reported that the emulsification of oil is easier for thicker oil layer above water 
bath. 
 

While the data in Table 6 suggest that the oil viscosity affects the critical velocity, 
no direct relationship can be established between the oil viscosity and the critical 
velocity. According to the data reported in Table 6, there is an increase in critical velocity 
with the increase of viscosity from 50 cSt to 100 cSt. However, the critical velocity 
decreases when the viscosity is further increased to 200 cSt. 
   
 The data in Table 6 also show that the mixing height increases with the increase 
of oil layer thickness for a particular type of silicone oil.  
 
 As seen in Table 6, the oil layer thickness does not affect the average droplet size 
in the mixing zone for a particular type of silicone oil. Though, there is a decreasing trend 
in average radius of oil droplet size with the increase in the viscosity of silicone oil, 
difference in radii is not significant to make any conclusion. 

 
 Figure 10 shows an image of water-oil mixing just after reaching the critical 
velocity but before stabilization of the flow. In this image it can be noticed that the 
mixing height (2.3 cm) is much greater than the actual oil layer thickness before the onset 
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of mixing (1.5 cm). Whereas, after stabilization of the flow, very few oil droplets were 
found in the water bulk as mentioned in the result part. These results indicate that many 
oil droplets exist in water bulk before stabilization of the flow. After stabilization of the 
flow, a “sphere-bed” structure of water-coated oil droplets forms above the water bath 
leaving very few oil droplets in water bulk as shown in Figure 15 (c).  
 

On the basis of the experimental observation as exemplified in Figures 15(a)-15 
(c), the mechanism of the formation of water coated oil droplets due to shear force can be 
proposed. This mechanism is schematically shown in Figure 17. Figure 17 (a) shows the 
separate layer of oil above water bath in the absence of any flow. Figure 17 (b) shows the 
different stages of formation of single water coated oil droplet. Once the critical velocity 
is reached, oil droplet gets detached from the oil bulk and travels a small distance in the 
direction of flow in the water phase and then goes back to oil phase with a thin coating of 
water on it. After stabilization of the flow, oil droplets would form a “sphere-bed” like 
structure as shown in Figure 15 (c). 

 
 

(a) (b) 
 
Figure 17: Mechanism of the formation of water coated oil droplets due to shear force (a) 
two separate layers in the absence of any flow (b) water-coated-oil-droplet formation 
above the critical velocity 

 
 
Similarly, the mechanism of the formation of the open eye and the water-oil 

mixing around the open eye could also be proposed based on the experimental results. 
This mechanism is schematically illustrated in Figure 18.  In Figure 18 (a), oil layer 
above coloured water layer in the absence of any gas stirring is shown. Figure 18 (b) 
shows the formation of water coated oil droplets around the open eye after reaching the 
critical velocity. Figure 18 (c) shows the formation of sphere-bed like structure of water 
coated oil droplets around the open eye after stabilization of the flow. The images shown 
in Figures 16 (b) and 16 (c) represent the intermediate stages between Figure 18 (a) and 
18 (b). Figure 16 (d) shows a photograph which was captured just few seconds after 
stopping air flow and it shows sphere-bed like structure of water coated oil droplets. This 
image would correspond to the situation suggested in Figure 18 (c). 
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Figure 18: Schematic diagrams of gas stirring, (a) separate layers of coloured water and 
oil in the absence of any gas flow, (b) formation of water coated oil droplets around the 
open eye after reaching the critical velocity, and (c) sphere-bed like structure of water 
coated oil droplets around the open eye after stabilization of the flow 

 
 
The details of the formation of the water coated oil droplets in the presence of 

gas flow through the open eye are further presented in Figure 19. Figure 19 (a) shows the 
gas flowing through the open eye. As mentioned above, after the formation of the open 
eye, almost all the gas bubbles pass through the water channel inside the open eye. The 
interfacial velocity between oil surrounding the open eye and water inside the open eye 
increases due to the gas flow. In Figure 19 (a), the interfacial velocity between water and 
oil is below the critical velocity. Hence, the formation of oil droplet is not expected. In 
the case of Figure 19 (b), the interfacial velocity between water and oil is above the 
critical velocity, which leads to the formation of oil droplets. These oil droplets come 
back to oil bulk with a water film. This situation is indicated by the arrow signs in Figure 
19 (b). As shown by the arrows in the figure, oil droplets can follow one of the several 
random paths for coming back to oil bulk after their formation inside the open eye 
volume. 
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(a) (b) 
 
Figure 19: Mechanism for the formation of water coated oil droplets in the “gas stirring” 
simulation, (a) open eye created by the flow below the critical velocity, (b) droplet 
formation above the critical velocity 
 
 
 Han and Holappa [2] studied the iron entrainment into slag due to rising gas 
bubbles at high temperature on a laboratory scale. They proposed that the iron droplets 
entrained into the slag were mainly from two sources, jet entrainment and film 
entrainment. According to the present results, this mechanism is valid only before the 
formation of the open eye as shown in Figure 16 (b). Once open eye is formed, almost all 
the gas bubbles pass through the water channel without interacting with the oil as shown 
in Figure 16 (c). A similar situation is expected for real slag-metal system. In such case 
metal will be entrained into slag by jet entrainment and film entrainment before the 
formation of the open eye. Once the open eye is created, metal will enter into the slag 
bulk in the form of thin film covering the slag droplets due to the shear force between 
slag and metal around the wall of open eye as shown in Figure 19.  
 

4.3 Correlation between industrial study and cold model study 
  

Figure 13(a) shows a microphotograph of a slag sample taken from induction-
stirred ladle. An array of very fine metal droplets can be seen in this microphotograph. 
Formation of such array of fine metal droplets might be caused by solidification of the 
“sphere-bed” of the slag droplets, each surrounded by a thin film of metal. After 
solidification, the thin metal film would lead to the formation of an array of very fine 
metal droplets, while metal entrapped between the slag spheres would form bigger metal 
droplets. This argument is further supported by the presence of the closed loops of very 
fine metal droplets in the slag samples. As examples, Figures 13(b) and 13(c) present the 
microphotographs of slag samples taken from gas-stirred ladle. In Figure 13(b), a cluster 
of a few closed loops of very fine metal droplets can be observed. The size of an 
individual loop is approximately 100 micron. Again, the formation of such structure of 
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very fine metal droplets might be the result of solidification of a cluster of slag droplets 
each surrounded by a thin film of metal. In Figure 13(c), almost a complete loop of very 
fine metal droplets can be seen. Dimension of this loop is approximately 0.5 mm X 1.0 
mm. This might be formed due to the solidification of a single slag droplet surrounded by 
a thin film of metal.  

 
According to Poggi et al. [9], gas bubble coated with a thin metal film may also 

enter the slag phase. However, no sign of gas escape after rupture of gas bubble was 
found close to the metal droplets. Moreover, the loops of very fine metal droplets 
observed in Figures 13(b) and 13(c) are much smaller than the expected bubble size 
(about 1 cm). Hence, it is less likely that these loops are formed by the gas bubbles.  

 
It is also important to mention that Figures 13(a), 13(b), and 13(c) show the 

microphotographs of three different slag samples taken in three different zones. While the 
sample shown in Figure 13(a) was taken in an induction-stirred bath, the samples shown 
in Figures 13(b) and 13(c) were obtained in a gas-stirred ladle. The arrays and loops of 
fine metal droplets shown in these three figures could also be seen in many of the other 
slag samples. Their presences in the quenched samples would strongly support the 
reasoning that the slag-metal system behaves similar as the oil-water system. It is 
reasonable to expect that a packed “sphere-bed” of small slag droplets each surrounded 
by a thin metal film is formed above the metal bath when a critical interface velocity is 
reached, irrespective of the stirring modes.  

 
 The existence of “sphere-bed” like structure was further supported by the finding 
that in both stirring modes metal content in the slag samples was lower than 1 wt %. 
“Sphere-bed” structure would indeed result in very low fraction of metal in the slag. The 
cold model study results are in accordance with the industrial results. Therefore, it 
strongly supports the suggestion that “sphere-bed” structure prevails in a stirred ladle 
after the flow is stabilized. 

 
 Figures 13(a)-13(c) also suggest that the quenching of the samples was fast 
enough to retain some of the metal coated slag droplets in the quenched samples. 
However, the probability of finding slag in droplet form would decrease with the increase 
of the solidification time. The fact that the samples could not be frozen immediately 
would explain why we could not find a network structure in the slag samples. Also, the 
probability of finding big slag droplets would decrease with the increase of the 
solidification time because big slag droplets are comparatively less stable. Although, the 
dimension of biggest metallic loop found in the slag was approximately 0.5 mm X 1.0 
mm, it may not be the biggest cross section through the centre of the slag droplet. Slag 
droplet bigger than this could also be expected in the packed “sphere-bed” structure of 
slag above the metal bath. 
 

As found in the cold model study, the oil droplets covered with thin water film in 
the packed “sphere-bed” rotate due to the shear force. Assuming similar behaviour of 
slag-metal system and oil-water system, the rotation would not only promote the mass 
exchange between the metal film and slag droplet but also enhance the mass transfer in 
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the slag bulk. Since the thickness of the slag layer is about 10 cm, the negligible 
concentration gradients through the thickness of the slag layer as indicated by the 
chemical analyses in different zones of a same sample seem to be in line with this 
argument. The rotation of the slag droplets could even enhance the mass transfer in the 
horizontal direction. However, it should be pointed out that most of the samples were 
taken after a couple of minutes of stirring. This period was needed to obtain a stabilized 
flow. The negligible concentration gradients could also be partially due to the stir before 
sampling. It is difficult to shorten the time of stabilization of the flow in the ladle in the 
present industrial experiments. Hence, further study is required to quantify the 
contribution of the rotation of the slag droplets to the mass transfer. 
 

In a high temperature laboratory experiments, Han and Holappa [2] also found 
very fine metal droplets, less than 5 mμ  in size, in the slag in gas stirring condition. They 
also reported the presence of a few big metal droplets, about 1-3 mm in size. The 
discrepancy between their result and the present observation with respect to maximum 
droplet size could be attributed to the different sampling and experimental conditions. 
Note that, in the present study all the samples were taken after stabilization of the flow. 
The time of stabilization would be a couple of minutes. It is expected that entrainment of 
slag into metal bath will take place before the flow becomes steady. Before stabilization 
of the “sphere-bed” of the slag droplets on the metal bath, the presence of metal droplets 
of big size in the slag phase could also be expected. The present investigation is focused 
on the slag-metal interface after the flow is stabilized. It would be interesting to study the 
slag-metal interface even during the very initial stage of stirring in the coming efforts. 
  
 In ladle refining, induction stirring or gas stirring or a combination of both is 
applied. In the case of gas stirring and combined stirring, the slag-metal interface in the 
region a certain distance away from the open eye would be very similar as the interface in 
the case of induction stirring, because the mixing is only created and maintained by shear 
force. While in the vicinity of the open eye situation would be very different. Metal is 
dragged up by the gas bubbles through the open eye. To keep the mass conservation, 
metal brought up by the gas must descend in contact with the slag. Hence, different 
models are needed to predict the mass exchange between metal and slag in the above 
mentioned two situations. Two simple models tackling these two situations could be 
developed on the basis of the present results.  
 

4.4 Model consideration 
 
 On the basis of the suggested mechanisms of slag-metal mixing, preliminary 
models can be developed for the mixing introduced by shear force in both stirring 
conditions and the mixing in the open eye region. 
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4.4.1 Mixing of slag and metal introduced by shear force 
 
 As discussed above, slag-metal mixing is caused by the shear force at the 
interface in an induction-stirred ladle. Even in the case of gas stirring, slag-metal mixing 
in the region a certain distance away from the open eye is caused by the shear force. A 
generalized model should be able to predict the rate of mass exchange by slag-metal 
mixing in both stirring modes except the open eye region.  
 

 After stabilization of the flow, a sphere-bed of metal coated slag droplets would 
form above the metal bath due to the shear force. The droplets in the sphere-bed rotate 
along their own centre of axis and also move with the flow current. Although, the rotation 
and movement of the slag droplets with flow current may help indirectly the mass 
exchange between slag and metal, only the lowest layer of the slag droplets is considered 
for the rate of mass exchange between metal and slag in the present model. 

 
 

 
 

Figure 20 (a): Schematic diagram of the contact of metal with the lowest layer of slag 
droplets 

 

Front view 
r 

r 
Top view 

Metal Slag droplet 
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Figure 20 (b): A unit cell containing many slag droplets 

 

 
Figure 20 (c): Schematic diagram of the flow of metal associated with the slag droplets 

 
 Figure 20 (a) shows schematically the contact of metal with the lowest layer of 
slag droplets. Figure 20 (b) shows a unit cell containing many slag droplets within it. 
Figure 20 (c) shows the flow of metal associated with slag droplets. The following 
assumptions are made:  
 

1. After stabilization of the flow, the whole slag layer is in droplet form. 
2. All slag droplets are spherical and having the same size and shape. 
3. The linear velocity of the metal along the periphery of the slag droplet is equal to 

the velocity of the bulk flow of the metal at the slag-metal interface. 
4. The contribution of the metal film covering each slag droplet to the rate of mass 

exchange is negligible. 
 
According to Figure 20 (a), the metal volume associated with each slag droplet can be 
expressed by (neglecting the thin metal coating on the slag droplets): 

Vmetal 

Vmetal 

Vmetal Vmetal 

r

a > 2r 
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where, r  is the radius of the slag droplet. The mass of the metal associated with all slag 
droplets of the lowest layer in a unit cell of dimension ‘a’ (considering the cross sectional 
area of the unit cell, see Figure 20 (b)) is given by, 
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where, mρ  is the density of the liquid metal. 
 
According to Figure 20 (c), the length of the curved path is π r while the length of the 
straight path is 2 r. Assuming the liquid metal flows with the same linear velocity metalV  
along these two paths, the average time to travel a distance of 2 r can be evaluated by 
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Assuming simultaneous metal flow having the same velocity for all the droplets, the time 
required to flush out all the metal associated with slag droplets, flusht can be written as 
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Consequently, the flush-out rate of the metal in a unit cell can be expressed by, 
 

flush

celltotal
metal t

M
K _= ……………………………………………………………………… (5) 

 
Eqs. (2) to (5) lead to 
 

2185.0 aVK metalmmetal ρ= ……………………………………………………………….. (6) 
 

4.4.2 Open-eye area 
 
 In the case of gas stirring, an open eye is created. In the open eye region, the 
metal brought up by the gas bubbles would descend in contact with the slag, thereby 
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resulting in continuous mass exchange between metal and slag. Following this line, the 
following assumptions can be made. 
 

1. The shape of the open eye is cylindrical and it is uniform throughout the thickness 
of the slag layer. 

2. The amount of the metal brought up by the gas bubbles can be evaluated by the 
vertical component of the velocity of the metal-gas plume when it just reaches the 
lower part of the open eye region along with the metal fraction in the plume. 

3. The amount of metal descending in the open eye region is the same as the amount 
of metal brought up into the open eye region.  

4. All the metal descending in the open eye region is in good contact with the slag 
around the open eye.  

 
Hence, the rate of the metal brought in contact with the slag in the open eye region can be 
expressed as  
 

( )( ) meyeopenmetalmetaleyeopenmetal VFRK ρπ __
2

__ = ……………………………………………. (7) 
 
where R is the radius of the cross section of the open eye, eyeopenmetalV __  is the vertical 
component of the velocity of the metal-gas plume when it just reaches the lower part of 
the open eye region, and metalF  is the metal fraction in the plume. 
 

It would be interesting to compare the contributions of the slag-metal mixing in 
the open eye region and the rest part of the ladle to the rate of slag-metal reactions. 
Jonsson et al [15] and Jönsson et al [17] have studied the fluid flow in a gas-stirred ladle. 
The open eye is about 0.3-0.4 meter in diameter [15], while the fraction of the metal in 
the gas-metal plume is about 0.88 [17]. In their calculation, the ladle has a diameter of 3 
m. Assuming that metalV  and eyeopenmetalV __  are comparable, the ratio of mass exchange 
rates in the open eye region and the rest part of the ladle can be estimated by  
 

185.0
88.0__ ≈

metal

eyeopenmetal

K
K

…………………………………………………………………. (8) 

 
 Hence, eq. (8) leads to a ratio of approximately 9:2. It implies that the open eye 
plays a dominating role in determining the rate of slag-metal reactions, while the 
contribution of the slag-metal mixing outside the open eye region is relatively small. The 
liquid metal velocity close to the slag-metal interface in an induction-stirred ladle is at the 
same level as in the case of gas-stirred ladle [15, 16]. On the other hand, it is a common 
knowledge that desulphurization is much more efficient in an argon-stirred ladle in 
comparison with the induction-stirred ladle. The results of the present comparison could 
explain this industrial observation very well, viz. the enhanced mass exchange in the 
open eye region results in the high efficiency of desulphurization in argon-stirred ladle. 
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5. SUMMARY 
 
 The aim of the present work was to get an in-depth understanding of the slag-
metal interface and mixing behaviour in different stirring conditions. 
 
 In the present work, a new sampling technique was developed to obtain the 
samples of the slag-metal interface in a steelmaking ladle furnace. A large number of 
samples of the slag-metal interface were collected from an industrial 65-ton ladle furnace 
at Uddeholm Tooling, Hagfors, Sweden using this new sampling technique. Samples 
were collected under four different induction stirring conditions as well as under gas 
stirring condition. Three sampling positions in the ladle were adopted. Slag specimens 
collected from different zones of each sample were analyzed using LOM, SEM, XRF, 
magnetic separation technique, and Spectrophotometer. Sulphur analysis was also 
performed for a number of slag samples.  
 
 The samples taken in the two stirring modes have shown similarities in both their 
appearances and microphotographs. Tiny metal droplets were found in the bulk of the 
slag, while no slag droplet was detected in the bulk of the metal close to the interface. 
LOM analysis of the slag samples indicated very low percentage of fine but 
homogeneously distributed metal droplets, throughout the slag bulk, despite of different 
stirring conditions and sampling positions. While metal droplets up to 100 micron in 
diameter were found distributed homogeneously throughout the slag bulk, metal droplets 
bigger than 100 micron in diameter were also found throughout the slag. The presence of 
fine metal droplets in the slag in the absence of gas stirring indicates that gas bubbles are 
not the only reason for the transfer of denser liquid phase into upper phase. The shear 
force between the two liquids plays an important role in slag-metal mixing. Quantitative 
analysis of slag samples using magnetic separation and spectrophotometer technique 
showed that metal contents in most of the slag samples were lower than 1 wt % which is 
in accordance with the LOM analysis results. Also, evidence for the existence of the slag 
droplets each surrounded by a very thin metal film was found in the bulk of slag in the 
samples taken under both gas-stirred and induction-stirred conditions. 
 
 To understand the mechanism(s) of the slag-metal mixing, two-phase mixing 
introduced by the shear force as well as by the rising gas bubbles was studied using two 
different cold models. In both cold models, tap water and silicone oil were used for 
modelling metal and slag, respectively. The critical velocities to initialize mixing, the 
mixing heights at critical velocities, and the average radii of oil droplets in the mixing 
zones were measured for three different oils and different oil layer thicknesses. 
 
 In the study of the mixing introduced by the shear force, it was observed that 
mixing occurred more easily at larger oil thickness. Visual observation revealed that 
many oil droplets existed in water bulk before stabilization of the flow, whereas, after 
stabilization of the flow, a “sphere-bed” structure of water-coated oil droplets formed 
above the water bath leaving very few oil droplets in the water bulk. In the case of the 
mixing introduced by rising gas bubbles, “sphere-bed” structure of water-coated oil 
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droplets was also observed around the open eye after the stabilization of the flow.  The 
mechanisms of the formation of water-coated oil droplets were proposed. 
 
 The small percentage of metal in the slag along with the evidence of the existence 
of slag droplets each surrounded by a very thin metal film strongly suggests that slag-
metal system behaves similarly as oil-water system, viz. the shear force due to the bulk 
flow results in a packed “sphere-bed” of slag droplets each coated by a thin metal film 
above the metal bath. On the basis of the correlation between cold model study and 
industrial sample study results, preliminary models were developed for both stirring 
conditions. The ratio of the mass exchange rates in the open eye region and the rest part 
of the ladle was estimated to be 9:2, which is in good agreement with the industrial 
observations. 
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6. FUTURE WORK 
 

• In the present simulation of gas stirring, physical property of silicone oil, vessel 
dimension, and oil layer thickness were kept constant. It would be interesting to 
study the effect of these parameters on the formation of the open eye and 
corresponding two-phase mixing behaviours. 

 
• In the present cold model study, it was observed that mixing behaviours differ 

before and after the formation of the open eye. It would be interesting to study the 
effect of gas flow rate on the formation of the open eye and corresponding two-
phase mixing behaviours. 

 
• Further study is required to quantify the contribution of the rotation of the slag 

droplets to the mass transfer. 
 
• The present investigation is focused on the slag-metal interface after stabilization 

of the flow. It would be interesting to study the slag-metal interface even during 
the very initial stage of stirring. 

 
• It would be interesting to study the contribution of the metal film covering each 

slag droplet to the rate of mass exchange. 
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Abstract 

 
The main focus of the present work was to develop a sampler to obtain the physical 
description of the slag-metal interface in the presence of bulk flow. Industrial trial 
experiments were carried out in the ladles at Uddeholm Tooling, Hagfors, Sweden using 
the designed sampler. Samples of the slag-metal interface were successfully taken in both 
gas-stirring and induction-stirring modes. The similarities of the appearance as well as 
the microphotographs of the samples suggested that the slag-metal interfaces in the two 
stirring modes were very similar except the open eye area. In the case of both stirring 
modes, metal droplets were found in the slag bulk. On the other hand, no appreciable 
amount of slag was detected in the metal bulk. Further systematical investigation using a 
big number of samples is required to obtain a quantitative description of the interface. 
 
KEY WORDS: Slag, metal, interface, droplets, bubbles, ladle treatment, entrainment.  
 
 

1. Introduction 
 
 Slag-metal reaction plays a crucial role in modern ladle processes. Very often, gas 
stirring or induction stirring or both are applied to create the slag-metal mixing during 
ladle treatment. Entrainment of metal in the slag phase increases the rates of the exchange 
reactions between metal and slag and affects the kinetics of many chemical reactions like 
desulphurization and dehydrogenation.  
  
 In the case of gas stirring, argon is injected from the bottom of the ladle. The 
argon injection leads to the formation of gas bubbles in the metal phase. These gas 
bubbles move up through metal phase and reach metal/slag interface and finally go to top 
layer of slag phase. The physical phenomena involved during the crossing of bubbles 
through the interface are very complex. In the case of induction stirring, slag and metal 
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are mixed using magnetic induction technique. The two-phase mixing induced by shear 
force between slag and metal depends also on many factors, such as the viscosities and 
densities of the two phases, the interfacial tension and the velocity. While a number of 
efforts [1-7] have been put forward to understand the slag-metal mixing, the effect of gas 
stirring and induction stirring on the extent of mixing is still far from clear. Even the 
mechanism of separation of gas bubbles at the slag-metal interface is not well understood. 
 

An in-depth understanding of the slag-metal interface is more and more felt today, 
as it is the foremost precondition for the development of a process model of high 
precision. In fact, the lack of the industrial information in the ladle has greatly hindered 
this understanding. So far, almost all the investigations have been conducted either using 
low temperature media or at a laboratory scale [1-7]. Data for actual high temperature 
system is very rare. The present work aims at the development of a new sampling 
technique to fetch the actual slag-metal interface in the industrial ladles. A preliminary 
qualitative study of the slag-metal interface is the second objective of this study.  
 

2. Experimental setup and procedure 

2.1 Description of sampler 
 
 A new sampling technique was developed to obtain samples of the slag-metal 
interface during ladle treatment. The specially designed sampler is schematically shown 
in Figures 1(a) and 1(b). The sampling device is composed of a stainless steel sampling 
tube (Length: 0.58 m, Inner Diameter: 0.056 m), an outer mounting tube and a bottom 
part to be able to enclose the sample. The bottom part consists of 4 steel rods welded to a 
steel plate. The steel plate has a raised conical-shaped part in the centre. The base of the 
cone has a diameter, which matches the inner diameter of the stainless steel tube, so that 
the sampling tube can be closed by the bottom plate during sampling. The four steel rods 
are threaded in the upper part so they can be screwed on to the outer mounting tube. The 
principle is shown in Figure 1(a). A weight of 34 kg made of steel is attached on the top 
of the sampling tube. This weight functions to accelerate the movement of the inner tube 
during sampling. 
 
 Before sampling, the sampling tube is placed inside the mounting tube and hold in 
position by a sprint. The bottom part is thereafter screwed on to the outer steel tube, as 
seen in Figure 1(a). During sampling, the sprint is released and the sampling tube falls 
down into the melt and close against the bottom part, keeping a sample of the slag-metal 
mixing zone inside, as shown in Figure 1(b). A series of photographs of the sampler at 
different stages of sampling is further shown in Figure 2. A forklift, which is not shown 
in the figure, is used for vertical and horizontal positioning of the sampler during 
sampling. 
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2.2 Sampling procedure 
 
 The samples of the slag-metal interface were taken in the industrial 65-ton ladle at 
Uddeholm Tooling AB in Hagfors, Sweden. A detailed description of the ladle treatment 
at Uddeholm Tooling can be found in an earlier publication [8].  The samples were taken 
after deoxidation but before vacuum degassing. Experiments were carried out in both 
argon-stirred ladle and induction-stirred ladle. 
 
 Before sampling, an estimation of the thickness of the slag layer in the ladle was 
first made to assure that the sampler would be immersed through the slag layer into the 
steel. Usually the slag layer thickness in the 65-ton ladle at Uddeholm Tooling is about 
10 cm. The slag depth was estimated by considering the metal weight in the ladle and the 
bath height when the ladle arrived to the ladle station. The estimated immersion level was 
thereafter marked on the bottom part of the sampler. After the sampler was mounted on 
the forklift, it was placed in position over the ladle. Sampling positions were 
predetermined, and marks were made on the floor of the steel shop for the correct 
position of the forklift corresponding to each position. Thereafter the sampling device 
was lowered. When the marked immersion level was reached, the releasing mechanism 
was loosened and the sampling tube was released, falling through the slag layer into the 
steel and enclosing a part of the slag-metal interface. The sample holder was thereafter 
quickly lifted from the steel bath, and immediately quenched in the water. A pre-cooling 
of the sample would take place as soon as the sampling tube was lifted from the melt and 
got in contact with the surrounding air of lower temperature. The time for the sampling 
procedure was about a few seconds. The time for the sampler to reach the water-cooling 
was about 30 seconds. Precautions were taken to avoid water coming inside the sampling 
tube during water-cooling of the sample. After the sample had cooled down, the sampling 
tube was filled with plastic resin to protect the slag from the surrounding air and also for 
mechanical protection during transportation of the samples.  
 

2.3 Analyses  
  

The samples collected from the ladle were opened mechanically by lathe and 
milling machine. After opening the sample, the slag-metal interface was identified. 
Thereafter, the slag part was physically divided into a number of zones on the basis of the 
distance from the slag-metal interface. Slag samples were collected very carefully from 
each zone. Samples of steel part in contact with slag bulk were cut off from the steel bulk 
for microscopic examination. 
 
 The slag as well as metal samples were examined by light optical microscope 
(LOM) and scanning electron microscope (SEM) (JEOL, Model JSM 840). For this 
purpose, small pieces of collected slag or metal were mounted and analyzed. SEM was 
employed mostly to confirm the presence of the iron droplets in the slag and to estimate 
the sizes of these droplets. In the case of steel samples, SEM was used to examine 
whether slag droplets exist in the steel bulk close to the interface.  
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The chemical compositions of the samples were analyzed by a XRF (Phillips Perl 

X-2) unit. The sulphur contents were determined using a CS - 444 LS Carbon/Sulphur 
Determinator (supplied by the Leco Corp. in Michigan, USA).  
 

Magnetic separation was employed to separate the metal droplets from the slag. 
The separation was performed by first crushing the sample into very fine powder and 
then collecting the metallic portion by permanent magnetic iron. However, difficulties 
were encountered in quantitative analysis using this technique because of the very small 
sizes of the metal droplets. The metal contents in the samples were analyzed by 
spectrophotometer. In the analysis, the slag samples were first dissolved in acid (HCl and 
HNO3). Chemical reagent, phenanthroline (C12H8N2-H2O) was added as the color 
indicator and distilled water was added as the colorimetric reagent. 
 

3. Results 
 

Experiments were carried out in both induction-stirred ladle and argon-stirred 
ladle. In the case of argon stirring, the sample was taken at a position very close to the 
open eye.  The volume flow rates of the argon gas through plug 1 and plug 2 were 179 
Nl/min and 175 Nl/min, respectively. Before gas stirring, the molten bath was induction-
stirred and then allowed for some time to calm down. Very high extent of mixing 
between slag and metal was expected near the open eye. The location of sampling in the 
induction-stirred ladle was almost the same as the one made in the argon-stirred melt. 
The strength of inductive stirring was 750 A. 
 

Figures 3(a) and 3(b) present the photographs of the two opened samples taken 
from induction-stirring mode and gas-stirring mode, respectively. The appearances of the 
samples are very similar, despite the different stirring conditions. It is interesting that in 
both samples, a slag-metal interface can still be noticed as indicated by the sharp 
discontinuity between the two bulks. It should be mentioned that no attachment was 
observed between the stainless steel tube and the sample. After being lathed into a thin 
shell, the steel tube could very easily be removed from the sample. The sharp and clean 
surfaces of both the sampling tube and the sample after separation indicated that the 
sample was cooled down and solidified very fast. Otherwise, the tube would at least have 
been partially molten or attached on the sample.  
 

Figures 4(a) and 4(b) present the microphotographs of the two slag samples taken 
in induction-stirring mode and gas-stirring mode, respectively. Both of the 
microphotographs were taken from the locations very close to the slag-metal interface. In 
both figures, small metal droplets are seen. Again, the two microphotographs are very 
similar. The droplets were found to range from 1 to 140 mμ . 

 
Slag samples taken at different distances from the slag-metal interface were 

analyzed using a XRF system. The chemical compositions of these slag samples are listed 
in Table I. The sulphur concentrations of the slags are also included in the same table. It 
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is seen that no appreciable concentration gradient can be noticed through the slag in any 
of the two samples of the slag-metal interface shown in Figures 3(a) and 3(b). The 
absence of the concentration gradients in the slag indicates that the mass transfer in the 
slag phase is fast under both gas-stirring and induction-stirring modes.  

 
 Small slag samples taken at different positions of the slag-metal interface samples 
were crushed into very fine powder for magnetic separation. The power of the magnetic 
field was found to play important role in the separation. When a strong permanent 
magnet was used for the separation, 70-80 % slag was found to be magnetic. On the other 
hand, the percentage of the magnetic portion became very low (as low as 1 %) when a 
weak magnet was employed. This observation implied that the metal droplets were very 
fine and were all covered with a slag layer. This finding is in accordance with the 
microphotographs shown in Figures 4(a) and 4(b).  
 
 The total iron content at the different positions of the slag part in the slag-metal 
interface samples were analyzed by spectrophotometery. The results are presented in 
Table II. Irrespective of the stirring method, the Fe contents in the slags were not very 
high, in most cases lower than 1 mass %. Table II also indicates that the Fe content does 
not seem to vary substantially with the distance to the slag-metal interface. 
 
 The microphotograph of the steel sample in contact with the slag is presented in 
Figure 5. Even the slag part is seen in the figure. As shown in the microphotograph, no 
slag droplets were detected in the steel bulk. 
 

4. Discussion 
 
 The microphotographs and the results of magnetic separation have shown that the 
metal droplets are very small, less than 140 mμ . Since metal density is much higher than 
the slag density, the iron droplets would have the tendency to sink down and go back to 
the metal phase during sampling. To ascertain that the quenching was fast enough so that 
the frozen sample would represent the actual situation of the slag-metal mixing, an 
estimation of the time for metal droplets of different sizes to fall back to the metal phase 
was carried out. 
 

If a sphere is allowed to fall from rest in a viscous fluid, it will accelerate until 
reaches a constant (“terminal”) velocity. When this state has been reached, the sum of all 
the forces acting on the sphere must be zero. The force of gravity on the sphere acts in the 
direction of fall, and the buoyancy force and the force due to fluid motion act in the 
opposite direction. [9] Neglecting the oscillation of the droplet, the force balance can be 
expressed by equation (1)    
 

tssm RvgRgR πηρπρπ 6
3
4

3
4 33 +=      ...............................................................................(1) 
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Where, 
 
R = radius of the liquid metal droplet, (in meter) 
ρm = liquid metal density, (7000 Kg/m3) 
ρs = liquid slag density, (3000 Kg/m3) 
g = acceleration due to gravity, (9.8 m/sec2) 
ηs = viscosity of the liquid slag, (0.2 N.sec/m2) 
vt = terminal velocity, (in m/sec) 
 
Equation (1) could be rearranged, 
 

s

sm
t

gRv
η

ρρ
9

)(2 2 −
=      …………………………………………………………………(2) 

 
Putting in the values of all the parameters, the expression for the terminal velocity of the 
droplet having a radius of R can be expressed as 
 

2)55.43555( Rvt ≈  (m/sec)..…………………………………………………………….(3) 
 
Initially, there will be acceleration before liquid metal droplet reaches its terminal 
velocity. As a semi quantitative estimation, one could assume that liquid metal droplet is 
moving with constant terminal velocity through liquid slag layer. The time (t) for a metal 
droplet to travel through the slag layer having a thickness of hΔ  (in meter) can be 
calculated by, 
 

tv
ht Δ

=  sec  ……………………………………………………..………………………(4) 

 
Combination of equation (3) and (4) leads to 
 

255.43555 R
ht Δ

=   sec  …………………………………………………………………...(5) 

 
On the basis of equation (5), the time required for metal droplets of different sizes to pass 
through the slag layer are calculated. The results are presented in Table III. It is seen that 
even without consideration of the acceleration period and the oscillation of the droplets, 
the estimated times for the droplets to go through the slag layer are considerably long. 
For instance, a sphere having a diameter of 200 mμ  would need at least 115 seconds to 
fall through a distance of 5 cm in the slag. In the case of the droplet of size 500 mμ  in 
diameter, it requires 37 seconds to travel 10 cm and 18 seconds to travel 5 cm. 
 
 To confirm the calculation, a simple experiment was performed at room 
temperature with silicone oil and a steel sphere. It took approximately 20 seconds for the 
steel ball (about 500 micron in diameter) to travel through a 10 cm thick motionless 
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silicone oil (Kinematic viscosity: 200 cSt =2x10-4 m2/sec and Specific gravity: 0.968) 
kept in a beaker. While the slag viscosity and slag thickness in the actual ladle are 
comparable with that of the silicone oil, the specific gravity of slag is much higher than 
that of silicone oil used in the current experiment. The result of the simple experiment is 
in accordance with the calculation for the falling times of the metal droplets in slag. It is 
reasonable to conclude that a metal droplet having a size of 500 micron would take more 
than 20 seconds to travel through the slag layer during sampling.  
 
 The neat surfaces of the sample and the sampling tube, which had been in contact 
with each other during sampling and quenching indicate that the sample was cooled down 
very fast to a temperature well below the melting temperature of the stainless steel tube. 
In fact, the part of the slag in contact with the stainless steel tube should be frozen 
immediately. Otherwise, partially melting of the stainless steel tube should have been 
noticed. The melting point of the stainless steel used for the sampling tubes was in the 
range of 1753-1803 K [10]. The ladle slag had a composition, (mass % Al2O3) = 27.1, 
(mass % CaO) = 49.5, (mass % MgO) = 10.2 and (mass % SiO2) = 8.9. The phase 
diagram information [11] indicates that this slag has a liquidus temperature of around 
1873 K. Even the slag exhibits super cooling, it is expected to be frozen in only a few 
seconds. If metal droplets bigger than 140 mμ  had been present in the slag, at least some 
of them should have been retained in the slag part of the sample, especially in the region 
close to the sample-tube interface. The above reasoning and the fact that not a single 
droplet bigger than 140 mμ  has been found in the slag samples suggest that the actual 
picture of the slag-metal mixing is retained in the slag-metal interface samples. 
 

The similarity in the appearance of the samples shown in Figures 3(a) and 3(b) as 
well as the similarity of the microphotographs in Figures 4(a) and 4(b) suggest that the 
slag-metal interfaces in the two stirring modes are very similar except the open eye area. 
In the case of both stirring modes, metal droplets are found in the slag bulk. On the other 
hand, no appreciable amount of slag is detected in the metal bulk as indicated in Figure 5. 
It implies that steel is dragged into the slag in the presence of bulk flow, when the flow is 
stabilized. This result is in agreement with the observation of a cold model study using 
water and silicon oil [12]. Dayal and Du Sichen [12] found that small oil spheres, each 
surrounded by a very thin water film, are packed as a “sphere-bed” above the water bath, 
when a critical bulk velocity is reached. After the stabilization of the mixing, very few oil 
droplets are found in the water bulk.  
 

Table II shows that the iron content are not more than 1 mass% in most cases. 
This observation is in accordance with the experimental results of Poggi et al. [1] and 
Reiter et al. [2]. Poggi et al. [1] studied the “gas bubble rising across a liquid/liquid 
interface” on a laboratory scale and found that gas bubbles carry a surface coating of the 
denser liquid into the upper phase. In their experiments, they used a small container of 
size 4” X 4” (10.16 cm X 10.16 cm) cross sectional area with bottom argon injection. To 
find out the total entrapment of lower phase into upper phase by mixing they used a 
physical separator so that upper phase and lower phase can be separated physically after 
mixing. In the case of “mercury/water-glycerin” system at room temperature, the total 
entrapment of mercury in the upper phase was 0.23 wt % with 0.945 ltr/min argon 
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injection. In the case of “lead/fused salt” system at 520 oC, the total entrapment of lead 
was 0.16 wt % with 0.4 ltr/min argon injection. Their experiments in the copper/slag 
system at 1200 oC revealed that the total entrapment of copper was 5.7 wt % with 0.6 
ltr/min argon injection. Reiter et al. [2] also did similar experiments at low temperature 
and found similar results. They studied the phenomena occurring during passage of 
bubbles through liquid/liquid interfaces with high-speed photography. They found that in 
all the systems material of the lower phase was carried into the upper phase. In both of 
the studies [1, 2], strong stirring was applied. The fractions of the metal in the simulated 
slag were very small in all the cases irrespective of the types of metals employed. Their 
experimental results are in very good conformity with the results of the present sampling 
study with respect to the metal fraction in the slag. 
 
 It should be pointed out that in the studies of Poggi et al. [1] and Reiter et al. [2], 
only gas-stirring was applied. The presence of metal in the slag bulk observed in the 
present work shows that gas bubbles are not the only reason for the lower phase 
transferring into the upper phase. The shear force between the two phases should also be 
taken into account when considering the slag-metal mixing. 
 
 Table II also indicates that the Fe content does not vary substantially with the 
distance to the slag-metal interface. The negligible variation of the Fe content along the 
height of the slag bulk suggests that the extent of slag-metal mixing is nearly uniform 
through the bulk of the slag. The homogeneity of mixing is also in accordance with the 
experimental observation of the water-oil system [12]. As mentioned above, the 
stabilized mixing results in a packed “sphere-bed” above the water bath. The fraction of 
water (in the form of thin film) is only a few volume percents. Since each oil sphere is 
surrounded by a very thin film, the water content in the packed “sphere-bed” would not 
show substantial variation with the position. However, further studies on more industrial 
samples must be carried out before a final conclusion regarding the structure of the slag-
metal mixing could be made. 
 
 The absence of slag droplet in the metal bulk shown in Figure 5 would suggest 
that the contribution of the reaction between the slag droplet and steel bulk plays 
negligible role regarding the rate of process. The major contribution to the slag-metal 
reactions would be due to the presence of metal droplets in the slag bulk and the interface 
exchange. 
 
 It is seen in Table I that the slag composition including sulphur content does not 
vary with the distance from the slag-metal interface. The negligible concentration 
gradients, especially in the case of sulphur, in the slag bulk strongly suggest that the mass 
transfer in the slag is very fast. This information would be valuable for the process 
simulation and optimization. 
 
 The main focus of the present work is to develop a sampler to obtain the physical 
description of the slag-metal mixing behavior in the presence of bulk flow. The results of 
the slag-metal interface should only be considered as preliminary. No quantitative 

 8



conclusion should be drawn before a big number of samples have been taken and 
analyzed. This investigation is currently being carried out by the present authors.  
 

5. Summary 
 
 In the present work, a new technique has been developed to obtain the samples of 
the slag-metal interface in a steelmaking reactor. Samples of the slag-metal interface have 
been successfully taken from the ladle at Uddeholm Tooling, Hagfors, Sweden using this 
technique. The samplings have been carried out in both argon-stirred and induction-
stirred ladles. The samples taken in the two modes have shown similarities in both their 
appearances and microphotographs. Tiny metal droplets have been found in the bulk of 
the slag, while no slag droplet has been detected in the bulk of the metal close to the 
interface. The results have strongly suggested further systematical study for an in-depth 
understanding of slag-metal interface in the ladle treatment. 
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Figure captions:

 
Figure 1(a):  Schematic diagram of sampler when sampling tube is empty 
 
Figure 1(b):  Schematic diagram of sampler when sampling tube is filled with metal and 

slag 
 
Figure 2:    A series of photographs of the sampler at different stages of sampling (a) 

sampling tube and the bottom part of the sampler (b) sampler above ladle: 
just before sampling (c) filled sample just before quenching (d) filled sample 
just after quenching 

 
Figure 3(a):  Photograph of an opened sample showing slag-metal interface in the case of 

induction-stirring mode 
 
Figure 3(b):  Photograph of an opened sample showing slag-metal interface in the case of 

gas-stirring mode 

Figure 4(a):  LOM photograph of a slag sample showing metal droplets in the slag phase, 
in the case of induction-stirring condition (magnification – 500 X) 

Figure 4(b):  LOM photograph of a slag sample showing metal droplets in the slag phase, 
in the case of gas-stirring condition (magnification – 500 X) 

 
Figure 5:       The LOM photograph of the steel sample in contact with the slag 

(magnification – 50 X) 

 

Table captions: 

 
Table I:     Chemical composition (mass %) at the different positions of the slag samples 

taken from different stirring conditions 
 
Table II:    The total iron content at the different positions of the slag samples taken from 

different stirring conditions 
 
Table III: Time required for metal droplets of different sizes to pass through the slag 

layer of thickness  hΔ
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Figures: 
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Figure 1(a): Schematic diagram of sampler when sampling tube is empty 
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Figure 1(b): Schematic diagram of sampler when sampling tube is filled with metal and 
slag 
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(c) (d) 

 
Figure 2: A series of photographs of the sampler at different stages of sampling (a) 
sampling tube and the bottom part of the sampler (b) sampler above ladle: just before 
sampling (c) filled sample just before quenching (d) filled sample just after quenching 
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Figure 3(a): Photograph of an opened sample showing slag-metal interface in case of 
induction-stirring mode 
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Figure 3(b): Photograph of an opened sample showing slag-metal interface in case of gas-
stirring mode 
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Figure 4(a): LOM photograph of a slag sample showing metal droplets in the slag phase, 
in case of induction-stirring condition (magnification – 500 X)
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Figure 4(b): LOM photograph of a slag sample showing metal droplets in the slag phase, 
in case of gas-stirring condition (magnification – 500 X) 
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Slag 

Metal 

 
Figure 5: The LOM photograph of the steel sample in contact with the slag 
(magnification – 50 X) 
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Tables: 
 
Table I: Chemical composition (mass %) at the different positions of the slag samples 
taken from different stirring conditions 
 
 

Induction Stirring Condition 
Distance 

* 
(cm) 

CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 P2O5 V2O5 TiO2 S 

0-1.5 49.5 0.2 10.2 27.1 8.9 0.3 0.04 0.1 
 

<0.01 
 

0.2 0.1 0.41 

1.5-3.0 48.7 0.2 10.1 26.9 8.9 0.3 0.04 0.1 <0.01 0.2 0.1 0.42 

3.0-4.5 48.8 0.2 10.1 26.9 8.9 0.3 0.04 0.1 <0.01 0.2 0.1 0.42 

4.5-6.0 48.6 0.2 10.1 26.9 8.9 0.3 0.04 0.1 <0.01 0.2 0.1 0.41 

6.0-10.0 49.1 0.2 10.2 27.1 8.9 0.3 0.04 0.1 <0.01 0.2 0.1 0.41 

Gas Stirring Condition 
Distance 

* 
(cm) 

CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 P2O5 V2O5 TiO2 S 

0-5.0 53.7 0.2 10.6 23.0 8.3 0.6 0.02 0.09 <0.01 0.05 0.1 0.18 

5.0-10.0 54.3 0.2 10.4 23.3 8.4 0.6 0.02 0.08 <0.01 0.05 0.1 0.18 

 
* Distance of sampling zone from the slag-metal interface 
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Table II: The total iron content at the different positions of the slag samples taken from 
different stirring conditions 
 
 

Induction Stirring Condition 
Distance * 

(cm) 
Total iron in the slag 

(mass %) 
0-1.5 0.29 

1.5-3.0 0.59 

Gas Stirring Condition 
Distance * 

(cm) 
Total iron in the slag 

(mass %) 
0-5.0 0.63 

5.0-10.0 1.14 

10.0-17.0 0.76 

 
* Distance of sampling zone from the slag-metal interface 
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Table III: Time required for metal droplets of different sizes to pass through the slag 
layer of thickness  hΔ
 
 

time in sec  Diameter of the 
liquid metal 

droplet in micron for hΔ = 10 cm for hΔ = 5 cm 

50 3673.5 1836.8 

100 918.4 459.2 

200 229.6 114.8 

300 102.0 51.0 

400 57.4 28.7 

500 36.7 18.4 

600 25.5 12.8 

700 18.7 9.4 

800 14.3 7.2 
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Abstract 

 

In order to gain an insight into the mixing behavior of slag and metal under different 

stirring conditions, a large number of samples of slag-metal interface were collected from 

an industrial 65-ton ladle furnace using a new sampling technique. Different stirring 

conditions and sampling positions in the ladle were chosen. The LOM (Light Optical 

Microscope) analysis of the slag samples indicated very low percentage of fine metal 

droplets in the slag bulk under all stirring conditions. Slag analysis using magnetic 

separation as well as spectrophotometer confirmed this finding. The presence of fine 

metal droplets in the slag bulk in the absence of gas stirring reveals that gas bubbles are 

not the only reason for the transfer of the denser liquid phase into upper phase. The shear 

force between the two liquids plays an important role in slag-metal mixing. Evidence for 

the existence of slag droplets each surrounded by a very thin metal film was found in the 

samples taken under both gas-stirred and induction-stirred conditions. This observation 

strongly suggests that slag-metal system behaves similarly as oil-water system, wherein, 

the shear force due to the bulk flow leads to a packed “sphere-bed” of oil droplets each 

coated by a thin water film above the water bath. Chemical analysis of the slag samples 

showed the absence of any appreciable concentration gradient throughout the slag bulk 

after the stabilization of the flow.  

 

KEY WORDS: Slag-metal, interface, droplets, ladle treatment, induction stirring, gas 

stirring, mixing 
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1. Introduction 

 

Metallurgical processes very often involve reactions at phase boundaries. For 

example, in the case of ladle treatment, LD and AOD/CLU processes, reactions take 

place at slag-metal interface and gas-metal interface. The rates of these reactions directly 

determine the time of operation and consequently the consumption of energy. In order to 

optimize the steelmaking processes and have better process control, it is essential for a 

successful process model to take the rates of reactions into its consideration. On the other 

hand, there is very little knowledge of the detailed physical descriptions of the slag-metal 

interface. The lack of mathematical description of the reaction rates at the slag-metal 

boundary has been hindering the development of realistic process models. 

 

 So far, almost all the investigations to understand slag-metal mixing behavior 

have been conducted either for low temperature media or at a laboratory scale.1-7) Data 

for actual high temperature system is very rare. 

 

As a preliminary step of a long term project towards process control in ladle 

treatment, a joint effort of MEFOS, Uddeholm Tooling and KTH has been made to 

develop a new sampling technique.8) This technique has been proved to be successful in 

taking the samples of the slag-metal interface from both argon-stirred ladle and 

induction-stirred ladle. As a continuation of the previous study,8) the present work aims at 

gaining an insight into the mechanism of the slag-metal mixing in a stirred ladle by 
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sampling the interface using the new technique. It also aims at a comparison of different 

mixing behavior with respect to different stirring conditions. 

 

2. Experimental work 

 

2.1 Sampling 

 

 Samples of the slag-metal interface were taken in an industrial 65-ton ladle 

furnace at Uddeholm Tooling AB in Hagfors, Sweden using a new sampling technique 

developed by the present authors.8) A detailed description of the sampler and sampling 

technique is given in an earlier publication.8) 

 

 The samples were collected in both induction stirred ladle as well as in gas stirred 

ladle. In the case of induction stirring, four different strengths; 300 A, 600 A, 750 A, and 

900 A, were applied. In each case, samples were collected from three different positions; 

P1, P2 and P3 in the ladle as shown in Figure 1. In the case of gas stirred sampling, the 

molten bath was first induction stirred and then allowed for some time to calm down. 

After this short time gap, argon-gas-stirring was applied and samples were collected in 

the ladle. All the three samples taken in the gas stirring mode were collected from the 

same position very close to the open eye area, namely P2. It should be pointed out that 

open eye is only observed in the case of gas stirring. However, the open eye position in 

the case of gas stirring and all three sampling positions in the case of induction stirring 
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are superimposed in Figure 1 for easy discussion. The sampling conditions of the 15 

samples are presented in Table 1. The temperatures of the liquid metals just before 

sampling are also included in the same table. Note that the heat numbers and steel grades 

in the last two columns in Table 1 are industry specifications. 

 

2.2 Analyses 

 

 After sampling and quenching, each sample was mechanically opened using lathe 

and milling machine. Figures 2(a) and 2(b) show the typical photographs of a sample 

before and after machining. To reveal the slag-metal interface, the central part of the 

sampling tube was first lathed into a thin shell and then a part of the thin shell was 

separated using milling machine. Separation of the thin shell from the slag-metal sample 

was not difficult because there was no attachment between the sampling tube and the 

sample. Figure 3 shows a typical photograph of an opened sample with part of the thin 

shell of the sampling tube which was in immediate contact with slag and metal before 

opening. As exemplified in Figure 2(b), the metal bulk, slag bulk and slag-metal interface 

can be easily identified. Thereafter, the slag part was physically divided into a number of 

zones on the basis of the distance from the slag-metal interface. The total number of 

zones was not fixed for all the samples, it varied according to the length of the slag bulk 

and the width of each zone. Figure 4 illustrates a typical zone-division of the slag part. 

The width of each zone was not constant for all the samples. After marking different 

zones on the opened sample, slag samples were collected very carefully in separate 
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plastic bags for each zone and for each sample. The zone divisions of all the samples and 

their corresponding distances from the slag-metal interface are presented in Table 2. 

  

 Small pieces of collected slag were mounted and polished for analysis using light 

optical microscope (LOM) and scanning electron microscope (SEM) (JEOL, Model JSM 

840). SEM was employed mostly to confirm the presence of metal droplets and to 

estimate the sizes of very fine metal droplets. 

 

The chemical compositions of the slag samples were analyzed by a XRF (Phillips 

Perl X-2) unit. The sulphur contents were determined using a CS - 444 LS 

Carbon/Sulphur Determinator (supplied by the Leco Corp. in Michigan, USA).  

 

Magnetic separation was employed to separate the metal droplets from the slag. 

The separation was performed by first crushing the slag sample into very fine powder and 

then collecting the metallic portion by a weak electromagnet. After the separation, metal 

and slag were weighed separately using an electronic balance. Magnetic separation of 

slag samples was repeated for a few samples with strong permanent magnet. However, 

difficulties were encountered in quantitative analysis using this technique because of the 

very fine size of the metal droplets. The metal contents in the samples were also analyzed 

by spectrophotometer. In this analysis, the slag samples were first dissolved in acid (HCl 

and HNO3). Chemical reagent, phenanthroline (C12H8N2-H2O) was added as the color 

indicator and distilled water was added as the colorimetric reagent. 
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3. Results 

  

 The physical appearance of all the opened slag-metal samples was found very 

similar, despite of the different stirring conditions and different sampling positions in the 

ladle. Comparison of the appearance of two opened samples taken from induction stirring 

mode and gas stirring mode can be found in a previous work by the present authors.8) 

 

In all the samples, slag-metal interface was clearly distinguishable with a sharp 

boundary between slag and metal bulk. No attachment was found between the stainless 

steel sampling tube and the slag-metal sample which indicates that all the samples were 

quenched sufficiently fast. Otherwise, the tube would at least have been partially welded 

or attached on the sample. In Figure 3, it can be easily seen that the inner surface of 

sampling tube and the surface of slag-metal are absolutely clean and there is no sign of 

any attachment or welding. 

 

 LOM analysis of all the slag samples revealed that the microphotographs of the 

slag samples are very similar despite of different stirring conditions and different 

sampling positions in the ladle. Moreover, microphotographs of slag samples taken from 

different zones of the same sample were also found very similar. In all the cases small 

metal droplets are seen within slag matrix. The metal droplets were found in the size 

range of 1 to 245 micron in diameter. It should be mentioned that the metal droplets 

bigger than 100 micron in diameter were found in all the zones of every slag sample, 

indicating that metal droplets bigger than 100 micron are not confined only to the zone 
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closest to the slag-metal interface. Although, the appearance of the microphotographs of 

all the samples were very similar with respect to the presence of the small metal droplets 

in the slag matrix, the morphology of the slag matrix showed variation with the distance 

from the interface. Slag matrix was found glassy in the samples that were collected from 

the zone closest to the slag-metal interface or samples closest to the inner surface of the 

sampling tube. But slag appeared dendritic in the samples collected in the zone farthest 

from the slag-metal interface and not in the vicinity of the sampling tube. This variation 

indicates that slag in contact with the metal bulk or sampling tube cooled faster than the 

slag farthest from the slag-metal interface or sampling tube. This is because of the high 

thermal conductivity of metal.  

 

 Figures 5(a), 5(b), and 5(c) present the microphotographs of three slag samples 

taken from the samples named as I4, I5 and I6, respectively. As shown in Table 1, 

samples I4, I5 and I6 were all taken in an induction-stirred ladle with 600 A but at three 

different positions P1, P2 and P3, respectively. All the three slag samples shown in 

Figures 5(a)-5(c) were taken from the zone closest to the slag-metal interface, i.e. zone 1. 

In all the microphotographs included in this paper, the bright circular spots are the metal 

droplets. It can be clearly seen that all the three microphotographs are very similar. This 

similarity was also found for the other induction intensities, i.e., 300 A, 750 A, and 900 

A.  

 

Figures 6(a), 6(b), and 6(c) show the microphotographs of three slag samples 

taken from three different zones (zone 1, zone 2 and zone 3) of the sample, G1, which 
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was obtained in an argon-stirred ladle. Again, all the three microphotographs share 

similarities with respect to the presence of the small metal droplets. On the other hand, 

slag taken from zone 1 appears glassy while slags taken from zone 2 and zone 3 appear 

dendritic. Similar results were also found for the other gas-stirred samples i.e., G2, and 

G3. 

 

 The collected slag samples were analyzed using XRF technique. The chemical 

compositions of the slag samples are presented in Table 3. The sulphur concentrations of 

the slags of some of the samples are also listed in the same table.  

 

 On the basis of the results of magnetic separation, metal content in the slag was 

calculated for each sample in terms of weight percentage. The results are presented in 

Table 4. The table shows that the metal contents in most of the slag samples are lower 

than 1 wt %. 

 

 It is worthwhile to mention that a few slag samples were analyzed using a strong 

permanent magnet to check whether magnetic strength plays any role in determining the 

metal content. Surprisingly, 70-80 % slag got attracted to the strong magnet. This 

indicates that most of the metal droplets present in the powdered slag were very fine and 

coated with thick layer of slag. In other word, fine metal droplets coated with thick layer 

of slag need large magnetic force to get attracted towards magnet and that is why very 

low portion of metal droplets got attracted towards weak electromagnet. 
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 To obtain the exact amount of metal in the slag, a number of slag samples were 

also analyzed by spectrophotometer. The metal contents analyzed by this technique are 

presented in Table 5. It is seen that metal contents analyzed using this method are also 

very low which is in accordance with the results of the magnetic separation. Note that for 

most of the cases metal contents analyzed by spectrophotometer are slightly higher than 

that analyzed by electromagnet technique. This is because of the fact that weak 

electromagnet was not able to attract all the metal droplets present in the slag due to the 

“thick” slag coating on the metal. On the other hand, strong permanent magnet attracted 

almost all the metal droplets present in the slag but with large amount of slag. Hence, the 

metal contents analyzed by spectrophotometer technique should be considered as most 

accurate. 

 

4. Discussion 

  

 The reliability of the sampling technique used in the present analysis has been 

examined in a previous study.8) Both theoretical consideration and cold model 

experiments8) have shown that the sampling along with quenching is fast enough to retain 

the main feature of the slag-metal interface. For example, the time for a metal droplet of 

the size 500 mμ  in diameter to travel 10 cm in slag would be about 37 seconds, and for a 

droplet of 300 mμ  to travel 10 cm in slag would be 102 seconds. Although, during the 

process of quenching, the time for the sampler to reach the water-cooling was about 30 

seconds,8) slag would have been solidified within initial few seconds due to air 

quenching. Since the samples solidify in only a few seconds, the quenched samples 
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would have reasonably good representation of the slag-metal interface in the ladle. The 

clean inner surface of the sampling tube and the clean surface of the sample evidently 

illustrate the sufficient quenching. 

 

The results of the previous work8) have also revealed that there is no detectable 

entrainment of slag in the metal bulk close to the interface. On the other hand, small 

metal droplets are found in the slag matrix throughout the slag bulk. This observation is 

further confirmed by the present sample analysis. 

 

 LOM analysis of the slag samples revealed that fine metal droplets were present 

everywhere in the slag bulk irrespective of the sampling positions and stirring conditions. 

Also, metal droplets bigger than 100 micron in diameter were found in all the zones of 

the same slag. This implies that fine metal droplets, i.e., approximately up to 100 micron 

in diameter, were distributed almost homogeneously throughout the slag bulk in the ladle. 

This aspect is clearly brought out in Figures 5 and 6. Figures 5(a), 5(b), and 5(c) show the 

similarity of the microphotographs of three samples taken at three different positions in 

the ladle, P1, P2, and P3 respectively, while keeping the other parameters constant. On 

the other hand, Figures 6(a), 6(b), and 6(c) show the similarity of the microphotographs 

of three slag samples taken at three different zones of same sample, G1. These 

microphotographs strongly indicate that fine metal droplets were homogeneously 

distributed throughout the slag bulk irrespective of the stirring conditions and sampling 

positions in the ladle. The steel grades of the samples are listed in Table 1. The present 

results also indicate that even the steel grade has no appreciable effect on the mixing 
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behavior. Comparison of Figures 5 and 6 suggest that slag-metal mixing behaviors in the 

two stirring modes are very similar except the open eye area. 

 

 As discussed in the result part, the metal contents in the slag analyzed by 

magnetic separation involve great uncertainties due to the tiny size of the metal droplets. 

Hence, the metal contents in the slag analyzed by spectrophotometer are considered more 

reliable and are used for the discussion. As shown in Table 5, the total metal contents in 

the slag samples are quite small, approximately 1 wt %, in most of the cases. These 

results are in accordance with the experimental results of Poggi et al.1,8) They studied the 

liquid-liquid interfaces in gas bubble stirred systems on a laboratory scale. The authors 

reported that the amounts of the metal droplets in the simulated slag were very small, 

irrespective of the types of metal-slag system employed.1,8) Note that Poggi et al.1) 

applied only gas stirring in their study and found denser liquid in the upper phase. On the 

other hand, the presence of metal droplets in the slag and their percentage in the induction 

stirred ladle are very similar to the results of Poggi et al.1) This similarity strongly 

suggests that gas bubbles are not the only reason for the transfer of denser phase into 

upper phase. The shear force between the two liquid phases may also result in the slag-

metal mixing. 

 

 In order to gain an insight into the behavior of the slag-metal interface, a parallel 

study was carried out by some of the present authors. Using a cold model of water-silicon 

oil system, Dayal and Du Sichen9) found that the shear force introduced by the flow of 

water would lead to the mixing of water and oil when a critical velocity along the water-
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oil interface was reached. After stabilization of the flow, no oil droplet was observed in 

the bulk of water. On the other hand, small oil spheres, each surrounded by a very thin 

water film were packed as a “sphere-bed” above the water bath. This phenomenon was 

even observed in the gas stirred system, when a steady state was reached. The “sphere-

bed” of oil was seen above the water bath except the open eye area. It should be 

mentioned that the volume fraction of water in the packed oil bed was reported to be only 

a few percent.9) The low percentage is in line with both the results of Poggi et al1) and the 

present work. The low percentage of the metal in the slag, the small size of the metal 

droplets and the homogenous distribution of the droplets throughout the slag layer are 

likely to suggest that the slag-metal system behaves the same way as the oil-water 

system, viz. the shear force due to the bulk flow leads to a packed “sphere-bed” of slag 

above the metal bath. To further examine this aspect, the slag samples were studied more 

carefully.  

 

Figure 7 shows a microphotograph of a slag sample taken from induction-stirred 

ladle. An array of very fine metal droplets can be seen in this microphotograph. 

Formation of such array of fine metal droplets might be caused by solidification of the 

“sphere-bed” of the slag droplets, each surrounded by a thin film of metal. After 

solidification, the thin metal film would lead to the formation of an array of very fine 

metal droplets, while metal entrapped between the slag spheres would form bigger metal 

droplets. This argument is further supported by the presence of the closed loops of very 

fine metal droplets in the slag samples. As examples, Figures 8 and 9 present the 

microphotographs of slag samples taken from gas-stirred ladle. In Figure 8, a cluster of a 
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few closed loops of very fine metal droplets can be observed. The size of an individual 

loop is approximately 100 micron. Again, the formation of such structure of very fine 

metal droplets might be the result of solidification of a cluster of slag droplets each 

surrounded by a thin film of metal. In Figure 9, almost a complete loop of very fine metal 

droplets can be seen. Dimension of this loop is approximately 0.5 mm X 1.0 mm. This 

might be formed due to the solidification of a single slag droplet surrounded by a thin 

film of metal.  

 

According to Poggi et al,1) gas bubble coated with a thin metal film may also enter 

the slag phase. However, no sign of gas escape after rupture of gas bubble was found 

close to the metal droplets. Moreover, the loops of very fine metal droplets observed in 

Figures 8 and 9 are much smaller than the expected bubble size (about 1 cm). Hence, it is 

less likely that these loops are formed by the gas bubbles.  

 

It is also important to mention that Figures 7, 8, and 9 show the microphotographs 

of three different slag samples taken in three different zones. While the sample shown in 

Figure 7 was taken in an induction-stirred bath, the samples shown in Figures 8 and 9 

were obtained in a gas-stirred ladle. The arrays and loops of fine metal droplets shown in 

these three figures could also be seen in many of the other slag samples. Their presences 

in the quenched samples would strongly support the reasoning that the slag-metal system 

behaves similar as the oil-water system. It is reasonable to expect that a packed “sphere-

bed” of small slag droplets each surrounded by a thin metal film is formed above the 

metal bath when a critical interface velocity is reached, irrespective of the stirring modes.  
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Figures 7-9 also suggest that the quenching of the samples was fast enough to 

retain some of the metal coated slag droplets in the quenched samples. However, the 

probability of finding slag in droplet form would decrease with the increase of the 

solidification time. The fact that the samples could not be frozen immediately would 

explain why we could not find a network structure in the slag samples. Also, the 

probability of finding big slag droplets would decrease with the increase of the 

solidification time because big slag droplets are comparatively less stable. Although, the 

dimension of biggest metallic loop found in the slag was approximately 0.5 mm X 1.0 

mm, it may not be the biggest cross section through the centre of the slag droplet. Slag 

droplet bigger than this could also be expected in the packed “sphere-bed” structure of 

slag above the metal bath. 

 

 Table 3 shows the chemical analysis of all the slag samples analyzed by XRF 

technique along with the results of the sulphur analysis. A substantial variation of the slag 

composition with the grade of steel is noticed in this table. For instance, the slag 

compositions of samples I1 and I6 are very different from other samples in their 

corresponding stirring groups. On the other hand, there is no significant concentration 

gradient in the slag analyzed from different zones of the same sample. Also, slags taken 

from different positions in the same heat do not reveal appreciable composition 

difference. An examination of the sulphur concentrations in Table 3 shows the same 

trends.  
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Dayal and Du Sichen9) reported that the slag droplets covered with thin metal film 

in the packed “sphere-bed” rotate due to the shear force. The rotation would not only 

promote the mass exchange between the metal film and slag droplet but also enhance the 

mass transfer in the slag bulk. Since the thickness of the slag layer is about 10 cm, the 

negligible concentration gradients through the thickness of the slag layer as indicated by 

the chemical analyses in different zones of a same sample seem to be in line with this 

argument. The rotation of the slag droplets could even enhance the mass transfer in the 

horizontal direction.  

 

However, it should be pointed out that most of the samples were taken after a 

couple of minutes of stirring. This period was needed to obtain a stabilized flow. The 

negligible concentration gradients could also be partially due to the stir before sampling. 

It is difficult to shorten the time of stabilization of the flow in the ladle in the present 

industrial experiments. Hence, further study is required to quantify the contribution of the 

rotation of the slag droplets to the mass transfer. 

 

In a high temperature laboratory experiments, Han and Holappa7) also found very 

fine metal droplets, less than 5 mμ  in size, in the slag in gas stirring condition. They also 

reported the presence of a few big metal droplets, about 1-3 mm in size. The discrepancy 

between their result and the present observation with respect to maximum droplet size 

could be attributed to the different sampling and experimental conditions. Note that, in 

the present study all the samples were taken after stabilization of the flow. The time of 

stabilization would be a couple of minutes. It is expected that entrainment of slag into 
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metal bath will take place before the flow becomes steady. Before stabilization of the 

“sphere-bed” of the slag droplets on the metal bath, the presence of metal droplets of big 

size in the slag phase could also be expected. The present investigation is focused on the 

slag-metal interface after the flow is stabilized. It would be interesting to study the slag-

metal interface even during the very initial stage of stirring in the coming efforts. 

 

5. Summary 

 

 In the present work, a large number of samples of the slag-metal interface were 

collected from an industrial 65-ton ladle furnace at Uddeholm Tooling, Hagfors, Sweden. 

A new sampling technique was employed for this purpose. Samples were collected under 

four different induction stirring conditions as well as under gas stirring condition. Three 

sampling positions in the ladle were adopted. Slag specimens collected very carefully 

from different zones of each sample were analyzed using LOM, SEM, XRF, magnetic 

separation technique, and Spectrophotometer. Sulphur analysis was also performed for a 

number of slag samples.  

  

 LOM analysis of the slag samples indicated very low percentage of fine but 

homogeneously distributed metal droplets, throughout the slag bulk, despite of different 

stirring conditions and sampling positions. While metal droplets up to 100 micron in 

diameter were found distributed homogeneously throughout the slag bulk, metal droplets 

bigger than 100 micron in diameter were also found throughout the slag. The presence of 

fine metal droplets in the slag in the absence of gas stirring indicates that gas bubbles are 
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not the only reason for the transfer of denser liquid phase into upper phase. The shear 

force between the two liquids plays an important role in slag-metal mixing. 

 

 Quantitative analysis of slag samples using magnetic separation and 

spectrophotometer technique showed that metal contents in most of the slag samples were 

lower than 1 wt %. The small percentage of metal in the slag along with the evidence of 

the existence of slag droplets each surrounded by a very thin metal film strongly suggests 

that slag-metal system behaves similarly as oil-water system, viz. the shear force due to 

the bulk flow results in a packed “sphere-bed” of slag droplets each coated by a thin 

metal film above the metal bath.  
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Table captions: 

 

Table 1:  Details of the sampling conditions 

 

Table 2:  Zone division of all the samples and their corresponding distance from the slag-

metal interface 

 

Table 3:  Chemical compositions (mass %) of the slag samples taken from different zones 

for different sampling positions and different stirring conditions 

 

Table 4:  Metal contents analyzed by electromagnetic technique for different slag samples 

 

Table 5:  Metal contents analyzed by spectrophotometer technique for different slag 

samples 

 

 

Figure captions: 

 

Figure 1:       Schematic diagram showing the sampling positions in the ladle 

 

Figure 2(a):  Photograph of a sample just after sampling and before quenching 

 

Figure 2(b):  Photograph of a sample after machining 
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Figure 3:       Photograph showing clear inner surface of sampling tube after opening 

 

Figure 4:       Photograph showing physical division of slag part into a number of zones 

 

Figure 5(a):  LOM photograph of a slag sample taken from Sample-I 4; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Figure 5(b):  LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Figure 5(c):  LOM photograph of a slag sample taken from Sample-I 6; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Figure 6(a):  LOM photograph of a slag sample taken from Sample-G 1; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Figure 6(b):  LOM photograph of a slag sample taken from Sample-G 1; Zone 2, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Figure 6(c):  LOM photograph of a slag sample taken from Sample-G 1; Zone 3, showing 

small metal droplets in the slag matrix (magnification – 200 X) 
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Figure 7:       LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing 

an array of very fine metal droplets in the slag matrix  

(magnification – 500 X) 

 

Figure 8:       LOM photograph of a slag sample taken from Sample-G 1; Zone 3, 

showing a cluster of a few closed loops of very fine metal droplets 

(magnification – 200 X) 

 

Figure 9:       LOM photograph of a slag sample taken from Sample-G 1; Zone 2, 

showing almost a closed loop of very fine metal droplets in the slag matrix 

(magnification – 50 X) 
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Tables: 

 

Table 1: Details of the sampling conditions 

 

Sample 
No. 

Sample 
Name Stirring Condition 

Position in 
Ladle 

(See Fig 1) 

Sampling 
Temp 
(0C) 

Heat No. Steel Grade 

1 I 1 Inductive 300 A P1 1634 52958 Ramax 2 

2 I 2 Inductive 300 A P2 1655 52965 Orvar Sup 

3 I 3 Inductive 300 A P3 1642 52965 Orvar Sup 

4 I 4 Inductive 600 A P1 1645 52963 Orvar 14 Sup 

5 I 5 Inductive 600 A P2 1623 52963 Orvar 14 Sup 

6 I 6 Inductive 600 A P3 1632 52965 Orvar Sup 

7 I 7 Inductive 750 A P1 1599 52971 Orvar Sup 

8 I 8 Inductive 750 A P2 1592 52971 Orvar Sup 

9 I 9 Inductive 750 A P3 1586 52971 Orvar Sup 

10 I 10 Inductive 900 A P1 1546 52964 Sverker 3 

11 I 11 Inductive 900 A P2 1547 52964 Sverker 3 

12 I 12 Inductive 900 A P3 1543 52964 Sverker 3 

13 G 1 Gas (plug 1-179 l/min, 
plug 2-175 l/min) P2 1622 53801 Orvar Sup 

14 G 2 Gas (plug 1-192 l/min, 
plug 2-180 l/min) P2 1603 53801 Orvar Sup 

15 G 3 Gas (plug 1-194 l/min, 
plug 2-180 l/min) P2 1599 53801 Orvar Sup 
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Table 2: Zone division of all the samples and their corresponding distance from the slag-

metal interface 

 
 

Distance from the slag-metal interface (cm) Sample 
No. 

Sample 
Name Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

1 I 1 0.0-1.5 1.5-4.5 4.5-7.0   

2 I 2 0.0-1.5 1.5-3.0 3.0-5.0 5.0-7.0  

3 I 3 0.0-2.0 2.0-4.0 4.0-7.0 7.0-9.0 9.0-11.0 

4 I 4 0.0-2.0 2.0-4.8 4.8-7.7 7.7-10.5  

5 I 5 0.0-1.5 1.5-3.0 3.0-4.5 4.5-9.0  

6 I 6 0.0-3.0 3.0-6.0 6.0-9.0 9.0-11.0  

7 I 7 0.0-2.7 2.7-4.5 4.5-7.5   

8 I 8 0.0-1.5 1.5-3.0 3.0-4.5 4.5-6.0 6.0-10.0 

9 I 9 0.0-3.0 3.0-6.0 6.0-9.0   

10 I 10 0.0-3.0 3.0-6.0 6.0-10.0   

11 I 11 0.0-1.5 1.5-3.0 3.0-4.5 4.5-6.0 6.0-11.0 

12 I 12 0.0-0.5 0.5-4.5 4.5-9.5   

13 G 1 0.0-5.0 5.0-10.0 10.0-17.0   

14 G 2 0.0-4.0 4.0-8.0 8.0-13.0   

15 G 3 0.0-3.0 3.0-6.0 6.0-10.3   
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Table 3: Chemical compositions (mass %) of the slag samples taken from different zones 

for different sampling positions and different stirring conditions 

 
Sample 
Name 

Zone 
No. CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2 S 

1 34.4 0.4 17.3 19.0 16.2 1.4 1.5 5.0 0.8 0.2 - 
2 32.9 0.4 18.3 18.9 15.4 1.5 1.5 5.5 0.9 0.2 - I 1 
3 33.8 0.2 17.5 18.6 15.8 1.4 1.5 5.1 0.8 0.2 - 
1 52.2 0.2 8.2 22.4 11.4 0.8 0.04 0.2 0.06 0.1 0.23 
2 52.3 0.2 8.2 22.4 11.4 0.7 0.04 0.2 0.06 0.1 0.23 
3 50.8 0.2 9.4 21.7 11.1 1.1 0.05 0.2 0.05 0.1 0.21 

I 2 

4 50.1 0.2 9.3 21.2 11.1 1.7 0.07 0.3 0.07 0.1 0.20 
1 52.0 0.2 8.4 22.6 11.3 0.4 0.06 0.3 0.05 0.1 - 
2 52.9 0.2 8.3 22.8 11.4 0.5 0.04 0.2 0.05 0.1 - 
3 52.0 0.2 8.3 22.6 11.3 0.4 0.03 0.2 0.04 0.1 - 
4 52.6 0.2 8.2 22.7 11.3 0.4 0.03 0.2 0.04 0.1 - 

I 3 

5 52.4 0.2 8.3 22.8 11.4 0.4 0.03 0.2 0.04 0.1 - 
1 45.8 0.2 9.4 27.4 10.6 1.4 0.2 0.6 0.4 0.1 - 
2 45.2 0.2 9.4 27.2 10.6 1.3 0.2 0.6 0.4 0.1 - 
3 45.4 0.2 9.5 27.4 10.7 1.4 0.2 0.6 0.4 0.1 - 

I 4 

4 45.7 0.2 9.3 26.6 10.8 1.3 0.1 0.6 0.3 0.1 - 
1 45.9 0.2 9.8 27.5 10.6 0.6 0.1 0.5 0.3 0.1 0.17 
2 45.8 0.2 9.6 27.8 10.8 0.5 0.1 0.5 0.3 0.1 0.18 
3 45.9 0.2 9.6 27.8 10.8 0.5 0.1 0.5 0.3 0.1 0.18 

I 5 

4 46.2 0.2 9.7 28.0 10.9 0.6 0.1 0.5 0.3 0.1 0.18 
1 52.0 0.2 8.6 22.8 11.5 0.4 0.05 0.2 0.05 0.1 - 
2 52.3 0.2 8.3 22.7 11.4 0.3 0.03 0.2 0.04 0.1 - 
3 52.4 0.2 8.3 22.9 11.4 0.4 0.03 0.2 0.04 0.1 - 

I 6 

4 52.1 0.2 8.3 22.8 11.6 0.3 0.03 0.2 0.04 0.1 - 
1 48.2 0.2 10.0 26.5 8.8 0.3 0.7 0.1 0.2 0.1 - 
2 48.4 0.2 10.0 26.7 8.9 0.4 0.1 0.1 0.2 0.1 - I 7 
3 48.5 0.2 10.2 26.7 8.9 0.4 0.1 0.1 0.2 0.1 - 
1 49.5 0.2 10.2 27.1 8.9 0.3 0.04 0.1 0.2 0.1 0.41 
2 48.7 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.42 
3 48.8 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.42 
4 48.6 0.2 10.1 26.9 8.9 0.3 0.04 0.1 0.2 0.1 0.41 

I 8 

5 49.1 0.2 10.2 27.1 8.9 0.3 0.04 0.1 0.2 0.1 0.41 
1 48.5 0.2 10.0 26.9 8.7 0.3 0.04 0.1 0.2 0.1 - 
2 48.8 0.2 10.1 27.2 8.8 0.3 0.04 0.1 0.2 0.1 - I 9 
3 47.8 0.2 10.1 26.6 8.7 0.3 0.04 0.1 0.2 0.1 - 
1 39.6 0.2 14.7 21.3 12.0 2.3 1.3 4.7 0.4 0.2 - 
2 38.8 0.2 14.9 21.0 11.9 2.2 1.3 4.8 0.4 0.2 - I 10 
3 39.1 0.2 14.9 21.0 11.9 2.0 1.3 4.9 0.4 0.2 - 
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Table 3 continued… 

 
 
Sample 
Name 

Zone 
No. CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2 S 

1 - - - - - - - - - - - 
2 39.2 0.2 14.9 21.4 12.5 2.2 1.2 3.9 0.3 0.2 - 
3 39.3 0.2 15.4 21.4 12.6 1.7 1.2 4.0 0.4 0.2 - 
4 38.1 0.2 15.0 20.7 12.6 1.8 1.1 3.6 0.3 0.2 - 

I 11 

5 39.0 0.2 15.3 21.4 12.6 1.8 1.1 4.1 0.4 0.2 - 
1 - - - - - - - - - - - 
2 38.2 0.2 16.5 21.5 12.9 1.7 1.1 3.8 0.3 0.2 - I 12 
3 38.5 0.2 15.8 21.2 13.3 1.5 0.9 3.0 0.2 0.2 - 
1 53.7 0.2 10.6 23.0 8.3 0.6 0.02 0.09 0.05 0.1 0.18 
2 54.3 0.2 10.4 23.3 8.4 0.6 0.02 0.08 0.05 0.1 0.18 G 1 
3 53.8 0.2 10.0 23.1 8.3 0.6 0.02 0.06 0.05 0.1 0.17 
1 52.9 0.2 10.2 23.1 8.4 0.9 0.02 0.08 0.03 0.1 0.19 
2 53.4 0.2 10.6 23.2 8.3 0.6 0.01 0.1 0.03 0.1 0.19 G 2 
3 53.5 0.2 10.3 23.3 8.3 0.5 0.01 0.07 0.03 0.1 0.19 
1 53.1 0.2 10.1 23.5 8.2 0.5 0.01 0.06 0.02 0.1 0.21 
2 53.8 0.2 10.0 23.7 8.3 0.4 0.01 0.06 0.02 0.1 0.20 G 3 
3 53.9 0.2 10.1 23.7 8.3 0.4 0.01 0.06 0.02 0.1 0.21 
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Table 4: Metal contents analyzed by electromagnetic technique for different slag samples 

 

 

Metal content in the slag (wt %) Sample 
Name Zone 1 Zone 2 Zone 3 

I 1 - 0.33 0.25 

I 3 0.10 0.10 - 

I 5 0.33 0.24 - 

I 8 0.20 0.12 - 

I 12 0.74 0.35 1.86 
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Table 5: Metal contents analyzed by spectrophotometer technique for different slag 

samples 

 
 

Metal content in the slag (wt %) Sample 
Name Zone 1 Zone 2 Zone 3 

I 1 - 1.28 1.22 

I 3 0.33 0.33 - 

I 5 0.39 0.42 - 

I 8 0.29 0.59 - 

I 12 1.13 1.29 1.09 

G 1 0.63 1.14 0.76 
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Figures: 
 
 

open eye

P1

P2

P3

2.95 m

P1: approx. 0.3-0.5 m from ladle wall
(measured from side closest to ind. stirrer)

P2: approx. 0.8-1.2 m from ladle wall
(measured from side closest to ind. stirrer)

P3: approx. 0.3-0.4 m from ladle wall
(measured from side opposite to ind. stirrer)

Inductive stirrer (upward)  

 
 
 
 
 
 
 
 
 
Figure 1: Schematic diagram showing the sampling positions in the ladle 

 

Representative author: Pranesh Dayal
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Figure 2(a): Photograph of a sample just after sampling and before quenching 

 

Representative author: Pranesh Dayal 
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Figure 2(b): Photograph of a sample after machining 

 

Representative author: Pranesh Dayal 
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Figure 3: Photograph showing clear inner surface of sampling tube after opening 

 

Representative author: Pranesh Dayal 
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Figure 4: Photograph showing physical division of slag part into a number of zones 

 

Representative author: Pranesh Dayal 
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Figure 5(a): LOM photograph of a slag sample taken from Sample-I 4; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Representative author: Pranesh Dayal 
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Figure 5(b): LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Representative author: Pranesh Dayal 
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Figure 5(c): LOM photograph of a slag sample taken from Sample-I 6; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Representative author: Pranesh Dayal 
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Figure 6(a): LOM photograph of a slag sample taken from Sample-G 1; Zone 1, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Representative author: Pranesh Dayal 
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Figure 6(b): LOM photograph of a slag sample taken from Sample-G 1; Zone 2, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

Representative author: Pranesh Dayal 
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Figure 6(c): LOM photograph of a slag sample taken from Sample-G 1; Zone 3, showing 

small metal droplets in the slag matrix (magnification – 200 X) 

 

Representative author: Pranesh Dayal 
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Figure 7: LOM photograph of a slag sample taken from Sample-I 5; Zone 1, showing an 

array of very fine metal droplets in the slag matrix (magnification – 500 X) 

 

Representative author: Pranesh Dayal 
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Figure 8: LOM photograph of a slag sample taken from Sample-G 1; Zone 3, showing a 

cluster of a few closed loops of very fine metal droplets (magnification – 200 X) 

 

Representative author: Pranesh Dayal 

 

 41



 
 
 
 
 
 
 

Figure 9: LOM photograph of a slag sample taken from Sample-G 1; Zone 2, showing 

almost a closed loop of very fine metal droplets in the slag matrix (magnification – 50 X) 

 

Representative author: Pranesh Dayal 
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Abstract 
 
In order to have an in-depth understanding of the slag-metal interactions in ladle 
treatment, the mixing behaviours of two liquids introduced by shear force and by rising 
gas bubbles were studied using cold models. Water was used to simulate liquid metal, 
while silicone oils were used to simulate slag. In both stirring modes, a “sphere-bed” 
structure of water coated oil droplets was observed above water bath after the 
stabilization of the flow. The mechanisms of the formation of the “sphere-bed” structure 
were proposed. On the basis of the results of the cold model study, preliminary models of 
the slag-metal mixing were suggested. The ratio of the mass exchange rates in the open 
eye region and the rest part of the ladle was estimated to be 9:2.  

 
Keywords: Slag-metal mixing, cold model, interface, induction stirring, gas stirring, ladle 
treatment, bubbles, steelmaking 
 
 

1. Introduction 
 

Slag-metal mixing is a very common phenomenon during ladle treatment. 
Generally, gas stirring or induction stirring or a combination of both is applied to 
generate desired slag-metal mixing inside the ladle. The phenomena involved during 
mixing near the interface between liquid metal and liquid slag influence many reactions 
in steelmaking like desulphurization and dehydrogenation. To control these reactions and 
therefore the process, finding out the rate of mass exchange between the metal phase and 
the slag phase is essential. The rate of mass exchange also holds the key of a sensible 
process model. While many investigations [1-13] have been conducted to understand 
slag-metal interface during mixing, the knowledge of the slag-metal interface is still very 
poor.  

 
Poggi et al. [11] studied the mechanism of metal entrapment in slags due to rising 

gas bubbles on a laboratory scale. They concluded that, for all the slag-metal systems 
considered, the gas bubbles rising across a liquid/liquid interface carried a surface coating 

mailto:pranesh@mse.kth.se
mailto:du@mse.kth.se
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of the denser liquid into the upper phase. They also reported that this metal coating 
subsequently ruptured and scattered small droplets of the denser liquid into the slag 
phase, though the percentage of metal entrapment by this mechanism was quite low 
[11,14]. Han and Holappa [2] also studied the mechanism of iron entrainment into slag 
due to rising gas bubbles on a laboratory scale. They proposed two mechanisms of 
entrainment of iron droplets into slag, viz. large droplets were entrained by jet formation, 
while fine droplets were formed by the rupture of the metal film covering the gas bubble 
releasing from the iron/slag interface. Reiter and Schwerdtfeger [8, 9] investigated the 
phenomena occurred during passage of bubbles through liquid/liquid interfaces using 
high-speed photography and different slag-metal systems on a laboratory scale. They also 
reported that, in all the systems material of the lower phase was carried into the upper 
phase, though their study was focused on the phenomena associated with single bubbles. 

 
To gain an actual knowledge of the slag-metal interface in different stirring 

modes, a parallel effort [14, 15] has been made to sample and examine the slag-metal 
interface in the actual industrial ladles. Evidence for the existence of slag droplets each 
surrounded by a very thin metal film has been found in the bulk of slag in the samples 
taken under both gas-stirred and induction-stirred conditions. While these studies [14, 15] 
have thrown strong lights on the behaviour of slag-metal mixing at the interface, an 
insight into the mechanism of the mixing is still lacking. Aiming at an in-depth 
understanding of the mixing mechanism(s) and modelling of the interface, the present 
study is to investigate the mixing behaviour using cold model experiments. Preliminary 
models to describe the mixing of slag and metal introduced by shear force and by gas 
bubbles are also attempted. 

 

2. Experimental 

2.1 Experimental setup 
 
 In steelmaking, slag-metal mixing occurs due to shear at the slag-metal interface 
caused by excessive liquid steel flow [1, 14, 15]. To simulate this phenomenon, a simple 
experimental setup was designed. It is schematically presented in Figure 1. The 
rectangular container (95 cm X 15 cm X 40 cm) was made of PMMA (Chemical name: 
polymethylmethacrylate; Commercial name: Plexiglas) sheet.  Tap water and silicone oil 
were used for simulating metal and slag, respectively. The shear force between water and 
silicone oil was generated by introducing constantly the tap water through the inlet tube 
and, at the same time, keeping the valves of the three outlets open. The water inlet and 
outlet were kept at the same level for all the experiments. Three flow-meters (one at each 
outlet and each having operating range between 100 l/h to 350 l/h) were used for 
measuring the flow rate. Flow rates of all the three outlets were kept almost at the same 
level to get uniform flow distribution at the water-oil interface. A typical range of 
inlet/outlet flow rate to initiate mixing was between 500 l/h to 600 l/h. A CCD camera, a 
digital still imaging camera and a computer were used for capturing and analyzing the 
images during cold model study. For the sake of clarity, these components are not shown 
in the schematic diagram. To vary the experimental conditions three different silicone 
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oils were used. The kinematic viscosities of these oils were 50, 100 and 200 cSt (1 cSt = 
10-6 m2/sec). The thickness of the oil layer was also varied. 
 

To simulate the slag-metal mixing in the vicinity of the open-eye generated by 
gas bubbles, a cylindrical vessel (internal diameter = 25 cm) made of PMMA sheet was 
used. As shown in Figure 2, compressed air gas was introduced through a metallic nozzle 
at the bottom of the vessel to simulate the gas stirring. The nozzle having an inner 
diameter of 2 mm was located at the centre of the bottom. Again, tap water and silicone 
oil were used for modelling metal and slag, respectively. In this study, silicone oil having 
a kinematic viscosity of 100 cSt was used. Water layer thickness and oil layer thickness 
were kept constant at 20 cm and 5 cm, respectively. 

2.2 Critical velocity measurement 
  
 Critical velocity is defined as the bulk flow velocity when mixing just starts due 
to the turbulence caused by the shear force at the water-oil interface. Below this velocity, 
flow is streamline and no mixing is noticed.  
 

For critical velocity measurement, the rectangular container shown in Figure 1 
was used. Fine mica powder (supplied by Eberhard Faber) was used as a medium for the 
measurement of critical velocities. The density of the mica powder lies between the 
densities of water and silicone oil and so that it keeps floating exactly at water-oil 
interface. A CCD camera was mounted on the top of the setup in such a position that it 
could focus on the mica powder. The magnifications of the images were measured by 
focusing the CCD camera on a paper-scale at the same level of the interface where mica 
powder was floating. To avoid the wall effect (effect of side walls of container on the 
flow) on the velocity measurement, the CCD camera was placed in the centre of the 
setup. With the help of an inlet tap and three outlet taps, a continuous flow was 
introduced just below the water-oil interface. The flow was increased continuously till the 
start of mixing at the interface. Simultaneously this flow was captured by the CCD 
camera mounted on the top of the setup. Although the flow speed was increased 
continuously to initiate the mixing, the distance between the CCD camera and the 
interface was kept constant. This distance was kept constant by maintaining the inlet and 
outlet flow rates being the same. To reach this predetermined distance, the height of the 
water bath was adjusted by releasing water from the bottom tap hole. By keeping the 
constant distance between the CCD camera and the interface, the camera could be 
focused on the mica powder all the time before the mixing started. The defocusing of the 
mica powder in the video would indicate the starting point of the mixing. All videos were 
captured at the rate of 25 frames per second (fps) and a magnification of 6.15 X.  

 
Figure 3 shows an example of the critical velocity measurements. The white dots 

of irregular shape are the mica particles. Comparatively smaller mica particle was chosen 
in the image for better accuracy. The mica particle which was analyzed for critical 
velocity measurement is marked by the black circles in Figure 3. The flow direction is 
also shown by an arrow sign. On the basis of the distance travelled by the mica particle 
and the time interval between the corresponding two frames, the velocity of the flow was 
evaluated. 
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For mixing height measurement, images of mixing zone were captured by a 

digital still imaging camera situated in front of the rectangular setup. Scales in horizontal 
and vertical directions were fixed on the front side of the setup to obtain the 
magnification during mixing height measurement. 

 
One photograph captured by still imaging camera is shown in Figure 4, which was 

used for mixing height measurement. Even the average droplet size in the mixing zone 
was measured with the help of the captured images.   

2.3 Visual observation   
 

To get better understanding of mixing of two different liquids, a water soluble 
colour was dissolved in water in some of the experiments. For this purpose, the silicone 
oil having kinematic viscosity of 200 cSt was used in the case of rectangular setup while 
silicone oil having kinematic viscosity of 100 cSt was used for the cylindrical setup. No 
colour change of oil was detected, indicating the insolubility of the colour in the oil. 
Mixing of coloured water and silicone oil was visually observed in both of the 
experimental setups shown in Figures 1 and 2. Images of the flow patterns were captured 
by the digital camera to assist the discussion. 
 

3. Results 

3.1 Critical Velocity 
 
 A number of experiments were carried out to determine the critical velocities 
for mixing. Three types of silicone oils were employed. The effect of initial thickness of 
the oil layer on the mixing behaviour was examined. Table 1 lists the experimental 
conditions along with the critical velocities. Even the mixing heights and the average 
radii of the oil droplets in the mixing zone are presented in this table. It is important to 
mention here that all the data presented in Table 1 were measured without any colour 
addition. 

3.2 Mixing introduced by shear force at the interface 
 
 The sequences of mixing by shear force at the water-oil interface are presented 
in Figures 5 (a)-5 (c). All the images were taken in the rectangular setup. The silicone oil 
of 200 cSt was employed in this experiment.  The initial thickness of the oil was 3.5 cm. 
Figure 5 (a) shows the two phases, which are clearly distinguishable in the absence of any 
flow. Thereafter, a continuous water flow was introduced below the water-oil interface. 
Figure 5 (b) shows the water-oil interface below critical velocity. As shown in the figure, 
no oil droplet was observed in the bulk of water. It was observed that entrainment of oil 
in water occurred due to shear force between two liquid phases after the flow reached a 
critical velocity. The entrained oil droplet would go back to the bulk of oil phase with a 
thin coating of water on it. This thin coating of water was clearly visible when oil droplet 
re-entered into the oil phase because of the colour of the water film. This stage is shown 
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in Figure 5 (c). Cluster of water coated oil droplets can be clearly seen in the figure. After 
stabilization of the flow, very few oil droplets were found in the water bulk. It is also 
important to mention that water coated oil droplets were found rotating along their own 
centre of axis and also moving with the flow simultaneously. 

3.3 Mixing introduced by rising gas bubbles 
 

In the experiments of water-oil mixing introduced by gas bubbles in the 
cylindrical setup, it was observed that air bubbles passed through the water-oil interface 
with a thin film of coloured water on it and finally escaped from the oil layer leaving 
small droplets of coloured water in oil phase. This phenomenon continued till the 
formation of an open eye. Once open eye was created, a vertical channel of water was 
formed for the passage of air bubbles. Almost all the air bubbles passed through this open 
eye without interacting with oil phase. After the formation of the open eye, shear force 
between water and oil increased due to high flow rate; and consequently oil droplets were 
formed in the vicinity of the open eye. All the oil droplets were coated with coloured 
water. These droplets formed a sphere-bed like structure around open eye after 
stabilization of the flow. The above mentioned sequences are presented in Figures 6 (a)-6 
(d). Figure 6 (a) shows the separate layers of coloured water and oil in the absence of air 
flow. Figure 6 (b) shows the coloured water droplets in oil phase dragged by the air flow 
before the formation of the open eye. These water droplets were formed after detachment 
of thin water film from the air bubbles. Figure 6 (c) shows the open eye and the escaping-
out of the air bubbles through the open eye. This photograph was captured before flow 
reached critical velocity and that is why no water coated oil droplet can be seen in the 
vicinity of the open eye. No clear photographs could be captured when high air flow rate 
was applied due to the limitations of the experimental setup. Figure 6 (d) shows a 
photograph which was captured just a few seconds after stopping the air flow. It shows 
sphere-bed like structure of water coated oil droplets. This image suggests the existence 
of sphere-bed like structure of water coated oil droplets around open eye when high air 
flow rate is employed. In the experiments, it was also observed that these water coated oil 
droplets rotates along its own centre of axis and also move with the flow current.  

 

4. Discussion 
 
 A comparison between the data for oil layer thickness and data for critical 
velocity listed in Table 1 shows that the mixing occurs more easily at larger oil thickness 
for a particular type of silicone oil, i.e., when oil layer is thicker, even low interfacial 
flow velocity can initiate mixing. On the other hand, for small oil layer thickness, high 
interfacial flow velocity is required to initiate mixing at the interface. This result is in 
accordance with the finding of Harman and Cramb [5]. They studied the mechanism of 
emulsification in casting system with water and silicone oil. In their cold model study 
they also reported that the emulsification of oil is easier for thicker oil layer above water 
bath. 
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While the data in Table 1 suggest that the oil viscosity affects the critical velocity, 
no direct relationship can be established between the oil viscosity and the critical 
velocity. According to the data reported in Table 1, there is an increase in critical velocity 
with the increase of viscosity from 50 cSt to 100 cSt. However, the critical velocity 
decreases when the viscosity is further increased to 200 cSt. 
   
 The data in Table 1 also show that the mixing height increases with the increase 
of oil layer thickness for a particular type of silicone oil.  
 
 As seen in Table 1, the oil layer thickness does not affect the average droplet size 
in the mixing zone for a particular type of silicone oil. Though, there is a decreasing trend 
in average radius of oil droplet size with the increase in the viscosity of silicone oil, 
difference in radii is not significant to make any conclusion. 

 
 Figure 4 shows an image of water-oil mixing just after reaching the critical 
velocity but before the stabilization of the flow. In this image it can be noticed that the 
mixing height (2.3 cm) is much greater than the actual oil layer thickness before the onset 
of mixing (1.5 cm). Whereas, after the stabilization of the flow, very few oil droplets 
were found in the water bulk as mentioned in the result part. These results indicate that 
many oil droplets exist in water bulk before stabilization of the flow. After stabilization 
of the flow, a “sphere-bed” structure of water-coated oil droplets forms above the water 
bath leaving very few oil droplets in water bulk as shown in Figure 5 (c).  
 

On the basis of the experimental observation as exemplified in Figures 5(a)-5 
(c), the mechanism of the formation of water coated oil droplets due to shear force can be 
proposed. This mechanism is schematically shown in Figure 7. Figure 7 (a) shows the 
separate layer of oil above water bath in the absence of any flow. Figure 7 (b) shows the 
different stages of formation of single water coated oil droplet. Once the critical velocity 
is reached, oil droplet gets detached from the oil bulk and travels a small distance in the 
direction of flow in the water phase and then goes back to oil phase with a thin coating of 
water on it. After stabilization of the flow, oil droplets would form a “sphere-bed” like 
structure as shown in Figure 5 (c). 

 
Similarly, the mechanism of the formation of the open eye and the water-oil 

mixing around the open eye could also be proposed based on the experimental results. 
This mechanism is schematically illustrated in Figure 8.  In Figure 8 (a), oil layer above 
coloured water layer in the absence of any gas stirring is shown. Figure 8 (b) shows the 
formation of water coated oil droplets around the open eye after reaching the critical 
velocity. Figure 8 (c) shows the formation of sphere-bed like structure of water coated oil 
droplets around the open eye after the stabilization of the flow. The images shown in 
Figures 6 (b) and 6 (c) represent the intermediate stages between Figure 8 (a) and 8 (b). 
Figure 6 (d) shows a photograph which was captured just few seconds after stopping air 
flow and it shows sphere-bed like structure of water coated oil droplets. This image 
would correspond to the situation suggested in Figure 8 (c). 
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The details of the formation of the water coated oil droplets in the presence of 
gas flow through the open eye are further presented in Figure 9. Figure 9 (a) shows the 
gas flowing through the open eye. As mentioned above, after the formation of the open 
eye, almost all the gas bubbles pass through the water channel inside the open eye. The 
interfacial velocity between oil surrounding the open eye and water inside the open eye 
increases due to the gas flow. In Figure 9 (a), the interfacial velocity between water and 
oil is below the critical velocity. Hence, the formation of oil droplet is not expected. In 
the case of Figure 9 (b), the interfacial velocity between water and oil is above the critical 
velocity, which leads to the formation of oil droplets. These oil droplets come back to oil 
bulk with a water film. This situation is indicated by the arrow signs in Figure 9 (b). As 
shown by the arrows in the figure, oil droplets can follow one of the several random paths 
for coming back to oil bulk after their formation inside the open eye volume. 
 
 Han and Holappa [2] studied the iron entrainment into slag due to rising gas 
bubbles at high temperature on a laboratory scale. They proposed that the iron droplets 
entrained into the slag were mainly from two sources, jet entrainment and film 
entrainment. According to the present results, this mechanism is valid only before the 
formation of the open eye as shown in Figure 6 (b). Once open eye is formed, almost all 
the gas bubbles pass through the water channel without interacting with the oil as shown 
in Figure 6 (c). A similar situation is expected for real slag-metal system. In such case 
metal will be entrained into slag by jet entrainment and film entrainment before the 
formation of the open eye. Once the open eye is created, metal will enter into the slag 
bulk in the form of thin film covering the slag droplets due to the shear force between 
slag and metal around the wall of open eye as shown in Figure 9.  
 
 As mentioned in the introduction, the goal of the present work is to gain an in-
depth understanding of the slag-metal mixing in ladle treatment. In a parallel effort, 
Beskow et al. [14] and Dayal et al. [15] studied the actual slag-metal interface samples 
taken after the stabilization of flow from an industrial ladle. In the ladle treatment, the 
velocity of the liquid metal at the interface is considerably high, approximately 0.2-0.6 
m/s [16, 17]. It is reasonable to expect that the interfacial velocity would be above the 
critical velocity of mixing. The authors [14, 15] found no detectable entrainment of slag 
in the metal bulk close to the interface. Their result is in agreement with the present 
observation that oil droplet is not present in the water bulk after the stabilization of the 
flow. Dayal et al. [15] also found the evidence for the existence of “sphere-bed” like 
structure of metal coated slag droplets above metal bath. The existence of “sphere-bed” 
like structure was further supported by the finding that in both stirring modes metal 
content in the slag samples was lower than 1 wt % [15]. “Sphere-bed” structure would 
indeed result in very low fraction of metal in the slag. The present observation is in 
accordance with the industrial results. Therefore, it strongly supports the suggestion that 
“sphere-bed” structure prevails in a stirred ladle after the flow is stabilized. 
 
 In ladle refining, induction stirring or gas stirring or a combination of both is 
applied. In the case of gas stirring and combined stirring, the slag-metal interface in the 
region a certain distance away from the open eye would be very similar as the interface in 
the case of induction stirring, because the mixing is only created and maintained by shear 
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force. While in the vicinity of the open eye situation would be very different. Metal is 
dragged up by the gas bubbles through the open eye. To keep the mass conservation, 
metal brought up by the gas must descend in contact with the slag. Hence, different 
models are needed to predict the mass exchange between metal and slag in the above 
mentioned two situations. Two simple models tackling these two situations could be 
developed on the basis of the present results.  
  

5. Model consideration 
 
 On the basis of the suggested mechanisms of slag-metal mixing, preliminary 
models can be developed for both the mixing introduced by shear force and the mixing in 
the open eye region. 
 
5.1 Mixing of slag and metal introduced by shear force 
 
 As discussed above, slag-metal mixing is caused by the shear force at the 
interface in an induction-stirred ladle. Even in the case of gas stirring, slag-metal mixing 
in the region a certain distance away from the open eye is caused by the shear force. A 
generalized model should be able to predict the rate of mass exchange by slag-metal 
mixing in both stirring modes except the open eye region.  
 

 After stabilization of the flow, a sphere-bed of metal coated slag droplets would 
form above the metal bath due to the shear force. The droplets in the sphere-bed rotate 
along their own centre of axis and also move with the flow current. Although, the rotation 
and movement of the slag droplets with flow current may help indirectly the mass 
exchange between slag and metal, only the lowest layer of the slag droplets is considered 
for the rate of mass exchange between metal and slag in the present model. 

 
 Figure 10 (a) shows schematically the contact of metal with the lowest layer of 
slag droplets. Figure 10 (b) shows a unit cell containing many slag droplets within it. 
Figure 10 (c) shows the flow of metal associated with slag droplets. The following 
assumptions are made:  
 

1. After stabilization of the flow, the whole slag layer is in droplet form. 
2. All slag droplets are spherical and having the same size and shape. 
3. The linear velocity of the metal along the periphery of the slag droplet is equal to 

the velocity of the bulk flow of the metal at the slag-metal interface. 
4. The contribution of the metal film covering each slag droplet to the rate of mass 

exchange is negligible. 
 
According to Figure 10 (a), the metal volume associated with each slag droplet can be 
expressed by (neglecting the thin metal coating on the slag droplets): 
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( ) ⎥⎦
⎤

⎢⎣
⎡ −= 33

3
42

2
1 rrv π …………………………………………………………................ (1) 

 
where, r  is the radius of the slag droplet. The mass of the metal associated with all slag 
droplets of the lowest layer in a unit cell of dimension ‘a’ (considering the cross sectional 
area of the unit cell, see Figure 10 (b)) is given by, 
 

( ) mcelltotal r
arrM ρπ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎥⎦
⎤

⎢⎣
⎡ −= 2

2
33

_ 43
42

2
1 …………..………………………….................. (2) 

 
where, mρ  is the density of the liquid metal. 
 
According to Figure 10 (c), the length of the curved path is π r while the length of the 
straight path is 2 r. Assuming the liquid metal flows with the same linear velocity metalV  
along these two paths, the average time to travel a distance of 2 r can be evaluated by 
  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

metalmetal
av V

r
V

rt 2
2
1 π ………………………………………………………………… (3) 

 
 
Assuming simultaneous metal flow having the same velocity for all the droplets, the time 
required to flush out all the metal associated with slag droplets, flusht can be written as 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+==

metalmetal
avflush V

r
V

rtt 2
2
1 π …………………………...…………………………….. (4) 

 
Consequently, the flush-out rate of the metal in a unit cell can be expressed by, 
 

flush

celltotal
metal t

M
K _= ……………………………………………………………………… (5) 

 
Eqs. (2) to (5) lead to 
 

2185.0 aVK metalmmetal ρ= ……………………………………………………………….. (6) 
 
 
5.2 Open-eye area 
 
 In the case of gas stirring, an open eye is created. In the open eye region, the 
metal brought up by the gas bubbles would descend in contact with the slag, thereby 
resulting in continuous mass exchange between metal and slag. Following this line, the 
following assumptions can be made. 
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1. The shape of the open eye is cylindrical and it is uniform throughout the thickness 

of the slag layer. 
2. The amount of the metal brought up by the gas bubbles can be evaluated by the 

vertical component of the velocity of the metal-gas plume when it just reaches the 
lower part of the open eye region along with the metal fraction in the plume. 

3. The amount of metal descending in the open eye region is the same as the amount 
of metal brought up into the open eye region.  

4. All the metal descending in the open eye region is in good contact with the slag 
around the open eye.  

 
Hence, the rate of the metal brought in contact with the slag in the open eye region can be 
expressed as  
 

( )( ) meyeopenmetalmetaleyeopenmetal VFRK ρπ __
2

__ = ……………………………………………. (7) 
 
where R is the radius of the cross section of the open eye, eyeopenmetalV __  is the vertical 
component of the velocity of the metal-gas plume when it just reaches the lower part of 
the open eye region, and metalF  is the metal fraction in the plume. 
 

It would be interesting to compare the contributions of the slag-metal mixing in 
the open eye region and the rest part of the ladle to the rate of slag-metal reactions. 
Jonsson et al [16] and Jönsson et al [18] have studied the fluid flow in a gas-stirred ladle. 
The open eye is about 0.3-0.4 meter in diameter [16], while the fraction of the metal in 
the gas-metal plume is about 0.88 [18]. In their calculation, the ladle has a diameter of 3 
m. Assuming that metalV  and eyeopenmetalV __  are comparable, the ratio of the mass exchange 
rates in the open eye region and the rest part of the ladle can be estimated by  
 

185.0
88.0__ ≈

metal

eyeopenmetal

K
K

…………………………………………………………………. (8) 

 
Hence, eq. (8) leads to a ratio of approximately 9:2. It implies that the open eye plays a 
dominating role in determining the rate of slag-metal reactions, while the contribution of 
the slag-metal mixing outside the open eye region is relatively small. The liquid metal 
velocity close to the slag-metal interface in an induction-stirred ladle is at the same level 
as in the case of gas-stirred ladle [16, 17]. On the other hand, it is a common knowledge 
that desulphurization is much more efficient in an argon-stirred ladle in comparison with 
the induction-stirred ladle. The results of the present comparison could explain this 
industrial observation very well, viz. the enhanced mass exchange in the open eye region 
results in the high efficiency of desulphurization in argon-stirred ladle. 
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6. Summary 
 
 In the present work, slag-metal mixing introduced by the shear force as well as by 
the rising gas bubbles was studied using two different cold models. In both cold models, 
tap water and silicone oil were used for modelling metal and slag, respectively. The 
critical velocities to initialize mixing, the mixing heights at critical velocities, and the 
average radii of oil droplets in the mixing zones were measured for three different oils 
and different oil layer thicknesses. 
 
 In the study of the mixing introduced by the shear force, it was observed that 
mixing occurred more easily at larger oil thickness. Visual observation revealed that 
many oil droplets existed in water bulk before stabilization of the flow, whereas, after 
stabilization of the flow, a “sphere-bed” structure of water-coated oil droplets formed 
above the water bath leaving very few oil droplets in the water bulk. In the case of the 
mixing introduced by rising gas bubbles, “sphere-bed” structure of water-coated oil 
droplets was also observed around the open eye after the stabilization of the flow.  The 
mechanisms of the formation of water-coated oil droplets were proposed. 
 
 On the basis of the results of the present cold model study, preliminary models 
were developed for both conditions. The ratio of the mass exchange rates in the open eye 
region and the rest part of the ladle was estimated to be 9:2, which is in good agreement 
with the industrial observations. 
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Figure captions: 

 
Figure 1: Schematic diagram of the setup used for the study of slag-metal mixing caused 

by shear force at the interface 
 
Figure 2: Schematic diagram of the setup used for the study of gas stirring 
 
Figure 3: An example of the critical velocity measurement (used for 1.5 cm thick layer of 

100 cSt silicone oil; images shown above are taken form the video captured by 
the CCD camera at 25 fps) 

 
Figure 4: Image captured by the digital still imaging camera at the time of the start of 

mixing, which was used for mixing height measurement (Mixing height: 2.3 
cm, silicone oil: 100 cSt, oil layer thickness: 1.5 cm) 

 
Figure 5 (a)-(c): Different stages of mixing due to shear force at the interface 
 
Figure 6 (a): Separate layers of colored water and silicone oil in the absence of gas flow  
 
Figure 6 (b): Water droplets in the oil phase dragged up by the gas flow before the 

formation of the open eye 
 
Figure 6 (c): Gas bubbles escaping out through the open eye 
 
Figure 6 (d): Sphere-bed like structure of the water coated oil droplets just after stopping 

the gas flow 
 
Figure 7: Mechanism of the formation of water coated oil droplets due to shear force (a) 

two separate layers in the absence of any flow (b) water-coated-oil-droplet 
formation above the critical velocity 

 
Figure 8: Schematic diagrams of gas stirring, (a) separate layers of colored water and oil 

in the absence of any gas flow, (b) formation of water coated oil droplets around 
the open eye after reaching the critical velocity, and (c) sphere-bed like 
structure of water coated oil droplets around the open eye after the stabilization 
of the flow 

 
Figure 9: Mechanism for the formation of water coated oil droplets in the “gas stirring” 

simulation, (a) open eye created by the flow below the critical velocity, (b) 
droplet formation above the critical velocity 

 
Figure 10 (a): Schematic diagram of the contact of metal with the lowest layer of slag 

droplets 
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Figure 10 (b): A unit cell containing many slag droplets 
 
Figure 10 (c): Schematic diagram of the flow of metal associated with the slag droplets 
 
 

Table caption: 

 
Table 1: Results of the critical velocity measurements  
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Figures: 
 
 
 

 
 

Figure 1: Schematic diagram of the setup used for the study of slag-metal mixing caused 
by shear force at the interface 
 
 

 

Length 95 cm 

Inlet connected to 
tap water supply 

3 outlets in same row (all 
having inner diameter 1 cm), 
connected to flow-meter  

Width 
15 cm 

Top view 

Tap hole at bottom 
center (having inner 
diameter 1 cm) 

95 cm

Height 
40 cm 

2 cm 
Front view 

Water

Oil
Tube inner 
diameter 1 cm 
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Figure 2: Schematic diagram of the setup used for the study of gas stirring 
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(a) Frame No. 425 

Assuming leftmost bottom point as origin, 
horizontal coordinate of encircled particle 

in actual image* is  = 10.1 cm 

(b) Frame No. 433 
Assuming leftmost bottom point as origin, 
horizontal coordinate of encircled particle 

in actual image* is  = 19.7 cm 
 

Distance travelled in actual video = (19.7-10.1) cm = 9.6 cm 
Actual distance travelled = 9.6 /magnification (6.15) = 1.56 cm 

Time gap between these two frames = (433-425)/25 seconds = 0.32 sec. 
Critical velocity = 1.56/0.32 = 4.9 cm/sec 

 
* Above images are smaller than the actual images in dimension 
 
 
 
Figure 3: An example of the critical velocity measurement (used for 1.5 cm thick layer of 
100 cSt silicone oil; images shown above are taken form the video captured by the CCD 
camera at 25 fps) 
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Figure 4: Image captured by the digital still imaging camera at the time of the start of 
mixing, which was used for mixing height measurement (Mixing height: 2.3 cm, silicone 
oil: 100 cSt, oil layer thickness: 1.5 cm) 
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(a) Two separate layers of colored water and silicone oil in the absence of any flow 
 

 
 

(b) Water-oil interface below critical velocity 
 

 
 

(c) Water coated oil droplets above water bath 
 
Figure 5 (a)-(c): Different stages of mixing due to shear force at the interface 



 20

 
 

Figure 6 (a): Separate layers of colored water and silicone oil in the absence of gas flow  
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Figure 6 (b): Water droplets in the oil phase dragged up by the gas flow before the 
formation of the open eye 
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Figure 6 (c): Gas bubbles escaping out through the open eye 
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Figure 6 (d): Sphere-bed like structure of the water coated oil droplets just after stopping 
the gas flow 
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(a) (b) 
 

 
Figure 7: Mechanism of the formation of water coated oil droplets due to shear force (a) 
two separate layers in the absence of any flow (b) water-coated-oil-droplet formation 
above the critical velocity 
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Figure 8: Schematic diagrams of gas stirring, (a) separate layers of colored water and oil 
in the absence of any gas flow, (b) formation of water coated oil droplets around the open 
eye after reaching the critical velocity, and (c) sphere-bed like structure of water coated 
oil droplets around the open eye after the stabilization of the flow 
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(a) (b) 
 

 
Figure 9: Mechanism for the formation of water coated oil droplets in the “gas stirring” 
simulation, (a) open eye created by the flow below the critical velocity, (b) droplet 
formation above the critical velocity 
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Figure 10 (a): Schematic diagram of the contact of metal with the lowest layer of slag 
droplets 

Front view 
r 

r 
Top view 

Metal Slag droplet 
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Figure 10 (b): A unit cell containing many slag droplets 

a > 2r 
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Figure 10 (c): Schematic diagram of the flow of metal associated with the slag droplets 
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Vmetal 

Vmetal Vmetal 
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Table: 
 
Table 1: Results of the critical velocity measurements  

 
Silicone 
oil type 

(kinematic 
viscosity 
in cSt) 

Oil layer 
thickness 

(cm) 

Height of oil-
water interface 

from inlet/outlet 
level (cm) 

Critical 
velocity 
(cm/sec) 

Mixing 
height at 
critical 

velocity (cm) 

Average 
radius of oil 
droplet in 

mixing zone 
(cm) 

1.9 3.2 4.8 2.7 0.8 
50 

3.0 3.3 3.0 3.9 0.8 

1.5 3.6 4.9 2.3 0.7 
100 

3.1 3.5 3.5 3.1 0.7 

2.0 3.1 2.9 4.3 0.6 
200 

2.7 3.6 2.7 4.9 0.7 
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