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Abstract 

The thesis presents a fundamental study on some aspects regarding foaming 

slag. In today’s society, the requirements on environmental impact and 

energy consumption are increasing. It is essential for the steel industry to 

better understand the fundamentals of their processes to be able to develop 

both the process but also process control to reach the demands. In this work, 

the basic BOF furnace is the main focus, even though foaming slag may also 

occur in some electric arc furnaces. The BOF is a chaotic process with the 

purpose to decarburize and dephosphorize hot metal from the blast furnace. 

The foaming slag plays a profound role in the kinetics of the reactions, 

maintains the temperature in the furnace and protects the lining material of 

the furnace. 

The first part of the thesis includes a study of the structure of different foams 

and some viscosity measurements. Both room temperature and high 

temperature experiments are conducted. It is shown that the apparent 

viscosity of a foam is not only depending on the dynamic viscosity of the 

liquid phase and the gas fraction of the foam, but also the surface tension of 

the liquid and the bubbles size of the foam. The foam appears to show a shear 

thinning non-Newtonian behavior with apparent viscosities up to 5 times as 

high as for the pure liquid. The reason is found in the structure of the foams.  

The behavior of particles falling through foams generated from different 

sugar solutions is studied in the second part of the thesis. The particle 

behavior differs a lot depending on the size and density of the particle, and 

the viscosity and surface tension of the liquid phase. Some particles get stuck 

in the foam, some heavy particles fall through the foam crushing the bubbles 

in its path, and some particles fall slowly in a zick-zack pattern towards the 

bottom. The residence time is also measured, and a semi-empirical model is 

developed to describe the apparent velocity of the particles falling in a zick-

zack pattern.  

The decarburization is the source of the foam in the furnace, and is studied 

in the third part of the thesis. Pig iron is dropped into liquid slag and the 

reaction rate is studied by quenching of samples at different times. Small 

droplets are decarburized faster than big droplets, and the incubation time of 

the reaction is found to play a big role in the decarburization process for 

different slag compositions. 
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The last part of the thesis is a comparison of lime dissolution in liquid versus 

foaming BOF slags. The controlling dissolution mechanism in liquid slag is 

the removal of interfacial layers of calcium silicates. In the foam on the other 

hand, the contact area between liquid slag and lime seem to be the controlling 

mechanism. In total, the rate seem to be similar in some liquid and foaming 

slag compositions while in others, the lime is dissociated into small pieces in 

the foaming slag due to the chaotic environment in the experiment. 
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Sammanfattning 

Avhandlingen presenterar en fundamental studie angående olika faktorer 

gällande skummande slagg. Det är livsviktigt för stålindustrin att i dagens 

samhälle, då kraven på klimatpåverkan samt energiförbrukning blir hårdare, 

öka sin fundamentala förståelse för dess processer, både för att kunna 

utveckla själva processer i sig, men även för en bättre processkontroll. I 

denna studie står konverterprocessen i fokus, men skummande slagg kan 

även förekomma i ljusbågsugnar. Konverterprocessen är kaotisk med syfte 

att avkola och fosforrena råjärnet som levererats från masugnen. Den 

skummande slaggen spelar en betydande roll i de kinetiska aspekterna för 

reaktionerna, men även för att bevara temperaturen i ugnen, samt för att 

skydda infodringen av ugnen. 

I den första delen av avhandlingen studeras skum genom okulär besiktning 

samt genom olika viskositetsmätningar. Både rumstemperatur- samt 

högtemperaturbaserade skum genereras och utnyttjas. Det visar sig att den 

skenbara viskositeten hos de olika skummen inte bara beror på vätskans 

viskositet och skummets gasfraktion, utan även vätskans ytspänning samt 

bubblornas storlek i skummet. Skummet visar även upp ett tydligt 

skjuvförtunnande icke-Newtonskt beteende med skenbar viskositet som når 

upp till fem gånger högre än för den rena vätskan. Anledningen hittades i 

skummets struktur. 

Beteendet av partiklar som faller i olika sorters skum studerades i den andra 

delen av avhandlingen. Beteendet visar sig bero på partikelstorlek och 

densitet, samt vätskans viskositet och ytspänning. Vissa partiklar fastnar i 

skummet, vissa faller igenom och krossar alla bubblor i dess väg, och vissa 

partiklar faller lugn och fint i ett zick-zack-mönster genom skummet. 

Uppehållstiden för partiklarna mättes och en semiempirisk modell med syfte 

att beräkna den skenbara fallhastigheten av partiklar som faller lugnt i 

skummet presenteras. 

Avkolningen är källan till skummet i ugnen, och studeras därför i den tredje 

delen av avhandlingen. Råjärn släpps ner i flytande slagg och 

reaktionshastigheten studeras genom att släcka proverna efter olika tider. Det 

visar sig att små droppar avkolas snabbare än stora, och att inkubationstiden 

varierar mellan de olika slaggsammansättningarna som utnyttjades. 
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I den sista delen av avhandlingen jämförs upplösning av kalk i flytande samt 

skummande konverterslagg. Den kontrollerande upplösningsmekanismen i 

flytande slagg är avlägsnandet av kalciumsilikater som uppstår i gränsskiktet 

mellan kalken och slaggen. I skummande slagg däremot, verkar det som att 

den kontrollerande mekanismen är den begränsade kontaktytan mellan kalk 

och den flytande fasen av skummet. Upplösningshastigheten förefaller dock 

vara lika i vissa flytande och skummande slaggsammansättningar, medan i 

andra skummande sammansättningar bryts kalk ner till små bitar på grund av 

den kaotiska miljön som uppstår i de skummande slaggexperimentet.   
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1. Introduction 
Foaming slag plays a major role in the steelmaking industry, and can be 

found in both electric arc furnaces (EAF) and basic oxygen furnaces (BOF). 

The foam enhances the kinetics of the reactions in the process at the same 

time as it protects the lining material of the furnace and prevents major 

energy losses. In this thesis, the BOF foam has been the major topic, using 

slag compositions which are appropriate to the process. The content of the 

work is although also applicable to the EAF. 

1.1 The Basic Oxygen Furnace 

The first BOF was developed already in the 1940s and commercialized in the 

1950s. The main purpose of the process is to decarburize and dephosphorize 

the hot metal delivered from the blast furnace and to deliver proper crude 

steel to the secondary steelmaking.1 A theoretical schematic description of 

the furnace can be seen in Figure 1. 

The process is chaotic and complex. After tapping of hot metal into the 

furnace, an oxygen lance is lowered down and placed above the metal bath. 

The lance starts to blow oxygen in supersonic speed onto the top surface of 

the bath, where FeO and SiO2 are produced fast due to the high oxygen 

activity. The oxides are transferred to a slag phase and the decarburization is 

commenced by the simplified Reaction (1).  

  
)()()( gll COFeCFeO   (1) 

Lime is then introduced to the furnace and starts to dissolve into the slag. The 

lime is important for the dephosphorization reaction, and a high basicity, i.e. 

CaO/SiO2 ratio, enhance the reaction. The introduction of lime also (in 

general) decreases the viscosity of the slag, which may help to control the 

continuing foaming process.  

As CO gas is generated and trapped in the slag, a foam is generated, and as 

the oxygen jet hits the bath surface, metal droplets are torn off due to the high 

momentum and end up in the foam creating an emulsion of slag, gas and 

metal droplets. In the emulsion, the slag has a lot of metal droplet surface to 

react with, which enhance the kinetics of the reactions. The process would 

be considerable longer if there was no emulsion. The emulsion is of great 

importance for the process and it is important to have a proper slag 
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composition to keep the foaming under control, with a not too high nor too 

low foaming level.  

To gain a better understanding of the process, many researchers use 

numerical calculation tools to model the process. It has been shown that this 

might be problematic since the character and behavior of the emulsion is not 

entirely known. Many theoretical models used today describe the foaming 

slags as Newtonian fluids, i.e. the viscosity is constant, independent of the 

shear rate. This is the case for several commercial calculation tools used in 

both companies and universities.2-3 While in reality, it is not known whether 

the slag phase should be represented by a Newtonian or a non-Newtonian 

behavior in the calculations. 

 

 

 

Figure 1: Schematic description of a BOF converter 
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Since the models today are based on foams that act Newtonian, there is a 

chance that the calculations on particles’ movement in foams are somewhat 

inaccurate and show for example misguiding residence time of steel droplets 

in the foaming slag.  

The residence time determines the possible reaction time between the slag 

and the moving droplet in the emulsion phase. It is therefore important to 

learn about the behavior of particles in a foam, i.e. how they fall and their 

velocity, as well as the behavior of the foam, to better understand the 

residence time of the droplets. 

Both the foaming slag itself and the interaction between a foaming slag and 

steel droplets have been the topic for several researchers during the last 

decades.4-21 The decarburization of the steel is the source for generating the 

foam due to Reaction (1). Even though it is well studied, there are still 

questions which are unanswered, for instance if the reaction mainly takes 

place in the emulsion or in the slag/steel bath interface. 

The lime dissolution is important for the dephosphorization and has also been 

the topic for many researchers.22-33 A faster dissolution enhances the 

dephosphorization process. A good data base describing the dissolution will 

help process control in the industry to better manage the process. The data of 

lime dissolution in BOF slags that can be found today is based on 

experiments conducted with liquid slags. Evans et al. and Deng et al. show 

that calcium silicates are formed in the interface between lime and BOF slags 

containing CaO-FeO-SiO2.
24-27 These interfacial layers interrupt the 

dissolution reaction, and the controlling dissolution mechanism for lime in 

liquid BOF slag was found to be the removal of these interfacial layers. The 

present authors have not found any data concerning lime dissolution in 

foaming slag, which is as important as for liquid slag since lime will dissolve 

into the slag both when the slag is in liquid phase as in a foaming state. 

1.2 Scope of the thesis 

1) Behavior of foams 

To obtain a better understanding of foams in a steel-making 

perspective, silicone oil was employed to simulate a foaming slag in 

Supplement 1, where viscosity measurements were conducted and the 

structure of the generated foams were studied. 
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In Supplement 2 and 3, foaming synthetic BOF slags were produced 

and studied. The apparent viscosity was measured in the foaming slag 

generated in Supplement 2, while the structure and foaming behavior 

of slags with different basicity and FeO content were examined in 

Supplement 3.  

2) Particle and foam interaction 

To obtain a better understanding of particles’ movement in different 

foams, particles and droplets were dropped into different foams in 

room temperature experiments. In Supplement 1, the foams based on 

silicone oils were employed, while in Supplement 4, supercooled 

supersaturated sugar solutions with different properties were 

employed. The movement was studied and the residence time was 

measured.  

In Supplement 4, a semi-empirical model was developed to describe 

the apparent velocity of the particles. The model is based on an 

energy balance between the buoyancy, the drag and the energy 

needed to deform the bubbles with which the particles collide. The 

model was then optimized by the residence time measurements of the 

falling particles. 

3) Decarburization of pig iron in BOF slag 

In Supplement 5, the decarburization rate of pig iron in synthetic BOF 

slags was studied in a high-temperature vertical tube furnace. Two 

different slags were employed and the reaction was stopped at 

different times by quenching the samples. The objective was to get a 

better knowledge about the kinetics of the reaction, i.e. the time 

needed for the carbon to react with the FeO in the slags. 

4) Lime dissolution in liquid and foaming slag 

Since no data could be found on lime dissolution in foaming BOF 

slags, it was decided to study the subject in Supplement 6. The results 

are compared with the dissolution in liquid slags with the same 

compositions. The dissolution rate and mechanism in four different 

slags were compared and different reaction times were employed. 
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2. Experimental Setups 
Mainly three different experimental setups have been used in this thesis. (1) 

A room temperature setup where foams generated from different liquids were 

employed to simulate a foaming slag. (2) An induction furnace where FeO-

containing slags and pig iron were molten, foamed due to Reaction (1), 

observed and utilized for different purposes in an open air atmosphere, and 

lastly (3) a closed vertical high-temperature tube furnace with controlled 

atmosphere was employed to observe kinetic phenomena for reactions 

relevant to the BOF process, viz. decarburization and lime dissolution. 

2.1 Behavior of foams 

2.1.1 The apparent viscosity and structure of foaming silicone oil 

The apparent viscosity and structure of foams based on silicone oils were 

studied in Supplement 1. A cylindrical transparent Plexiglas container with 

an inner diameter of 93 mm and a height of 280 mm was used as vessel, and 

a silica filter was assembled approximately 100 mm from the bottom. The 

experimental setup is schematically described in Figure 2. Silicone oil was 

poured into the vessel and argon gas was introduced from the bottom. The 

argon filled the gas chamber and flowed uniformly through the silica filter 

into the silicone oil generating a foam. Two different silicone oils were used, 

one with a dynamic viscosity of 0.1 Pa∙s, and a second with a dynamic 

viscosity of 0.2 Pa∙s, both with a density of 960 kg/m3 at 25 °C. Two different 

silica filters were also used, one with pore size 10-16 µm, and a seconds with 

pore size 40-100 µm. The argon was introduced using three different gas flow 

rates: 0.5, 0.65 and 0.85 liter/minute, controlled by a Bronkhorst mass flow 

meter of model F-201CV-1K0-AAD-33-V through a Bronkhorst High-Tech 

B.V. E-7000 Flow-bus controller. The purpose of using different oils, silica 

filters and gas flow rates was to obtain foams with different characteristics, 

such as bubble size and gas fraction.  

When a foam was built up and stable, the apparent viscosity was measured 

using rotating cylinder technique. A viscometer of model Brookfield LVDV-

II was assembled just above the foaming silicone oil, and a standard LV2 

spindle with a cylindrical body with height 6.7 mm and diameter 18.6 mm, 

supplied by Brookfield Engineering, was hanging freely down into the foam. 
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The rotation speeds were set to 25, 50 and 100 RPM, and the apparent 

viscosity of the foam was compared with the dynamic viscosity of the oil.  

 

Figure 2: Experimental setup for room temperature experiments 

2.1.2 The apparent viscosity of foaming BOF slag 

An induction furnace equipped with a water cooled copper coil was 

employed for all experiments in Supplement 2, where the apparent viscosity 

of a foaming BOF slag was measured. A schematic description of the setup 

can be seen in Figure 3. An induction furnace was chosen since in these 

experiments, it is necessary to have an open atmosphere to observe the 

foaming slag. A graphite crucible was used as conductive crucible heated by 

the induction, and yttrium oxide paint was applied on the outer side of the 

crucible to avoid heavy oxidation of the graphite. The crucible had an inner 

height of 140 mm, inner diameter of 30 mm and a wall/bottom thickness of 

10 mm.  

7 grams of pig iron delivered from SSAB Oxelösund, containing 3.9 wt% C, 

was put in the bottom of the crucible along with 1 gram of graphite powder 

to ensure that the pig iron was saturated with carbon for a longer period 

during the experiment. 67 grams of the FeO-containing slag described in 

Table 1 was then added to the crucible on top of the pig iron.  
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Table 1: Slag composition for the study of apparent viscosity of BOF slag 

Slag component [wt%] 

FeO 25 

CaO 43 

SiO2 32 

  
The FeO was produced by mixing Fe2O3 and iron powder to 51 atom% 

oxygen and 49 atom% iron. The mixture was kept in a closed iron crucible 

at 870 °C for at least 60 hours in argon atmosphere in a closed vertical tube 

furnace. The method is well proven,34 and was confirmed by XRD analysis. 

The sintered FeO body was then crushed into small pieces. The CaO was 

calcined at 900 °C for 10 hours in a muffle furnace, while SiO2 was dried at 

110 °C for approximately 24 hours before mixing all powders to selected slag 

composition. 

When the furnace was turned on, the graphite crucible was heated and the 

slag and pig iron melted. The carbon from the pig iron could then react with 

the FeO in the slag, generating CO gas according to Reaction (1). Gas 

bubbles rose into the liquid slag, resulting in a foam. The slag started to foam 

approximately 4 minutes after the furnace was turned on, and was ongoing 

for approximately 2 minutes. 

The viscosity measurements begun when a foam was generated to a stable 

height and an appropriate temperature of approximately 1600 °C was reached. 

The viscosity was measured using rotating cylinder technique. Since the 

apparent viscosity of the foaming slag was assumed to be much higher than 

for the silicone oil foam, a viscometer of model Brookfield RVDV-II + Pro 

was employed instead of a LVDV type. The former is more suitable for high 

viscosity measurements, while the latter is suitable for low viscosity 

measurements. The viscometer was assembled above the crucible with a 

molybdenum spindle hanging freely into the foam. The spindle was designed 

with a conical bottom to easily penetrate the slag. The bob of the spindle had 

a diameter of 15 mm and a height of 7 mm, and the conic bottom of the 

spindle had a height of 4 mm. The spindle rotation speed was set to 25, 40 

and 60 RPM, but only one rotation speed was used during each experiment. 

A reference measurement of the viscosity of the liquid slag was also 

conducted. During this experiment, a molybdenum crucible was employed 
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instead of graphite to avoid any reduction of the FeO in the slag, which would 

generate gas. The crucible was protected by a quartz tube at the same time as 

argon was flushed into the open space between the crucible and tube to avoid 

heavy oxidation of the molybdenum. 

The temperature was controlled with an infrared temperature sensor of model 

thermoMETER CTM-1SF75-C3, which was calibrated for the yttrium oxide 

painted graphite using a pyrometer of model Raytek Thermoalert ET. The 

uncertainty of the temperature measurements is approximately ±50K, which 

was considered to be acceptable in this kind of experiments, since no absolute 

value of the measurements will be reported, but only indications and trends 

of the behavior. No regular thermocouple was used since they are affected 

by the induction from the furnace.35 

 

 

Figure 3: Experimental setup with induction furnace 
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2.1.3 The structure of foaming BOF slag 

The slags described in Table 2 were foamed in the same procedure and in the 

same induction furnace as described in the previous section and shown in 

Figure 3: pig iron and graphite powder was put in the bottom of a graphite 

crucible, and slag was added on top. The slag components were also prepared 

in the same procedure as in previous section, and MnO was dried together 

with the SiO2 at 110 °C. 

Since the slag composition changes during the BOF process,1 different slags 

were employed in the experiments to represent different stages of the process. 

The FeO content was set to 45 wt% in slags 1 – 4 to represent an early period 

of the process, and to 25 wt% in slags 5 – 8 to represent the later period. MnO 

was added to slags 5 – 8 to avoid very viscous slags in the later acidic slag 

compositions. 

The furnace was turned off approximately 60 seconds into the foaming 

process or when a temperature of 1600 °C was reached. Argon was flushed 

onto the crucible to increase the solidification rate. The solidified foam 

structure was then mounted with Epoxy in a vacuum chamber at room 

temperature. The vacuum facilitated the epoxy to flow into the foam structure. 

The epoxy prevented the foam to break when the samples were cut for 

examination. The samples were cut both horizontally and vertically, and 

finally photographed. 

 

 Table 2: Slag composition for foam structure experiments, wt% 

 1 2 3 4 5 6 7 8 
FeO 45 45 45 45 25 25 25 25 

CaO 40 30 20 15 40 30 20 15 

SiO2 15 25 35 40 15 25 35 40 

MnO - - - - 20 20 20 20 
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2.2 Particle and foam interaction 

2.2.1 Particle behavior in foams 

The behavior of particles and droplets was studied in foams based on both 

silicone oil and a supercooled supersaturated sugar solution, in similar setups 

as explained in section 2.1.1, see experimental setup in Figure 2.  

First, experiments in the silicone oil foam were conducted. The behavior of 

falling particles/droplets and their interaction with the bubbles in the foam 

were observed and recorded with both a high speed camera and a regular 

digital video camera. Material data of the particles/droplets dropped in the 

silicone oil foam can be seen in Table 3, where SPT is liquid Sodium 

Polytungstate. The diameter of the SPT and liquid metal droplets were 

calculated by weighing 10 – 20 droplets with the assumption that the droplets 

were completely spherical. The density of the liquids were calculated by 

dividing weight over volume, while the density of the solid particles were 

measured using Archimedes principle.  

During these experiments, a silica filter with pore size 10 – 16 µm was 

assembled in the vessel and argon was introduced at 0.5 liter/minute into a 

silicone oil with a dynamic viscosity of 0.1 Pa∙s. The foam was always 

adjusted to a height of 150 mm with a ruler, and the particles/droplets were 

dropped approximately 20 mm above the foam surface. The residence time 

of at least 10 particles/droplets of each type was measured, and an average 

residence time was calculated. The measurements when particles/droplets hit 

and got stuck on the wall was not included.  

 

Table 3: Material properties of particles falling through foam based on silicone oil 

Material Density [kg/m3] 

[kgm-3] 

Size [mm] 

Solid Silica Gel 1980 Ø2, Ø3, Ø10 

SPT 2780 Ø2, Ø2.56, Ø3 

Solid Pig iron 7578 Ø2 

Liquid Metal (Ga-In-Sn) 6440 Ø3 
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Later, spherical particles were dropped into foams based on a supercooled 

supersaturated sugar solution. Water and dish soap was added to the solution 

to obtain liquids with different viscosity and surface tension. The purpose 

was to obtain foams with different material properties. An RTW-10 digital 

viscometer was employed to measure the viscosity, and sessile drop 

technique was used to determine the surface tension of the liquid. Water was 

used as reference in the surface tension measurements since it has an already 

known surface tension of approximately 72 mN/m. The error of the surface 

tension measurements is approximately ±0.005 N/m, and ±0.001 Pa∙s for the 

viscosity measurements. A vessel similar to the setup used to generate the 

silicone oil foam was employed, but with slightly different dimensions: 90 

mm inner diameter and 400 mm inner height. A silica filter with pore size 16 

– 40 µm was assembled 100 mm from the bottom to separate the gas chamber 

from the liquid. 1 bar compressed air was flushed into the gas chamber from 

below, through the filter and into the liquid, generating a foam. The bubble 

size of the foams were measured with a ruler to Ø2 mm, with narrow size 

distribution.  

The particles dropped into the sugar solution based foams are presented in 

Table 4. The movement was studied as well as the residence time. The 

movement was recorded with a digital camera, and a regular stop watch was 

employed for the time measurements.  

The residence time measurements was also the basis for the empirical work 

needed to develop a semi-empirical model to describe the apparent velocity 

of the particles.  

 

Table 4: Material properties of particles falling through foam based on sugar solution 

Material Density [kg/m3] 

[kg/m3] 

Size [mm] 

Steel 7780 2, 3, 5 

Alumina 3540 3, 5, 8 

Polyethylene 1150 3, 5, 8 
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2.2.2 Particle velocity in foams 

A semi-empirical model of a particles’ falling velocity in a foam was derived 

in Supplement 4. The semi-empirical model needed to be dependent on the 

surface tension, viscosity and density of the liquid phase of the foam. The 

supercooled supersaturated sugar solution described in the previous section 

was therefore a perfect foam basis for the empirical work.  

Spherical particles of different sizes and densities, described in Table 4, were 

therefore chosen and dropped into the foam. The residence time of each 

particle type was measured at least 10 times. The obtained experimental data 

was used along with a theoretical work to build a semi-empirical model to 

describe the velocity of falling particles in foam. 

2.3 Decarburization of pig iron in BOF slags 

In Supplement 5, decarburization experiments were carried out in a vertical 

high temperature tube furnace, a schematic description can be seen in Figure 

4. The furnace was equipped with super Kanthal heating elements which 

generate a 50 mm long hot zone where the temperature was constant. An 

alumina tube with 70 mm inner diameter acted as reaction tube, and argon 

gas was introduced via gas inlets to obtain an inert atmosphere. The furnace 

was sealed from the surrounding atmosphere with o-rings, sealing ferrules 

and radial shaft seals (Simmerrings). A thermocouple type B was mounted 

just below the outer crucible to keep control of the temperature. 
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Figure 4: Experimental setup for decarburization experiments 

As shown in Figure 4, a molybdenum holder attached to an outer steel rod 

was holding an inner molybdenum crucible with dimension 30 mm inner 

diameter and 120 mm inner height. 90 grams of either slag X or slag Y, 

described in Table 5, was added to the inner crucible and lowered down to 

the hot zone for 1 hour pre-melting at 1600 °C. The pre-melting process was 

to ensure that the slag was molten and homogenous during the following 

experiment.  

All slag components were prepared as explained in section 2.1.2. 

 

Table 5: Slag compositions for decarburization, wt% 

Slag component X Y 
FeO 25 45 

CaO 43 33 

SiO2 32 22 
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During the pre-melting process, 1 gram of pig iron was kept in the cooling 

chamber, attached to a molybdenum impeller with plastic wrapping. The 

impeller on which the pig iron was attached, was in turn attached to a 

movable steel rod inside the outer steel rod, which enabled the possibility to 

move the impeller up and down during the experiment. After pre-melting the 

slag, the inner steel rod with the pig iron was pushed down rapidly to a 

position where the plastic wrapping was burnt off, which allowed the pig iron 

to drop down into the molten slag and start the decarburization reaction. The 

samples were quenched after 5, 10, 20 and 30 seconds of reaction time by 

raising the sample fast into the cooling chamber. Since the reaction doesn’t 

stop until the pig iron is solidified, a reference temperature measurement was 

made to obtain the correct reaction time for the decarburization process. In 

the reference temperature measurements, slag X was heated and molten as 

the regular experiments, but instead of dropping pig iron into the slag, a 

thermocouple of type C was inserted from the top to measure the temperature 

just above the inner molybdenum crucible. The slag sample was raised to the 

cooling chamber and the temperature was logged during the cooling process.  

To measure the impact of particle size on the decarburization reaction, two 

different particle sizes were used: Ø2 mm and Ø4 mm. Due to the size 

difference, either approximately twenty small Ø2 mm particles or one big Ø4 

mm particle was used. The pig iron was provided by SSAB Oxelösund and 

contained 3.9 wt% carbon. 

It could also be interesting to measure the incubation time for the reaction. 

The induction furnace described in section 2.1.2 and Figure 3 was employed 

to conduct the experiments. An yttrium oxide coated graphite crucible was 

employed as conductive crucible, heated by the induction, as the earlier 

explained experiments, but instead of adding slag into the graphite crucible, 

it was added to an MgO crucible which in turn was mounted inside the 

graphite crucible. The MgO crucible with inner diameter 26 mm and inner 

height 128 mm prohibited the FeO to be reduced by the carbon in the graphite 

crucible. Instead, the FeO in the slag was solely reduced by the later added 

pig iron. The graphite crucible was heated to 1600 °C, and when the 

temperature was stable, 1 gram of Ø2 mm pig iron particles were dropped 

into the molten slag. A video camera was mounted above the crucible and 

recorded the experiment. The incubation time was evaluated by studying the 

gas generation from Reaction (1). 
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2.4 Lime dissolution in BOF slags 

The dissolution of lime was studied in both liquid and foaming slags in 

Supplement 6. Lime pieces provided by a supplier to TATA Steel were cut 

and grinded into 10 x 10 x 10 mm cubes. Due to impurities and 

inhomogeneous quality of the delivered lime, cubes with a density of 

approximately 2.0 g/cm3 were chosen to diminish the variation. Slags used 

in the experiments are shown in Table 6. All slags were used in the liquid 

slag experiments, while only slags A, B, C and D were used in the foaming 

experiments. Since no slag is foamed in the beginning of the BOF process, 

when the CaO content is zero,1 it was decided not to run any lime dissolution 

experiments in foaming Slag 0. 

Table 6: Slag composition for lime dissolution in BOF slags, wt% 

 A B 0 C D 
FeO 45 45 45 25 25 

CaO 30 15 0 30 15 

SiO2 25 40 40 25 40 

MnO - - 15 20 20 

      

2.4.1 Lime dissolution in liquid slag 

The dissolution of lime in liquid slag was conducted in the same furnace as 

the decarburization experiments, described in section 2.3. The main features 

of the setup are shown in Figure 5. A molybdenum holder containing an inner 

molybdenum crucible with slag was slowly lowered down to a hot zone at 

1600 °C for 1 hour pre-melting. All the employed slags are presented in Table 

6. The pre-molten slag was then quenched in a cooling chamber placed above 

the reaction tube. A lime cube was then put on top of the solidified slag and 

together with the pre-molten slag slowly lowered down to a resting position 

where the temperature was just above the melting temperature of the slag. 

The resting position ensured a homogeneous temperature in the slag and 

better control of the following experiment. After 15 minutes at the resting 

position, the sample was lowered down fast to the hot zone, the slag melted 

and the stirrer was started at which point the reaction time begun. The melting 

process of the slag could easily be detected by pushing the stirrer on the slag 

surface. The reaction times were set to 30, 60 and 180 seconds. 
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Figure 5: Experimental setup for lime dissolution in liquid slag 

2.4.2 Lime dissolution in foaming slag 

The induction furnace described in section 2.1.2 and Figure 3 was employed 

to generate the foam for the lime dissolution experiments in foaming slag. 90 

grams of slags A, B, C and D in Table 6 were prepared and added on top of 

7 grams of 3.9 wt% carbon containing pig iron along with 1 gram of graphite 

powder inside an yttrium oxide painted graphite crucible. 

A lime cube was dropped into the foaming slag when a stable foam was 

generated at a temperature of approximately 1600 °C. The furnace was 

turned off after 30, 60 and 120 seconds reaction time. Since the foaming 

process is just ongoing for approximately 2 minutes, the reaction time could 

therefore not be up to 180 seconds as for the liquid slag.  

  



17 

 

3.  Experimental Results 

3.1 Behavior of foams 

3.1.1 The apparent viscosity of silicone oil foam 

The measured apparent viscosity of two different silicone oil foams can be 

seen in Figure 6. It is evident that the foams show a shear-thinning non-

Newtonian behavior. The results from the foam based on silicone oil with the 

dynamic viscosity of 0.1 Pa∙s is presented in Figure 6(a), while the results 

from the foam based on the oil with a dynamic viscosity of 0.2 Pa∙s is shown 

in Figure 6(b). The apparent viscosity of the foam in Figure 6(a) is up to 5 

times higher than the dynamic viscosity of the pure silicone oil. It is 

interesting to see that the apparent viscosity of the foams are not effected 

much by the change in dynamic viscosity of the liquid.  

Figure 7 shows the apparent viscosity of foams where silica filters with 

different pore size were assembled in the vessel. The different pore sizes 

should generate different bubble size. Although, no visible difference could 

be seen during the experiment, the bubble size along the wall was 1 – 2 mm 

in diameter for both cases. The viscosity measurements on the other hand, 

show that there is a difference between the two foams. The apparent viscosity 

is considerable lower in the foam generated with coarser filter, where 

theoretically, the bubble size is bigger. It is interesting to see that the pore 

size of the filter has a bigger impact on the apparent viscosity of the foam 

than the dynamic viscosity of the liquid phase. This will be discussed later. 
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Figure 6: The apparent viscosity of (a) 0.1 Pa∙s oil and (b) 0.2 Pa∙s oil 
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Figure 7: Apparent viscosity depending on silica filter 

3.1.2 The apparent viscosity of foaming BOF slag 

The theoretical viscosity of the slag used for the experiments have an 

approximate viscosity of 0.15 Pa∙s at 1400 °C, according to Slag Atlas.36 In 

the results shown in Figure 8, where the temperature is 1600 °C, the viscosity 

of the pure liquid was measured to 0.1 Pa∙s, which is very reasonable. The 

apparent viscosity of the foaming slag on the other hand measured 

considerably higher values; and just as for the silicone oil foams, the foaming 

slags show a shear-thinning non-Newtonian behavior.  

It should be mentioned that the measured values in the results are most likely 

depending somewhat on the experimental setup. The measured values 

therefore may vary with different crucible dimensions, wall effects, pig iron 

and carbon source, spindle dimension and material, and the temperature of 

the experiment. The author therefore wants to stress that the measured values 

only show indications and trends, no quantitative data for any foam viscosity 

will be reported. 

Figure 8 shows that the apparent viscosity of the foam is 5 times higher than 

the viscosity of the liquid at 25 RPM, and 3 times higher at 60 RPM. The 

reproducibility was tested at 60 RPM, the result shows good agreement. 
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Figure 8: Apparent viscosity of foaming BOF slag 

Due to the reduction of FeO in the slag during experiments, the slags were 

analyzed using XRF analysis after the experiment. The average composition 

was 48 wt% CaO, 36 wt% SiO2 and 16 wt% FeO. According to Slag Atlas, 

the dynamic viscosity changes from 0.15 to 0.2 Pa∙s due to the change in slag 

composition, but it is negligible compared to the effect of foaming. 

Slag analysis made after the reference measurements of the liquid slag 

showed that the molybdenum oxide content was approximately 1 wt%, which 

will not affect the viscosity much. 

3.1.3 The structure of silicone oil foam 

The structure of the silicone oil foam was shown to be a typical spherical 

foam.37 The gas fractions vary between approximately 0.6 – 0.7 and the 

relative foaming heights between Δh/h0 = 1.7 – 2.3, depending on silica filter, 

gas flow rate and dynamic viscosity of silicone oil. It consists of relatively 

equally sized bubbles separated with a liquid film of silicone oil, see Figure 

9. The picture shows a foam generated using a silicone oil with dynamic 

viscosity of 0.1 Pa∙s, a silica filter with pore size 10 – 16 µm and gas flow 

rate 0.5 liter/minute. The bubble size at the wall is approximately Ø1 – 2 mm. 

On the top of the foam, some bubbles have merged and grown to bigger ones.  

The bubble size in the foam generated with the silica filter with pore size 40 

– 100 µm was not visibly bigger, but it was found that relative foaming height 

was considerable lower when using a coarser filter: 1.7 for the 40 – 100 µm 

pore size filter and 2.3 for the 10 – 16 µm. 
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Figure 9: Silicone oil foam 

3.1.4 The structure of foaming BOF slags 

The structure of the solidified foaming slags was shown to vary a lot. 

Unfortunately, due to the phenomenon of dusting,38, 39 slags 1 and 5 did not 

remain intact after solidification. The slags with high CaO/SiO2 ratio form 

2CaO∙SiO2 which during cooling may go through a phase transformation 

from β to γ phase. The transformation can lead to dusting. Figure 10 and 

Figure 11 therefore only show cross-sections of foaming slags 2 – 4 and 6 – 

8, respectively.  

Also, the epoxy which was added to the crucible after the experiments to 

keep the foam structure intact during cutting procedure did not manage to 

penetrate all bubbles, this is most distinguished in the cross-section of slag 6 

in Figure 11(a). Markers are added to the figures to help the reader to separate 

the bubbles, gas channels and iron droplets. 

It is evidently shown in the Figure 10 and 11 that the low viscosity slags 2 

and 6 generate smaller bubbles which are uniformly distributed in the 

continuous slag phase, while bigger bubbles are formed in the high viscosity 

slags 3 and 7. The big bubbles might have escaped after the furnace was 

turned off for slag 7, which explains the lack of big bubbles in the figure, 

although many big bubbles could be observed during the experiment. 

Slags 4 and 8, which have the highest viscosity of all, generates long gas 

channels instead of bubbles and cannot be considered as typical foams. The 

slag surface could be seen oscillating up and down during the experiments as 
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the gas channels were generated in the bottom, rising upwards and pushed 

the slag upwards until the gas channel punctuated the slag surface, at which 

point the gas could escape and the slag surface sank again. 

 

 

Figure 10: Structure of foaming slag 2-4 

 

Figure 11: Structure of foaming slags 6-8 

3.2 Particle and foam interaction 

3.2.1 Particle behavior in foams 

Particles and droplets with different density and size were first dropped into 

foams based on Silicone oil. It was found that the movement of the 

particles/droplets were affected by (1) the size of the particle/droplet, (2) the 

density of the particle/droplet and (3) whether it was a solid particle or a 

liquid droplet.  
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Spherical particles were then dropped into foams based on a supercooled 

supersaturated sugar solution. The properties of the foams achieved in the 

sugar solution can be seen in Table 7. These foams were also employed for 

the empirical work of the semi-empirical model to describe a particle’s 

falling velocity in a foam. 

Table 7: Liquid and foam properties 

 Dynamic 

viscosity [Pa∙s] 

Surface tension 

of liquid [N/m] 

Foam 

height [m] 

Liquid 

height [m] 

Foam 1.1 0.1 0.015 0.23 0.035 

Foam 1.2 0.1 0.03 0.13 0.035 

Foam 1.3 0.1 0.04 0.18 0.034 

Foam 1.4 0.1 0.05 0.18 0.031 

Foam 2.1 0.2 0.015 0.17 0.031 

Foam 2.2 0.2 0.03 0.17 0.036 

Foam 2.3 0.2 0.04 0.16 0.035 

Foam 2.4 0.2 0.05 0.16 0.035 

Foam 3.1 0.3 0.015 0.13 0.02 

Foam 3.2 0.3 0.03 0.13 0.035 

Foam 3.3 0.3 0.04 0.1 0.02 

Foam 3.4 0.3 0.05 0.1 0.02 

 

The studies on particle behavior in foam showed that the character of the 

particle’s/droplet’s movement can be divided into three groups. 

Group 1: Particles/droplets that got stuck in the foam and could not manage 

to deform the surfaces of the bubbles or push the bubbles aside to continue 

the path downwards in the foam.  

Group 2: Particles that crushed the bubbles in their path towards the bottom 

of the vessel, falling almost as if there were only a gas phase, see an example 

in Figure 12, where a big silica particle fall through a foam leaving a trace of 

bigger bubbles behind. 
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Figure 12: Silica particle bursting bubbles 

Group 3: Particles which interact with the foam and fall in between the 

bubbles pushing them aside as they fell in a zick-zack pattern downward in 

the foam.  

In Table 8, the behavior of all particles are stated. 
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Table 8: Particle movement 

Foam liquid Material Size 

[mm] 

Group 

1 

Group 

2 

Group 

3 

Silicone oil Silica gel 2   x 

3   x 

10  x  

SPT 2   x 

2.56   x 

3   x 

Pig iron 2   x 

Liquid metal 3  x  

Sugar solution Steel 2   x 

3   x 

5  x  

Alumina 3   x 

5  x  

8  x  

Polyethylene 3 x   

5 x   

8 x   

      

3.2.2 Particle velocity in foam 

For the fitting of the semi-empirical model, only the particles in Group 3 

were taken into consideration. As described in the previous section, these 

particles did not fall in an exact straight line, but in a zick-zack pattern due 

to the collision with bubbles. The measured velocities are therefore to be 

considered as apparent velocities. 

From the measured residence times, an average velocity was calculated by 

dividing residence time over foaming height. As an example, the calculated 

apparent velocities of the Ø3 mm alumina particles falling in foams based on 

sugar solutions with different dynamic viscosities, with respect to surface 

tensions, are shown in Figure 13. 

It is evidently shown that the falling velocity of the particles is depending on 

both the dynamic viscosity and the surface tension of the liquid phase in the 

foam. In the foams based on the oils with viscosities 0.1 and 0.2 Pa∙s, the 
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change in velocity depending on surface tension is severe and with higher 

surface tension, the effect of dynamic viscosity is lower. While, when the 

viscous force gets stronger in the oil with viscosity 0.3 Pa∙s, it is shown that 

the effect of surface tension is lower. 

The development and the optimization of the semi-empirical model will be 

further described in the section of Discussion. 

 

Figure 13: Falling velocity of Ø3 mm alumina 

3.3 Decarburization of pig iron in BOF slag 

To obtain more precise decarburization reaction times, a temperature 

measurement was carried out during the quenching step. The results are 

shown in Figure 14. The temperature decreases slower than expected. It has 

decreased 70 – 80 °C after approximately 35 seconds, at which point the pig 

iron is expected to reach a temperature of approximately 1530 °C, solidifies 

and the reaction stops. This means that the decarburization reaction is 

ongoing for approximately 40, 45, 55 and 65 seconds, instead of 5, 10, 20 

and 30 seconds. 
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Figure 14: Temperature profile during cooling 

After the decarburization experiments, the iron was always found in the 

bottom of the crucible. It was easily peeled of and sent for analysis at 

Degerfors Laboratorium AB using carbon combustion analysis. The results 

can be seen in Figure 15. The reaction rate was shown to be faster for the 

small particles compared to the big particle dropped into slag X. This is not 

surprising since the mass transfer is shorter in the smaller droplets. The result 

also indicates that the decarburization rate is faster in slag X than in slag Y. 

This is rather surprising and will be discussed later.  

 

Figure 15: Decarburization 
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Another factor that indicates that the decarburization is more aggressive in 

slag X compared to slag Y is the foaming height in the experiments, 

displayed in Table 9. While the foaming height increase from 130 mm to a 

maximum of 220 mm in slag X, the foaming height in slag Y is only varying 

from 140 mm, to 180 mm and back to 130 mm. 

The table also show that the foaming height is lower for decarburization of 

the Ø5 mm particle compared to the Ø2 mm particle, which is explained by 

the same factor as earlier. 

Table 9: Foaming height of decarburization 

 Particle 

diameter [mm] 

Reaction time 

[s] 

Foaming height 

[mm] 

Slag X 2 40 130 

45 200 

55 220 

65 210 

5 40 130 

45 140 

55 140 

Slag Y 2 45 140 

55 180 

65 130 

    

The incubation time was also measured for the reaction of small droplets in 

slag X and Y. It was shown that the gas generation started already after 

approximately 2 seconds in slag X, while in slag Y, the incubation time 

reached up to 10 seconds. 

3.4 Lime dissolution in BOF slags 

3.4.1 Lime dissolution in liquid slag 

The dissolution rate is as expected fastest in slag 0 and slowest in slag C. See 

all results in Figure 16. The initial CaO content in slag 0 is zero, and the 

driving force is the strongest for the dissolution reaction in this slag 

composition. Slags A, B and 0 have higher FeO than slags C and D, which 

has been shown to enhance the dissolution process.24  



29 

 

 

Figure 16: Lime dissolution in liquid slag 

Calcium silicates could be seen in the interface between the lime cube and 

slag. Also, liquid slag could be seen penetrating the cube, see Figure 17. The 

slag penetration is deeper in the cubes which was added to slag compositions 

with higher FeO content. Small solid islands could also be seen near the 

surface of the lime cube. These islands were identified to be calcium silicate 

and liquid slag (mostly FeO). It is evidence of the detachment of the 

2CaO∙SiO2 due to the peeling off of the small pieces from the product layer.  

 

 

Figure 17: Interface between cube and slag B after 60 seconds 
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3.4.2 Lime dissolution in foaming slag 

It happened that the lime cube did not sink down into the foaming slag 

immediately, but got stuck on top, see Figure 18. The experiment was 

cancelled if the cube did not penetrate the surface within 5 seconds. 

 

Figure 18: Cube on top of foaming slag A 

The dissolution rate was shown to be similar in foaming slags A and C as in 

the same liquid slags. The dissolution rates in slags B and D on the other 

hand are faster in the foams compared to the liquids (see the results of lime 

dissolution in foaming slag in Figure 19).  

 

Figure 19: Lime dissolution in foaming slag 
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The dissolution in foamed slag D shows the most surprising results. 

According to the trend obtained from the liquid slag experiments, the data 

point of dissolution in slag D at 120 seconds should end up somewhere in 

between the lime dissolution in slag C and slag A. Instead, the lime cube in 

slag D dissociated into smaller pieces as shown in Figure 20. 

 

Figure 20: (a) Dissociated lime cube in foaming slag D after 120 seconds and  

(b) the interface between a piece of lime and the slag 

Examination of the interface between cube and foam in Figure 21 reveals 

clearly that the foam disturb the slag/cube interaction. Gas phase occupies 

large parts of the cube surface. The gas will consequently disturb the 

dissolution reaction.  
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Figure 21: Lime cube in foaming slag A after 60 seconds 

Figure 22 shows the interface between lime and foaming slag B after 60 

seconds. It is shown that the calcium silicate layer and penetration depth are 

thinner than in for the lime in the same liquid slag shown in Figure 17. This 

strengthens the evidence that the gas phase disturb the dissolution reaction.  

This phenomenon is similar to all slag compositions. 

 

Figure 22: Interface between cube and foaming slag B after 60 seconds 
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4.  Discussion 

4.1 Behavior of foams 

It is evident that the foams generated in the present study do not act as 

Newtonian fluids. Irrespective of which liquid that was used to generate a 

foam, the results show that the foams behave as shear-thinning non-

Newtonian fluids. This is in accordance to the literature where foams 

generated from other liquids have been studied.40-41 It is also shown that the 

apparent viscosity of the foam is much higher than the dynamic viscosity of 

the liquid. Both the foams based on silicone oils and BOF slags show that the 

apparent viscosity can be up to 5 times as high as the dynamic viscosity of 

its liquid phase. With combination of the results shown in Figure 6(a) and 

(b), where even though the dynamic viscosity of one fluid is twice as high as 

the other, the apparent viscosity between the two foams only vary between 

10 – 20%, it is easily concluded that the apparent viscosity of a foam depends 

on another factor than the dynamic viscosity of the liquid phase.  

Regarding the results shown in Figure 7, where different silica filters are 

employed to create foams with different bubble sizes, it is shown that the 

difference in apparent viscosity is considerably bigger than between the two 

different silicone oil with different dynamic viscosity. This could be 

explained by two factors, (1) the gas fraction and (2) the bubble size. Since 

the relative foaming height is much lower (1.7 with 0.2 Pa∙s liquid compared 

to 2.3 with 0.1 Pa∙s liquid), a lower gas fraction is obtained, and at some point, 

the apparent viscosity will move towards the dynamic viscosity of the liquid 

phase. The effect of the second factor, the bubble size, is difficult to discuss 

since no visible difference could be observed.  It is known that the energy 

needed to deform a liquid surface is higher than deforming the liquid bulk 

phase.42 With this in mind, it is not difficult to imagine that deforming a foam 

would require considerable more energy than deforming the liquid bulk 

phase since a foam with a lot of bubbles, also contain a lot of surface to 

deform. Hence, the deformation of bubbles and pushing them aside is an 

important factor to take into consideration.  

The work needed to deform a surface, explained by Equation (2), is 

depending on the surface tension, of the liquid phase, σ, and the change in 

surface area, ΔA.  
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 AW   (2) 

The structure of the foam based on silicone oil is very close to a gas-liquid 

mixture composed of perfect spherical bubbles. An object falling through the 

foam will inevitably collide with the many bubbles in its path. The amount 

of work needed to deform every surface that it is in contact with can be much 

higher than deformation of the liquid bulk. 

With this in mind, it would not be unreasonable to argue that the apparent 

viscosity of foaming slag should be much higher than apparent viscosity of 

foaming silicone oil, since the surface tension of silicone oil is 2.1∙10-2 N/m, 

while it’s approximately 0.4 N/m for slags containing CaO-FeO-SiO2.
36, 43 It 

is therefore surprising to see the results from the viscosity measurements of 

the foaming slag in Figure 9, discussed in Supplement 2. Even though the 

surface tension is approximately 20 times higher in slag, the apparent 

viscosity measurements show similar values as for the silicone oil foam. An 

evaluation of the character of the foaming slag after solidification was 

required to explain the result. It was found that the gas fraction in the slag 

was only 0.3, compared with the silicone oil foam where the fraction is 

approximately 0.7. A picture of the foam structure of the solidified slag can 

be seen in Figure 23. Instead of a foam consisting of bubbles surrounded by 

a liquid film, as for the case with silicone oil foam, the liquid slag is the major 

phase containing irregular shaped gas bubbles sporadically distributed in the 

slag. The lower gas fraction will most probably entail fewer liquid surfaces, 

and hence less work needed to deform the bubbles in the slag. Consequently, 

it is natural that the apparent viscosities do not reach as high values as 

expected.  
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Figure 23: Structure of foam employed in viscosity measurements 

It was later found that the character of foaming slag can vary a lot between 

different slag compositions. In Supplement 3, the structure of the foams, 

shown in Figure 10 and Figure 11, are studied with varied basicity and FeO 

content. It was found that the gas fraction of the slag compositions shown in 

Table 2 used in the study could vary from 0.41 to 0.68, and the bubble size 

could vary from 0.2 to 10 mm, see Table 10. The foaming height was 

estimated during the experiments and the gas fraction was calculated using 

Equation (3). 

 

foam

liquidfoam

gas
h

hh
x


  (3) 

The character of the foams also varied a lot, which was notable on the 

foaming height, it was found that the slag compositions with a high viscosity, 

generated lower foaming heights, which is not in accordance to the foaming 

index. The latter predicts that the foaming height should increase with 

increased viscosity.16 The foaming silicone oil did not follow the index either, 

where it was shown that the foaming height did not vary between the silicone 

oils with different dynamic viscosity. A study by Wu et al. shows that the 

foaming height reach a maximum with increasing dynamic viscosity of the 

liquid phase, after which the foaming height starts to.44 This could indicate 

that the maximum foaming height is close for both the 0.1 and 0.2 Pa∙s 

silicone oils.  
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The foaming slags with lower viscosities on the other hand, approximately 

0.1 Pa∙s, generate stable and high foams with small bubbles distributed 

evenly in the slag phase with gas fractions above 0.6, see slags 1, 2, 5 and 6 

in Table 10, where all foam heights, gas fractions and bubbles sizes are 

presented. In the slags where the viscosity was 0.15 Pa∙s, bigger bubbles were 

formed and could be observed during the experiments. The foaming height 

decreased, see slags 3 and 7 in the table, and the gas fraction was only 0.41 

and 0.44. The slag compositions with the highest viscosity, slag 4 and 8, 

cannot even be considered as foams. Instead of bubbles distributed in the slag, 

long gas channels were generated and created a chaotic two-phase system 

where the slag surface could be seen oscillating up and down between 

approximately 70-130 mm, as described in section 3.1.4. Cross-sections of 

the gas channels can be seen in Figure 10(c) and Figure 11(c). In fact, using 

the marker technique to “identify” the foaming height in this kind of slags 

may lead to wrong conclusion, since the highest point is reached by the 

oscillation.  

Table 10: Foaming characters 

 Dynamic 

viscosity [Pa∙s] 

Foam height 

hfoam [mm] 

Gas fraction 

gasx  

Range of bubble 

size [mm] 

Slag 1 0.05-0.1 ≈130 ≈0.65 --b] 

Slag 2 0.05-0.1 ≈130 ≈0.67 0.2-3.2 

Slag 3 0.1-0.15 ≈70 ≈0.41 0.5-9.6 

Slag 4 0.15-0.2 --a) -- 5.0-10.4 

Slag 5 0.5-0.1 ≈130 ≈0.66 --b) 

Slag 6 0.5-0.1 ≈130 ≈0.68 0.5-6.5 

Slag 7 0.1-0.15 ≈70 ≈0.44 0.5-3.5c) 

Slag 8 0.15-0.2 --a) -- 1.4-10.1 
a) The surface was seen oscillating from approximately 70 – 130 mm 
b) Due to the phenomenon ‘dusting’, no bubble size could be measured after solidification 
c) Big bubbles were observed during experiment 

     

It seems that when the dynamic viscosity of the liquid phase becomes too 

high, the time needed for the gas phase to escape from its source is too long. 

Instead of generating small bubbles, the gas phase accumulates and grow. 

When the size of the bubble is big enough, it will rise towards the surface. A 
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simplified mathematical explanation of the detachment can be seen in 

Equation (4), 

   RvgVFFmaF bgfdb  6  (4) 

where Fb represents the buoyancy force, Fd the drag force according to 

Stoke’s law, ρf the fluid density, ρg is gas density, Vb volume of bubble, g 

gravity, μ viscosity, R radius of the bubble and v the velocity of the bubble. 

The equation explains that a higher viscosity leads to bigger opposing force 

for the bubble to rise. If the bubble size is constant, a higher viscosity would 

definitely result in lower velocity for the bubble. This means that when the 

acceleration of the bubble is too low, gas will be generated faster than the 

bubbles that would possibly leave the interface, resulting in bubble 

accumulation and bubble growth, which could be seen in slags 3 and 7. When 

the viscosity is too high, even the big bubbles will accumulate and grow, but 

in the case of slag 4 and 8, they grow into long gas channels instead of 

detaching from the interface as huge bubbles. 

It should be mentioned that slag 4 has a similar composition to the initial slag 

composition in the BOF process. The lacking foaming behavior of this slag 

could perhaps explain why the foaming starts first after approximately 5 

minutes into the BOF process.1 When CaO dissolves into the slag, the 

viscosity is decreased, which facilitate the detachment of small bubbles as in 

slag 2 and 6. Slags 2 and 6 represent well the slag compositions during the 

process period when the converter slag is foaming, which is in good 

accordance with the behavior of the laboratory experiments. 

4.2 Particle and foam interaction 

4.2.1 Particle behavior in foams 

As now has been explained, the apparent viscosity and behavior of these non-

Newtonian foaming slags can vary a lot. Comparing these results with the 

BOF process, the variation of gas fraction, temperature and slag composition 

would result in a system where the character and structure of the emulsion 

would differ severely from different positions in the furnace. To model this 

system is very complicated, not only with respect to that the foams being 

non-Newtonian, but also because of the big variation in the system.  
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The system is even more complex when the interaction with metal droplets 

is taken into consideration. The size of metal droplets found in the BOF 

emulsion was found to vary between 20 µm to a couple of millimeters.20-21 

In Supplement 1 and 4, droplets of different material and sizes were dropped 

down into foams based on either silicone oil or a supersaturated supercooled 

sugar solution. The present work was also to develop a semi-empirical model 

to describe the apparent velocity of spherical particles falling through foams. 

The movement of the droplets behavior were studied and is described in 

section 3.2.1, where the movement of the particles is divided into three 

groups. 

Group 1: Particles that got stuck in the foam. All polymer particles falling in 

the sugar solution foam belong to this group. They never reached the bottom 

of the vessel, even though the density difference is big, approximately 0.2 

g/cm3 for the foam and 1.15 g/cm3 for the polymer. The polymer particles 

did not manage to deform the surfaces of the bubbles or push them aside to 

continue the path downwards in the foam. 

Group 2: Particles that burst the bubbles in their path. The Ø5 mm metal 

particles and Ø5 – 8 mm ceramic particles belong to this group from the 

experiments using a sugar solution, as well as the bigger silica gel particles 

dropped into silicone oil foam. These particles crushed the bubbles in their 

path towards the bottom of the vessel, falling almost as if there was only a 

gas phase.  

Group 3: Particles which interact with the foam. These particles fell in 

between the bubbles through the foam, pushing them aside as they fell in a 

zick-zack pattern downward. Every time the particle hit a bubble, the velocity 

was somewhat decreased, before it started to accelerate towards the next 

bubble. Du to this factor, the particles never actually reach a terminal velocity. 

It was found that both the size and the density of the droplet affect the 

movement of the particle falling through the foam. The actual mass itself is 

not too important, for example, the mass of the biggest polymer is higher 

than for the smallest metal particle, but the polymer particle got stuck in the 

foam while the metal particle could fall through the foam. This is explained 

by the number of bubbles the particles have to interact with. The big sized 

polymer needed to interact with too many bubbles than the mass could 

deform, and therefore got stuck in the foam, while the small metal particle 
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was in contact with few bubbles and did not need to deform the surfaces too 

much. The work needed by the small metal particles to continue downwards 

was consequently less.  

4.2.2 Semi-empirical model of particle velocity in foam 

For the semi-empirical model, the particles in Group 1 could not be used to 

build the model since no velocity could be calculated. Also, since the 

behavior of the particles in Group 2 are quite big and their behavior differ a 

lot from behavior of the particles in Group 3, it was decided that they should 

not be included in the model either. This decision is supported by the 

literature stating that the steel droplets in the BOF emulsion are almost 

exclusively less than 5 millimeter.20-21 The model will therefore only be valid 

for particles with size less than Ø5 mm. 

The movement of the particles in group 3 is rather complex compared to a 

particle falling in pure liquid or gas. They never actually reach a terminal 

velocity since the collision with bubbles decelerate the particles movement. 

It was therefore decided that the semi-empirical model should be based on 

an energy balance instead of a force balance, since the particles falling in a 

zick-zack pattern through the foam and never reach the terminal velocity. 

The work done on a particle falling through a foam comes from two 

contributions: work by the buoyancy force, Wb, and the work done by the 

drag force, Wd. These two contribution will be balanced by the work needed 

to deform and push the bubbles aside, E, as described in Equation (5). 

 EWW  db  (5) 

The work done by the drag and buoyancy can be calculated by multiplying 

each force with the distance of the falling distance for each particle, i.e. the 

foam height, as shown in Equation (6), 

 0foamdfoamb  EhFhF  (6) 

where Fb is the buoyancy force, Fd the drag force and hfoam the foam height 

in which the particle fell during the experiment. E, representing the energy 

needed to deform the surfaces of the bubbles is known to be depending on 

surface tension and change in surface area. The number of bubbles the 

particle will need to deform is also important, along with the size of the 
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particle falling through the foam. Equation (6) can therefore be expanded to 

Equation (7), 
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where dparticle is the particle diameter, v the apparent velocity of the falling 

particle, σliquid the surface tension of the liquid and Nbubbles the number of 

bubbles that has to be deformed by the falling particle. Parameter p1 is 

necessary since it is not known how the particles fall in between the bubbles, 

if they fall in the liquid phase, gas phase or in both. The anti-gravity term 

will most likely be altered and the parameter will compensate for this 

phenomenon. Parameter p2 will help adjusting the work done by the drag 

force. It is known that the foam behave as shear thinning non-Newtonian, but 

also that the apparent viscosity of the foam seem to be higher than the 

dynamic viscosity of the fluid. Lastly, parameter p3 is used to compensate the 

degree of surface deformation caused by the particles.  

From Equation (7), the velocity can be derived along with the new parameter 

a, b and c, and since the number of bubbles are calculated by dividing the 

foam height with bubbles size, this term will be changed. 

 

foam

particle

liquid

particle

bubble

foam
liquidfoamfoamparticle

3
particle

2
6

6

h
d

d
d

h
chbagd

v































 (8) 

This equation can be further simplified and the parameters are calculated and 

optimized to the experimental results for Group 3 using a non-linear curve 

fitting tool in software Origin 9.0. The calculated parameters and 

simplification to the final appearance of the model can be seen in Equation 

(9). 
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The equation is compared to the measured velocities in Figure 24. The model 

shows satisfactory agreement with the measured velocities of Group 3. 

 

Figure 24: Empirical model vs measured values 

Since the velocities are all very low and most likely would not cause 

turbulence, it would be interesting to compare the results to Stoke’s law, even 

though the Stoke’s law model is not suitable for a foam. The comparison can 

be seen in Figure 25.  The difference is big and sometimes even 10 times as 

high as the measured values. Since Stoke’s law doesn’t take the surface 

tension into consideration, horizontal lines of four data points can be seen in 

the figure.  
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Figure 25: Semi-empirical model vs Stokes law 

The comparison in Figure 25 illustrates evidently that the surface energy term 

plays a profound role in determining the velocity of a particle in a foam. 

It is worthwhile to mention that since the equation is derived from the 

dependence of the number of bubbles that a particle deforms during its fall, 

Nbubbles in Equation (7), Equation (9) is not applicable for calculating the 

velocity of particles in group 1 and 2. In group 1, the particles don’t manage 

to deform any bubbles, Nbubbles and the falling distance hfoam is therefore zero. 

In group 2, the particles crush and fall through the bubbles in their path, not 

only deforming the bubbles. 

Note that it is difficult to compare the predictions of the semi-empirical 

model to a BOF-converter. First of all the characteristics and structure of the 

BOF emulsion depend greatly on the BOF process itself, for example bubble 

size, bubble shape and gas fraction. Also, the apparent viscosity and surface 

tension, which both affect the characteristics of the foam, vary from location 

to location in the BOF depending on temperature and composition. More 

studies have to be carried out to determine how these properties change in 

the furnace to improve the model. Secondly, unlike the foams of silicone oil, 

the slag foam consists of rather big fraction of liquid. It is not known how 

the liquid metal droplets fall in the emulsion; if the droplets move within the 

liquid phase or if they move along the gas-liquid interface. 
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4.3 Decarburization of pig iron in BOF slags 

The movement of droplets and the residence time are very important in the 

BOF since the reactions in the emulsion are depending on these factors. 

Making the system even more complicated, the decarburization reaction will 

maybe disturb the movements as well.  

The decarburization will generate gas, and according to some literature,45-47 

the gas phase will affect the movement since the gas phase will not detach 

from the droplet immediately, but lead to a swelling of the droplet which lifts 

the droplet upwards. The reaction between a metal droplet and a liquid slag 

has been studied in laboratory experiments via X-ray camera, while studies 

in an environment more similar to the chaotic BOF are still missing.  

Another question remaining is the kinetics of the reaction, i.e. the time 

needed for the carbon in the pig iron to be removed. In Supplement 5, the 

kinetics of the decarburization reaction was studied. A rather big sample 

holder was employed and it is fair to question the cooling rate of the setup. 

The temperature profile in Figure 14 shows that the cooling system is not 

efficient enough to freeze the liquid immediately during quenching. The 

reaction is stopped approximately 35 seconds after the sample is lifted up to 

the cooling chamber. At this time, the temperature is around 1530 °C in the 

inner crucible and the pig iron is most likely solidified. Therefore, the 

reaction times are 40, 45, 55 and 65 seconds instead of 5, 10, 20 and 30 

seconds. 

The results displayed in Figure 15 show that almost all carbon has reacted 

with the FeO during the experiments, from 3.9 wt% to approximately 0.1     

wt% after one minute for the Ø2 mm particles, noting that the droplets found 

in the BOF process usually have a size less than 1 mm.20-21 It is interesting to 

see that the amount of gas generated from the 1 gram of pig iron due to 

Reaction (1) is calculated to more than 75 cm3, using the room temperature 

density of CO. It is therefore not surprising that the foaming height could 

reach up to 220 mm, even though the liquid height of slags were measured 

to approximately 38 mm during a reference experiment without foaming. 

The reaction is depending on five factors in the experiment: (1) the mass 

transfer inside both the droplet and slag, (2) the interfacial area between the 

droplet and the slag, (3) the detachment of CO-gas from the droplet, (4) the 
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partial pressure of CO-gas in the system and lastly (5) the incubation time of 

the decarburization reaction. 

It’s therefore not surprising to see that the reaction rate is faster in the smaller 

Ø2 mm particles, compared to the big Ø4 mm particle. It can be explained 

by some of the earlier mentioned phenomena: a shorter mass transfer distance, 

a bigger interfacial area, and the incubation time, since a small droplet is 

transformed into liquid phase faster than a big particle, the reaction may 

commence faster. It could also be interesting to mention that the surface 

tension of liquid iron is approximately 1790 N/m. The high surface tension 

will most likely keep the droplets intact, and prohibit the droplets to be 

divided into smaller ones, which otherwise would have created more surface 

area for the reaction of the big particle. In fact, the possibility that the small 

droplets would agglomerate into bigger ones is probably higher. On the other 

hand, since a difference can be seen in the results comparing the big and 

small particles, the agglomeration may not be fast enough to change the 

outcome. 

The results also show that the decarburization process is somewhat faster in 

slag X compared to slag Y. This is more surprising, since the physical 

properties of the slags rather gives favor for slag Y. All properties are found 

in Slag Atlas.35 

Table 11: Physical properties of slag X and slag Y for decarburization 

 Slag X Slag Y 

Dynamic viscosity [Pa∙s] 0.1 0.06 

Surface tension [N/m] 0.4 0.5 

FeO activity 0.5 0.6 

Density [g/cm3] 3.1 3.65 

   

In fact, it would make more sense if the decarburization rate was faster in 

slag Y, since the viscosity is lower and the activity of FeO is higher. 

A possible explanation was found during the experiments when the 

incubation time was measured. For both slags, the pig iron droplets were 

found floating on the slag surface before penetration into the slag phase and 

the reaction begun. The big difference between the two slags was that in slag 

X, the droplets penetrated the slag surface almost immediately and the 

incubation time was measured to approximately 2 seconds, while for slag Y, 
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the droplets were found to float on the surface for a couple of seconds before 

they penetrated the surface. The incubation time in slag Y was measured to 

up to 10 seconds including the floating time. It is possible that the higher 

density and surface tension of slag Y could prolong the penetration time for 

the droplets to sink into the slag phase and start the reaction. Comparing the 

reaction rate in Figure 15, it is shown that the decarburization is 

approximately 10 seconds behind in slag Y compared to slag X. It could be 

possible that the reaction rate is in fact very similar in the two slags, while 

the incubation time is longer in slag Y. 

More research has to be carried out to study this phenomenon, to better 

understand the kinetics of the reaction.  

4.4 Lime dissolution in BOF slags 

At the same time as the decarburization reaction generates gas, the 

dephosphorization is ongoing. Some literature reported that solid 

CaO∙SiO2∙P2O5 can be formed, in a system of liquid FeOx-CaO-SiO2-P2O5 

with solid CaO.29 More research have to be carried out to see the possibility 

of this formation in the BOF. A diffusion controlled reaction is much slower 

than the convection controlled liquid-liquid reaction between slag and metal, 

but if this compound is formed, the formation of the solid phase in the metal 

drop may also effect the movement of the droplet.  

The common explanation for dephosphorization is the formation of calcium 

phosphates, which in reality exist as Ca2+ and 3
4PO  in the liquid phase of the 

slag. The dissolution of lime is therefore an important factor in the 

dephosphorization process. Today no data is found on the dissolution of lime 

in foaming slag, although Evans et al. and Deng et al. have documented the 

dissolution mechanisms well for the dissolution in liquid slag consisting of 

CaO-FeO-SiO2,
24-27 and their theories have been strengthened by the result 

from this work. Examples can be seen in Figure 17, liquid slag penetrated the 

lime and calcium silicates have formed in the interface between lime and slag, 

and islands of these layers were torn off by shear stress, ending up in the slag 

phase. 

In this work, the main focus has been the dissolution mechanisms of lime in 

foaming slag in comparison to liquid slag. In the two systems, there are two 

major differences: (1) the presence of gas phase in the foaming slag, and (2) 
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the convection. In the liquid slag experiments, a molybdenum impeller 

induces the convection by rotating with 50 RPM, while in the foaming slag, 

the generated gas will push the slag and lime upwards and sideways and 

perhaps into the crucible wall, chafing the cube surface.  

Comparing the results of lime dissolution in liquid and foaming slag in Figure 

16, 19 and 20, following statements can be concluded. 

1. The dissolution rates of lime in foaming slags A and C are similar to 

the corresponding dissolution rate in liquid slag. 

2. The dissolution rate in foaming slag B is much faster than in 

corresponding liquid slag. 

3. The lime cube in foaming slag D was dissociated into small pieces 

after 60 seconds, which increased the dissolution rate a lot. 

Studying the figures of the SEM analysis, it is shown that the presence of gas 

phase interrupt the dissolution reaction, since the contact area between the 

lime and the liquid phase of the foam is diminished. The interruption of the 

reaction is also evident by studying the depth of liquid slag phase inside the 

interfacial layers on the cube. In the liquid slag experiments, the depth of 

liquid slag inside the cube is 200 µm, as shown in Figure 17, while the same 

depth is only approximately 100 µm in the corresponding foaming slag, 

shown in Figure 22.  

It is also known that the convection is much stronger in the foaming slag. In 

foaming slags B and D, which are both highly acidic and have high viscosity, 

the convection is even more severe than in foaming slags A and C. The 

character of these foaming slags were studied in Supplement 3 and described 

in section 3.1.4. It was found that the slags did not behave as the other 

foaming slags. Instead of generated bubbles distributed in the slag phase, 

long gas channels were generated creating chaotic systems where the slag 

surface oscillated up and down rapidly between 70 – 130 mm height, see 

Figure 10, Figure 11 and Table 10. 

These observations conclude that although the reaction is interrupted by the 

gas phase, the reaction rate is equal or faster in the foam, which means that 

the stronger convection in the foam definitely results in a faster removal of 

the interfacial layers. The controlling dissolution mechanism in foaming slag 
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is therefore concluded to be the contact area between the lime and the liquid 

phase of the foaming slag. This leads to the following statements, 

1. For slag compositions A and C: The dissolution reaction is faster in 

liquid slag than in foaming slag, while the removal of the layers is 

faster in the foam compared to in liquid slag. In total, the controlling 

mechanisms evens out in the two systems, resulting in equal reaction 

rate. 

2. The lime dissociation in foaming slag D is due to the very strong 

convection that occur in the crucible. The dissociation of the lime 

cube into small pieces increases the surface area, and consequently 

increase the contact area between the lime and the liquid slag phase 

of the foam. This leads to the fast dissolution rate after 60 seconds. 

3. Foaming slag B is found somewhere in between the two phenomena 

above. The strong convection did not manage to dissociate the lime 

into small pieces, but it seems that the removal of the interfacial layer 

is faster than in foaming slags A and C, resulting in a total faster 

dissolution.  

Finally, a comparison of the experimental results and BOF process will be 

discussed. The later part of the BOF process is best represented by the 

foaming slag C. During this period in the process, the slag is foaming well 

and the CaO content increases constantly, but according to the experiment, 

the dissolution rate should be quite slow. This could perhaps be explained 

with the reduction of FeO in the furnace due to the decarburization. The 

decrease of FeO will consequently increase the content of all other oxides, 

including CaO. The environment of foaming slag D is perhaps too extreme 

to be compared with the process, the foam might chafe the cube severely 

against the crucible wall and show misguiding results in a comparison with 

the BOF process. 

The most important part of the lime dissolution process in the furnace is in 

the beginning, a fast dissolution will enhance the dephosphorization, as 

mentioned earlier. This period is best compared to the experiments conducted 

in foaming slag B and liquid slag 0. It is recommended that further studies 

are conducted using slag compositions representing this period to obtain a 

better understanding of the dissolution mechanisms to improve the process 

and process control. 
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There is a chance that in all foaming experiments, the results will be 

somewhat misguiding compared to the lime dissolution in the furnace, since 

the cube surface with interfacial calcium silicates layers chafed off faster than 

in the BOF furnace due to the chaotic environment that can push the cube 

towards the crucible wall. No given values are therefore presented in this 

study. The purpose is to see trends and indications of the behavior and the 

phenomena regarding lime dissolution in the liquid and foaming slags.  
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5. Summary 
Towards a better process control and process development of the BOF, a 

solid fundamental understanding of the foaming slag and emulsion is 

necessary. In this work, the behavior of a foams were first studied. Silicone 

oils, sugar solutions and BOF slags were employed to generate foams in 

which the structure was studied and measurements of apparent viscosity were 

conducted. While the pure liquids are Newtonian fluids, it was shown that 

the foams act shear-thinning non-Newtonian, with apparent viscosities that 

reached up to 5 times higher than the pure liquids. The reason was found in 

the structure. A foam is built up by many bubbles, which consist of a lot of 

surface. It is well known that energy needed to deform a surface is higher 

than to deform a bulk, it is therefore not surprising that the energy needed to 

deform a foam, which almost conclusively consists of surface, is higher than 

deforming the pure liquid. Hence, the surface tension play an important role 

when calculating the behavior of foams, not only the dynamic viscosity of 

the liquid phase. 

A semi-empirical model was developed to describe the apparent velocity of 

a particle falling through a foam. Based on the empirical work, along with 

the viscosity measurements and study of structure, it was decided to derive 

the model based on an energy balance between, buoyancy, drag and the 

energy needed to deform the bubbles in the falling particles path. The model 

is depending on both the dynamic viscosity and surface tension of the liquid, 

and on the density and size of the particles. Reasonable parameters, 

optimized using a curve fitting tool, were added to the model to fit the 

empirical work. The model was found to predict the apparent velocity well, 

much better than Stokes law, which predicted velocities up to 10 times as 

high as the measured value from experiments. 

Since the foam in the BOF is generated from Reaction (1), the 

decarburization of pig iron in different BOF slags was studied. Almost all 

carbon in the pig iron had reacted with the FeO in the slag after 

approximately 1 minute, from 3.9 wt% down to only 0.1 wt%. It was not 

surprising to see that smaller pig iron droplets were decarburized faster than 

bigger ones since a larger contact area is found for the many small droplet 

compared to one big. More surprising that the incubation time of the reaction 

was changing a lot between the different slag compositions. In fact, the 

incubation time seem to be the main factor for why the decarburization is 
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slower in one slag. The author emphasizes that more research needs to be 

carried out to ensure all factors for the reaction. 

Lastly, the dissolution of lime into both liquid and foaming BOF slags was 

studied. The theories of lime dissolution in liquid slag, presented by Evans 

et al. and Deng et al., were strengthened by this work. Calcium silicates were 

formed in the interface between lime and slag, and the controlling mechanism 

is the removal of these interfacial layers. In foaming slag on the other hand, 

it does not seem that the removal of these layers is the controlling mechanism, 

but the contact between liquid slag phase and the lime. The gas phase is 

evidently interrupting the dissolution reaction. It was also found that if the 

foaming environment was too chaotic, the lime was dissociated into small 

pieces. These experiments might not be representative to the BOF process, 

since the chaotic environment might chafe the lime against the crucible wall 

too aggressively. 
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