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“To be conscious that you are ignorant is a great step to knowledge” 

Benjamin Disraeli 

Politician and writer (1804-1881) 

Prime Minister of the United Kingdom (1874-1880)  

---------------------------------------------------------------------------

“Do not go gentle into that good night, 

Old age should burn and rave at close of day; 

Rage, rage against the dying of the light. 

Though wise men at their end know dark is right, 

Because their words had forked no lightning they 

Do not go gentle into that good night. 

Good men, the last wave by, crying how bright 

Their frail deeds might have danced in a green bay, 

Rage, rage against the dying of the light. 

Wild men who caught and sang the sun in flight, 

And learn, too late, they grieved it on its way, 

Do not go gentle into that good night.” 

Opening verses of the poem 

“Do not go gentle into that good night” 

by Dylan Thomas (1914 – 1953) 
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PREFACE

Slopping* is the technical term used in Basic Oxygen Steelmaking (BOS) to describe 

the event when the foaming slag-metal emulsion cannot be contained within the 

process vessel, but is forced out through its opening (mouth). This phenomenon is 

especially characteristic for steelmaking in a top-blown Basic Oxygen Furnace (BOF) 

i.e., in the LD process. Slopping causes loss of valuable raw materials and metal 

product, as well as severe mechanical damage and unnecessary production 

disturbances. It may also lead to an unsafe work environment and to discharge of 

pollutants to the surrounding environment. 

The first part of this thesis presents a study of the basics of the slopping phenomena 

in a top-blown BOS vessel (i.e., in the LD converter) and an industrial study into the 

LD process slopping phenomena and into local conditions causing BOF slopping at 

SSAB Europe Luleå’s semi-integrated steel plant. 

The second part of the thesis involves an investigation into utilising BOF vibration 

measurement, in combination with audiometry, as a means of foam height estimation 

and slopping control. This part of the thesis work was initially carried out within an 

RFCS-funded project “IMPHOS – Improving Phosphorus Refining” (Contract No. 

RFCS-CT-2006-00006). Partners in this project were SSAB Europe (formerly SSAB 

EMEA and SSAB Tunnplåt) Luleå, Tata Steel Europe (formerly Corus) Research 

Development & Technology (IJmuiden, Netherlands and Teesside, United Kingdom) 

and Swerea MEFOS AB (Luleå, Sweden). 

The third part of this thesis presents a pre-study, based on the result from the second 

part, into the possibilities of utilising multivariat data analysis methods for static and 

dynamic slopping prediction in the LD process. 

The fourth and final part of the thesis presents a deeper study into the effects of slag-

metal emulsion characteristics on foaming in a 6-tonne pilot BOF. For this purpose, 

emulsion samples from the IMPHOS project pilot plant trials at Swerea MEFOS were 

utilised. 
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The first two parts of the thesis work were carried out as a project within the Centre 

for Process Integration in Steelmaking, PRISMA, at Swerea MEFOS AB, Luleå, a 

centre now supported by the Scandinavian mining and metallurgical industries, but at 

the time also supported by VINNOVA (The Swedish Governmental Agency for 

Innovation Systems), SSF (The Swedish Foundation for Strategic Research) and KK-

stiftelsen (The Knowledge Foundation, a research financier of Swedish institutions of 

higher education). 

The third and fourth part of the thesis work have been financially supported by SSAB 

Europe Luleå and PRISMA, as well as through a travel grant from Jernkontoret (The 

Swedish steel producers' association, Stockholm, Sweden) and a research grant 

from Hugo Carlsson’s Foundation for Scientific Research (administrated by 

Jernkontoret).

* Slopping: to slop = to spill (something) from a container, or to splash  
(someone or something) with a liquid……. 
from Webster’s Third New International Dictionary, ISBN 3-8290-5292-8. 
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ABSTRACT 

Slag formation plays a decisive role in all steelmaking processes. In top-blowing 

Basic Oxygen Steelmaking (BOS) i.e., in the LD process, an emulsion consisting of 

liquid slag, dispersed metal droplets, undissolved particles and solid precipitates will, 

together with process gases, form an expanding foam. Extensive research has 

defined the parameters that govern the foaming characteristics of BOS slag-metal 

emulsions. 

It is a well-known fact that certain process conditions in the Basic Oxygen Furnace 

(BOF) will lead to excessive foam growth, forcing foam out through the vessel 

opening (mouth). This process event is commonly known as slopping. Slopping 

results in loss of valuable metal, equipment damage, lost production time, unsafe 

work environment and pollution. 

A literature survey covering the slopping phenomena has been carried out, as well as 

a deeper investigation into the causes behind slopping on the BOF type LD/LBE at 

SSAB Europe, Luleå, equipped with an automatic system for slopping registration 

using image analysis. 

Good slag formation and foam-growth control in order to avoid slopping is primarily 

accomplished by taking preventive “static” measures. The most common pre-blowing 

operational conditions favouring foam growth and, hence, slopping were found to be 

linked to oxygen lance positioning, hot metal Si and Mn contents, scrap quality and 

large additions of iron oxide bearing materials. Improved slopping control may be 

achieved by developing oxygen lance control schemes with automatic adjustment of 

the distance between the lance tip and the metal bath (i.e., the lance gap) according 

to scrap quality and ore additions. 

If “static” measures cannot be effectuated, a set of in-blow slopping preventive 

measures is needed. For such “dynamic” measures to be effective, it is necessary to 

have a system for slopping prediction. Trials with vessel vibration measurements for 

indirect foam height estimation in industrial scale BOFs, type LD/LBE, have been 
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carried out. FFT spectrum analysis was applied in order to find the frequency band 

with best correlation to an estimated foam height. The results show that there is a 

correlation between vessel vibration and foam height which can be used for dynamic 

foam level and slopping control, and this during the entire blow. 

The vessel vibration results have been tested against what is the perhaps most 

commonly implemented technique for dynamic foam height estimation and slopping 

control, the audiometric system. Parallel vibration and audio measurements have 

been carried out on 130-tonne as well as on 300-tonne BOFs. The results show that 

during stable process conditions there is good agreement between the two methods 

in regard to foam height estimation and that combining the two methods will provide 

a powerful slopping prediction and control system. 

A feasibility study has been carried out with the aim to describe the possibilities and 

limitations of multivariate data analysis, including batch analysis, for dynamic BOS 

process control, mainly in regard to slopping prevention. Two principal modelling 

approaches were tested. 

A central part of this PhD work is the performed emulsion characterisation and the 

subsequent investigation into the influence of emulsion mineralogy and morphology 

on slopping in the LD process. The results are based on the study of emulsion 

samples from trial heats conducted in a 6-tonne pilot plant LD vessel. The main 

emulsion slag phase mineral species identified were di-calcium silicate, monoxides 

(mainly FeO, MnO and MgO), calcium ferrites and late-appearing tri-calcium silicate. 

The study also show that the iron oxidation state has a large influence on the 

emulsion mineralogy and morphology, as a higher Fe3+ content facilitates the 

precipitation of calcium ferrites, raising the emulsion apparent viscosity and, hence, 

the foam index. The same effect is caused by higher MgO contents (i.e., at 

saturation), resulting in the precipitation of monoxide phase. However, large volume 

fractions of emulsion precipitates will not always lead to slopping in the LD process. 

A second “requirement” for excessive foam growth is a simultaneously high gas 

generation rate. Vice versa; an LD heat may very well slop at low volume fractions of 

2nd phase particles in the emulsion if the gas generation rate is sufficiently high. 
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It is an indisputable fact that excessive foaming is one of the main features of the LD 

process, due to the practice of top-lance oxygen blowing, creating a highly oxidised 

slag, and heavy batch additions of basic slag formers, causing an initial formation of 

large quantities of precipitates. Therefore, preventing slopping is primarily a matter of 

tight process control, most importantly, control of the oxygen lance gap in order to 

reach a state of sufficiently high liquid MeO phase to minimise the emulsion apparent 

viscosity, but low enough to avoid over-oxidising and a high gas generation rate. 
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1 INTRODUCTION 

1.1 BACKGROUND 

The slag phase plays a crucial role in all metallurgical processes. If the slag is well 

taken care of, it becomes a vital tool in the manufacturing of high-quality metals; if 

not, the slag may cause severe and costly operational problems, within as well as 

outside the metallurgical reactor. Basic Oxygen Steelmaking (BOS) is in this regard 

no exception. 

Early formation of a liquid slag phase is, for several reasons, of great importance in 

any BOS process. Together with undissolved additives, solid precipitates and ejected 

droplets from the metal bath, the liquid slag will form a heterogeneous emulsion. If 

process gases are somehow retained within the slag-metal emulsion, it will foam. In 

the worst case, some of the foam will be forced out of the steelmaking vessel; i.e., 

the vessel and the melt will slop. Such an event causes not only damage to the 

vessel and its auxiliary equipment, but also loss of valuable metal (entrained in the 

foam), production disturbances and considerable dust emissions; therefore, there is a 

need for technical solutions and process control measures to prevent slopping. 

When managing slag formation in BOS operations, there are a number of conflicting 

basic requirements which have to be met without creating conditions leading to 

excessive foaming and slopping. One is to ensure the right slag chemistry and a 

good mixing of metal and slag for effective refining of impurities; another is to create 

a viscous slag which will adhere to the interior Basic Oxygen Furnace (BOF) 

refractory. The most effective way to optimise operations is to tailor the blast furnace 

(BF) hot metal (HM) chemistry according to BOF steelmaking demands, mainly by 

lowering HM silicon (Si) and phosphorus (P) contents to reduce the necessary BOF 

slag amount. As a result, BOS operations in many steel plants have become quite 

standardised and stream-lined, with minimum demand for advanced process control 

schemes and deeper process knowledge. However, in recent decades a growing 

steelmaking sector in Asia has led to a situation with increasing prices for the high-

quality raw materials, conflicting with a strong management demand to reduce raw 

material costs. For many integrated or semi-integrated steel plants this has meant a 
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change towards the use of lower grade iron ores and metallurgical coals in BF 

operation, in many cases resulting in a return to a HM chemistry characterised by 

higher Si as well as higher P contents. In some cases, due to HM Si contents of 1% 

or higher, increasing the BOS slag amount to well over 100 kg per tonne of produced 

liquid steel (kg/tLS), it has become necessary to implement a two-slag practice in 

order to minimise slopping and fume emissions.[1,2] Added to this change in 

metallurgical conditions is an increased rate of in-plant recycling to the BOF, for 

instance, in the form of new extra coolants.[3-5] Hence, focus has returned to the BOS 

shop, demanding the development of more sophisticated process control measures. 

In the effort to control slag formation and foaming in the BOS process it is essential 

to have some technical means to measure or indirectly judge the foam height and its 

development. Even though there are a couple of industrially applied methods for 

indirect foam height estimation, none of them covers the first few minutes of the 

process, i.e., the period of initial slag formation. Also, there is a lack of deeper insight 

into what is actually controlling slag formation in an industrial steelmaking vessel, 

mainly due to the difficult task of sampling the slag-metal emulsion and the metal 

bath during blowing. 

An opportunity to fill some parts of this “information gap” was given in the RFCS-

funded project IMPHOS (“Improving Phosphorus Refining”), completed in 2009. This 

project focused on improving BOS phosphorus refining strategies by introducing 

additional dynamic aspects into process control schemes, including enhanced slag 

formation practices and advanced lance control procedures. A central part of this 

project was a series of trials with extensive sampling of both slag-metal emulsion and 

metal during the blowing in a 6-tonne pilot plant BOS (i.e., LD) converter.[6] This large 

collection of samples includes vital information on BOS process slag formation, 

foaming behaviour and refining reactions. An additional part of this project was to 

investigate methods to improve foam height estimation, from the start to the end of 

the blowing procedure. 
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1.2 THE LD PROCESS 

Conversion of high-carbon-containing hot metal, normally produced in the blast 

furnace, to low-carbon-containing liquid steel is achieved in some type of BOS 

process. The term BOS refers to the use of oxygen for the removal of carbon, in a 

vessel which has a basic protective inner lining (refractory). The oxygen can be 

supplied through bottom tuyeres and or via a top-lance blowing towards the metal 

bath surface. In the latter case, improved mixing of the bath can be achieved by 

bottom injection of inert gases (N2 and or Ar). 

As the iron-bearing charge materials (i.e., hot metal, scrap and extra coolants) used 

in the BOS process all contain high levels of elements (e.g., silicon) which will form 

acid oxidation products (e.g., silica), basic slag formers need to be added in order to 

create a slag phase with appropriate basicity. Burnt lime, alone or in combination with 

burnt dolomitic lime, is in this case the norm. 

Prior to 1950, oxygen steelmaking was usually carried out either in the acid 

Bessemer process or in its basic version, the Thomas process. In both cases, oxygen 

was supplied in the form of air injected via bottom tuyeres. Even though several 

attempts had been made since the mid-1800s, an effective way to use pure oxygen 

in oxygen steelmaking was not made possible until the late-1940s, when the Swiss 

engineer Robert Durrer began experimenting with blowing pure oxygen against the 

metal bath. These trials quickly led to the development of what is today recognised 

as the LD process. The two Austrian steel plants where this process was first put into 

operation were Linz (in 1952) and Donawitz (in 1953), hence the acronym “LD”. 

The basic principle of the LD process, as illustrated in Figure 1, is the vertical high-

velocity (super-sonic) blowing of pure oxygen via a water-cooled lance against the 

metal bath in order to oxidise its carbon content. As in all BOS processes, the ferrous 

charge mainly consists of liquid hot metal and steel scrap. The carbon in the charge 

will primarily form carbon monoxide gas, which exits through the vessel opening 

(mouth), after which some degree of post-combustion to carbon dioxide gas may 

occur.
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Other elements with higher oxygen 

affinity will be oxidised and form, 

together with basic additives (fluxes), 

a more or less liquid slag phase. 

Of the world’s total 1,663 million 

tonne crude steel production in 2014, 

74% was produced via some BOS 

process.[7] This is a significant trend 

reversal from a 67% share in 2008.[8]

In the last two to three decades the 

much less capital intensive scrap- 

based “mini-mill” route was regarded

CO(g)
formed in
jet impact 
zone 

O2 jet
impingement zone

CO(g)
CO2(g)

Foam
(of gas & 
slag-metal 
emulsion)

Smoke & dust

CO(g)
bubbles

Metal

Metal 
droplets

O2
C

Inert gas

Figure 1. The basic principal  
of the LD process. 

as the “future” of steelmaking. However, the integrated route has been the obvious 

solution to meet the demand for a strong expansion of steelmaking capacity in China 

and India, and the BOS share of world crude steelmaking will increase further when 

remaining large-size open hearth furnaces in former Eastern Europe are replaced. 

The LD process is by far the dominant BOS process in use today, with an estimated 

70% share of world total steel production.[9] With the original process concept, only 

the impinging oxygen jet will provide mixing of the metal bath, a drawback compared 

with the bottom-blown Bessemer and Thomas processes. But in the 1970s bottom 

stirring with inert gas was introduced to LD vessels in order to improve process 

efficiency. Today, at least 80% of the world’s LD vessels are equipped with a system 

for bath agitation by inert gas injection.[10]

1.3 FOAMING IN THE LD PROCESS 

1.3.1 Theory 

A distinctive characteristic of the LD process is the formation of a multi-phased foam,

consisting of liquid slag, metal droplets, solid “2nd phase” precipitates, undissolved 

flux particles and process gases. This is because: 
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i. the high-velocity oxygen jet impinges the melt, ejecting a 

considerable part of the melt (10 to 30%) in the form of metal 

droplets into the upper part of the vessel; 

ii. the lumpy fluxes are added in batches, resulting in a slow flux 

dissolution and hence a slow liquid slag formation; 

iii. the liquid slag, solid precipitates, undissolved fluxes and metal 

droplets form a more or less viscous emulsion, intercepting the 

process gases on their ascent towards the vessel mouth; 

iv. a large portion of the process gases is formed within the emulsion 

itself as a result of the reaction between the carbon in the metal 

droplets and iron oxide in the liquid slag. 

This mechanism is in great contrast to bottom-blown BOS processes such as OBM 

(Oxygen Boden Maxhütte). Here, the fluxes are injected in powder form through 

bottom tuyeres together with the oxygen, allowing the fluxes to fully dissolve before 

reaching the surface of the melt. Also, with a considerably lower entry velocity of the 

oxygen, less metal is ejected from the melt in a bottom-blown BOS vessel. 

There are several comprehensive theories and models on foam formation in the LD 

process.[11-18] A common theme for these models is that they are based on the 

quantification of the foaming behaviour represented by the foam index, , after the 

Greek word for soap/lather;  (saponos).[19] The foam index is defined as the 

ratio between foam volume (Vf) and gas flow rate (Qg) according to the following 

expression: 

       or   
V
h

s
g

    (1) 

where: h   = foam height (cm) 

A = vessel cross section area (cm²) 

us & s
gV = superficial gas velocity (cm/s) 

  (true gas velocity  volume fraction gas) 

As given by the above expression, the foam index unit is time, normally in the range 

of 0.6 to 1.3 (s). Hence, the foam index can be interpreted as a measure of the time it 
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takes for the process gases to ascend through the foam. With a constant oxygen 

supply rate the gas velocity can be assumed to be fairly constant during the main 

decarburisation period, i.e., the foam height is directly proportional to the foam index. 

Despite some differences, there is a general agreement as to which parameters 

exerce the largest influence on the foam index. These parameters are: apparent 

viscosity ( ) of the slag phase, surface tension ( ), density ( ) and bubble diameter 

(db). Some suggested relationships for steelmaking-related systems are: 

Ito & Fruehan:[11]     (2) 

Skupien & Gaskell:[14]      (3) 

 Lahiri & Seetharaman:[16]     (4) 

For equation (2) Kim et al.[15] have suggested new constants; 214 for CaO-based 

slags; and 999 for MgO-saturated slags. From the foam index expressions it can be 

suspected that the foam index, especially in batch type of metallurgical process, will 

vary with time; i.e., exhibit a dynamic behaviour.[20] Combining equations (1) and (2), 

the following expression for the foam height is obtained: 

 (5) 

1.3.2 The slopping phenomenon 

Slopping is the general term used when, due to excessive foam growth, the foam 

cannot be contained within the steelmaking vessel. The foam will flow down the outer 

side of the vessel, the pace depending on the oxidising state of the slag; slow 

“overflowing” in case of an under-oxidised slag thickened by the precipitation of 

calcium silicates; “eruptive foaming” in the case of a “runny” over-oxidised slag.[21]

Therefore, avoiding slopping demands tight control of the slag composition path (i.e., 

the slag trajectory) and hence the oxidising state of the foam. 
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1.3.2.1 Viscosity 

Expressions (2)-(4) show that perhaps the most important property in regard to the 

foam index and slopping in the LD steelmaking process is the emulsion slag phase 

viscosity. The fundamental viscosity concept is only applicable to a liquid behaving in 

a Newtonian manner e.g., if the viscosity is independent on the liquid flow rate.[22] In 

steelmaking the liquid viscosity is, besides temperature, decided by the slag 

chemistry. While acid oxides (especially SiO2, but also P2O5) are network-formers

i.e., raising the liquid viscosity, basic oxides (such as CaO, MgO, MnO and FeO) will 

act as network-breakers i.e., lowering the liquid viscosity.[23] Depending on the 

concentration of acid and basic oxides, Al2O3 and Fe2O3 will act as either network- 

formers or network-breakers. Based on the evolution of the chemical composition of 

the slag phase in the LD process and a continuously increasing temperature, it would 

be expected that the viscosity and, hence the foam height, would decrease over time 

as the added basic fluxes are dissolved. 

However, in the LD process an emulsion is formed which will behave in a non-

Newtonian manner. To describe the real viscous appearance of a liquid-solid 

emulsion, the apparent viscosity concept has been introduced. One parameter 

strongly influencing the apparent viscosity is the presence of solid particles. 

According to some published equations and experimental work,[24-26] illustrated in 

Figure 2, increasing the fraction of solid particles ( ) from 0 to 20% will result in a 

100% increase in apparent viscosity (i.e., a doubling); hence, in a substantial 

increase in foam height depending on which foam index equation is adopted. 

As will be described later, BOS processes are characterised by the precipitation of 

not only solid calcium silicates, but also calcium aluminoferrites and several other 

types of mineral species (e.g., spinel, melilite and olivine). The emulsion apparent 

viscosity and the foam height will be strongly affected by the evolution of the 

emulsion characteristics. For instance, in the beginning of the LD process the foam 

height will decrease due to increased basicity and increased FeO content lowering 

the liquid viscosity. A minimum is reached at a CaO/SiO2 ratio of 1.2-1.3 (Al2O3 < 

5%), after which the foam height will increase due to precipitation of solid calcium 

silicates.[13,15,26,27]
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Figure 2. Suggested equations describing the effect of dispersed  
particles on the apparent viscosity of suspensions.[24,25] 

Added experimental results by Ito and Fruehan.[26]

1.3.2.2 Gas generation rate 

According to the foam index definition, i.e., expression (1), the gas generation rate 

plays a vital part in the formation and growth of the foam. The LD process gas is a 

product of decarburisation (illustrated in Figure 3), which proceeds:[28]

i. in the melt by reaction between dissolved oxygen and carbon: 

  [C] + [O]  CO(g)      (6) 

and by reaction between the formed carbon monoxide gas and carbon: 

  CO(g) + [C]  CO2(g)      (7) 

ii. in the hot spot by post-combustion:  

  CO(g) + ½O2(g)  CO2(g)      (8) 

iii. in the slag-metal emulsion by wüstite (FeO) reacting with metal droplets: 

  [C] + (FeO)  CO(g) + [Fe]     (9) 

where the (FeO) is produced in the hot spot:

  [Fe] + ½O2(g)  (FeO)      (10) 

and also in the slag-metal emulsion by hematite (Fe2O3) reacting with the 

formed carbon monoxide gas: 

  CO(g) + (Fe2O3)  CO2(g) + 2(FeO)    (11) 

where the (Fe2O3) is produced in the hot spot:

  2(FeO) + ½O2(g)  (Fe2O3)     (12) 
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(12):  2(FeO) + ½O2(g) (Fe2O3)
(10):  [Fe] + ½O2(g) (FeO)

Figure 3. Principal decarburisation reactions in BOS processes.[28]

The gas generation rate will be slow in the first 15-20% of the blow (Figure 4), when 

elements such as silicon and manganese are oxidised.[28] When the melt has been 

refined from elements with higher oxygen affinity compared to that of carbon, the 

decarburisation rate will increase to a high and stable level dependant on the oxygen 

supply rate. Towards the end of the blow (at about 80%) a diminishing carbon 

content in the melt will slow the decarburisation and, hence, the gas generation rate. 
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Figure 4. Typical LD process gas composition (CO and CO2) and 
decarburisation rate, dC/dt, as function of time. (SSAB Luleå).

1.3.2.3 Surface tension 

Surface tension affects the ascent of process gas through the emulsion; the lower the 

surface tension, the larger the force obstructing the separation of gas from the liquid 
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phase.[29] Hence, a lower surface tension slows the ascent of process gases through 

the emulsion, resulting in an increased foam height. P2O5, V2O5 and Cr2O3 are slag 

components that lower the surface tension, the effect of these components being 

greater than that of SiO2, TiO2, Al2O3 and FeO/Fe2O3.[27,29-31]

1.3.2.4 Bubble size 

Due to the acting forces of the surrounding emulsion, the ascending velocity of gas 

bubbles will increase with bubble size. Hence, the foam height is inversely 

proportional to the size of gas bubbles.[32] Models for calculation of the bubble size 

and its effect on foaming have been published.[16,32,33] Most of these models are 

based on laboratory experiments where the gas has been injected into the emulsion 

via some kind of orifice and with a large element of bubble coalescence. However, in 

LD steelmaking a large portion of the process gas is generated by chemical reactions 

simultaneously everywhere within the emulsion, continuously supplying the foam with 

small bubbles. Therefore, it is expected that the average bubbles size will be much 

smaller in an industrial steelmaking emulsion compared to in the laboratory.[34,35]

1.3.2.5 Droplet generation 

Droplet generation plays a crucial role in the LD steelmaking process, as it will supply 

the emulsion with “fresh” metal to be decarburised by iron oxide. In this regard a high 

degree of droplet generation is positive for the process. However, with a large portion 

of decarburisation taking place inside the emulsion, the foam height and the risk of 

slopping will increase with increased drop generation. Furthermore, if the droplet 

residence time in the emulsion is high due to a high apparent viscosity or otherwise, 

a slopping event will lead to a substantial loss of valuable metal. 

Due to its importance it is not surprising that droplet generation has been, and still is, 

targeted in fundamental research work, especially in regard to the LD process.[36-44]

Common results show that factors strongly affecting droplet generation rate, droplet 

size and droplet residence time in the emulsion are: 

 lance tip design (number of nozzles and nozzle angle), 

 lance gap (distance from lance tip to metal surface) 

– with a maximum droplet generation at a certain lance gap, 
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 bottom bubbling and position of stirring elements or tuyeres, 

 emulsion iron oxide content i.e., decarburisation rate

– droplets becomes bloated (emulsified) by reaction gas, lowering 

the droplet density, hence increasing the residence time. 

1.3.2.6 Emulsion iron oxide 

The influences of iron oxide on foaming behaviour in the LD process are in some way 

counteracting; an increased FeO content will lower the viscosity, but this effect will be 

overridden by a reduced surface tension and an increased gas generation rate within 

the emulsion.[27,34] Of great importance is the observation that the higher the 

Fe2O3/FeO ratio the more violent and extensive the decarburisation reaction, 

substantially increasing the risk for slopping.[34] Molloseau and Fruehan have 

measured the metal droplet decarburisation reaction rate in CaO-SiO2-MgO-FeO 

slags, finding a sharp and significant increase (by a factor of 10) in reaction rate 

when the total iron oxide content exceeds 10wt%, as shown in Figure 5.[39] This is 

explained by the emulsification of metal droplets at higher total iron oxide content, 

increasing the total reaction surface area. Figure 5 also shows an overall higher 

reaction rate in the presence of Fe2O3 due to increased oxygen potential amplifying 

droplet emulsification. 
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1.3.3 The basic slag formation trajectory [28]

In order to understand how different process factors affect the slag trajectory and, 

hence, slag formation and foaming, it is necessary to consider the basics. This is well 

described by Deo and Boom,[28] with the help of the simplified phase diagram for the 

CaO-FeOn-SiO2 system from Oeters and Scheel,[45] as illustrated in Figure 6. 

M

B

A

C2S
C3S

CaO                                  % FeOn FeOn

SiO2

2FeO SiO2S

C
F

Figure 6.  Schematic phase diagram for the system CaO-FeOn-SiO2,
illustrating the slag trajectory during lime dissolution in  
the LD process.[28,45]

Initial slag formation begins with the formation of a liquid iron silicate (2FeO SiO2)

phase (point S). When lime (with an initial composition according to point M) is 

added, the FeO-rich melt will infiltrate the added lime particles, initiating lime 

dissolution. The composition of the heterogeneous emulsion of solid lime and liquid 

slag will then begin to move along the line S-A. When the emulsion composition 

reaches the liquidus at point A, the precipitation of di-calcium silicate, 2CaO SiO2

(C2S), begins. This means that, while the average emulsion composition moves from 

point A towards point M, the remaining liquid in the emulsion will move along the 

(red) liquidus line A-B-C. The precipitated C2S will form a granular shell around the 

lime particle, obstructing further lime dissolution until favourable conditions for 

dissolution are reached, or until a crack in the C2S shell has formed. The formation of 
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C2S is later followed by the formation of tri-calcium silicate, 3CaO SiO2 (C3S), further 

obstructing lime dissolution. Towards the end of the blow there is an increased 

process temperature and emulsion liquid slag phase iron oxide content increases 

along the line C-F. However, during the main decarburisation period the emulsion 

iron oxide content is decreasing until the point decarburisation decreases due to low 

droplet carbon content. Hence, in the actual LD process, the average emulsion 

composition will be moving along the curved (green) line A-C, and then continuing 

towards point F. 

The lime dissolution will follow another path in the presence of MgO, e.g., with early 

additions of dolomitic lime. Studies have shown that 5wt% MgO or more in the slag 

will cause considerable change in the progress of lime dissolution in such a way that 

the rate of lime dissolution is reduced due to early precipitation of C3S. 

1.3.4 Slag trajectories in industrial BOS vessels 

In the operation of an industrial BOS vessel the development of the slag phase 

chemical path (i.e., the slag phase trajectory) will to a large extent be controlled by 

the distance between oxygen lance tip and metal bath surface (i.e., the lance gap) 

and the hot metal quality, especially the silicon content.[46,47]

A higher lance position will result in higher iron oxide content in the slag phase and a 

lower fraction of precipitated di-calcium silicates. Though the latter would result in a 

lower viscosity, foaming may still be strong due to an increased gas generation rate 

inside the emulsion. 

High hot metal silicon (Si) content will lead to a high initial SiO2 content in the slag 

phase, as shown in Figure 7.[47] One consequence of this is a reduced surface 

tension and, therefore, foam stabilisation. Another is a displacement of the slag 

trajectory closer to the 2CaO SiO2 surface, resulting in larger fraction of precipitated 

C2S and, therefore, an increased emulsion apparent viscosity. Another important HM 

component is manganese (Mn). When oxidised in the early stages of the blow, the 

obtained MnO will act similar to FeO.[48] Hence, a higher HM Mn content must be met 

by reducing the lance gap, and vice versa, to control the slag oxygen potential. 
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Figure 7.  The influence of hot metal silicon content on the emulsion slag  
phase trajectory in the quasi-ternary (CaO)’-(FeO)’-(SiO2)’ system 
i.e., (CaO)’+(FeO)’+(SiO2)’=100.[47]

1.3.5 Influence of emulsion characteristics 

As stated earlier, the foam height in the LD process is strongly governed by the 

emulsion slag phase apparent viscosity, in turn to a large extent decided by the 

precipitation of solid 2nd phase particles. Hence, it is of great interest to link the 

emulsion slag phase mean composition trajectory to the emulsion mineralogy (and 

morphology) i.e., to find which mineral species are expected to be formed and if they 

will be liquid or if they will precipitate. 

Based on the first order of slag phase component system i.e., the ternary CaO-FeO-

SiO2 system shown in Figure 8, possible mineralogical species are (in the general 

emulsion trajectory direction, indicated by the grey area): wüstite (FeO), fayalite 

(Fe2SiO4), kirschteinite (CaFeSiO4), iron-akermanite (Ca2FeSi2O7), wollastonite 

(CaSiO3), di-calcium silicate (Ca2SiO4), tri-calcium silicate (Ca3SiO5) and lime (CaO). 

Considering the presence of hematite (Fe2O3 i.e., Fe3+), the following species may be 

added to the list: magnetite (Fe3O4), iron-gehlenite (Ca2Fe2SiO7) and srebrodolskite 

(Ca2Fe2O5).

A common deliberately added component (via dolomitic lime) is magnesia, possibly 

forming the following species: periclase (MgO), magnesiowüstite in solid solution 
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([Mg,Fe]Oss), magnesioferrite (MgFe2O4), forsterite (Mg2SiO4), monticellite 

(CaMgSiO4), akermanite (Ca2MgSi2O7) and merwinite (Ca3MgSi2O8).

Also, with some alumina present, both gehlenite (Ca2Al2SiO7) and brownmillerite 

(Ca2[Al,Fe]2O5) could be added to the list of possible mineral species. 

Figure 8. Phase diagram for the ternary CaO-FeOn-SiO2 system.[49]

Since the industrial introduction of the LD process in early-1950s, there have been 

several publications on the mineralogical and morphological properties of LD process 

emulsions/slags.[46,50-58] Table 1 summarises the most commonly reported LD slag 

mineral species, by microscopy and or by x-ray diffraction (XRD) analysis. 

In the case of a hot metal with higher levels of titanium, this element could be found 

in the calcium ferrite phase or as a calcium titanate precipitate.[54]
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Table 1. Commonly reported minerals in LD process slags.

Phase (group) Formula Comment/Species References 

Lime CaO 
Individual monoxides  

or in solution,

e.g., [Me,Fe]Oss

46, 50-58 
Wüstite FeO 

Periclas MgO 

Other monoxides MeO 

Spinel MeO Fe2O3 e.g., MgFe2O4, Mg-ferrite 55, 58 

Calcium silicate CaSiO3 Wollastonite (CS) 46, 50 

Ca2SiO4 Larnite (C2S) 46, 50-58 

Ca3SiO5 Alite (C3S) 46, 50-55, 58 

Melilite Ca2MgSi2O7 Akermanite 54

Ca2Al2SiO7 Gehlenite 54

Olivine Fe2SiO4 Fayalite 50, 52 

CaMgSiO4 Monticellite 54

Calcium (Al)ferrite 
C2(A,F)

Ca2(Al,Fe)2O5 Brownmillerite 54-56

Ca2Fe2O5 Srebrodolskite 50-54, 56, 58 

1.3.6 Effect of steelmaking vessel geometry and slag practice 

A basic prerequisite in LD steelmaking is to have a vessel inner volume which 

facilitates enough freeboard within the vessel to contain, in most situations, all the 

foam. Also, the vessel design (inner geometry) has a large influence on whether the 

vessel will slop or not, more specifically the length and slope of the conical upper 

part; the sharper the cone angle, the more sensitive the vessel is to slopping. 

It is a quite common practice to use the LD process end-slag to protect the vessel 

refractory from thermal and chemical wear by means of coating or splashing. It is in 

this context important to realise that any build-up of retained slag, especially in the 

cone, will hugely increase the slopping risk. 
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1.4 AIM AND SCOPE OF WORK 

The overall aim of this thesis work has been to bring new knowledge into basic 

oxygen steelmaking and to the top-blown LD process in particular, with focus on 

finding new ways and means which can be industrially implemented in order to 

minimise excessive foaming and, hence, to prevent slopping. 

Reflecting over the growing number of publications on both the theoretical aspects of 

foaming and the operational causes behind slopping in the LD process, it appears 

that slopping is still very much an experienced operational issue which needs to be 

further investigated; from a fundamental as well as from a practical view-point. 

Even though steel plants have identified which individual LD process parameters 

have the largest impact on foaming, abnormal process conditions resulting in 

excessive foaming may not be avoided, as the combined effects are not scientifically 

clear. This situation makes it difficult to use present knowledge for pre- and in-blow 

slopping prediction and control. To handle this situation, most steel plants have some 

method for in-blow indirect foam height estimation in order to detect a process 

situation most likely leading to slopping. However, none of these methods will deliver 

an estimated foam height until some 30-35% into the blow, which means that 

valuable early-warning time is lost. 

A method widely used in many manufacturing sectors is multivariate data analysis 

(MVDA) and multivariate modelling, in continuous as well as in batch type processes. 

So far, the MVDA approach has yet to be implemented on the LD process, where it 

can be useful in both cause analysis and in advanced process control (e.g., for 

slopping control). Hence, applying MVDA on the LD process, with focus on the 

slopping phenomena, and utilising the result in the development of a slopping 

prediction and control system based on multivariate batch modelling, would be an 

approach never before implemented in basic oxygen steelmaking. 

A method never fully implemented for indirect foam height estimation in basic oxygen 

steelmaking, covering the entire blow, is vessel vibration measurements. To have this 

information would be of the utmost importance in a dynamic slopping control system, 
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facilitating in-blow slopping prediction from the very start of the blow, which is not 

achievable with today’s implemented systems. 

Technical solutions will not be successful without an increased understanding of the 

process fundamentals. It can, in this regard, be established that a deeper scientific 

knowledge of the influence of the in-blow evolution of LD process emulsion 

characteristics on foaming is needed. To increase this knowledge, by investigating 

actual in-blow emulsion samples from an LD converter, has been a corner-stone of 

this thesis work. 

To achieve the overall aim, i.e., to bring new knowledge to the prevention of slopping 

in the LD process, this work has been focused on the following; 

 applying multivariate data analysis (MVDA) methods on the LD process 

with the objective to develop an advanced slopping prediction system; 

 implementing vessel vibration measurements for foam height estimation, 

delivering information to the slopping prediction system during the entire 

blow; 

 based on the study of in-blow collected LD process emulsion samples, 

increasing the understanding of the influence of emulsion characteristics 

on foaming behaviour in the LD process. 
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2 “STATE OF THE ART” 

2.1 SLOPPING CAUSES 

Slopping causes may be divided into two groups depending on their nature: static or

dynamic. Static factors are related to pre-blow operational conditions that can be 

taken care of prior to blowing, for instance: vessel design, quality of charge materials, 

and standardised blowing schemes controlling oxygen lance positioning (i.e., the 

lance gap), timing of additions and flow rates. Dynamic factors are related to in-blow 

factors, such as deviation from blowing schemes (e.g., lance pattern and flux 

additions order) and the extent of bottom stirring. 

One of the most descriptive and comprehensive summaries of slopping causes has 

been published by Shakirov, Boutchenkov, Galperine and Shrader.[59] The authors 

define three types of slopping, as shown in Figure 9: 

 “most common”: a combination of causes such as: [60-71]

o soft blowing conditions and or smaller in-blow ore additions raising 

the iron oxide content in the emulsion, 

o an emulsion with high apparent viscosity  

and or reduced surface tension, 

o disturbances in decarburisation rate, and  

o reduced vessel to charge volume ratio, 

“dry” type slopping: a result of: [28,60,61,63,67,69,71-74]

o thermal imbalance, 

o unfavourable hot metal Mn/Si ratio 

o hard blowing conditions, 

o high slag basicity, and 

o large additions of dolomitic fluxes, 

“volcano” type slopping: related to: [60,66,67]

o hot metal quality, 

o extreme soft blowing conditions, and 

o large additions of slag foaming enhancers, e.g., pig iron, upgraded 

steel scrap containing slag and waste oxide briquettes (WOBs). 
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SLOPPING

Most
Common

DRY
Thermal imbalance

High basicity
High MgO
Dolostone

Hard blowing

VOLCANO
Pig iron

Frozen hot metal
Heavy pit scrap
Baked WOBs
Baked coke

SiO2,
P2O5 / V2O5
Al2O3,TiO2:

• Hot metal
• FeSi
• Quartzite
• Scrap

Decarburization 
dC/dt:

• Excess CO/CO2
generation

• O2 flow rate
• Lance position

Vessel volume:
• High bottom
• Narrow mouth
• Over-charge
• Slag volume

FeO / Fe2O3:
• WOBs
• Iron ore
• Mill scale
• Lance gap 
• Lance profile

Figure 9.  Slopping classification according to Shakirov et al. [59]

The last two slopping types can be of a quite extreme and violent nature, which may 

be avoided by applying rigorous control of the quality of charge materials and 

maintaining consistent blowing practices. 

Note on “hard” and “soft” blowing, respectively; 

 “hard blowing” (harder impact of the oxygen jet on the metal surface) stands 

for the case when the oxygen lance is closer to the metal bath, promoting 

decarburisation in the hot spot area according to reactions (7-8) and later in 

the bath according to reaction (6), resulting in an under-oxidised slag; 

 “soft blowing” (softer impact of the oxygen jet on the metal surface) stands for 

the case when the oxygen lance is further from the bath, increasing the supply 

of oxygen to the slag according to reactions (10 & 12), resulting in an over-

oxidised slag giving increased decarburisation within the emulsion according 

to reactions (9 & 11) and, hence, increased gas generation rate within the 

slag-metal emulsion. 
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2.2 SLOPPING PREVENTIVE MEASURES 

2.2.1 Fundamental vessel, equipment and raw material measures 

Although the main reasons behind slopping are well documented, it is not a straight-

forward matter to take all the measures needed in order to avoid slopping in a top-

blown BOS vessel. It may be the case that basic measures cannot be taken due to 

the current vessel and auxiliary equipment setup. Even so, decisive measures are to: 

 secure a sufficient specific vessel volume,[60]

 adjust hot metal quality in regard to elements with any bearing on slopping, 

 optimise flux quality, with special attention to reactivity and fines,[60,65]

 facilitate a sufficient number of hoppers with continuous feeding system to 

facilitate in-blow addition of slopping suppressive materials,[4,60,75]

 use oxygen lances with a correct design in regard to oxygen flow, number of 

nozzles and nozzle angle.[28,67,69,76-80] Jet coalescence should be avoided, 

 secure a maximum bottom stirring efficiency.[81-84]

2.2.2 Static slopping control – pre-blow preventive measures 

Static slopping control measures involve anything that, on a heat-to-heat basis, can 

be taken care of prior to blowing, such as: 

 hot metal and scrap quality (key parameters),[59,60]

 flux blend and choice of coolants,[60,68]

 total metallic charge,[85]

 blowing patterns, basically involving lance patterns, oxygen flow, flux additions 

and bath agitation,[4,28,59,60,66,75,77,86]

 control of slag properties.[60]

2.2.3 Dynamic slopping prediction and foam height estimation methods 

After initiating the blow, dynamic slopping control measures can be taken. However, 

this requires a method for slopping prediction, either direct by monitoring the foam 

level or indirect by monitoring secondary information with a proven strong connection 

with the foam level or rate of foam growth. Presented below are the most common 

industrially applied methods for indirect foam height estimation. 
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2.2.3.1 Slopping prediction by modelling [12,59,87,88]

BOS vessels today are generally operated with some kind of dynamic process 

control system, providing online calculations throughout the blow of temperatures 

and chemical compositions of melt, slag and process gases. 

2.2.3.2 Slopping prediction based on off-gas data [61,62,73,88-92]

The BOS vessel off-gas is one of the most commonly utilised sources of data for 

process monitoring. Simplest to monitor is the off-gas temperature. Experiences 

show that in the case of full post-combustion, and only then, there is a correlation 

between rapid changes in off-gas temperature and slopping. 

With both off-gas analysis and flow rate it is possible to calculate not only the 

decarburisation rate, but also the oxygen balance at any stage in the blow. By 

comparing the oxygen supplied to the process with the consumed oxygen, it is 

possible to determine if the oxygen level in the slag-metal emulsion is stable, 

increasing towards an over-oxidised state or decreasing towards an under-oxidised 

state. This important information can then be compared with other foaming-related 

data in order to estimate the slopping risk. 

2.2.3.3 Foam height estimation by lance vibration measurement [75,86,93-96]

One of the more common methods for estimating the foam height currently in use is 

monitoring the oxygen lance vibration. This technique involves the transfer of kinetic 

energy from the foaming slag-metal emulsion to the lance, resulting in excitation of a 

vibration spectrum propagating through the lance structure. These vibrations are 

recorded with an accelerometer at the top of the lance. After the point when the lance 

comes in contact with the foam, but only then, the vibration will increase 

proportionally to the contact area and, hence, the immersion depth. 

2.2.3.4 Foam height estimation by audiometry [62,64,73,86,89,97-102]

A current industrial alternative to lance vibration is audiometry, whereby process 

noise mainly originating from the oxygen jet is recorded by microphones placed 

either inside the lower stack,[64,84,96,98] or close to the vessel mouth.[62,73,97,99] As the 
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foaming slag-metal emulsion will act as an acoustical attenuator, the measured noise 

level will decrease with increasing foam height. 

2.2.3.5 Slopping prediction by combined methods [62,64,86,98,101,103]

All indirect methods for slopping prediction will at different stages of the process be 

“contaminated” by other phenomena not related to slopping. The precision will 

therefore increase if methods are combined. Reported slopping prediction accuracies 

range from 60% to 80%. An interesting remark is that pre-blow calculation can give a 

70 to 75% accuracy,[64] whereas in-blow dynamic measurements and calculations 

show roughly 5% lower accuracy (i.e., 65-70% accuracy). An account of the precision 

of slopping prediction (shown in Table 2) has been given by Kanai et. al.[86]

Table 2. Slopping prediction accuracy, a comparison between individual 
methods and by combination.[86]

Accuracy via a single prediction method Combination 
prediction
accuracyAudiometry Lance

vibration
Pre-blow  

slag model 
Prediction hitting ratio 92% 72% 92% 88% 

Over-estimation ratio 59% 78% 50% 18% 

2.2.4 Dynamic slopping control – in-blow measures 

In the case of slopping being predicted or already commenced in a top-blown BOS 

vessel (i.e., in the LD converter), there are some basic slopping suppressing 

measures that can be taken. These involve the following parameters: 

 oxygen lance position,[60,61,64,66,69,73,75,86,98,99]

 oxygen flow rate,[60,61,64,66,73,75,86,92,98,99]

 bath agitation (bottom stirring),[60,69,73,83,86,99]

 material additions.[60,64,65,66,69,86,93,104-106]
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3 METHODOLOGY 

3.1 SLOPPING CAUSE ANALYSIS 

3.1.1 LD process operational data and slopping registration 

The LD process data for the slopping cause investigation were supplied by SSAB 

Europe Luleå Works, which operates a BOS plant with two LD-LBE converters; 

during the main part of the investigation having a heat size of 114 tonne, which was 

later increased to 130 tonne. 

Slopping events data were collected by an image analysis system, automatically 

registering slopping both in regard to time and to severity. A description of the 

slopping registration setup and function is found in Paper I. The system delivers the 

following slopping variables: 

 a 2-second average slopping value (in %), the percentage of light pixels 

relative to the total number of pixels in the scanning area of the camera image, 

 a slopping index ( %), calculated for each heat by accumulating the slopping

value over the oxygen blowing period, 

 an average slopping value (in %) for each individual blowing minute. 

3.1.2 Slopping causes investigation method 

To find clear correlations between specific process parameters and slopping, a large 

number of heats have been analysed. The main data set included more than 7,100 

heats (observations), each with values for 70 process parameters (variables). Hence, 

the total data set to be analysed had close to half a million individual observations. 

The initial result of the analysis of this data set is presented in Paper I, while a 

complementary analysis of the same data set is presented in Paper IV. An analysis 

of a second set of operational data comprising close to 700 LD heats has been 

conducted, the result of which is presented in Paper V. 

With such large data sets it was decided to apply a multivariat data analysis (MVDA) 

approach using the SIMCA-P® MVDA software.[107] The general idea with MVDA is to 

transform an incomprehensive set of data into pictures which, in a descriptive way, 
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identify the most conspicuous connections between input variables. The method 

analyses the data in two steps,[107] as illustrated in Figure 10; 

i. Principal Component Analysis – PCA: 

–  to get an overview of the data set in order to recognise patterns  

  such as groupings, trends and “outliers”; 

ii. Projections to Latent Structures – PLS: 

–  to establish relationships between input and output variables, and, 

  if applicable, to create (predictive) models. 

A)                                         B)                                         C)

x1

x2

x3

PC1
PC2

x1

x2
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Figure 10. The principals in multivariate analysis.[107]

Imagine that every observation is a point in the nth space where the point is defined 

by a vector with “n” number of coordinates, “n” being the number of variables for 

each observation. In the PCA all these points are projected down onto the line 

through the nth space, which will give the lowest sum of distance between the line 

and each individual observation. The direction of this line is known as the first 

principal component, PC1 (Figure 10A).

The direction for the next best line is accordingly called the second principal 

component, PC2, and it is at a right angle to PC1. PC1 and PC2 make up the plane 

onto which the observations can be projected for the best possible two-dimensional 

representation of the complete data set (Figure 10B). It is in this first plane that any 

significant groupings, trends and “outliers” among the observations may be revealed. 

In the projection process the principal components axis has replaced the original 

variables. This enables determination of the impact of the individual variable, as a 

small angle between the axis for an original variable and a principal component axis 

indicate a strong impact in the PC direction (Figure 10C), contrary to a large angle. 
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3.2 SYSTEM FOR FOAM HEIGHT ESTIMATION 

3.2.1 Vessel vibration - investigation into sensors and positioning  

With the assistance of Vibroakustik i Sverige AB, tests commenced at SSAB Europe 

Luleå BOS vessel LD2 in 2006. Two different measuring techniques were tested; tri-

axial accelerometer and laser. 

Tri-axial piezoelectric charge accelerometer 

The optimal position to measure vessel vibrations with an accelerometer would (of 

course) be on the vessel shell. It was, however, clear from the start of the work that 

the only practical placement would be on the trunnion, as placement on the shell 

would not be possible due to a high surface temperature, the need for protection 

against damage from slopping and an altogether awkward access situation. Tests 

were carried out with accelerometers mounted on the trunnion as well as on the 

bearing housing. The results showed that the best vibration signal is obtained with 

direct trunnion mounting. 

Industrial laser Doppler vibrometer 

Even though the idea of mounting an accelerometer directly on the vessel shell was 

abandoned, there was an alternative non-contact method available: the laser Doppler 

vibrometer. Parallel with measuring trunnion vibrations, the shell vibration was 

measured with a laser placed on a platform some distance away from vessel. Point 

of measure was a clean surface just above the taphole. However, an accelerometer 

placed on the laser itself showed that the vibrations in the surrounding building 

structure would make it quite complicated to separate the vessel vibration frequency 

spectrum from the signal recorded by the laser Doppler vibrometer. 

The conclusion from the preliminary tests was that the best and most practical way to 

measure vessel vibration would be with an accelerometer placed directly on the end 

of the trunnion, on the gearbox side of the vessel (see Figure 11).

The signal and logging unit was connected to a PC on which the log-files were stored 

at the end of each heat. The PC contained LabVIEW® software was used for logging 

settings, conducting online frequency spectrum analysis by FFT (Fast Fourier 
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Transform) and RMS (root-mean-square) calculation for any given frequency 

band.[108] Figure 12 displays a screen dump of the user interface showing the 

evolution of the calculated vibration RMS amplitude level, in this case for the 8.92-

11.2 Hz frequency band. A detailed description of vibration accelerometer mounting 

on the vessel trunnion and vibration signal analysis is given in Paper II. 

50 mm

Accelerometer

y

z x

Trunnion axis

RMS 8.91 – 11.2 Hz
fsample 2500 Hz
FFT length 8192

Time

A
m

pl
itu

de

O2 blowing period

Figure 11. Vibration sensor on  
LD vessel trunnion.

Figure 12. Example of online RMS 
vibration amplitude.

3.2.2 Audio measurements 

For the initial trial period with audio measurement it was important to have a point of 

measure as close as possible to the process. The easiest access outside the waste 

gas duct was found to be at the point where the oxygen lance enters the vessel 

hood. To avoid having the microphone placed in the immediate vicinity of the vessel 

hood a 10-metre-long 25 mm pipe (sound duct) was drawn from the point of 

measure. At the far end of the duct a standard PA-microphone was attached to a 

custom-made socket, designed to eliminate transfer of structural sound waves to the 

microphone.

An overview of the setup for vessel vibration and audio measurements is given in 

Figure 13. More details on the vibration and audio measurements, including those at 

Tata Steel Scunthorpe and Teesside plants, are given in Paper III. 
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Figure 13. 

Overview of Luleå BOS 
vessel vibration and audio 
measurements locations.
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3.2.3 Vibration and audio signal analysis 

For the detailed post-analysis of recorded vibration and audio signals during the 

initial trials, at SSAB Luleå as well as at Tata Scunthorpe and (former) Teesside 

plants, a specially designed MATLAB program has been used, in which the analysis 

was divided into two parts (a detailed description of the signal analysis process is 

given in Paper II); 

1. Frequency spectrum analysis by FFT; for the determination of the

respective overall vibration and audio behaviour; 

2. RMS amplitude calculation; to study variations in vibration and audio 

amplitude level through the course of the blow. 

3.2.4 Trials description 

The main vessel vibration and audio measurement work was carried out at SSAB 

Luleå during different trial periods in 2008 and 2009. These measurements were 
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validated by a series of measurements at Tata Steel Europe Scunthorpe Works and 

a single measurement at former Tata Steel Europe Teesside Works (now Sahaviriya 

Steel Industries UK). A summary of conducted initial trials is given in Table 3. 

Table 3. Summary of LD vessel vibration and audio measurements. 
 *Trials carried out with pre-set scrap mixes (see text below).

Year/month Plant Vessel(s) Size, t Description No. Conditions 

2008/02 Luleå LD1 114 Vibration 67 Normal 

2008/02-03 Luleå LD1 114 Vibration 66 Scrap* 

2009/05 Luleå LD1 130 Vibration & audio 31 Scrap* 

2009/06 Scunthorpe V1 & V3 300 Vibration (& audio) 20 Normal 

2009/09 Luleå LD2 130 Vibration 10 Normal 

2009/10 Luleå LD1 130 Vibration 35 Normal 

2009/11 Teesside Vessel A 240 Vibration (& audio) 1 Normal 

2009/12 Scunthorpe V1 & V2 300 Vibration (& audio) 16 Normal 

Total number of trial heats 246  

A large number of the Luleå trials were carried out with tight control of the scrap mix 

for each individual heat. The main purpose of this approach was to ensure that, 

during each trial day, there would be some heats with slopping and some without, as 

it is well known that certain scrap types will increase the slopping risk. The available 

scrap types were, in slopping impact order from none to large: 

i. scrapped slab, divided into “ordinary” and high alloyed (Cr, Ni, Cu, Mo), 

ii. scrapped steel sheet from the strip mill, 

iii. purchase scrap, including some high carbon rail steel, 

iv. in-plant pig (cold) iron i.e., hot metal casted on sand beds, 

v. large skulls (+300mm), mainly from casting tundish and slag pots, 

vi. upgraded mixed steel scrap (75-300mm) from steel plant clean-ups. 
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3.3 DYNAMIC SLOPPING PREDICTION SYSTEM 

The aim of this part of the thesis work was to assess the feasibility of using 

multivariate data analysis (MVDA) in the development of a slopping control system. 

This system should not only be based on static input charge data, but also on 

dynamic information from the permanent vessel vibration and audiometry system on 

BOS vessel LD2 together with other continuous process data (e.g., off-gas analysis). 

Online MVDA solutions have in recent years been successfully applied in hot metal 

desulphurisation and continuous casting at ArcelorMittal Dofasco Steelworks, 

Hamilton, Canada.[109,110] However, reports on BOS-related applications for dynamic 

process control are few.[111]

3.3.1 Multivariate batch analysis 

Basic multivariate analysis is applicable to continuous processes such as blast 

furnace ironmaking, where the main objective is to run the process as close as 

possible to an optimum point of operation and where the observations are a set of 

consecutive, equally long time periods (e.g., minutes, hours or days). However, the 

BOS process involves heats with defined start and end, typical of a batch process 

with a finite duration. 

Characteristic for a batch process is that the variable trajectories describe time-

related dynamic dependencies.[107] Hence, multivariate batch analysis is made on a 

three-way matrix, consisting of K number of variables, J number of time-steps (or 

time-points) and N number of batches. 

To be able to perform a multivariate batch analysis it is necessary to transform or 

“unfold” the three-way matrix to a two-way matrix. This can be done in two ways: to a 

K×JN matrix or to an N×JK matrix. The first way of unfolding the batch data results in 

a so-called Batch Evolution Model (BEM), which will graphically describe the average 

batch trajectory and its standard deviation for a combination of variables for all the 

batches in the data set. 
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The second way of unfolding (to an N×JK matrix), resulting in a Batch Level Model

(BLM), will give a two-way matrix on which a basic PCA/PLS analysis can be 

performed. The model will be based on separate variable average values for each 

time-step over all batches. Besides dynamic batch data, static input and output batch 

data may be included. With the BLM it is possible, at any time in the process, to 

create prediction models, e.g., on the slopping probability in any of the remaining 

time-steps of the batch. The two batch data unfolding principles are described more 

in detail in Paper V. 

3.3.2 Outline of MVDA study 

In the work presented here, multivariate batch analysis has been used to perform the 

following LD process studies, using SSAB Luleå LD2 process data from 2013; 

i. Batch evolution modelling for LD process diagnostics in regard to slopping 

behaviour;

ii. Batch level modelling for prediction (at each time-step) of if and when slopping 

will be expected later in the blow. 

3.4 LD EMULSION CHARACTERISATION 

3.4.1 Slag-metal emulsion sampling 

The LD process slag-metal emulsion samples used in this investigation are from the 

RFCS-funded project IMPHOS - Improving Phosphorus Refining (Contract No. 

RFCS-CT-2006-00006). This project included a series of trial heats in the Swerea 

MEFOS 6-tonne pilot plant LD vessel. For these trials, a specially designed metal 

and emulsion sampler was developed, which simultaneously collected seven 

individual samples at defined vertical positions inside the LD vessel.[6]

Figure 14 describes the sampling positions in the pilot vessel. Sampling was carried 

out at 2-minute intervals, starting at approximately 2 minutes into the blow, the last 

sampling at the very end of the blow (at 16 minutes). It was decided to base this 

study on samples from the same level, the choice being level 5 (approximately 700 

mm above the metal bath surface). 
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Figure 14.  
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Each sample was divided into two parts; one fine-grinded, with magnetic fractions 

removed for chemical analysis by x-ray fluorescence (XRF) and for mineralogy 

examination by x-ray diffraction (XRD); the other part consisting of larger flakes for 

microscopic examination, for instance, in the scanning electron microscope (SEM). 

3.4.2 Foam level registration and sample selection 

The IMPHOS project involved a total of 25 pilot LD heats. For all heats the degree of 

slopping was recorded and the foam level determined by the level of liquid material 

on each sampler assembly as it was retracted out of the vessel. 

Based on this information, three heats were selected to be part of the emulsion 

characterisation investigation; one heat with heavy slopping (heat S1841), one 

without slopping (S1844), and one heat with moderate (late) slopping (S1846). 

Due to lack of emulsion sample material from the first sampling, emulsion samples 

for this study were gathered from the sampling at 4 minutes (2nd sample) to the last 

sampling at about 16 minutes (8th sample), hence, resulting in 7 samples per heat. 
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3.4.3 Sample preparation and analysis 

The sample analyses, summarised in Table 4, included: 

i. chemical analysis by x-ray fluorescence (XRF), 

ii. determination of iron oxidation state (i.e., of Fe2+ and Fe3+) by titration, 

iii. mineralogy investigation by XRD, 

iv. emulsion characterisation by SEM, including spot analysis by energy 

dispersive spectrometer (EDS). 

Table 4. Summary of, in this study, carried out LD process emulsion 
samples chemical and microscopy analyses.

Analysis 
method 

Sample heat S1841 Sample heat S1844 Sample heat S1846 

2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 

XRF x x x x x x x x x x x x x x x x x x x x x 

Fe2+/Fe3+ x x x x x x - x x x x x x x x x x x x x x 

XRD x x x x x x x x x x x x x x x x x x x x x 

SEM-EDS x x - x - x - x x - x - x x x x - x - x x 

Some slag-metal emulsion samples were contaminated by zircon emanating from a 

heat-resistant cover material sprayed onto the sampler assembly. For contaminated 

samples the XRF analysis was normalised, excluding the zirconia (ZrO2) and the 

corresponding silica (SiO2).

3.4.3.1 XRD mineralogy investigation 

All XRD emulsion samples were run in a PANalytical Empyrean diffractometer with 

Bragg-Brentano geometry and a PIXcel3D detector, using copper K  radiation of 45 

kV and 40 mA. Diffraction patterns were recorded from 5° to 70° 2 , in 0.026°/step 

and by counting 295s per step. The obtained patterns were then analysed using the 

“HighScore Plus” software / Database COD 2013.[112]

3.4.3.2 SEM-EDS examination 

The scanning electron microscope used in this work was a high-resolution (~0.8 nm) 

Zeiss Merlin FEG-SEM using a beam operating voltage of 20 kV. Semi-quantitative 

and qualitative elemental analyses were carried out by EDS (energy dispersive 
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spectrometer) using an Oxford X-MaxN 50mm² silicon drift detector (SDD). Copper 

was used as a reference in order to measure the intensity of the beam. For each 

SEM examined sample several areas of interest were documented in pictures and by 

conducting EDS spot analyses. However, the validity of any spot analysis had to be 

judged in regard to the target crystal size in relation to the beam diameter, as the 

spot analysis of smaller crystals will be influenced by neighbouring crystals. 

3.4.4 Thermodynamic equilibrium calculations 

Thermodynamic equilibrium calculations were made in FactSage software 6.1;[113]

i. to determine possible chemical species, using the [FACT53] compound 

database and [FToxide] solutions database, with selected relevant solutions: 

SLAGA, SPINA, MeO_A, aC2S, bC2S, Mel_, OlivA and C2AF; and 

ii. to calculate slag phase liquid viscosity in the FactSage software 6.4, using the 

“melts” database. 

The result of the thermodynamic equilibrium calculation (in regard to possible mineral 

species) has been used as supporting information when interpreting the obtained 

SEM-EDS examination and XRD analyses results. 

The pilot trial emulsion samples contained high levels of vanadium ( 3-8% as V2O5)

as high vanadium pig iron was used as liquid hot metal source. However, due to lack 

of thermodynamic data, it has not been possible to take into account any effects of 

vanadium in the thermodynamic calculations. 

All procedures and equipment used for emulsion sampling, as well as sample 

preparation and analysis are described in more detail in Paper VI. 

3.4.5 Comments on 6-tonne pilot plant LD vessel process 

Pilot plant trials charge data are given in Table 5. It is important to note: 

 that there is a rather low hot metal carbon content (3.8 to 3.9%), 
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 that the pilot converter was operated with a single-hole oxygen lance and 

a minimum lance gap of ~1.5 m, positioning the lance tip only some 0.7 

m below the vessel mouth, 

 that the initial slag formation period in the pilot vessel was somewhat 

longer than in an industrial LD converter, the total Fe content peaking 

some 10 to 20% later into the blow, 

 that, due to the above, there is a later start of the main decarburisation 

period. While the main decarburisation period in the industrial converter 

begins some 10-20% into the blow, this point was not reached during the 

IMPHOS pilot vessel trials until about 40% into the blow (or even later). 

Table 5. Pilot plant LD process IMPHOS trials heat data. 
* The end-of-blow (e.o.b.) temperature is not according to the 
   “turn-down” measurement, but a calculated temperature at the very 
   end of blowing based on the evolution of in-blow temperature given 
   by actual measurements (see Figure 30). 

Heat data unit S1841 S1844 S1846 
Hot metal (HM) charge kg 4,610 4,510 4,620 
Scrap charge kg 750 700 700 
Burnt lime kg 250 250 250 
Dolomitic lime kg 0 0 28 
Final lance gap m 1.6 1.5 1.5 
HM quality: 
- Carbon 
- Silicon 
- Manganese 
- Phosphorus 
- Temperature 

%
%
%
%
°C 

3.78
0.60
0.44

0.090
1314

3.80
0.63
0.44

0.094
1310

3.87
0.50
0.44

0.085
1272

Liquid steel (at e.o.b): 
- Carbon 
- Temperature* 

kg
%
°C 

4,900
0.01
1675

4,910
0.03
1752

4,990
0.05
1758

Slag (at e.o.b): 
- Fetotal

- Basicity (CaO/SiO2)
- MgO 

%
%/%

%

33.3
2.4
5.6

13.2
2.7
6.7

23.1
3.1
9.5
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4 RESULTS AND DISCUSSION 

4.1 SLOPPING CAUSES IN THE LD PROCESS  
(Papers I, IV & V) 

4.1.1 Loss of valuable metal 

The most obvious and unwanted result of slopping is a loss of valuable metal. Just 

how much metal is lost is often difficult to determine due to insufficient data, making a 

precise mass balance impossible. However, to confirm that the slopping emulsion 

does contain considerable amounts of metal, industrial slag-metal emulsion samples 

were collected by placing a piece of sheet-metal directly underneath one of the SSAB 

LD vessels. Each sample was weighed in dry state and placed in a container (with a 

defined volume), which was then filled with water. The total weight of water and 

emulsion sample was determined in order to calculate the amount of added water. 

The volume of the emulsion sample could then be calculated. Finally, by assuming a 

slag density of 2.5 kg/dm³ and a metal density of 6.8 kg/dm³, the emulsion sample 

metal content was calculated. The resulting metal content, listed in Table 6, ranges 

from 16% to 63% (by weight). This is partly higher and partly in line with other 

reported numbers.[114,115] The metal content seems to increase with the extent of 

slopping, indicating a higher apparent viscosity and, hence, slower gravitational 

separation of metal droplets from slopping emulsions. 

Table 6. Estimated emulsion metal content (by weight) through sampling 
underneath the Luleå LD vessel.

Sample Weight, kg Density, kg/dm³ Metal, wt% Comment 
1 4.22 4.48 46 Medium slop 
2 3.66 4.92 56 Heavier slop 
3 1.98 3.17 16 Very light slop 
4 2.70 5.20 63 Lighter slop 
5 2.74 4.87 55 Heavier slop 
6 1.51 3.67 27 Lighter slop 
7 2.05 5.11 61 Heavier slop 
8 2.59 4.94 57 Medium slop 
9 2.71 5.04 59 

Samples of vessel  
mouth skulls 10 2.96 4.47 46 

11 2.15 4.50 47 
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4.1.2 Slopping registration 

To map the operational causes behind slopping in the LD process it is a fundamental 

requirement to automatically register all slopping events and their intensity. Figure 15 

gives an example of the slopping data obtained by image analysis. For this particular 

heat the maximum slopping value reaches over 70%, corresponding to the area 

fraction of the scanned image covered by passing molten material during slopping. 

The value of the slopping index (obtained by accumulating the slopping value over 

the complete blow) is 7,200 ( %), reflecting the heat total slopping intensity. 
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Figure 15. Luleå BOS vessel LD1 slopping registration: Example of a single 
heat data with slopping value and slopping index. Also given
are rates for: oxygen flow (O2 flow), decarburisation rate (dC/dt) and 
lance gap (Lance).

4.1.3 Investigation into slopping causes 

The results of the main slopping cause investigation, presented in Paper I, were 

based on Luleå BOS vessel LD1 process data for a period of 53 weeks of full 

operations. The data set comprises more than 7,100 observations and 70 variables, 

the latter listed in Table 7 with the short-names used in the data analysis. 

The multivariate data analysis involved an initial principal component analysis (PCA) 

in order to detect possible outliers to be eliminated from the data set, and to map any 

trends or groupings. Figure 16 shows the PCA scores plots (observations) for the 

planes defined by PC1/PC2 (top left) and PC1/PC4 (top right). Both score plots show a 

clear grouping of the data. 
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Table 7. Variable list for the main slopping cause investigation.

Group Variable Unit SIMCA  Group Variable Unit SIMCA 
Vessel Heats on lining no. cpH  e.o.b. aim C % amC 

Heats on nozzle no. nzH  P % amP 
Mouth cleaning tonne vSc  e.o.b. result Oxygen activity ppm ebaO 
Slag coating 0/1 coat  Temperature °C ebTp 

Hot
metal

Weight tonne hmW  Analysis:         C % ebC 
Temperature °C hmTp                         Si % ebSi 
Analysis:         C % hmC                        Mn % ebMn 
                       Si % hmSi                         P % ebP 
                      Mn % hmMn                         S % ebS 
                       P % hmP                        Cr % ebCr 
                       S % hmS                         V % ebV 
                      Cr % hmCr  Weights in steel 

ladle
Cal. liq. weight tonne cwL 

                       V % hmV  Act. liq. weight tonne awL 
                      Ti % hmTi  Skull tonne ldSc 

Scrap Total weight tonne scT  Slopping Slopping index % SlpX
Alloyed slab tonne scCr  Calculated ratios 

& parameters 
HM Mn/Si - hmMS 

Scraped slab tonne scSb  e.o.b. Mn/C - ebMC 
Pig (cold) iron tonne scPi  e.o.b. aO×C ppm×% ebCO 
Mixed 75-300mm tonne scMc  Metallic charge tonne Met 
Rail scrap tonne scRl  Fe yield % FeY 
Steel sheet tonne scPl  Lime quality S content:   d+0 % klkS0 
Purchased tonne scPc                     d+1 % klkS1 
Skulls +300mm tonne scSl                     d+2 % klkS2 

Fluxes Lime weight kg lmW                     d+3 % klkS3 
Dolo-lime weight kg doW  - last 3d average % klkSr 
Dolostone weight kg rdW  Rest CO2 : d+0 % klkC0 
Ore weight kg orW                     d+1 % klkC1 
FeSi weight kg fsW                     d+2 % klkC2 
Ar volume  Nm³ arV                     d+3 % klkC3 
N2 volume Nm³ n2V  - last 3d average % klkCr 
O2 volume Nm³ o2V  Reactivity: d+0 % klkR0 

Practice Lance profile no. prL                     d+1 % klkR1 
Flux add. profile no. prA                     d+2 % klkR2 
Bath agg. profile no. prP                     d+3 % klkR3 

e.o.b.
aim Temperature °C amTp  - last 3d average % klkRr 

Note: All weights and volumes are for the period of the blow prior to the in-blow 
sublance sampling (at about 80% of blown oxygen). 

  Flux addition profile number is low (1 or 2) for “dolo before lime” practice 
and high (3 or 4) for “lime before dolo” practice. 

  Five different values for each lime quality parameter were calculated in 
order to cover the uncertainty in time-shift (from 0 to 3 days) between lime 
produced/sampled and lime consumed in the LD vessel. 

  Steel ladle weights were included in order to calculate Fe yield, but 
disregarded in the detailed analysis, as was the end-of-blow analysis, 
except for the calculated Mn/C ratio representing the oxidising state at the 
end-of-blow, due to lack of slag analysis data. 
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The bottom loadings plot (variables) in Figure 16 gives a preliminary indication as to 

which process variables have the largest impact on the observations grouping; 

 shifting the observations to the left in the scores plot:   

high flux addition profile number (prA), high end-of-blow (e.o.b.) 

temperature (ebTp) and high e.o.b. Mn/C ratio (ebMC);

 shifting the observations to the right in the scores plot:   

high total scrap amount (scT), high amounts of pig iron (scPi), skulls 

(scSk) & purchased scrap (scPc), higher e.o.b. aim carbon (amC),

higher hot metal sulphur (hmS), large total metal charge (Met), high 

total oxygen volume (o2V) and a high slopping index (SlpX).
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Some variables, however, can be omitted due to a strong connection to another 

variable; e.g., a high O2 volume to a large metallic charge. Hence, the subsequent 

PLS analysis was conducted with a reduced data set, omitting variables having no 

direct bearing on slopping or connected to slopping via another variable with a clear 

slopping influence. Furthermore, two new calculated variables were added, namely: 

 fDo  = (kg dolomitic lime)/(kg burnt lime + kg dolomitic lime), 

 fTDo  = (kg dolostone + kg dolomitic lime)/ 

       /(kg dolostone + kg burnt lime + kg dolomitic lime). 

Figure 17 shows the first two component scores plot for the PLS analysis with the 

slopping index, SlpX, as dependent variable. Again, the grouping clearly stands out. 
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Figure 17. Scores plot for PLS analysis with slopping index, SlpX, as 
dependent variable (Y). 

Figure 18 shows the (to Figure 17) corresponding PLS loadings plot. The picture 

looks somewhat complex, but some very clear variable connections are revealed. As 

the correlation between variables increases with a decreasing angle between the 

variable vectors, variables enhancing slopping should be found close to the slopping 

index (i.e., in the upper right quadrant), while variables connected to a low slopping 

occurrence should be found on the opposite side (i.e., in the lower left quadrant). 
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dependent variable (Y). 

Looking at which variables appear in these two quadrants, it is clear that the lighter 

grey quadrant on the left is equivalent to what can be defined as: 

 “hard blowing” conditions/regime:  

predominant when blowing towards higher tapping temperatures, 

with large amounts of coolant ore due to scrap restrictions, a lower 

oxidising state resulting in a high Mn/C ratio at end-of-blow and a 

“burnt lime before dolomitic lime” flux addition practice (to enhance 

lime dissolution for improved phosphorous refining). 

The darker grey quadrant to the right is equivalent to what can be defined as: 

 “soft blowing” conditions/regime:  

predominant when blowing towards lower tapping temperatures, with 

no scrap restrictions, a higher oxidising state resulting in a low Mn/C 

ratio at end-of-blow and a “dolomitic lime before burnt lime” flux 

addition practice. 
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As can be seen in Figure 18 (and as described in Paper I) the “soft blowing regime” 

is associated with a high degree of slopping, resulting in an extra 1% loss in valuable 

metal. The “hard blowing regime”, on the other hand, exhibits basically very low 

slopping levels with a negligible loss of metal. 

4.1.4  Implementation of scrap-quality based lance gap adjustment 

A direct result of the slopping cause investigation was the implementation (at SSAB 

Luleå) of lance gap adjustment based on the quality of charged steel scrap and 

coolant ore (presented in detail in Paper I); the larger the weight of unclean scrap 

and initial ore addition, the smaller the gap between lance tip and metal bath. The 

adjustment is only applied during the ramping-down period, not to the final lance 

position, as it may lead to undesired lance skulling. For the calculation of the lance 

adjustment, an adjustment factor (in cm/tonne) has been assigned to each unclean 

scrap type and to ore, the individual adjustment factor based on the defined influence 

on the slopping index (i.e., slopping intensity). 

4.1.5 Complementary slopping cause investigations (Papers IV and V) 

Complementary static slopping cause investigations have been conducted, both on 

the “original” data set of 7,100 heats and on the “new” data set of 700 heats used 

in the dynamic modelling study. An additional focus in these complementary studies 

was the mapping of which process conditions lead to earlier or later slopping, 

respectively, in regard to time of commencing slopping. 

The results of the complementary analysis confirm the initial analysis; for instance, a 

strong correlation between slopping and soft blowing conditions. More evident now, 

after the implementation of lance pattern adjustment due to scrap quality, is an 

equally strong correlation between slopping and the practice of pushing large vessel 

mouth-skulls into the converter prior to blow. These skulls, with a 50/50 mix of slag 

and metal droplets, seem to act as a “foaming accelerant”. Of interest is also an 

indicated strong connection between low hot metal vanadium and a high slopping 

occurrence.
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Apart from the fact that soft blowing conditions will increase the severity of slopping 

whenever it occurs, this work has shown that early slopping is to be expected when 

conditions favour rapid foaming of a large initial slag volume, that is; 

 high hot metal Si and Mn levels; 

 large early ore additions; 

 hard burnt and slow-reacting lime; 

 after vessel mouth cleanings prior to blow, when large skulls have been 

pushed into the steelmaking vessel. 

Late slopping is to be expected with; 

 large additions of slow-melting unclean scrap such as steel skulls and pig 

iron, introducing extra oxygen and/or carbon into the melt late in the main 

decarburisation period. 

4.1.6 Slopping cause summary 

Table 8 gives a summary of which process conditions generally causing slopping and 

their effects in regard to the different mechanisms involved with foaming and the 

slopping phenomenon. 

Practically, the worst cases of slopping are caused by over-oxidising conditions, 

primarily a result of soft blowing conditions in combination with large additions of 

carbon containing scrap (such as pig iron and rail scrap) and or with large additions 

“unclean” recycled in-plant scrap. The use of dolomitic fluxes and a hard burnt, low 

reactive lime contributes to an increased overall slopping sensitivity. 

At what time during the blow slopping is generally experienced gives additional 

information on the main causes and mechanisms behind slopping. If, for instance, 

slopping normally begins well into the main decarburisation period, it is unlikely that 

the gas generation rate given by the oxygen supply rate is a general slopping cause. 

It is instead an issue of the late melting of heavy scrap (especially pig iron) suddenly 

releasing carbon. This will raise the decarburisation driving force, which results in an 

increased gas generation rate. It is also possible that late melting of heavy scrap 

causes changes in emulsion properties enhancing slopping, e.g., a reduced surface 

tension due to the addition of surface active components (e.g., SiO2 and Cr2O3).
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Table 8. Summary of the main slopping causes. The effects on foam 
index via “emulsion properties” and “gas velocity” refer to 
equation (5) on page 6.

Type 
 of 

slopping 
Process
parameter 

Increased 
slopping

risk when: 

Effecting 

Oxidising
state 

Foam index via: 
Emulsion  
volumeEmulsion 

properties Gas velocity 

Common Lance gap Low/high  over- or 
under-ox. X X X

Lime quality Low
reactivity  X  

FeO additives Large 
additions  over-ox. X X X

Specific volume Too low    X

Flux addition Fines, batch, 
order  X  

Bath agitation Poor  over-ox. X X X 

Slag composition Improper  over- or 
under-ox. X  X

Decarburisation rate Too high   X 

O2 lance tip Design/wear  over- or 
under-ox. X X X

 Dry Lance gap Too low 
All

leading 
to an 

under-
oxidised

state 

X  X

Dolomitic materials >6-7% MgO X

Lime- & dolostone  Too much X X 

Basicity Too high X

Hot metal Si Too high X  X

Hot metal Mn Too low X

Thermal imbalance Poor lime 
dissolution  X  

 Volcano Lance gap Too high 
All

leading 
to an 
over-

oxidised
state 

X X X

Heavy pit scrap Large 
additions X X X

Pig (cold) iron Large 
additions X X X

WOBs addition Large batch 
additions X X X
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4.2 INDIRECT FOAM HEIGHT ESTIMATION 

4.2.1 Vessel vibration measurement (Papers II and III) 

The results from the vessel vibration trials have been reported in: 

Paper II: presenting the theory on BOS vessel vibration and foam 

height estimation, as well as a thorough account of the 

vessel vibration measurement trials and signal analysis 

performed at Luleå, and in 

Paper III: where the account of the vibration trials on larger BOS 

vessels at Tata Steel Scunthorpe Works is given. 

The vessel vibration trials at Luleå confirm a strong correlation between vessel 

vibration and BOS process phenomena such as foaming, and that: 

i. the most favourable and practical vessel vibration sensor placement for foam 

height estimation is on the trunnion pin on the vessel tilting drive-side; 

ii. the best correlation with an estimated foam height is with low frequency 

vibrations in the vessel horizontal direction, 90° to the trunnion axis; 

iii. as the filtering properties of the mechanical structure will vary from vessel to 

vessel, so will the optimum mid-frequency, but it will remain constant for an 

individual vessel as long as no major change is made to its design; 

iv. the confirmed correlation between vessel vibration and foam height can be 

used for dynamic foam height and slopping control. 

The Scunthorpe trials (and the single Teesside trial) support the conclusions drawn 

from the Luleå trials in regard to the correlation between vessel vibration and foam 

height, the best sensor placement and optimum vessel vibration direction. The trials 

also show that: 

i. vessel vibration can be used on any size of BOS vessel to monitor the 

foaming process for dynamic foam height estimation and slopping control; 

ii. the mechanical filtering properties of the vessel structure will decide the best 

mid-frequency – the larger the vessel mass, the lower the mid-frequency. 
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4.2.2 Audio measurements at Luleå (Paper III) 

The usefulness of audiometry for BOS process slopping control is well proven. 

Hence, the audio measurements at Luleå were carried out in order to compare the 

vessel vibration technique with audio measurements under controlled conditions. 

The results from the audio measurements at Luleå, described in greater detail in 

Paper III, showed that: 

i. it may not be necessary to measure the process sound from inside the off-

gas hood. If conditions are suitable, a good audio signal can be obtained by 

measuring the sound at the point where the oxygen lance enters the hood; 

ii. the audio signal obtained from the Luleå trials exhibits the same basic pattern 

during the blow as by audiometry systems at other plants i.e., a reduced 

noise level as the foam height increases; 

iii. the audio signal can be used to detect high moisture content in fluxes, as the 

sound from the “micro” steam explosions that will occur will clearly show up 

in the raw audio signal. 

4.2.3 VESSEL VIBRATION FOR FOAM HEIGHT ESTIMATION 

4.2.3.1 Selection of vessel vibration direction and mid-frequency (band width) 

The method of LD vessel vibration measurement for indirect foam height estimation 

is based on the theory of the transfer of kinetic energy from the foam to the vessel, 

resulting in the propagation of vibrations through the vessel structure; the higher the 

foam level and, hence, the contact area between foam and vessel wall, the higher 

the transferred vibration level. It would, therefore, be expected (as illustrated to the 

left in Figure 19) that the best correlation will be between foam height and vibration in 

the vessel horizontal directions. This assumption is supported by the results obtained 

in this work (see Papers II and III). 

The results have also shown that the vibration measured in the vessel y-direction i.e., 

horizontal and 90° to the trunnion axis, will give a more accurate estimation of the 

foam height compared to the vibration measured along the trunnion axis (defined as 

the vessel x-direction). The reason is related to the vibration filtering characteristics 



48

determined by the mechanical structure natural frequency, f0, which is proportional to 

the square root of the system stiffness, K, according to the following relationship:[108]

2
1fo        (13) 

where, M is the total mass of the measured vibrating system. For the Luleå BOS 

vessels the natural frequencies in the horizontal directions have been experimentally 

determined to be 7.0 Hz in the vessel y-direction and 3.8 Hz in the x-direction. This 

means that the stiffness is less in the x-direction (i.e., along the trunnion axis) 

compared to that in the y-direction, which is quite logical considering the vessel tilting 

mechanism, which allows for some movement along the trunnion axis. 
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Figure 19. Left:  Illustration of BOS vessel vibration theory. 
Right: Influence of vessel resonance on vibration filtering.[108]

x-direction f0 = 3.8 Hz, y-direction f0 = 7.0 Hz. 

The right diagram in Figure 19 shows the respective transmissibility curves

representing the resonance properties in the vessel’s horizontal x- and y-directions. 

Characteristic is that vibration excitation frequencies close to the natural frequency 

are amplified, while higher vibration excitation frequencies are dampened, the higher 

the frequency, the stronger the dampening. Note the logarithmic scale. 
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The steelmaking vessel is exposed to several vibration inducing process events and 

phenomena; one is the metal bath movement, another is in-blow additions hitting the 

wall. This requires a filtering of the vibration signal in order to find the frequency area 

(band) best representing foaming induced vibration, at the same time minimising the 

effects of other process phenomena. The area around the natural frequency should 

be avoided due to the extreme amplification, making separation of vibration inducing 

process events and phenomena very difficult. On the other hand, areas too far from 

and above the natural frequency will be dampened out. Hence, the most interesting 

frequency area to investigate is that where the transmissibility value T is close to 1. 

From the Luleå BOS vessel vibration measurement trials it was concluded that the 

optimum vibration mid-frequency, fm, for foam height estimation is close to 10.5 Hz; 

the corresponding mid-frequencies for Scunthorpe and Teesside BOS vessels being 

7.5 and 8 Hz, respectively. These mid-frequencies are strongly correlated to the heat 

size, as shown in Figure 20; the larger the heat size, the lower the optimum mid-

frequency. This is not surprising, though it may be more correct to connect the 

optimum mid-frequency to the natural frequency which, according to equation (13), is 

inversely proportional to the BOS vessel system total mass. 
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4.2.4 Comparing vessel vibration to audiometry 

Comparing vessel vibration with process sound measurement for indirect foam height 

estimation and slopping control was an extra undertaking, which presented itself due 

to the possibility to measure vibration on BOS vessels already equipped with 

audiometric systems (i.e., the Scunthorpe and Teesside BOS vessels). When 

conducting this comparison it is important to understand the basic differences in the 

connection between foaming and the expected behaviour of the vibration and audio 

signal, respectively. 

As illustrated in Figure 21, a “useful” vibration signal will be obtained from the very 

start of the blow as long as it is possible, by filtering, to isolate foam growth from 

other process phenomena. As the blowing progresses, the vibration level will 

increase proportionally to the foam height and towards the end of the blow 

decrease again when the foaming subsides. 

Sound

Vibr.

Early stage                                                Later stage
Sound

Vibr.

Figure 21. Basic connection between the foaming process and vibration and 
audio signal, respectively, at different stages of the blow.

Contrary to the vessel vibration, the audio signal will not give any useful information 

until the lance tip is submerged in the foam. This can take several minutes of 

blowing, not only due to the low initial foam height, but also because of a high initial 

lance positioning. After the moment the lance tip is submerged in the foam, the noise 

level will decrease with the foam height, not necessarily proportional, possibly 
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exponentially. This could mean that the audio signal becomes less precise with 

increasing foam height, which is suggested by Webster et al.,[97] who stated that: 

“Sonic meters…. is of most benefit in the early stages of the blow. Its value is 

optimised when the slag is close to the lance tip and small movements in the 

slag height can be readily identified as shifts in blowing intensity. If conditions 

result in the slag being continually high in the furnace, the signal is less 

discriminative and its usefulness is reduced." 

It is, however, important to note that the audio signal is dominated by the noise from 

the oxygen jet all through the blow, while the “risk of contamination” of the vibration 

signal by other vibration-generating process phenomena than foaming is larger and 

varying throughout the blow. 

The trials at Luleå as well as at Scunthorpe, described in Paper III, show the general 

usefulness of both methods (provided correct signal filtering is employed) and that 

there is good correlation between the signal amplitude from respective system and 

foam height, judged by the occurrence of slopping. 

The respective methods’ pros and cons can be summarised as follows; 

i. Vessel vibration will give an indication of the progress of the foaming process 

throughout the whole blow, but there is always a risk of signal contamination 

caused by other process phenomena than foaming, such as additions that 

will change the volume fraction of gas in the foam and, hence, the level of 

kinetic energy per unit volume of foam; 

ii. The audio signal will not give any relevant information until 4-5 minutes into 

the blow when the oxygen lance has made proper contact with the foam, but 

is less susceptible to influence by other varying process-generated noise 

than the oxygen jet, except in the case of additions of wet materials; 

iii. Both methods will “suffer” in the case of a reduced or fluctuating oxygen flow 

rate; vessel vibration as it is affected by the generation rate of process gases 

and the audiometry as the process noise is dominated by the sound created 

by the oxygen jet. 
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4.3 SYSTEM FOR SLOPPING PREDICTION AND DYNAMIC 
PROCESS CONTROL (Papers IV and V) 

An operational system for slopping prediction could be on two levels; the first being a 

static model based solely on input (charge) data, the second level a complementary 

dynamic model where in-blow recorded data are added. 

As the main causes of slopping are related to parameters already known prior to 

blow, the basis for a slopping prediction system should be a good static model, 

facilitating pre-blow measures in the case slopping is predicted. The purpose of the 

dynamic model would then be to pick up any in-blow deviations increasing the 

slopping probability. The feasibility study into the possibilities and limitations of 

multivariate data/batch analysis as a method for slopping prediction and general LD 

process control was, therefore, divided into the following parts; 

i. Slopping prediction based on static data; and 

ii. Slopping prediction based on dynamic (and static) data. 

4.3.1 Static slopping prediction 

The primary goal of any static-type LD process slopping prediction model is to allow 

for preventive measures to be taken prior to the blow. However, one parameter with 

a very strong influence on slopping is not known prior to blow: the end-of-blow 

(e.o.b.) Mn/C ratio, reflecting the hard-to-soft character of the blow. A possible 

solution to this problem is to foresee the character of the blow by predicting the e.o.b. 

Mn/C ratio based on previous heats. 

A PLS analysis based only on input data, supplemented with e.o.b. (end-of-blow) 

Mn/C ratio predictions based on previous heats was presented in Paper IV. The PLS 

analysis result showed that this is an appropriate solution. As expected, the heat just 

before is more influential than earlier heats. It can, thus, be concluded that it is 

possible to include one of the most slopping influential process parameters i.e., a 

predicted “output” e.o.b. Mn/C ratio, in a multivariate analysis based static slopping 

prediction model. 
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While predicting the slopping risk prior to blow will offer a chance for the operator to 

make changes in the preparation of the heat, predicting the slopping profile would 

give additional guidance in regard to suitable in-blow actions in order to reduce 

slopping severity at the point when the LD vessel has already been charged with 

scrap and hot metal. The PLS analysis into the causes for early and late slopping, 

respectively, shows that it should be possible to develop such a tool, allowing the 

operator to plan preventive measures already at the start of blow. 

A multivariate model will predict a number representing the slopping probability; 

either a number between 0 and 1 in the case of a “slopping or no slopping” type 

prediction model, or the predicted slopping intensity (e.g., total slopping time). In any 

case, the calculated value will (in principle) always be larger than 0. Therefore, a 

threshold value has to be chosen, over which slopping is expected and preventive 

measures should be taken. 

The left diagram in Figure 22 shows the, by PLS modelling, predicted total slopping 

time, Slop-XP (on the x-axis), against the recorded total slopping time Slop-Xf (on the 

y-axis). As can be seen in the diagram the model will almost never predict a zero 

slopping time, though the data set contains close to 25% non-slopping heats. 

Instead, the calculated slopping time (Slop-XP) should be regarded as a value 

representing the relative probability for slopping. Therefore, in the case of a practical 

implementation, it is necessary to set a threshold value (in seconds) over which 

slopping should be expected. The result of an evaluation of threshold value is given 

to the right in Figure 22. The highest level of prediction model precision (between 72 

and 73%) is to be found for a threshold value between 0 and 150 seconds. It should 

be noted that the frequency of slopping heats for the modelled data set is 72%.

Perhaps a better approach in the above example would be to not having just one 

threshold value, but two or three, grading the slopping severity prediction into, for 

instance: no or very light slop, medium slop and heavy slop. These different slopping 

grades could then be matched with appropriate tailor-made slopping preventive 

measures.
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Figure 22. Slopping prediction based on PLS modelling of LD process data: 
Left: Predicted slopping time (Slop-XP) vs. actual slopping time 
 (Slop-Xf), and 
Right: Static slopping prediction model precision as function of
  set Slop-XP threshold value: 

- frequency of missed slopping heats (thin line), 
 - frequency of false alarms no slopping heats (open circles), 
 - total model precision, i.e. correct prediction – slopping or 
   no slopping (thick line).

In the end, the choice of threshold value(s) will come down to a local evaluation on 

what is less costly; a minimum frequency of missed slops, or minimum frequency of 

false alarms. For the model in the above example, an absolute maximum model 

precision of 73.1% was obtained for a threshold value of 90 seconds, where the 

missed slopping frequency is as low as 1.4%, but the false-alarm frequency 25%. 

This means that, at a state of operations described by the data set, the model 

precision level is no better than just acting on the LD process operational result for 

the investigated period; that about 72%, or nearly 3 out of 4 heats, will slop. 

4.3.2 Dynamic slopping prediction (Papers IV & V)  

4.3.2.1 Initial study based on manually recorded vessel sound and vibrations  

A first attempt to utilise multivariate batch analysis methods for dynamic slopping 

prediction was presented in Paper IV. The created model was based on the Batch 

Evolution Model (BEM) approach. The dynamic input data used consisted of 

manually recorded LD vessel vibration and audio signals from the initial trial period in 
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2008, complemented with CO and CO2 off-gas content, decarburisation rate and the 

recorded slopping value. 

Figure 23 shows a BEM based on five non-slopping heats, representing the desired 

batch trajectory range defined by the average trajectory and upper and lower control 

limits, respectively. In practical operations, the progression (i.e., the trajectory) of new 

heats should be compared to the model, in order to detect any deviation from the 

desired path which could be interpreted as an increased risk for slopping.  
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Figure 23. Batch Evolution Model (BEM) based on non-slopping heats,
with individual batch trajectories, average trajectory, and lower (i.e., 
average -3Std. Dev) and upper (i.e., average +3Std. Dev) control limits.

Four examples of such individual comparisons between the computed batch 

trajectories for actual slopping heats to the non-slopping model trajectory range are 

shown in Figure 24. In all four cases the computed batch trajectory begins to deviate 

from the model average trajectory and move towards the upper control limit about 90 

seconds prior to slop. Hence, this initial study looked very promising in regard to use 

the Batch Evolution Model approach for slopping prediction, not only in time but also 

in severity. 
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Figure 24. BEM heat progression for slopping heats, compared to the ideal 
trajectory (range) given by the non-slopping heats BEM. 

4.3.2.2 Main study utilising new vessel audio and vibration measurements 

The results obtained in the initial study presented above showed good agreement 

between the Batch Evolution Model (BEM) batch trajectory and slopping expectancy. 

The same (BEM) approach was used on the “new” data set, including signals from a 

(recently installed) permanent system for vessel vibration and audio measurements, 

the results presented in Paper V. In this study, the input variables in the pre-study 

were complemented with several other dynamic variables including oxygen lance 

data, material additions, bottom inert gas flow rate and the new digitalised slopping 

value (per time-step 0-1 and accumulated = total slopping time). 

In contrast to the initial study, this main study did not show any difference in 

calculated heat progression between slopping and non-slopping heats, raising 

questions in regard to the use of BEM for in-blow dynamic slopping prediction. This 

outcome is unfortunate, as the BEM type of model would be suitable in a BOF control 

room environment for illustrative reasons; a plotted curve showing the batch 

evolution will always be more appealing to the operator than just a number 

representing an instantaneous process situation. 

One reason why the result of the initial study could not be replicated may be that too 

many variables were included in the main study. Some of these variables have 

relatively weak links to foaming in the LD process and they very seldom deviate from 
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their respective patterns. If several such variables are included in the model, the 

influence on the computed batch trajectory of variables with a proven strong link to 

foaming will be considerably reduced or even eliminated. 

4.3.2.3 Dynamic slopping prediction by Batch Level Modelling (BLM) 

As part of this study it was decided to test the alternative Batch Level Model (BLM) 

approach, which acknowledges the fact that correlations between variables may vary 

during the evolution of the batch. This certainly applies to the LD process, where it 

would be useful to dynamically predict the expectancy of slopping further into the 

blow. Also, with the BLM approach it is possible to include static batch conditions 

data, e.g., charged material weights, hot metal quality and end-of-blow aimed liquid 

steel temperature and carbon content. For this reason a series of BLMs were created 

for stepwise prediction, beginning at the first of 50 time-steps (tS = 0), of the 

probability of slopping beginning in subsequent time-steps. The digitalised slopping 

value (SlopV) was used, which for each time-step has a value of either 0 or 1, 

representing a non-slopping or a slopping situation, respectively. Also, when 

modelling a specific time-step, if for any particular heat slopping had already started, 

that heat was removed from the data set before creating the next model. 

Each time-step BLM produces a results table with the heat-by-heat actual slopping 

value (SlopV) and a slopping probability value (SlopVP) for all subsequent time-steps. 

Even though the model is based on digitalised slopping values, the calculated SlopVP

value will be an analogue decimal number between 0 and 1, where a SlopVP value of 

0.2 for a specific time-step could be interpreted as 2 out of 10 heats with the same 

process history will slop. Therefore, the most practical way to utilise the calculated 

SlopVP value is to interpret the decimal number as a slopping probability index 

between 0% (Slop VP = 0) and 100% (Slop VP = 1). 

An example of BLM-based slopping prediction is given in Figure 25, showing the at 

time-step tS = 5 (i.e., 2 minutes into the blow) average calculated slopping probability, 

SlopVP, for all subsequent time-steps for the whole data set i.e., for time-steps tS = 6 

to 49. The diagram in Figure 25 includes an example of the slopping value, SlopV,

and calculated SlopVP values for all subsequent time-steps for the LD heat H1069. 
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Figure 25. 

Dynamic BLM based slopping 
prediction: - modelled average 
SlopVP at tS = 5 (thick line), and 
an example of actual SlopV
(thin line) versus calculated 
Slop VP (circles) for heat H1069. 
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As in the case of the static slopping prediction model, in practical operations it will be 

necessary to select a SlopVP threshold value, over which slopping would be 

expected and preventive measures should be considered. Again, this threshold value 

must meet two criteria; maximum precision in predicting slopping and a minimum 

number of false alarms. In this regard it would be expected that 0.5 will be an optimal 

SlopVP threshold value i.e., adapting the binary approach by rounding off the 

calculated SlopVP to nearest integer (0 or 1). However, staying with the analogue 

approach, the batch-wise evolution of the SlopVP value could serve as an “early 

warning system”, allowing for preventive slopping actions. 

Figure 26 shows the resulting precision in slopping prediction with a 0.5 SlopVP

threshold value, represented by the frequency of missed slops, frequency of false 

alarms and total precision (correct prediction of “slop or no-slop”). Included in the 

diagram is the slop-start time-step distribution (grey area), showing that slopping in 

most cases begin between time-steps 8 and 23 i.e., between blowing minute 3 and 8. 

Also shown in Figure 26 is that the initial slopping prediction made prior to blow 

based only on static batch conditions (BC) i.e., charge data, gives a total slopping 

model prediction precision of just over 60%. When dynamic data are added to the 

model after the start of blow the model precision begins to increase to just over 70% 

due to a simultaneous decrease in slops and false-alarms frequency, both to a level 

of 30%. The best model precision is reached between time-steps 5 and 11 i.e., 2 to 4 

minutes into the blow i.e., at the time slopping normally commence. 
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Figure 26. 

BLM based slop prediction 
precision with a SlopVP threshold 
value of 0.5: 
- false alarms (circles),  
- missed slops (dashed line), 
- total model precision (thick line),  
- slop-start distribution 
  (grey area). 
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With a SlopVP threshold value of 0.3 the slopping prediction model precision will be 

slightly higher (compared to a SlopVP threshold value of 0.5) in the beginning of the 

blow in spite of a 80-90% false-alarm frequency due to a missed slop frequency well 

below 10%. However, the total model precision does not increase with time as more 

dynamic data are added, and 2 to 4 minutes into the blow it will not be higher than 

that with a 0.5 SlopVP threshold value (i.e., just over 70%). 

For dynamic slopping prediction the Batch Level Model (BLM) approach proved more 

useful than the Batch Evolution Model (BEM) approach. However, a best achievable 

slopping prediction precision by BLM of 70% is no better than that of the static 

slopping prediction model. As with the BEM approach, the BLM slopping prediction 

precision may suffer from “too much information”, unrelated data reducing the 

influence of foaming related data. 

4.3.2.4 Multivariate batch analysis compared with other methods 

For the modelled data set, with a slopping occurrence frequency of some 72%, the 

maximum achieved slopping prediction precision was 73% for the static model and 

70% for the dynamic model. This precision level is no better or no worse than other 

reported modelling results, as described earlier (see Table 2). This means that with a 

normal slopping frequency of 70% or more, taking anti-slopping measures for all 

heats will be as effective as relying on a prediction model. 
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The conclusion of this study is that, with a situation where slopping could be 

regarded as part of the normal process variation, static and dynamic modelling is not 

a useful tool to avoid slopping in the LD process. However, this could well be the 

case when the occurrence of slopping is low enough to be regarded as an 

unexpected process disturbance. Furthermore, at a lower slopping occurrence level, 

it may be easier to isolate which dynamic variables have the strongest connection 

with slopping. This would enable a fairer evaluation of dynamic multivariate batch 

modelling as a useful tool in predicting slopping. 
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4.4 LD EMULSION CHARACTERISATION (Paper VI)  

4.4.1 Emulsion samples chemical analysis 

The result of the emulsion samples XRF analysis for selected components (and for 

the basicity) is shown in Figure 27. Note: this is the analyses of magnetically 

separated emulsion samples i.e., representing the emulsion liquid slag phase, 

undissolved oxides and solid precipitates. 
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Figure 27. Emulsion oxide phase chemical analyses by XRF as function of 
blowing time for heats S1841, S1844 and S1846: 
a) CaO, b) SiO2, c) MgO, d) CaO/SiO2, e) Fetot, f) MnO.  

From most of the diagrams in Figure 27 it is evident that heat S1841 (with heavy 

slopping) behaves differently from the other two heats, which show a more normal 

LD process behaviour. The most obvious difference is an almost continuously 

increasing total Fe content in heat S1841, diluting other emulsion oxide components. 

4.4.2 Emulsion iron oxidation state 

For best possible emulsion mineralogy mapping the iron oxidation state has been 

determined through analysis of FeO (i.e., Fe2+) and Fe2O3 (i.e., Fe3+). Figure 28 
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shows the heat-wise evolution of Fe2+, Fe3+ and FeOx (i.e., sum of FeO and Fe2O3),

while Figure 29 shows the Fe3+/Fe2+ ratio as function of blowing time and sum of iron 

oxides ( FeOx), respectively. 
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Figure 28. Heat-wise emulsion iron oxide content (S1841, S1844 and S1846):  
Fe2+, Fe3+ and FeOx (= %FeO + %Fe2O3).  

Shown in Figure 29 is the evolution of the Fe3+/Fe2+ ratio (a) and the Fe3+/Fe2+ ratio 

as function of the sum of iron oxide (b), respectively. The latter diagram shows a 

decrease in the Fe3+/Fe2+ ratio with increasing sum of iron oxide, for basic slags a 

relationship supported by Schürmann and Winterfeld,[52] as well as by Park.[116]
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Figure 29. Fe3+/Fe2+ ratio as function of blowing time (a) and sum of iron 
oxide (b). 

Figure 29 (a) shows that the Fe3+/Fe2+ ratio is decreasing, from 0.1-0.15 at 20% into 

the blow, to close to zero at a point between 50 and 60% of the blow for heats S1844 

and S1846, then increasing rapidly towards the end of the blow. This means that 

formation of Fe3+-containing mineral species, such as spinel and C2(A,F), may well 
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happen early, but more likely towards the end of the blow. For heat S1841, however, 

the Fe3+/Fe2+ ratio is continuously decreasing throughout the whole blow. Hence, for 

this heat, Fe3+-containing mineral species should only be expected to appear in 

samples taken early in the blow. 

4.4.3 Emulsion temperature 

To calculate the liquid slag viscosity it was necessary to estimate the evolution of 

emulsion temperature for the pilot plant heats. This was done based on the metal 

bath temperature, measured in-between sampling. From these measurements the 

bath temperature at sampling could be estimated. The emulsion temperature was 

then calculated based on set temperature difference (dTm) of 50°C between emulsion 

and metal bath throughout the entire blow.[74] The calculated evolution in metal bath 

and emulsion temperatures are shown in Figure 30. 

Figure 30.  
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4.4.4 Viscosity 

4.4.4.1 Emulsion slag phase liquid viscosity 

With a near constant decarburisation rate during the main decarburisation period 

and, hence, an almost constant gas generation rate, foaming in the LD process is to 

a large extent dependent on the emulsion slag phase apparent viscosity; a function 

of liquid viscosity and fraction of dispersed 2nd phase particles. The liquid viscosity 

was calculated (in FactSage) based on chemical composition and an estimated 

emulsion temperature 50°C above the metal bath temperature. The results are 

shown in Figure 31. 
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Figure 31. Estimated emulsion temperature (based on the assumption
that the emulsion is 50°C warmer than the metal bath) and in 
FactSage calculated emulsion slag phase liquid viscosity. 

Based on foaming and slopping behaviour, it could be assumed that heat S1841 

should have the highest liquid viscosity. However, contrary to the expected, heat 

S1841 has the lowest calculated liquid viscosity, while heat S1844, which did not 

slop, has the highest. What is of more interest, however, is the apparent viscosity. 

Therefore, the weight fraction of precipitated solids has been estimated using 

FactSage. The result is given in Table 9. 

For heat S1841 the calculations state no precipitates at all in the emulsion. For the 

other two heats, a significant amount of precipitate was calculated only for sample 2 

(i.e., at 4 min). However, in the last minutes of heat S1846, i.e., when this heat began 

to slop, there is a small calculated fraction of solid precipitates. This should indicate 

an actual larger fraction of solids at this stage of the blow compared to that in the 

non-slopping heat S1844. 

Table 9. In FactSage, calculated percentage fraction of solid precipitates 
(emulsion temperature assumed 50°C above that of the metal). 

 Heat /       Sample No 2 3 4 5 6 7 8 
 S1841 (violent slop) 0 0 0 0 0 0 0 
 S1844 (no slop) 20 0 0 0 0 0 0.3 
 S1846 (late slop) 18 0 0 0 1.9 0.2 1.5 
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4.4.5 Slag formation (emulsion oxide phase) trajectory 

In Figure 32 the slag phase trajectories for the three studied heats, based solely on 

normalised CaO- FeOx-SiO2 analyses have been superimposed on the principal 

CaO-FeOn-SiO2 phase diagram in Figure 6.[28]

  S1841

  S1844

  S1846

CaO’ FeO’

SiO2’

CaO’ = (CaO+MgO)
FeO’ = ( FeOx+MnO)
SiO2’ = (SiO2+P2O5+TiO2)

Figure 32. Emulsion slag phase normalised compositions trajectories, 
superimposed on the ternary system CaO-FeOn-SiO2.[28]

   

The trajectories for heats S1844 and S1846 follow the same principle path as for 

most other examined heats in the IMPHOS project LD process trials series.[117]

However, heat S1841 differs considerably, with a continuous increase in total iron 

oxide content. One reason for this could be a 10 cm higher lance gap throughout the 

blow, and possibly retained (highly oxidised) slag from the previous heat, which was 

blown on a cold vessel (first trial heat after a weekend break). 
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4.4.6 XRD analyses 

The investigation into the emulsion mineralogy was mainly focused on the SEM-EDS 

examination, but with support of XRD analyses and thermodynamic equilibrium 

calculations. Two reasons for this investigation “strategy” are; firstly, the presence of 

zircon, in the case of XRD resulting in a large number of interfering peaks; secondly, 

overlapping or bordering XRD peaks for some of the more abundant components in 

analysed samples; e.g., periclase (MgO) immediately adjacent to wüstite (FeO). 

The result of the interpretation of obtained XRD patterns is given in Figure 33, where 

peaks for the most relevant suggested mineral species are marked. 

Figure 33. 
Typical XRD pattern with 
marking of the most relevant 
suggested mineral species, 
where: 
WP  = wüstite (FeO) with 
     possible periclase (MgO), 
Mf  = Mg-ferrite (MgFe2O4), 
L  = larnite/di-calcium silicate 
     (Ca2SiO4), 
s/b  = srebrodolskite 
     (Ca2Fe2O5) and or 
     brownmillerite 
     (Ca2[Al,Fe]2O5), and 
f  = fayalite (Fe2SiO4).
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4.4.6.1 XRD clustering 

The XRD software includes a “Cluster analysis” feature, which groups a set of XRD 

patterns based on specific characteristics such as peak positions and K 1-intensities.

The grouping is made by performing a standard principal component analysis (PCA), 

which reduces the original data to a set of “latent” variables, which will give an 

overview of the data set, including the recognition of patterns such as groupings, 

trends and “outliers”. 

When applying the cluster function on all resulting XRD patterns of this investigation, 

five sub-groups (i.e., clusters) of samples with similar XRD patterns are obtained. 

Table 10, heat-wise, lists each sample and its “cluster affiliation”. 
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Table 10. Emulsion slag phase XRD pattern clustering.   
Dashed line indicating approximate start of slopping.  
(x) – sample representing cluster ‘x’ mean.  
S – slopping (at time of sampling).

Sample S Cluster Sample S Cluster Sample S Cluster 
S1841-2  3 S1844-2  5 S1846-2(5)  5 
S1841-3 x 3 S1844-3  4 S1846-3  5 
S1841-4 x 1 S1844-4(4)  4 S1846-4(3)  3 
S1841-5 x 1 S1844-5  4 S1846-5  3 

S1841-6(1) x 1 S1844-6  3 S1846-6  2 
S1841-7 x 1 S1844-7(2)  2 S1846-7 x 2
S1841-8 x 1 S1844-8  2 S1846-8 x 1

Given in the table are also the, by the cluster analysis, designated “cluster-mean” 

samples i.e., the samples best representing all samples in respective cluster (bold in 

Table 10); for instance, S1844-4 the best representative sample for cluster No. 4. 

The XRD pattern clustering appears systematic; without exception, a heat-wise 

movement from a higher to a lower cluster number. Interesting is also that slopping 

commences when the heat trajectory moves towards and into cluster No 1. 

The 3D relative positions of clusters and individual sample XRD patterns are shown 

in Figure 34. General observations are, that; 

 clusters 5 to 3 correspond to the early slag formation and calcium silicate 

precipitation period of the blow; 

 cluster 2 corresponds to the period of the blow when decarburisation slows 

down and the slag phase iron oxide content start to increase again; and, 

 cluster 1 corresponds to a strongly oxidised emulsion slag phase i.e., with a 

sum of iron oxide above 30%. 
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Figure 34. Emulsion slag phase XRD pattern clustering. Data points  
marked with last two digits in heat number and sample number, 
e.g., 462 = sample 2 in heat S1846.

4.4.6.2 XRD mineralogy 

If the XRD analysis results for respective cluster-mean samples (indicated in Table 

10) are valid for all other samples in the cluster, a first attempt to define the emulsion 

mineralogy can be made, the result summarised in Table 11. 

Table 11. Emulsion mineralogy based on XRD clustering.

XRD cluster no. 
Species Formula Short name 5 4 3 2 1 
Fayalite Fe2SiO4 F2S x x    
Magnesiowüstite (Fe,Mg)O MW x x x x x 
Spinel - - x x x   
Di-calcium silicate Ca2SiO4 C2S x x x x x 
Srebrodolskite Ca2Fe2O5 C2F x x  x  
Brownmillerite Ca2[Al,Fe]2O5 C2(A,F)   x  x 

4.4.7 Possible emulsion components by thermodynamic calculations 

The thermodynamic equilibrium calculation suggests a number of mineral species. 

This is exemplified by Table 12, showing the calculated mineral species in heat 
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S1846. The table lists the main species (marked ++), other species with a calculated 

maximum content above 5% (+) and those with a maximum content below 5% (–). 

The table also gives calculated formation temperatures and the difference in 

temperature between emulsion and the point of first precipitate formation (denoted 

dTp), as well as information on the first precipitate (grey background). 

Table 12. Heat S1846 emulsion mineralogy based on  
thermodynamic equilibrium calculation in FactSage.
C3MS2(s) = merwinite (Ca3MgSi2O8).
1315 = phase formation temperature. 
Grey filled box indicating 1st precipitated phase.
* Transformation from  to ’C2S at 1410°C.
dTp = Temulsion – temperature at 1st precipitate formation. 

 Heat S1846 samples (XRD cluster no)

Phase 2 (5) 3 (5) 4 (3) 5 (3) 6 (2) 7 (2) 8 (1)

C3MS2(s)
+

1315
++

1355
   

Spinel -
1225     

MeO +
1295

++
1330

++
1350

+
1395

++
1650

++
1725

+
1825

’C2S
++

1390
+

1310
+

1270
++

1410*
++

1410*
++

1410*

C2S     ++
1550

++
1535

+
1480

Melilite -
1175

-
1195

+
1200

+
1200

Olivine ++
1215

++
1240

++
1235

++
1215

C2F / C2(A,F)      +
1210

++
1225

Temperatures (°C): emulsion, 1st precipitate and dTp

Emulsion 1470 1540 1605 1665 1725 1775 1825 
1st precipitate 1390 1330 1350 1395 1650 1725 1825 
dTp 80 210 255 270 75 50 0 

The same evaluation as presented in Table 12 has been carried out for heats S1841 

and S1844. Heat S1841 differs considerably from heat S1846, which is not 

surprising, considering the abnormal slag phase trajectory with a continuous increase 

in total iron oxide content and never moving into the di-calcium silicate area of the 

ternary CaO-FeO-SiO2-system (see Figure 32). According to the thermodynamic 
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equilibrium calculations, the emulsion over-temperature (i.e., dTp) is constantly high; 

between 170 and 335°C. Hence, the emulsion remains liquid throughout the entire 

blow, with a minimum of C2S and MeO precipitation. No C2(A,F) phase was 

calculated for the samples from the latter part of the blow, which could be expected 

due to a very low Fe3+/Fe2+ ratio. 

The obtained result for heat S1844 is close to identical to that of heat S1846. This is 

expected, as both heats exhibit, for the LD process, characteristic emulsion slag 

phase trajectories (see Figure 32). The only significant difference between the two 

heats is a higher calculated equilibrium level of spinel during the first half of the blow 

(samples 2 to 4) for heat S1844. A higher presence of spinel in this heat could be 

due to a slightly “dryer” path with lower total iron oxide content and, hence, a higher 

Fe3+/Fe2+ ratio at the early stage of the blow compared to heat S1846. 

The emulsion mineralogy information for heat S1846 (Table 12) and the equivalent 

information for heat S1844 has been compiled cluster-wise in Table 13. With the 

support of this table, the following can be stated in regard to the LD process emulsion 

mineralogy development during the course of the blow, according to XRD analyses 

and thermodynamic equilibrium calculations; 

 Clusters 5 and 4 represent the period of initial slag formation. Dominating 

precipitated mineral species in the emulsion are: di-calcium silicate (C2S),

monoxides (MeO), and the initial formed olivine (i.e., fayalite, F2S). Minor 

phases are spinel and melilite (possibly iron-akermanite, Ca2FeSi2O7 (C2FS2)

and or iron-gehlenite Ca2Fe2SiO7 (C2F2S));

 Cluster 3 represents the main decarburisation period, with decreasing iron 

oxide content. Main precipitated mineral species in the emulsion are: 

remaining olivine (fayalite), MeO and newly formed merwinite (C3MS2). Minor 

species are C2S and melilite; 

 Finally, clusters 2 and 1 represent the end period of the blow, where the iron 

oxide content increases due to the slowing down of decarburisation. 

Dominating precipitated mineral species are: MeO, C2S and C2(A,F).
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Table 13. Emulsion mineralogy based on thermodynamic equilibrium 
calculations for heats S1844 and S1846, sorted according to 
given XRD cluster number. 
++ = main phases, + = other detectable phases. 
(*) only a single sample in cluster No. 1. 

 XRF cluster No. 
Phase 5 4 3 2 1(*) 

C3MS2(s)  + ++   
Spinel + +    
MeO ++ + ++ + ++ 

’C2S ++ + ++ ++ ++ 
C2S   + ++ + 

Melilite + + +   
Olivine ++ ++ ++   
C2F / C2(A,F)    + ++ 
Average temperatures (°C): emulsion, 1st precipitate and dTp.

Emulsion 1502 1618 1667 1774 1825 
1st precipitate 1362 1267 1444 1709 1825 
dTp 140 341 223 65 0 

4.4.8 Emulsion mineralogy determination by SEM-EDS examinations 

It is essential to acknowledge that the results of the SEM-EDS examination have to 

be judged against the issue whether the appearing phases and structures originate 

from the process (i.e., have formed during the course of the blow) or have been 

formed as a result of sampling. 

The 1-2 mm thick sample flakes used in this study were all removed from the inner 

side-wall of the sampling cup, the area with fastest possible cooling rate. It is, 

therefore, expected according to basic crystallisation theory, that larger features are 

most likely formed during the course of the blow, especially in the case of low 

estimated emulsion over-temperatures (dTp). Smaller crystals, however, are likely to 

have been formed during sampling from the remaining melt. 

In the presentation of the results of the emulsion mineralogy determination based on 

SEM-EDS, heat S1846 will (again) serve as a template. Examples of images of 
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emulsion sample structures and mineralogy based on EDS spot analysis are shown 

in order of sampling; SEM images in Figure 35 (A to F) and typical spot analysis in 

Table 14. 

C2SMeO

C2S

S1846-21 (at 4 min): dTp=80°C, 15% Fe2+ / 1.5% Fe3+

MeO
C2S

C2S

MeO
MeO

C2(A,F)

S1846-24 (at 4 min): dTp=80°C, 15% Fe2+ / 1.5% Fe3+

MeO

C2S

“Remaining melt”

S1846-3 (6 min): dTp=210°C, 18% Fe2+ / 0.8% Fe3+ S1846-5 (at 10 min): dTp=270°C, 11% Fe2+ / 0.2% Fe3+

MeO

C2S

MeO

“Remaining melt”

C2(A,F)

MeO

C2/3S Droplet

S1846-7 (at 14 min): dTp=50°C, 14% Fe2+ / 3% Fe3+ S1846-8 (at 16 min): dTp=0°C, 16% Fe2+ / 5% Fe3+

C2/3S

C2/3S

MeO
MeO

C2(A,F)

C2(A,F)
Droplet

A B

C D

E F

Figure 35. Heat S1846 SEM images in order of sampling: at 4 minutes (A+B),
6 minutes (C), 10 minutes (D), 14 minutes (E) and at 16 minutes (F). 
MeO = monoxides, C2S = di-calcium silicate, C2(A,F) = calcium 
aluminoferrite, and C2/3S = mix of C2S and C3S (tri-calcium silicate). 
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Table 14. Typical mineral species chemical compositions (in atomic %) 
obtained by EDS spot analysis, heat S1846. 
Fe assigned as FeO in EDS spot analysis.

Sample Species Ca/Si Mg Al Si P Ca Ti V Cr Mn Fe O 
2:1-2 MeO 2.9    13.5  0.2 0.3 7.7 24.1 51.3 
Figure C2S 2.0 0.3  12.0 2.3 23.9  0.8  1.5 1.4 57.7 
35A+B C2(A,F)  1.7 1.0  21.1 2.4 2.0 0.1 0.4 13.3 58.2 

3 MeO 4.5 0.2 0.6  1.4 0.2 1.7 0.2 8.3 31.7 51.3 
35C C2S 2.0 0.6  11.6 3.1 23.0 0.1 1.0  1.5 2.1 56.9 

5 MeO 10.6 0.3 0.8  1.7 0.3 3.3 0.4 7.1 23.2 51.8 
35D C2S 1.9 1.1  12.3 1.8 23.7 0.2 1.2  1.2 1.3 57.4 

7 MeO 12.7  0.7  7.6  0.4 0.2 4.1 23.0 51.2 
35E C2/3S 2.5 0.1 0.2 10.5 1.2 26.5 0.2 1.7  0.1 1.6 57.7 

 C2(A,F) 0.5 3.6 1.3  21.6 1.2 1.9  0.7 12.5 57.7 
8 MeO 17.6  0.8 0.1 5.3  0.3 0.2 3.8 25.6 46.3 

35F C2/3S 2.9 0.4 0.3 8.5 1.4 24.4 0.2 1.2  0.4 3.9 59.1 
 C2(A,F) 0.5 2.8 2.3 0.4 23.0 1.0 2.9  0.4 10.9 55.6 

Image A in Figure 35 shows one of three investigated areas in sample 2 (i.e., at 4 

minutes, 25% into the blow). This image reveals some, for the LD process, 

recognisable features: darker di-calcium silicate dendrites (C2S) and a lighter 

monoxide phase (MeO), mainly consisting of a mix of FeO, MgO and MnO, also with 

a dendritic appearance. 

The overall coarse sample structure is a result of a low emulsion “over-temperature” 

(dTp), estimated to just 80°C. It is, therefore, very likely that local precipitation will 

take place within the process emulsion and not as a result of the actual sampling. It 

can, therefore, be concluded that large mineral structures in the sample, such as 

those of C2S and MeO, are results of the actual process. 

At this stage of the blow the emulsion displays quite a varying morphology. This is 

exemplified by image B in Figure 35, showing another area within the same emulsion 

sample. This image (sample area) is dominated by large C2S crystals surrounded by 

an FeO- and MgO-rich MeO phase (with MnO and CaO), and adjacent to the MeO 

phase well-defined C2(A,F) crystals. The thermodynamic calculation did not indicate 
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any C2(A,F) formation. However, at this stage of the blow the process is not at 

equilibrium, and C2(A,F) formation would be favoured by a high Fe3+/Fe2+ ratio. 

Image C in Figure 35 is from the sample at 6 minutes (35-40% into the blow). Like 

the previous sample (at 4 minutes), this sample displays large C2S dendrites and 

lighter areas of precipitated MeO. In between these precipitated phases is the 

remaining liquid phase (melt). 

The estimated emulsion dTp in this sample (at 4 minutes) is 210°C, much higher than 

in the previous sample (at 2 minutes). This is in line with an emulsion morphology 

characterised by a lower fraction of precipitated C2S, MeO and C2(A,F), formed as a 

result of the process, and a higher fraction of remaining melt (solidified during 

sampling). 

Image D in Figure 35 is from the sample at 10 minutes (60-65% into the blow), at the 

point of lowest Fe3+ content; hence, a low expectancy of any spinel or C2(A,F). This is 

supported by the SEM-EDS study. 

The sample image is dominated by a large homogenous fraction of, during sampling, 

solidified remaining melt. This is expected, as the estimated emulsion dTp is 270°C 

(highest of all samples), limiting the growth of any solid precipitates. However, even 

at such a high emulsion over-temperature, non-equilibrium circumstances will 

facilitate some formation of solid precipitates; hence, the presence of large C2S

dendrites, formed in the course of the process due to the presence of undissolved 

lime particles. 

Another feature, possibly formed during the course of the process, is lighter finger-

shaped precipitated MeO crystals, mainly consisting of FeO, MgO and MnO. These 

crystals may have formed as a result of random high local concentrations of wüstite 

and periclase in the liquid slag phase. 

Image E in Figure 35 is from the sample at 14 minutes ( 85% into the low) i.e., close 

to the end of the blow. The coarse sample morphology suggests that the emulsion 
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contains almost no liquid slag phase, an impression supported by the fact that the 

estimated emulsion over-temperature (dTp) is only some 50°C. 

The sample consists mainly of large in-blow precipitated formations of C2S and C3S

(denoted C2/3S), and lighter MeO crystals of FeO and MgO with some dissolved CaO 

and MnO. A higher Fe3+/Fe2+ ratio has facilitated in-blow precipitation of rather large 

C2(A,F) crystals in between the C2/3S and MeO. 

Compared to the previous samples, this sample displays a large number of metal 

droplets. This indicates a high emulsion apparent viscosity, inhibiting the physical 

separation of metal droplets from the emulsion. This supports the assumption of a 

high emulsion fraction of in-blow precipitates. 

Finally, Image F in Figure 35 is from the very end of the blow. The estimated 

emulsion over-temperature (dTp) is now 0°C. Theoretically, this means that the 

emulsion is beginning to in-blow solidify at a metal bath temperature as high as 

1775°C. 

Theoretically, the first precipitate to form is MeO. The reason why MeO may 

precipitate at such high temperatures is an emulsion MgO content close to 10%; 

indicating that the point of MgO saturation has been reached. Furthermore, non-

equilibrium circumstances will allow the formation of other precipitates such as C2S

and C3S, as well as of C2(A,F). With such a high fraction of solid precipitates formed 

during blowing, a high emulsion apparent viscosity and, hence, a high foam index 

would be expected. This could be one explanation why this heat (S1846) slopped at 

this late stage of the blow. 

The result of the SEM-EDS examination of heat S1846 emulsion sample mineralogy 

has been compiled in Table 15, listing only the most evident mineral species. The 

findings listed are supported by both XRD and thermodynamics, with some 

supplements. One is that both XRD and the thermodynamic calculation strongly 

suggest the presence of spinel during the initial stages of the blow i.e., in clusters 5, 

4 and 3. This may well be, considering the evident presence of some Fe3+.



76

Table 15. Summary of S1846 suggested emulsion mineralogy by 
SEM-EDS, complemented by XRD and thermodynamic 
calculation results. ++ = common. + = less common. 

Sample No. 
Mineral phase 2 3 5 7 8 
MeO ++ + + ++ ++ 
Spinel (by XRD) + +    
C2S ++ ++ ++ ++ ++ 
C3S    ++ ++ 
C2(A,F) +   ++ ++ 
XRD cluster no. 5 5 3 2 1 

4.4.9 Emulsion Characteristics and Foaming 

Ito and Fruehan have studied the effects of emulsion slag phase composition, 

temperature and the presence of 2nd phase particles on the foam index ( ).[11,26] As 

SiO2 is a strong network-former, additions of CaO will initially lower the viscosity and, 

hence, the foam index. A minimum is reached at a lime/silica-alumina ratio of 1-1.5, 

after which the precipitation of C2S will cause the foam index to increase. In the same 

work it is suggested, though MgO is supposed to lower the liquid slag viscosity, that 

additions of MgO-bearing materials such as dolomitic lime should be expected to 

raise the foam index due to the formation of MgO-containing precipitates. 

Comparing the three studied heats in the work presented in this thesis, the following 

may be said in regard to any obvious connections between slag chemistry and 

foaming behaviour; 

i. the higher emulsion MgO content in heat S1846 should raise the foam index 

by some 10%.[26] This does not seem much, but it may well be enough to “tip 

the scale”, as 10% in vessel volume fraction above the metal bath is equal to 

the total inner volume of the vessel cone; 

ii. comparing the evolution of iron oxide in the studied heats, it is obvious that the 

higher the iron oxide level, the higher the portion of decarburisation taking 

place within the emulsion; hence, increasing the foam height and slopping risk. 
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An understanding of the effects of slag chemistry on foaming behaviour becomes 

much clearer when considering the findings in the SEM investigation of heat S1846, 

which clearly illustrates the influence of slag chemistry and the presence of 

precipitates on the emulsion mineralogy and, hence, its morphology. The latter will 

greatly influence the foaming behaviour; to what extent will largely depend on the gas 

generation rate within the emulsion. It is, therefore, relevant to plot the 

decarburisation rate together with the emulsion over-temperature (representing the 

emulsion morphology) and the iron oxide content. This is done for heat S1846 in 

Figure 36. 

Figure 36. 
Heat S1846: 
Development of 
decarburisation rate 
(dC/dt), iron oxide 
content (Fe2+ and Fe3+),
and emulsion over-
temperature (dTp).
Indicated at the top of 
the diagram is the 
respective SEM image 
in Figure 35. 

0

50

100

150

200

250

300

350

400

450

500

0

5

10

15

20

25

30

35

40

45

50

0 20 40 60 80 100

Es
tim

at
ed

 e
m

ul
si

on
 d

T p
, °

C

D
ec

ar
b.

 ra
te

 d
C

/d
t, 

kg
/m

in
Em

ul
si

on
 F

e2+
an

d 
Fe

3+
, %

Blowing time, %

dC/dt

Init. Pre-slop Slop  
Fig.35  A   C     D       E     F

Fe2+

Fe3+

dTp

During the first 25% of the blow, a low emulsion over-temperature (dTp) and a higher 

Fe3+ content will facilitate the formation of large volumes of di-calcium silicate (C2S),

monoxide (MeO) and calcium ferrites (C2(A,F)) precipitates. The result is a complex 

morphology with a high apparent viscosity and, hence, a high foam index. However, 

at this “initial” stage of the blow this will not lead to any substantial foam growth, as 

the gas generation rate (given by the dC/dt) is at a rather low level. 

During the “pre-slop” period (between 25% and 65% of the blow) the emulsion 

becomes less viscous due to a high over-temperature (dTp), reducing the foam index. 

At the same time the gas generation rate increases rapidly, resulting in a 

considerable foam growth, over-riding the effects of a decreasing foam index. 
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About 65% into the blow, there is a sharp drop in the emulsion over-temperature, 

from 270°C to 75°C, as the point of initial MeO precipitation increases from about 

1400°C to 1650°C. This increase in the point of initial MeO precipitation is due to a 

considerable increase in MgO content in the MeO phase. At the same time lime 

dissolution resumes, resulting in the precipitation of C2S coupled with some C3S, as 

well as of C2(A,F). The total effect is a substantial increase in emulsion apparent 

viscosity. As the gas generation rate is high, the foam will grow more or less 

uncontrolled, (eventually) causing the vessel to slop. The heat then continues to slop 

until decarburisation subsides. 

Slopping in heat S1846 occurs very late into the blow compared to in the normal 

industrial case. The reason is the difference in main decarburisation period. While the 

main decarburisation period in the industrial case normally begins 20-35% into the 

blow and ends at about 75-85% of blown oxygen, decarburisation in heat S1846 

does not pick up speed until half-way into the blow. 

The above described process development for heat S1846 is almost fully 

transferable to heat S1844. The only exception is a slightly higher emulsion over-

temperature (dTp) in heat S1844; hence, a lower expected amount of precipitates 

during the course of the blow. This may explain why this heat did not slop. 

Heat S1841 displays a very different behaviour compared to the other two heats. The 

most obvious difference is an early and continuously high emulsion over-temperature 

coupled with a high FeO (i.e., Fe2+) content; the latter facilitating a high 

decarburisation rate already from a point between 30 and 40% into the blow. As the 

heat began to slop at this very point, it is evident that slopping may occur even at 

very low amounts of 2nd phase particles in the emulsion if the gas generation rate is 

sufficiently high. 
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5 CONCLUDING REMARKS 
Excessive foaming and slopping is an inbuilt process phenomenon in top-blown BOS 

vessels i.e., a sort of a “trade-mark” for the LD process. This is due to the practice of 

top-lance oxygen blowing creating a highly oxidised slag, coupled with heavy batch 

additions of basic slag formers causing the formation of large quantities of solid 

precipitates increasing the emulsion apparent viscosity. Hence, avoiding slopping is 

not a simple task if the process conditions are unfavourable. 

The growing number of publications covering both the theoretical aspects of the 

foaming phenomenon and the operational causes behind slopping in the LD process 

indicates that slopping is an issue of growing concern, where the reason may be 

found among one of the following causes; 

i. The hot metal quality is deteriorating as a result of the use of blast furnace raw 

materials of lesser (inferior) quality and increased in-plant recycling; 

ii. Internal corporate demand for increased productivity, leading to increased 

heat size and, hence, a LD vessel over-load; 

iii. External demand for “zero BOS plant emissions tolerance” from community 

and environmental authorities. 

Reducing the occurrence of slopping should be addressed at multiple levels, namely: 

 on an technical design level, 

 on a raw-material quality level, 

 on a pre-blow “static” process control level, and, “if all else fails”, 

 on an in-blow “dynamic” process control level. 

A first step in the work towards a reduced/minimised LD-process slopping frequency 

is to address technical equipment issues; possibly the three most important ones 

being vessel geometry (volume), oxygen lance nozzle design and bottom stirring 

capacity. Certain process conditions, such as high slag volumes in combination with 

high oxygen flow rates and the use of dolomitic materials for increased emulsion 
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apparent viscosity will demand a larger than average specific vessel volume (i.e. m³ 

vessel volume per tonne of metal charge). Also important are the issues of oxygen 

lance design and bottom stirring capacity, which should be optimised to balance the 

oxygen distribution between the emulsion and the metal bath in order to limit gas 

formation within the emulsion, without increasing the overall processing time. 

The main operational slopping causes involve unfavourable charge material quality, 

mainly in regard to hot metal chemistry, scrap quality, use of dolomitic materials, 

large additions of iron oxide (e.g., coolant iron ore and waste oxide briquettes) and 

lime quality. 

The hot metal silicon content should be as low as possible for two reasons; to 

minimise the slag volume, and to avoid unnecessary high SiO2 contents, as this will 

increase viscosity in the earlier parts of the blow. Of importance is also the hot metal 

manganese content, as high Mn content will improve lime dissolution and, hence, 

reduce the demand for early oxidation of iron. Perhaps it is time to honour an old LD 

process “rule of thumb”; that the hot metal Mn/Si ratio should be larger than 1. 

This work clearly shows the importance of coolant materials quality. To avoid 

slopping the cleanest possible steel scrap should be used. However, this pre-

requisite is constantly becoming harder to meet due to an increasing demand for 

increased in-plant recycling of iron oxide containing secondary products. This is a 

contemporary LD process situation not included in the slopping-cause investigation. 

In an integrated steelplant, in-plant recycling normally involves mixing of fines 

materials into agglomerates charged to the blast furnace. However, several plants 

also charge such agglomerates into the BOS vessel (e.g., as WOBs, waste oxide 

briquettes). These agglomerates are more slopping enhancing than both pig iron and 

iron ore, and possibly even more than vessel mouth skulls. Hence, special measures 

must be taken. One such measure could be addition just after the hot metal has been 

charged, but before the start of blow. This will allow for any moisture to evaporate 

and carbon to be oxidised; hence, minimising any extra gas generation during the 

blow. Other measures are minimising simultaneous use of unclean steel scrap and 

developing customised lance control schemes. 
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The necessary use of basic slag formers will, unavoidably, result in a large emulsion 

fraction of solid precipitates largely influencing the apparent viscosity and, hence, the 

foam index. However, this work shows that if only burnt lime is charged, the emulsion 

will for most parts of the blow have a large liquid monoxide phase securing a low 

enough apparent viscosity to avoid excessive foaming. The use of MgO-bearing slag 

formers will change this situation, as MgO increases the point (i.e., the temperature) 

of initial monoxide precipitation, considerably increasing the emulsion apparent 

viscosity; hence, increasing the foam index (and the risk for slopping). This is, of 

course, the purpose behind using dolomitic lime in the BOS vessel, not to promote 

slopping, but to saturate the emulsion with MgO in order to make the emulsion more 

viscous for easier lining adhesion. 

All BOS vessels are operating with an “extra coolant buffer” in order to avoid over-

charging scrap in relation to hot metal heat content. The choice of extra coolant is 

often made on the basis of availability, price and ease of handling. In many plants 

sinter or iron ore is the obvious choice, even though this will increase the slopping 

risk.

Technical design and charge material quality matters can only be dealt with in a more 

long-term perspective. Hence, in the short-term perspective it is necessary to adapt 

all “static” process procedures to the normally prevailing conditions; the main issues 

being selecting an appropriate oxygen flow rate and adapting blowing schemes for 

lance position control, batch additions and bottom stirring, and implementing 

standard charge and process adjustments according to charge material quality. The 

latter could involve adjusting the lance position to scrap quality. 

Shift operators cannot influence the technical design, raw material quality or standard 

blowing procedures. Hence, in the day-to-day operations of a BOS vessel, preventing 

slopping is mainly a “hands-on” process control matter, where the individual skills of 

operators are critical. Most important is the control of the lance position relative to the 

metal bath surface, which should be high enough to reach a large enough liquid 

monoxide phase to minimise the emulsion apparent viscosity, but low enough to 

avoid over-oxidising the emulsion slag phase and, hence, a high gas generation rate 

within the emulsion. 
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To aid minimisation of slopping in the LD process this work has clearly shown the 

usefulness of image analysis for slopping registration purposes, where the data will 

assist in the mapping of slopping occurrence and severity, a pre-requisite for the 

determination of the most common causes behind slopping. Also shown is the 

advantage of a method for foam level estimation (e.g., through audiometry and/or 

vessel vibration), which could be utilised for “dynamic” online slopping prediction. 

However, it is important to acknowledge that for all existing industrially implemented 

foam height estimation methods, the sensitivity will rapidly deteriorate with average 

foam height. Hence, at high slopping frequencies a slopping prediction system based 

on in-blow measurements may not be of any use, as “slopping or no slopping” is not 

a matter of heat-to-heat variation, rather of stochastics i.e., slopping probability based 

on current technical design, raw material quality and standard procedures. 

This thesis work has shown the importance of understanding the emulsion dynamics 

and its impact on foaming in the LD process. More effort should be aimed at 

sampling industrial LD emulsions and determining the emulsion mineralogy and 

morphology under different (local) process conditions, essential information in regard 

to process optimisation, control and slopping prevention. 
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6 CONCLUSIONS 
Excessive foaming is one of the main features of the LD process due to the practice 

of top-lance oxygen blowing, creating a highly oxidised slag, and heavy batch 

additions of basic slag formers, causing an initial formation of large quantities of 

precipitates. Therefore, preventing slopping is primarily a matter of tight process 

control; most importantly being the control of the lance gap in order to reach a state 

of sufficiently high liquid MeO phase to minimise the emulsion apparent viscosity, but 

low enough to avoid over-oxidising and a high emulsion gas generation rate. 

This thesis work has confirmed which operational parameters have the largest impact 

on foaming behaviour and slopping in the LD process (e.g., lance gap, charge 

material quality, emulsion MgO content and gas generation rate).

However, a more important outcome of this work is valuable new knowledge on 

technical solutions available for the development of advanced process control 

systems. It has been shown that multivariat data analysis and batch modelling, 

together with LD vessel vibration measurement, form an invaluable concept for 

continuous in-blow process evaluation and pre- and in-blow slopping prediction. This 

conclusion is valid for any size of vessel and any operating conditions.

From a more process fundamental view-point, this work has given new important in-

site into the importance of controlling the development of the emulsion. Identified 

main mineral species in the studied in-blow collected LD process emulsion samples 

are: C2S (di-calcium silicate), monoxides (mainly FeO, MnO and MgO), C2(A,F)

(calcium alumino-ferrites), and late appearing C3S (tri-calcium silicate). The balance 

between solid precipitates and remaining liquid will play a crucial role in regard to 

foaming. Highlighted by this work is also the large influence of the iron oxidation 

state, as a higher Fe3+ content facilitates the precipitation of C2(A,F), raising the 

emulsion apparent viscosity. Important to acknowledge is that a high emulsion MgO 

content will also raise the emulsion apparent viscosity and, hence, the foam index. 

However, this work emphasise that a large volume-fraction of emulsion precipitates 

will not always lead to slopping; a second “requirement” for excessive foam growth is 

a simultaneously high gas generation rate; and vice versa. 
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7 FUTURE WORK 
It is clear that more research into the slag formation in the BOS process is desirable. 

One item for deeper study could be the effects of hot metal Mn/Si ratio on lime 

dissolution. For the Nordic steel BOS plants, the effects of high hot metal content of 

vanadium (and titanium) on slag formation and solid precipitation need to be 

investigated.

The process gas is generated wherever decarburisation takes place; in the metal 

bath and in the emulsion. It is thought that decarburisation in the metal bath will result 

in larger bubbles (e.g., due to coalescence) compared to bubbles produced in the 

emulsion. As larger bubbles will more easily pass through the emulsion, promoting 

“in-bath” decarburisation would reduce the foam index and, hence, the risk for 

slopping. This could be accomplished by optimised lance design and improved 

bottom stirring, the latter in regard to both flow rate and stirring element configuration. 

There are a number of publications on this subject involving CFD modelling of the 

effects of lance design and bottom stirring on fluid flow, both in the metal bath and in 

the emulsion, and foam height. It would be of great interest to test the CFD modelling 

results against actual BOS vessel behaviour, to begin with, in a pilot scale. 

Another way to increase the decarburisation rate in the metal bath in top-blown BOS 

vessels, limiting foaming, could be bottom injection of “balanced” volumes of CO2,

which would react with the carbon in the metal bath to form CO. This would involve 

much larger CO2 volumes than in the LD-CB process,[118,119] where CO2 is injected at 

5-8 Nm³/min in a 170-tonne LD vessel. The reaction CO2 + C  2CO is endothermic, 

which would make this method more favourable in the case of high hot metal silicon 

content and or scrap shortage. 

Finally, a strongly suggested activity is online testing of multivariate batch models for 

dynamic slopping prediction on LD vessels where slopping is an unexpected process 

event. This would also facilitate online testing of batch modelling for end-of-blow 

phosphorous estimation; a promising method (possibility) discussed in paper V.
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