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To my fellow researchers: 

 
 

 

“Half a league half a league, 

Half a league onward, 

All in the valley of Death 

Rode the six hundred: 

'Forward, the Light Brigade! 

Charge for the guns' he said: 

Into the valley of Death 

Rode the six hundred. 

 

'Forward, the Light Brigade!' 

Was there a man dismay'd ? 

Not tho' the soldier knew 

Some one had blunder'd: 

Theirs not to make reply, 

Theirs not to reason why, 

Theirs but to do & die, 

Into the valley of Death 

Rode the six hundred.” 

 

 

opening verses of the poem 
“The Charge Of The Light Brigade” 

by Alfred, Lord Tennyson 
 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

I 

 

PREFACE 
 

Slopping* is the technical term used in steelmaking to describe the event when the 

slag foam cannot be contained within the process vessel, but is forced out through its 

opening. This phenomenon is especially frequent in a top-blown Basic Oxygen 

Steelmaking (BOS) vessel, i.e. in the LD-process. Slopping reduces process yields 

and may lead to discharge of pollutants to the surrounding environment. 

 

This thesis presents a study of the basics of the slopping phenomena in a top-blown 

BOS vessel and an investigation into local conditions causing slopping at SSAB 

EMEA Metallurgy Luleå’s BOS plant. 

 

An additional part of the thesis involves an investigation into utilizing vessel vibration 

measurement as a means of foam height estimation and slopping control. This part 

of the thesis work was carried out within an RFCS funded project called IMPHOS 

(Improved phosphorous refining). Partners in this project were SSAB EMEA 

Metallurgy Luleå, Tata (formerly Corus) Research D & T (IJmuiden, NL and 

Teesside, UK) and Swerea MEFOS AB, Luleå, Sweden. 

 

The thesis work, as a whole, has been carried out as a project within the Centre for 

Process Integration in Steelmaking, PRISMA, at Swerea MEFOS, Luleå, a centre 

supported by the Scandinavian mining and metallurgical industries and 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). 

 

 

 

           
* 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 and solid particles will, together with process 

gases, form an expanding foam. Extensive research has defined the parameters that 

govern the foaming characteristics of BOS slag emulsions. 

 

It is a well known fact that certain process conditions will lead to an excessive foam 

growth, forcing the 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 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 BOS vessels, type 

LD/LBE, at SSAB EMEA Metallurgy 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. Improved slopping control has 

been achieved by developing a new oxygen lance control scheme, featuring 

adjustment of the distance between the lance tip and the metal bath according to 

scrap quality and ore additions. 

 

If “static” measures cannot be effectuated, in-blow control measures are needed. For 

such “dynamic” measures to be effective, it is necessary to have a system for 

slopping prediction. 

 

In the early-1980s a system for foam level and slopping control, based on BOS 

vessel vibration, was temporarily installed and tested on one of the vessels in Luleå. 

Based on the experiences from these tests it was decided to re-investigate the vessel 

vibration measurement technique. Trials on industrial scale BOS vessels of type 

LD/LBE have been carried out. FFT spectrum analysis has been applied in order to 
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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. 

 

The vessel vibration results have been tested against perhaps the most common 

implemented technique for dynamic foam height estimation and slopping control, the 

audiometric system. Parallel vibration and audio measurements have been carried 

out on a 130-tonne as well as on 300-tonne BOS vessels. The results show that 

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

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

provide a powerful slopping prediction and control system. 
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1 INTRODUCTION 

1.1 BACKGROUND 

The slag phase plays a crucial role in all metallurgical processes. For some, slag is 

just a “necessary evil”, but if slag is well taken care of it can be a vital tool in the 

manufacturing of high-quality metals. If not, slag can cause severe and costly 

problems, both within the process vessel and on the outside. 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 

the BOS process. Together with metal droplets, undissolved additives and process 

gases, the slag will form a foam. Incorrect slag phase properties in combination with 

certain process circumstances may cause the foam to grow excessively, forcing 

some of the foam 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; hence the need for technical solutions and process 

control measures for slopping prevention. 

 

The recently completed EU/RFCS-funded project IMPHOS (“Improving Phosphorus 

Refining”) focused on improving current BOS phosphorous refining strategies by 

introducing additional dynamic aspects into process control schemes, including 

enhanced slag formation practices and advanced lance control routines. Even though 

there are several techniques in industrial use, an important part of the IMPHOS 

project was to improve foam height estimation, from the start to the end of the 

blowing procedure. 

 

1.2 THE LD PROCESS 

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

furnace, in ore-based steelmaking to low carbon containing liquid steel is achieved in 

some type of Basic Oxygen Steelmaking (BOS) process. The term refers to the use 

of oxygen for the removal of carbon, in a vessel which has a basic protective inner 
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lining. The oxygen can be supplied through bottom tuyeres and or via a top-lance 

blowing against the metal surface. In the latter case, improved mixing of the bath can 

be achieved by bottom injecting of inert gases (N2 and or Ar). Table 1 lists the most 

common BOS processes in use today. 

 

Table 1. Example of common BOS processes. 

Type Abbreviation Name Process principals  
Top- 
blown 

LD Linz & Donawitz Oxygen blown against 
metal surface via top-
lance lowered into the 
steelmaking vessel 

LD-BAP LD – Bottom Agitation Process LD, with bottom injection 
of inert gas via tuyeres (LD-)TBM Thyssen Blowing Metallurgy 

LD-KG LD – Kawasaki Gate 
LDS LD – Spüler LD, with bottom injection 

of inert gas via permeable 
elements 

LD-LBE LD – Lance Brassage Équilibre  
LD – Lance Bubbling Equilibrium 

Bottom- 
blown 

OBM or  
Q-BOP (Am.) 

Oxygen Boden Maxhütte 
Quick Basic Oxygen Process  

Oxygen via concentric 
bottom tuyeres, with 
cooling hydro carbon 
(gas/liquid) in outer slit 

LWS Creusot Loire, Wendel Sidelor, 
Etablissements Sprunck 

Combined K-BOP Kawasaki Basic Oxygen Process Oxygen via top-lance and 
bottom tuyeres 

 

 

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

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

liquid 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 Thomas version. In both cases, oxygen was 

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

attempts had been made since the mid-1800s, (see Figure 1),[1] an effective way to 

use pure oxygen in oxygen steelmaking was not made possible until the late-1940s, 

when the Swizz engineer Robert Durrer began experimenting with blowing pure 

oxygen against the metal bath. These trials quickly led to the development of what is 
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today recognized as the LD process. The two steel plants where the LD process was 

first put into operation were Linz (in 1952) and Donawitz (in 1953), hence the 

acronym “LD”. 

 

Bessemer Patent 1856

Fonderia Milanese
de Acciaio, Patent 1902

Lellep trial: 1t converter
Oberhausen 1936-1939

Schwarz Patent 1939

Durrer, Hellbrügge trials:
2t converter, Gerlaf ingen 1948

LD trials: 2t converter, Linz 1949

LD start of  operation: 30t converter
Linz 1952, Donawitz 1953

 

Figure 1. The long way of the LD process.[1] 

 

The basic principle of the LD process, 

as illustrated in Figure 2, is the vertical 

high-velocity (super-sonic) blowing of 

pure oxygen via a water-cooled lance 

against the metal bath in order to 

oxidize the carbon. As in all BOS 

processes, the ferrous charge mainly 

consists of liquid hot metal and 

scrapped steel. 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.  

CO(g)
formed in
jet impact 
zone 

O2 jet
impingement zone

CO(g)
CO2(g)

Foam
(gas-slag-
metal 
emulsion)

Smoke & dust

CO(g)
bubbles

Metal

Metal 
droplets

O2
C

 

Figure 2. The basic principal  
of the LD process. 

 

 

Other elements with higher oxygen affinity will be oxidized and, together with the 

basic additives (fluxes), form a more or less liquid slag phase. 
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Of the world’s total crude steel production in 2008, 67.1% was produced via some 

BOS process.[2] The LD process is by far the dominant BOS process in use today, 

accounting for an estimated share of about 60% of world steel production.[3,4] 

 

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 on the LD 

vessel in order to improve process efficiency. Today, over 80% of the world’s LD 

vessels are equipped with a system for bath agitation by inert gas injection.[1] 

 

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 “second phase” particles such as 

undissolved fluxes and process gases. This is because: 

i. the high-velocity oxygen jet impinges the melt, ejecting a 

considerable part of the melt 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, undissolved fluxes and metal droplets form a more 

or less viscous emulsion, intercepting the process gases on the 

way up towards the vessel mouth; 

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

itself due to the reaction between the carbon in metal droplets and 

iron oxide in the liquid slag. 

 

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

Here, the fluxes are injected in powder form 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. 
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There are several comprehensive theories and models on foam formation in the LD 

process.[5,6,7,8,9,10] A common theme for these models is that they are based on the 

quantification of the foaming behaviour represented by the foam index, , defined as 

the ratio between foam volume and gas flow rate[11] according to the following 

expression: 

 
su

h       or   
V
h

s
gV

h       (1) 

where: h   = foam height (cm) 

  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 

takes for the process gases to vertically pass through the foam. With a constant 

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

main decarburization period of the blow, i.e. the foam height is directly proportional to 

the foam index.  

 

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

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

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

diameter (db). Some suggested relationships are: 

Ito & Fruehan:[10] E
b

CB

A

d
const

CB

A
.c     (2) 

 where: A, B, C & D = numeric values 

  e.g.    ½)( ½)(
21015.7     (2b) 

 Lahiri & Seetharaman:[9] 
bd

const
 d

.c         (3) 

           

* The property viscosity (Poise = Pa s) is only applicable to and measurable 

for liquids; hence the use of the term apparent viscosity to describe  

the viscous appearance of a liquid-solid emulsion. 



  

6 
 

A very important property in regard to the foam index is the apparent viscosity of the 

emulsion; the higher the apparent viscosity, the higher the foam index. The obvious 

consequence is that an increased apparent viscosity will automatically lead to an 

increased foam height, and with a sufficiently high apparent viscosity, the foam will 

eventually begin to exit the vessel, i.e. slopping will occur. 

 

One parameter that strongly influences the apparent viscosity is the presence of solid 

particles. According to some published equations,[12,13] illustrated in Figure 3, 

increasing the fraction of solid particles by only 10% will result in a 50% increase in 

apparent viscosity and at least an equivalent increase in foam height (depending on 

which foam index equation is adopted). 

0

2

4

6

8

10

0 10 20 30 40 50 60

Brinkmann

Happel

0
, volume fraction dispersed particles (%) 

H.C. Brinkman:[12]

= f (1 - )-2.5 (4)

J.J. Happel:[13]

= f (1 + 5.5 )       (5)

where:

= volume fraction of 
dispersed particles (-) 

= apparent viscosity (Pa s)
f = liquid viscosity (Pa s)

/
1

/ f
(-)

 
Figure 3. Suggested equations describing the effect of dispersed particles  

on the apparent viscosity of suspensions.[12,13] 
 

 

1.3.2 Gas generation 

According to the foam index expression, the gas generation rate plays a vital part in 

the formation and growth of the foam. The gas is a product of the decarburization 

process (illustrated in Figure 4), which proceeds: 

i. by direct oxidation at the metal surface in the hot spot:  

  [C] + ½O2(g)  CO(g)       (6) 

ii. in the foam, indirect by iron oxide reacting with metal droplets: 

  [C] + (FeO)  CO(g) + {Fe}      (7) 
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where the (FeO) is a product of oxidation of iron by pure oxygen: 

  {Fe} + ½O2(g)  (FeO)       (8) 

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

  [C] + [O]  CO(g)       (9) 

 

Decarburization according to reaction (6), and also the oxidation of iron according to 

reaction (8), will begin immediately and continue throughout the blow, although in the 

first case with a diminishing pace, due to the continuous decrease in carbon content 

at the metal surface. The rate of iron oxidation is more constant, but the resulting iron 

oxide content of the slag will eventually decrease due to an increased consumption 

according to reaction (7). At the end of the blowing period the iron oxide content in 

the slag will start to increase again as the participation of iron oxide in the 

decarburization process is reduced due to the low carbon content of the melt. At the 

very end of the blow the controlling decarburization reaction is the one in the melt 

between carbon and dissolved oxygen according to reaction (9). Therefore, the 

decarburization rate at the end of the blow will be dependent on mass transfer of 

carbon from the lower to the upper part of the melt and of dissolved oxygen in the 

opposite direction. 

CO(g)
CO2(g)

[C] + ½O2(g)
CO(g)

[C] + (FeO) 
CO(g)

[C] + [O] 
CO(g)

{Fe} + ½O2(g){ }
(FeO)

0

0

0

0

0

0

0

0

0

0

1

0

1

2

3

4

5

6

7

8

0 20 40 60 80 100Oxygen blowing (time)   100

[C
] &

 (F
eO

n)
  

dC
/d

t  

dC/dt

[C]

(FeOn)
C

O2

 
Figure 4. The principal reactions involved in the decarburization of the melt in 

the LD process (left) and schematic illustration of the 
decarburization rate, oxidation state of the slag and progress of the 
carbon content in the melt as function of blowing time (right). (The 
thin solid line shows an example of the dC/dt recorded during LD-blowing 
at SSAB Luleå, while the dotted line shows the theoretical dC/dt.)  
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As illustrated to the right in Figure 4, the maximum decarburization rate, and hence 

the maximum gas generation rate, is reached 25-30% into the blow, and proceeds to 

a great extent within the foam according to reaction (7), the rate fairly constant, the 

level depending on the availability of iron oxide and the supply of metal droplets 

ejected from the oxygen impingement zone.  

 

At about 80% of the blow the gas generation rate will quickly drop off due to a low 

carbon content in the melt. Deviation from the theoretical decarburization curve, as 

illustrated in Figure 4, should always be expected for several reasons; for instance, 

when adding coolants such as limestone, dolostone (raw dolomite) or iron oxide 

materials such as ore. 

 

1.3.3 Blowing regimes – “hard” versus “soft” blowing 

In practical operation of a top-blown steelmaking vessel, achieving perfect balance of 

oxygen supplied to the bath and slag respectively is not an easy task. Two terms are 

used to describe a deviation from a balanced oxygen state in the vessel: 

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

stands for the case when the oxygen lance is closer to the bath, 

promoting decarburization in the hot spot according to reaction (6) 

and later in the bath according to reaction (9), resulting in an under-

oxidized slag 

2. “soft blowing” (softer impact of the oxygen jet on the metal surface) 

stands for the case when the oxygen lance is farther from the bath, 

increasing the supply of oxygen to the slag according to reaction (8), 

resulting in reduced decarburization rate and an over-oxidized slag 

 

In an ideal process situation with the lance at an optimum position above the metal 

surface, the fresh oxygen supplied to the slag balances the consumption of iron oxide 

for the decarburization of ejected metal droplets. The decarburization rate will be high 

but controlled, creating a stable foam which fills a large portion of the vessel volume 

above the bath, minimizing lining wear and skulling. Yield as well as blowing result 

will be good. 
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If the lance is positioned too deep, the supply of oxygen to the slag will not be 

enough to balance the consumption of iron oxide for the decarburization of ejected 

metal droplets; the slag will be starved of oxygen. The decarburization will still be 

high due to a more intense harder contact between the oxygen jet and the bath. 

 

At lower FeO content the slag may not foam at all; instead, the emulsion will become 

viscous and shrink. A reduced emulsion height will not only lead to an easy passage 

of process gases by channelling but also an intensified spitting, sending droplets high 

up in and out of the vessel. More spitting leads to reduced yields and skulling of the 

lance as well as of the vessel cone and mouth. Another effect of hard blowing is an 

increased rate of bottom wear. 

 

If the lance is too high, the oxygen level in the slag will be elevated, not only due to a 

softer contact between oxygen and metal bath, but also due to a slower consumption 

of iron oxide in the slag as less metal droplets are ejected from the bath. Hence, the 

decarburization rate will be lower, reducing the foam height and promoting lining 

wear. A shallower impact of the oxygen jet will reduce bath mixing, creating dead 

zones and causing bottom build-up. 

 

1.3.4 The slopping phenomena 

The combination of a low decarburization rate and an over-oxidized slag can be 

compared to a time-bomb. Chukwulebe et al.,[14] have introduced the descriptive term 

“hyper-reactive conditions” with excess oxygen and carbon not reacting due to poor 

mixing. In this state, any minor change in conditions will trigger a drastic increase in 

gas generation and foam growth, leading to violent slopping. 

 

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 (as illustrated in Figure 5), the pace depending on the oxidizing 

state of the slag; slowly in case of a thick under-oxidized slag, quickly in the case of a 

runny over-oxidized slag. 
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As can be seen in the phase diagram to the right in Figure 5,[15] avoiding slopping 

demands a tight control of the slag composition path (i.e. the slag trajectory) and, 

hence, the oxidizing state of the foam; like being “caught between a rock and a hard 

place”, or having “to pass between Scylla and Carybdis”: 

i. If under-oxidized, the apparent viscosity will become too high, 

which will occur if the iron oxide content at the start of the main 

decarburization period is too low. This will result in a “dry”, very 

viscous foam during the middle part of the blow. 

ii. If over-oxidized, the gas generation rate and, hence, the gas 

velocity within the foam will become too high. 
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Figure 5. Actual slopping event (left) and illustration of the connection 
between the oxidizing state of the slag and slopping probability 
(right).[15] Black dots in light gray parallelograms show the ideal 
path (slag trajectory) to avoid slopping. Diagram based on an earlier 
publication.[16]  
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1.3.5 The basic slag formation trajectory [17] 

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

hence, the slag formation and foaming, we first have to understand the basics. This 

is well described by Deo and Boom[17] with the help of the simplified phase diagram 

for the CaO-FeOn-SiO2 system from Oeters and Scheel,[18] as illustrated in Figure 6. 

2FeO•SiO2
(~30 % SiO2)

 
Figure 6.  Schematic phase diagram for the system CaO-FeOn-SiO2, 

illustrating the slag trajectory during lime dissolution in the LD 
process.[17,18] 

  

Presume lime is added to a homogenous slag with a composition according to point 

S and that the lime has an initial composition according to point M. The 

heterogeneous emulsion of solid lime (M) and liquid slag (S) begins to react, but only 

with an immediate dissolution of all added lime will the total composition of the slag 

follow along the line S-A-B-M, while the liquid phase will follow along the line A-C-D-

E. The lime will, however, not dissolve immediately as the first reaction product to 

form on lime is dicalcium silicate, 2CaO•SiO2 (C2S), with a composition according to 

point F. C2S has a high melting point and will form a layer on undissolved lime 

particles. A continuation of the dissolution of the lime trapped inside the C2S shell will 
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be obstructed until favourable conditions for dissolution are reached, or until a crack 

in the C2S shell has formed. Along the surface DE the liquid slag is saturated with 

tricalcium silicate, 3CaO•SiO2 (C3S), and along the surface GE it is in equilibrium with 

a solid solution of CaO-FeO-SiO2. If the initial composition of the liquid slag was 

closer to the surface DE, C3S should be formed first, but the kinetics for precipitation 

of C3S is quite sluggish. The result is an initial formation of C2S, followed by 

precipitation of C3S, within or underneath the C2S layer, at a much later time. 

 

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

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

cause a 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 tricalcium silicate. 

 

1.3.6 Earlier slag trajectory investigation at SSAB in Luleå 

A Master’s thesis[19] on slag formation and dephosphorization carried out at SSAB 

Luleå in 2005 give some interesting information on the slag trajectory for different 

process conditions. Slag and metal sampling was carried out with a special sampling 

device lowered into the BOS vessel using the sublance. Two process cases were 

studied: standard blowing applied for mild steel grades (as reference cases) and 

special blowing applied for high strength steel grades with demand on low final 

phosphorous content (De-P cases). 

 

Figure 7 shows the average slag trajectory for each of the two cases. The structure 

of the phase diagram is taken from Deo and Boom (i.e. Figure 6). The actual slag 

composition is quite complex, with high levels of MgO, TiO2 and V2O3. In order to “fit” 

the slag samples into the CaO-FeOn-SiO2 phase diagram, normalized “coordinates 

(in w-%)” have been calculated, at the author’s own discretion, using to the following 

expressions: 

“CaO”  = CaO + 0.7×MgO (adjusting for relative basicity)  (10) 

“FeOn” = FeO + Fe2O3 + MnO + V2O3      (11)  

where     (Fe3+)/(Fetotal) = 0.02×(Fetotal)        (12) 

“SiO2” = SiO2+TiO2+Al2O3+P2O5     (13) 
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Figure 7. Slag trajectories in a modified CaO-FeOn-SiO2 phase diagram, for: 
-  “MS regime” type of blowing (red) and for  
-  “HS regime” type blowing (blue). 
Slag samples used for trajectories from reference.[19]  

 

Supported by process conditions and blowing result it can be concluded that the 

reference case is a typical soft blowing, most likely passing through the over-oxidized 

area connected with volcano-type slopping (slopping recording not possible at the 

time). In spite of the operator effort’s to enhance dephosphorization, the slag 

trajectory in the De-P case followed a rather dry path typical for harder blowing. 
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1.4 AIM AND SCOPE OF WORK 

Even in the case of a well-controlled BOS process, certain extreme conditions will 

cause excessive slag foaming and slopping, resulting in equipment damage, 

environmental disturbances and low process yields. At SSAB EMEA Metallurgy’s 

BOS plant in Luleå, slopping has been a matter of concern for some time, even more 

so since the heat size was increased from 114 to 130 tonnes in late-2008. 

 

In order to reduce the occurrence of slopping, a need for a deeper study into the 

main slopping causes has been realized, as well as the need for a reliable system for 

in-blow slopping prediction. Such a system is currently not available on the Luleå 

BOS vessels, but there are slopping prediction systems commercially available, the 

most common being audiometry and oxygen lance vibration monitoring.  

 

Audiometry normally involves the measurement of process sound from within the 

vessel hood via a sound duct entering through the cooling panel, which is not 

possible in Luleå without a complete redesign of the hood section in question. Other 

issues with audiometry are the requirement of continuous maintenance and the fact 

that usable sonic readings are not obtained until 4 to 5 minutes into the blow. 

 

Lance vibration has been tested in Luleå, but deemed unreliable due to local 

conditions and the fact that the apparatus demanded a high degree of maintenance. 

 

The purpose of this work was twofold:  

i. to establish which process conditions will lead to slopping, with a special 

emphasis on the local conditions at SSAB EMEA Luleå. The outcome will be 

used when prioritizing the measures that should be taken in order to achieve 

the pre- and in-blow process conditions needed to avoid slopping. The result 

of this study is presented in Appendix I; 

ii. to develop a reliable, easy-to-install, low-maintenance technique for foam 

height estimation throughout the whole blowing, which can be utilized for in-

blow slopping prediction. The result of this development work, carried out 

within the RFCS project IMPHOS, is presented in Appendices II and III. 
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2 PRESENT STATUS ON SLOPPING PREVENTION 

2.1 AUTOMATIC SLOPPING REGISTRATION TECHNIQUES 

As in many other areas, lack of measurement techniques and adequate signal 

analysis systems in iron and steelmaking has prevented automatic and unbiased 

registration of critical process events. However, in the last two to three decades, 

development of advanced sensors and powerful signal analysis software and, of 

course, a rapid improvement in computer capacity, has opened the door to the 

development of more and more intricate process control systems. In the effort to find 

the causes behind slopping and to support the development of automated dynamic 

slopping prevention and suppression systems, it is necessary to have some means 

of recording and grading slopping events. 

 

One of the earliest reported methods for automatic slopping registration (tracing) is 

the use of photodiodes.[20] A photodiode is a light-sensitive semiconductor which may 

be used as a light sensor. The photodiodes were in this case positioned beneath the 

steelmaking vessel, registering sparks as well as liquid and semi-liquid material 

leaving through the vessel mouth and passing in front of the sensor on the way down 

onto the shop floor. 

 

In the very early-1990s, improved computing capacities and increased availability of 

advanced software for image analysis enabled automatic registration and recognition 

of events filmed by cameras with a large field of vision. 

 

Slopping registration today is principally based on image analysis of pictures 

recorded by cameras covering the area beneath the vessel and/or the converter 

mouth.[21,22,23]  

 

In the case of monitoring the area beneath the vessel, the system scans each 

camera image (25 per second) and counts the number of light pixels above a set 

threshold within a designated area of the camera frame. Both the threshold and the 

designated image area should be set in such a way that additional lighting by 

sources such as indoor lighting and vehicle headlights is prevented. 
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A slopping value is continuously calculated as the percentage of light pixels relative 

to the total number of pixels in the designated scanning area. For long-term data 

storage a heat slopping index can be created by accumulating the calculated 

slopping level value over the complete blow. For any type of camera set-up, and 

especially in the case of cameras covering the taphole and vessel mouth area, it is 

necessary to apply some pattern or image recognition system that can distinguish 

between slopping, sparking and flames. 

 

2.2 SLOPPING CAUSES 

Slopping causes are 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, such as vessel design, especially size in relation to 

heat size and slag volume, the quality of charge materials, especially hot metal and 

scrap, and standardized blowing schemes controlling oxygen lance positioning, 

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

such as deviation from blowing schemes and the extent of bottom stirring. 

 

Slopping is a relatively common BOS process problem, incomparably worse in the 

case of top blowing and batch addition of coarse flux materials. As the LD process 

accounts for around 60% of the world’s total steel production, it is easy to find 

publications reporting findings and conclusions with regard to slopping causes.  

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

been given by Shakirov, Boutchenkov, Galperine and Shrader.[24] The authors 

defines three types of slopping, as shown in Figure 8:  

 dry;  a result of thermal imbalance, hard blowing, high slag basicity  

  and large additions of dolomitic fluxes 

 volcano;  related to hot metal quality and large additions of slag foaming 

  enhancers, e.g. pig iron, oxide containing recycled scrap and 

  waste-oxide briquettes (WOBs) 

 “most common”;  a combination of causes such as soft blowing, slag 

  composition, smaller in-blow ore additions, disturbances 

  in decarburization rate and reduced vessel volume. 
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• Over charge
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• Iron ore
• Mill scale
• Lance gap 
• Lance profile

 

Figure 8.  Slopping classification according to Shakirov et al. [24] 
 

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

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

maintaining consistent blowing practices. 

 

2.2.1 Most common slopping causes  

Most common is slopping due to a combination of causes such as: 

 a slag with high apparent viscosity and or reduced surface tension due to: 

 unfitting hot metal and scrap compositions resulting in an increased 

apparent viscosity,[14,25,26,27] due to a presence of unfavourable slag 

components and/or increased fraction of second phase particles 

 additions of FeSi or quartzite. The former will temporarily reduce the 

decarburization rate, causing a C/FeO imbalance in the foam, resulting in a 

sudden violent release of excess gas when all the Si has been oxidized[22] 

 the use of hard burnt lime,[15,28] as a softer lime has a larger surface area 

facilitating a faster lime dissolution. 

 batch addition of fluxes and excessive additions of coolants[14] increasing 

the apparent viscosity due to the temperature drop 
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 high fines content in additions,[14] raising the volume fraction of dispersed 

particles in the foam leading to an higher apparent viscosity (Figure 3) 

 a raised iron oxide content in the slag due to: 

 soft blowing due to improper lance positioning [14,15,29] 

 additions of iron oxide containing materials,[14,30,31] such as iron ore, mill 

scale and WOBs, especially initial large additions maintaining a raised iron 

oxide level throughout the whole blowing 

 lance wear, leading to softer blowing [15,29,30,32] 

 sudden increase in decarburization rate due to: 

 excess gas generation rate from the addition of oxides 

 poor bath mixing, creating “hyper-reactive conditions” (see 1.3.4)  

 reduced vessel to charge volume ratio due to: 

 bottom build-up,[29,30,33] e.g. due to the practice of slag splashing [27,34,35] 

reducing the available volume for handling an excessive foam growth 

 metal over-charging [14,22,29,30,32] and high slag volume 

 

2.2.2 Dry type slopping causes 

Dry slopping is a result of more serious process deficiencies, such as: 

 thermal imbalance due to: 

 large volumes of undissolved fluxes and batch additions of ore/WOBs, and 

of unmelted scrap,[36] creating temperature gradients in melt and slag 

 high slag basicity: 

 increasing slag emulsion apparent viscosity and promoting slag reduction,  

foremost of FeO and MnO[25]  

 large additions of dolomitic fluxes and raw lime/dolomite [14,17,33,35] as: 

 it increases slag emulsion apparent viscosity 

 MgO blocks lime dissolution 

 raw fluxes introduce solid particles, increasing the apparent viscosity 

 the calcinations of raw fluxes cools the slag emulsion and increases the 

apparent viscosity even more as well as producing extra process gas   
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 hard blowing: 

 as it increases the decarburization rate and, without proper bath stirring, 

hard blowing will deprive the slag of oxygen, creating “hyper-reactive 

conditions” [14,25] 

 unfavourable hot metal Mn/Si ratio,[15,30,32,37,38] as: 

 higher Si will lead the slag trajectory towards the area representing an 

under-oxidized state (see Figure 5), a condition which is worsened by 

a low hot metal Mn content  

 

2.2.3 Volcano type slopping causes 

Volcano type slopping is related to conditions already described, primarily: 

 late melting of large amounts of pig iron, oxide containing recycled pit scrap, 

mill scale and waste-oxide briquettes [14,29,30,32]  

 extreme soft blowing conditions 

 

2.2.4 Earlier slopping experiences at SSAB Luleå 

Results from an earlier SSAB investigation at Luleå[32] can exemplify some of the 

slopping related factors given. The most common slopping causes were identified as: 

reduced vessel volume, highly over-oxidized slag, poor lime dissolution, late melting 

of cold iron and worn oxygen lance nozzles. Samples of slopping foam and foam 

from within the LD vessel gave interesting information regarding the make-up of the 

foam. The samples are plotted in Figure 9 (left).  

 

The right diagram in Figure 9 shows the weight fraction of metal droplets suspended 

in the foam at different times during the blow, the highest amount reached during the 

period of the blow when apparent viscosity and decarburization rate are at maximum. 

A 50-80% weight fraction of metal droplets in the foam means that: 

 10-20% of the total amount of metal bulk is suspended in the foam 

 at slag rate of 100 kg per tonne of metal, the amount of suspended metal 

droplets would be 100-200 kg/tonne. Hence, slopping causes substantial 

metallic losses.  
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Figure 9. Sampling of slag emulsion at SSAB Luleå: chemical composition 
(left) and analyses weight fraction of droplets (right).[32] 

 

A final, but still an important observation, is the result of a study on the effect of hot 

metal Mn/Si ratio on slopping tendency. A higher hot metal Si content will guide the 

slag trajectory towards the under-oxidized area in the phase diagram, while a higher 

hot metal Mn content will guide the slag trajectory towards the over-oxidized area. It 

is obvious that there would be an optimum Mn/Si ratio, varying with overall BOS 

process conditions. Figure 10 shows that during the time of the Luleå investigation 

the optimum Mn/Si ration in hot metal was between 1 and 2. 

 

Figure 10. 
Influence of hot metal  
Mn/Si ratio on slopping.[32] 
- circles = max 
- triangles = min 
- star = median  
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2.3 SLOPPING PREVENTIVE MEASURES 

2.3.1 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, or at least 

minimize, sloppy behaviour in a top-blown steelmaking vessel. It may be the case 

that fundamental measures cannot be taken due to the current vessel and auxiliary 

equipment set-up. Even so, decisive measures are: 

i. secure a sufficient specific vessel volume.[4,14] However, most vessels today 

are overloaded due to demands for increased productivity. Slopping is 

therefore a quite common BOS operational problem. 

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

iii. optimize flux quality, with special attention to reactivity and fines.[14,28] 

iv. facilitate a sufficient number of hoppers with continuous feeding system to 

facilitate in-blow addition of slopping suppressive materials.[14,32,39,40] 

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

of nozzles and nozzle angle.[17,30,33,41,42,43] Jet coalescence should be 

avoided. 

vi. secure a maximum bottom stirring efficiency. This involves not only a high 

availability, but also sufficient flow rate [44,45,46] and optimized placement  

of tuyeres and permeable elements[45,47]. In order to suppress slopping,  

the specific flow rate capacity should be at least 60-70 Nl/tonne/min.[46] 

 

2.3.2 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: 

i. hot metal quality: this would normally involve additions of FeSi in case of an 

unusually low Si content. It could also involve additions of ferro manganese 

in case of a high Si content. However, only a few (if any) of the European 

BOS plants have such a practice. The simple reason for this is the fact that 

the hot metal Mn content has to be in the range of 0.2 to 0.4% to secure a 
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low Mn content (0.1-0.2%) in the steel after blowing, which is required in 

many of the products. 

ii. scrap quality: this is a key parameter.[14,24,32] Scrap selection should be made 

in respect to the total charge (i.e. hot metal, fluxes and coolant/fuels) in order 

to avoid, either an under-oxidized dry slag trajectory in the case of only very 

clean scrap, or an over-oxidized volcanic slag trajectory when large amounts 

of very un-clean scrap are used.  

iii. choice of coolants: the usual coolants are high in iron oxide, e.g., iron ore, 

WOBs.[14,31] The same applies for these materials as for dirty scrap. 

iv. flux blend: the base slag-forming additive in basic oxygen steelmaking is 

burnt lime. As the BOS vessel in most cases has a magnesia lining, dolomitic 

lime is added to saturate the slag with MgO in order to limit lining wear. 

However, such a practice promotes slopping. 

v. total metallic charge: this is another key factor in the prevention of slopping. 

The vessel volume will normally increase with time, thus reducing slopping, 

but the volume could decrease in the case of large build-ups in the bottom. 

This is readily monitored by systems for inner vessel profile measurement. In 

severe cases it could be possible to momentarily reduce bottom build-ups by, 

after tapping, adding FeSi to retained slag and blowing oxygen for a period of 

5-8 minutes.[48] 

vi. blowing patterns:[14,17,24,29,39,40,42,49] the development and implementation of 

precise blowing patterns for the oxygen lance positioning (lance profiles), 

oxygen flow rate, additions and inert gas flow for bottom stirring as a function 

of blowing time is fundamental in top-blowing.  

a. lance profiles: basically, the distance between lance tip and bath 

should be set in such a way that a balance between the oxidizing state 

of slag and metal is achieved. 

b. oxygen profiles: normally the oxygen flow rate will be kept constant in 

order to maintain a stable decarburization rate. However, it could be 

beneficial to reduce the oxygen flow rate in the case of additions of iron 

oxide bearing materials and when expecting late melting of scrap 

containing carbon, e.g. pig iron. 
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c. flux profiles: the main fluxes should be added in such a way that slag 

formation is promoted, e.g. by delaying addition of dolomitic fluxes in 

order to avoid blocking lime dissolution. Batch addition should be 

avoided. 

d. bath agitation profiles: proper bath agitation is needed to ensure good 

heat and mass transfer between solid and molten phases to avoid 

thermal gradients and to enhance scrap melting. 

vii. control of slag properties: in order to check that the static measures taken 

prior to blowing, prediction of slag properties and foaming could be made. 

This would help in to ensure an optimum slag trajectory in regard to the risk 

for slopping. These predictions could be either self-adapting (case-based)[50] 

or heat and mass balance calculations.[14] 

 

2.3.3 Dynamic slopping prediction and foam height estimation methods 

After initiating the blow, dynamic slopping control measures can be taken, but this 

requires a method for slopping prediction, either more 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. Below are descriptions of early 

developments, present industrial methods and currently developed techniques for 

dynamic slopping prediction and foam height estimation. 

 

2.3.3.1 Vessel weight monitoring [51]  

A method for following the slag development presented in the mid-1970s involved 

continuous vessel weighing The weight trace was used to check additions (weight 

change), reaction rates (rate of weight change) and slag developments. The latter 

was based on pattern recognition of the transmitted kinetic energy, expressed by the 

vibration at the weight transducers. Slopping prediction was made by comparing the 

weight change trace with the kinetic energy trace. A continuous weight increase was 

interpreted as a sign of the rate of oxygen build-up in the slag exceeding that of the 

decarburization of the melt, while a sharp increase in kinetic energy was interpreted 

as indicating a rapid fluxing of the slag. If an increase in weight and kinetic energy 

occurred simultaneously, slopping was to be expected. 
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2.3.3.2 Slopping prediction based on vessel flaring [52]  

Another early development was based on detecting different patterns of vessel flaring 

inside the hood using a photo cell,[52] aimed at a gap in the hood panels some 15 

metres above the vessel mouth. It was found that rapid fluctuations in the light 

intensity of the flare inside the hood indicated stable process conditions and a fluid 

homogenous slag, while a considerable reduction in light intensity was a sign of an 

imminent slopping. 

 

2.3.3.3 Slopping prediction by modelling [6,24,53,54]  

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

control system, providing on-line calculations of temperatures and chemical 

compositions of melt, slag and process gases throughout the blow. If combined with 

kinetic and thermodynamic models, it is possible to continuously calculate the 

foaming state of the slag emulsion and the probability of slopping. An example of an 

output is given in Figure 11, showing plots of slag trajectories for different process 

cases; hard blowing, soft blowing, “ideal” trajectory and if the blow is started with 

retained slag from the previous heat. 

 

 

 

Figure 11. 
Example of calculated 
slag trajectories under 
different process 
conditions .[53] 
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2.3.3.4 Slopping prediction based on off-gas data [15,22,37,54,55,56,57]  

The BOS vessel off-gas is one of the most utilized sources for process monitoring. 

Simplest to monitor is the off-gas temperature. Experiences show that in the case of 
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full post-combustion, and only then, can there be a correlation between rapid 

changes in off-gas temperature and slopping. The change in off-gas temperature is 

to a great extent the result of post-combustion of CO to CO2 by air; the higher the 

flow rate of process gas (mainly CO) out of the vessel, the more heat generated by 

post-combustion. 

 

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

decarburization 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 emulsion is stable, increasing 

towards an over-oxidized state or decreasing towards an under-oxidized state. This 

important information can then be compared to other foaming-related data in order to 

predict the risk of imminent slopping. 

 

2.3.3.5 Foam height estimation via vessel side entry [58,59]  

The methods described so far involve calculating the slopping probability based on 

process output data, not efforts to directly or indirectly measure the actual foam 

height (and its progression). Two novel methods for foam height estimation utilize a 

side entry into the vessel; one using a camera to monitor the exit of slag emulsion 

through the taphole,[58] the other using a fiberscope looking into the vessel via 

customized view ports.[59] The first of these methods also estimates the foam height 

by looking at the flow of slag exiting the vessel via the taphole. By applying 

Bernouilli’s equation, it is possible to judge the change in foam height from the 

change in slag volume flow. 

 

With the second method, optic fibres provide processed images of the foam level 

inside the vessel. By wavelength separation of the light refractory, gas and slag can 

be distinguished. As flames will appear whiter and slag yellower in the processed 

picture, the ratio of yellow area in the image will give a measure of the slag/foam ratio 

inside the view port. Two view ports are used; the lower 2.5 metres and the upper 1.5 

metres below the vessel mouth. The time for the foaming slag to expand from the 

lower to the upper port is then used to predict, by extrapolation, when the foam is 

expected to reach the vessel mouth. 



  

26 
 

2.3.3.6 Foam height estimation by lance vibration measurement [39,49,60,61,62,63]  

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

measuring the oxygen lance vibration. The technique involves the transfer of kinetic 

energy from the foaming slag 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, the vibration amplitude (for a specified frequency band 

dependent on installation) will increase proportionally to the contact area and, hence, 

the immersion depth. In this method it is necessary to consider any process changes 

that will affect the kinetic energy level of the foam, the most important being the 

generation of CO gas. Figure 12 shows a few examples of lance vibration signal 

appearance during blowing and interpretation of the signal in regard to slopping. 
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Figure 12. Illustration of lance vibration measurement for foam height 
estimation. Top diagrams according to reference[39,60].  
Bottom diagrams according to reference[61]. 
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2.3.3.7 Foam height estimation by audiometry [20,21,22,27,37,49,50,64,65,66]  

A strong 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[21,27,49,65] or close to the vessel mouth.[20,22,37,50]  

 

As the foaming slag will act as acoustical attenuator, the measured noise level will 

decrease with increasing foam height. Also, the audio signal needs to be filtered in 

order to determine at which frequency band the noise level shows best correlation 

with the estimated foam height. An example of typical audio signal appearance 

during different foaming conditions is shown in Figure 13. 
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Figure 13. Examples of sonic signals, in the case of an over-oxidized state 
(left) and under-oxidized state (right).[50] 

 

2.3.3.8 Foam level detection by RWI [22,67,68]  

RWI, radio wave interferometry, is a microwave technology which can be used for 

direct measurement of interfaces and heights of separate layers. As microwaves are 

quite insensitive to the presence of particles and hot gases in their path, these high 

frequency radio waves are especially suitable to be used in steelmaking process 

applications.  

 

The basis of this method is the fact that when the microwave meets an interface 

between two different materials (gas-liquids-solids), parts of the wave will be reflected 

and some will be refracted as it passes through the interface. In the case of a slag on 
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top of a metal bath, the refracted wave that has passed through the gas-slag 

interface will in its turn be partially reflected and refracted when it reaches the slag-

metal interface. As there will be a difference in the properties of the waves returning 

from the metal surface and the slag surface, it is possible, by careful signal 

treatment, to determine the position of each interface and, hence, get a direct 

measure of the slag/foam height. 

 

Theoretically, RWI technology should be very useful in slag foaming monitoring and 

slopping prediction, even replacing many established but indirect methods. However, 

it should be pointed out that, as the foam consists of a large and variable number of 

gas-liquid, gas-solid and liquid-solid interfaces, there is some uncertainty as to the 

accuracy of the use of radio waves for foam height measurement.  

 

Practical problems have slowed down the work with utilization of the RWI technology. 

The microwave unit has to be placed very close to the vessel mouth in order to 

ensure an unobstructed passage into the vessel. This makes the unit very exposed 

to skulling by molten material ejected up into the hood. Technical solutions to this 

problem would be quite costly and an installation is only possible in connection with 

replacement of the lower sections of the vessel hood. 

 

2.3.3.9 Slopping prediction by combined methods [21,22,27,49,65,68]  

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. It is also important to acknowledge that, 

for several of the described methods, it is the rate of change more than the absolute 

signal level that will give the best prediction of an imminent slopping. 

 

Reported accuracies in regard to predicting slopping range from 60% to 80%. An 

interesting remark is that pre-blow calculation can give a 70-75% accuracy,[27] 

whereas, for the same case, in-blow dynamic measurements and calculations show 

roughly 5% lower accuracy. An account on the precision of slopping prediction 

(shown in Table 2) has been given by Kanai et al.[49] 
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Table 2. Slopping prediction accuracy, a comparison between individual 
methods and by combination.[49] 

 Accuracy via a single prediction method Combination 
prediction 
accuracy Audiometry Lance 

vibration 
Pre-blow  

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

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

2.3.4 Dynamic slopping control – in-blow measures 

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

vessel, there are some basic slopping suppressing measures that can be taken. 

These involve the following parameters: 

 oxygen lance position [14,15,21,27,32,33,37,39,49,50,51,67] 

 oxygen flow rate [14,15,21,27,29,37,39,49,50,67] 

 bath agitation (bottom stirring) [14,33,37,46,49,50] 

 material addition [14,27,29,30,33,49,58,60,67,69,70]  

 

2.3.4.1 Oxygen lance, O2 flow rate and bath agitation measures  

The most common measure in the case of slopping conditions is to move the oxygen 

lance closer to the bath in order to reduce the supply of oxygen to the foaming slag. 

This may be coupled with a reduced oxygen flow rate and or increased bath agitation 

if the vessel is equipped with a bottom stirring system. 

 

Several plants have a step of fixed onsets with different action steps, such as: 

 example 1:[49] - step 1:  lower oxygen lance 20 cm 

  - step 2:  reduce O2 flow rate by 10% 

  - step 3:  double bottom Ar/N2 gas flow rate 

 example 2:[27] - step 1:  reduce O2 flow rate 

  - step 2:  lower oxygen lance 

  - step 3:  add slopping suppressants 

 example 3:[37]  - step 1:  increase bottom Ar/N2 gas flow rate 

  - step 2:  lower oxygen lance 

  - step 3:  add. bottom gas + lower lance further 

  - step 4:  reduce O2 flow rate 
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It is clear that when and in which order slopping preventive measures are taken are 

based on local conditions and experiences. Even though strategies and methods 

may differ between plants, there are basic considerations that must be 

acknowledged. The first and foremost is that it must be determined whether the 

foaming slag is under- or over-oxidized.[15,29] If over-oxidized, lowering the lance is 

more effective than reducing the oxygen flow rate. The latter will lead to softer 

blowing, worsening the situation. For the same reasons, if the foam is under-

oxidized, reducing the oxygen flow rate, without lowering the lance, is the correct 

measure. In this case, it could actually be a correct measure to raise the lance in 

order to increase the oxygen level in the slag foam. 

 

Increasing bath agitation will always be a proper measure to avoid or dampen 

slopping. However, it will only have an impact after slopping has commenced if the 

bottom gas flow rate is increased considerably. A suggested minimum specific 

bottom gas flow rate is 60-65 Nl/tonne/min.[46]  

 

Some examples of anti-slopping measures involving lance level, oxygen flow rate 

and bath agitation are shown in Figure 14 (a & b). 

 

 

Figure 14a. 
Example of anti-
slopping measures 
involving oxygen 
lance adjustment 
based on lance 
vibration.[39] 
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Figure 14b. Examples of anti-slopping measures involving:  
Left: - lance, O2 and agitation (based on audiometry).[50] 
Right: - lance adjustment (audiometry & dC/dt).[65] 
 

 

2.3.4.2 Addition of slopping suppressant materials  

If the hopper system has capacity for other additives in addition to the normal fluxes, 

coolants and fuels, slopping may be suppressed by special additions. Which material 

to use is, again, dependent on the circumstances.  

 

To flux an under-oxidized foam, materials such as fluorspar (CaF2) and alumina 

(Al2O3) are suitable with some restrictions. The addition of fluorspar should be 

limited; about 2% is enough.[14,30] Alumina is reported to enhance lime dissolution, but 

not in the presence of MgO.[14,29] 

 

In the case of an over-oxidized foam, additions could be made either to create 

channels through the foam in order to “release” the trapped gases,[27] or to reduce 

the slag. In the latter case, carbonaceous non-wetting materials such as coke and 

coal are suitable.[70]  
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For creating channels “heavy” materials are needed. For this purpose materials such 

as alumina, limestone, dolostone (i.e. raw dolomite) and iron ore are used. However, 

both alumina and iron ore are wettable materials which do not break the foam.[70] 

Moreover, adding iron ore will add unwanted extra oxygen.  

 

Dolostone is a very common material used in the effort to suppress slopping, but its 

efficacy is in this respect highly debateable.[14,29] There is a view that dolostone only 

has a temporary effect on slopping. The addition will result in large emissions of dust 

and fumes (due to the release of CO2 by the calcination), as well as in an increase in 

second phase particles in the foam. Experience shows that, after an initial reduction, 

slopping resumes and is more vigorous than before the dolostone addition.  

 

Some examples of the effect of additions of slopping suppressants are shown below 

in Figure 15. When adding strong reducing agents such as slopping suppressants, it 

should be noted that not only FeO will be reduced, but also oxides of elements 

removed from the melt by refining such as P2O5.[69] 

 
Figure 15. Examples of addition of slopping suppressants and its effect:  

Top left:  - coke injection into BOS vessel.[69] 
Top right: - effect of coke injection on slopping.[69] 
Bottom left: - coal addition into BOS vessel.[58] 
Bottom right: - anti-slopping efficiency for different materials.[58] 
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2.3.4.3 Controlling foam height with soundwaves [71]  

A method under development that may one day see industrial implementation is 

acoustic defoaming. Conclusions drawn from experiments with a slag consisting of 

40% CaO, 40% SiO2 and 20% FeO (slag “C”) at 1300°C gave the following results: 

 the defoaming effect of soundwaves depends on sound frequency, pressure 

and the liquid viscosity; 

 low frequency waves (90 to 1 300 Hz) are most effective; 

 there are “resonance” frequencies at which the defoaming effect is largely 

amplified, 400 Hz for the studied CaO-SiO2-FeO slag (see Figure 16, left); 

 the foam height is abruptly decreased when the sound pressure reaches a 

threshold value, smaller with decreasing frequency and increased liquid 

viscosity (see Figure 16, right). 

400 Hz

 
Figure 16. Controlling foam height with soundwaves.[71]  

Left - relative foaming rate as function of sound frequency 
Right: - relative foaming rate as function of speaker voltage 
    (speaker voltage proportional to sound pressure) 

 

 

2.4 EVALUATION OF SLOPPING PREDICTION METHODS 

The literature survey has revealed a number of techniques for in-blow slopping 

prediction; either methods measuring process parameters outside the vessel, which 

exhibits a correlation with slopping; indirect methods measuring a process signal 

correlating with an estimated foam height, or direct “visual” methods. 
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2.4.1 External vessel measurements 

The first group generally consists of methods that utilize off-gas data, e.g. flaring 

behaviour, temperature and analysis combined with flow rate. Pattern recognition of 

vessel flaring is in itself a quite simple method and has been reported to improve the 

slopping prediction accuracy, leading to a 0.6% increase in metallic yield. However, 

the method demands visual access into the vessel hood via some kind of open entry, 

in normal enclosed conditions only possible by extensive engineering. Even though 

the flare intensity is reported to be strongly dependent on slag basicity, main issues 

would be that the method requires that no additions are made when there is a need 

to predict slopping and that dust is prevented from blocking the entry or coming into 

contact with the measurement equipment. 

 

Measuring off-gas temperature is comparatively simple and demands minimum 

maintenance. The signal could give information about one of the two fundamental 

parameters included in the foaming index, i.e. the gas velocity. However, as 

mentioned earlier, off-gas temperature can only be used in process control and for 

slopping prediction in the case of “fully combustion” circumstances, hence, it is not 

applicable in the Luleå case. 

 

Off-gas analysis in combination with off-gas flow rate measurement will, theoretically, 

give information about both the oxidizing state of the slag and the gas velocity. The 

method is probably more widely used than reported, but it is necessary to have a 

high accuracy in and availability of all measured parameters, including the oxygen 

and nitrogen contents of the off-gas and a short response time (<< 30 seconds). The 

method should probably be regarded as requiring a higher level of maintenance. 

 

2.4.2 Indirect vessel measurements 

This group of in-blow slopping prediction techniques involves utilizing vessel 

weighing, lance vibration and audiometry, of which the latter two are the most 

frequently used. Vessel weighing relies very much on pattern recognition of relatively 

simply attainable signals. An important feature is the calculation of the change in 

oxygen content and, hence, the oxidizing state of the slag based on weight change. 

This would demand quite accurate weighing, as a change in FeO content from 20% 
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to 25% is equivalent to a relative weight increase of the whole vessel-charge system 

by a mere 0.075% (e.g. +450 kg for a total vessel-charge weight of over 600 tonne, in 

the Luleå case). Even though the method is theoretically relatively simple, it is not a 

simple matter to place a vessel on load cells, and there would be questions about life 

expectancy and the possibility to replace damaged load cells. 

 

Lance vibration is also a rather straight-forward technique with a relatively low level 

of maintenance. An advantage is that this method only reacts on the phenomenon for 

which it is intended, unless the lance is hit by solid objects such as in-blow additions 

and dropping hood skulls, causing the excitation of vibrations within the applied 

frequency band. A drawback is that a useful signal is only achieved when the lance is 

in direct contact with the foam, i.e. not in the early stages of the blow and not if there 

is a strong central process gas flow around the lance. Other issues would be the 

lance vibration behaviour in the case of lance skulling and the need to confirm the 

appropriate frequency band when changing lances. 

 

Audiometry is regarded as perhaps the most accurate method today (as indicated in 

Table 2). It is, like lance vibration, a simple technique reacting mainly to a single 

process phenomenon, in this case to the noise created by the oxygen jet. The 

equipment is, however, sensitive to dust contamination. The drawbacks are similar to 

the ones for lance vibration; the need for the lance tip to become submerged into the 

foam and a complete horizontal foam coverage within the vessel. Therefore, a usable 

signal is not obtained in the very early stages of the blow. 

  

2.4.3 “Visual” methods 

Reported “visual” recordings of the foam level in order to predict slopping involve the 

direct methods of either attaining direct access to the vessel interior via specially 

made inspection holes or the recently ongoing development utilizing radio waves 

(RWI). The former would not be the first choice for several technical and safety 

reasons, even though it would provide defined limits when slopping preventive in-

blow measures should be taken. RWI is still very much in a development stage, 

where (as earlier described) the main issue is facilitating a protective environment for 

the transmitter/receiver. 
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2.4.4 Evaluation summary 

It is difficult to make a final judgement as many of the technical reports are from the 

development stage, where the results are strongly dependent on local circumstances 

and where there is a general lack of conclusive results and comparisons with other 

methods. Therefore, the simplest way may be to make the judgement based on 

which methods are most commonly used today. 

 

As already mentioned, two methods stand out; lance vibration and audiometry. Of 

these two, audiometry seems to be the most common. If this is only due to a higher 

accuracy, as suggested in Table 2, or to functional stability is not conclusively evident 

from the literature. As each method has its drawbacks, a combination would increase 

the slopping prediction accuracy considerably. However, neither method gives any 

information on foaming during the initial stages of blowing. Consequently, there is a 

need for other methods, such as RWI, that would give information from the very start 

of the blow. There is, however, a method that has not yet been discussed due to the 

lack of public information; namely, BOS vessel vibration monitoring. This technique 

was tested and evaluated a SSAB Luleå vessel in the early-1980s with quite 

promising results. 

 

Finally, even though it seems that this feature is not commonly utilized, calculating 

the slopping probability based on charge data can be as powerful a tool as any in-

blow indirect slopping prediction technique (as indicated in Table 2), provided the 

input data are of high quality. This applies to pre-blow calculations of slag emulsion 

foaming characteristics, as well as to in-blow calculations based on off-gas analysis. 
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3 METHODOLOGY 

3.1 DESCRIPTION OF LULEÅ BOS OPERATION 

The main part of the work was carried out at SSAB EMEA Metallurgy Luleå, which is 

a semi-integrated steel plant for the production of slabs, mainly to supply the SSAB 

strip mill at Borlänge. About 50% of the products are high- to advanced-high-strength 

steel grades. The annual capacity at Luleå is currently about 2.3 Mtonnes of slab. 

 

The steel plant, with a 11.4-metre blast furnace, hot metal (HM) desulphurization in 

the transfer ladle, one RH degasser, two CAS-OB ladle treatment stations and two 

single-strand slab casters, currently include two LD-LBE BOS vessels that were 

upgraded from 114 to 130 tonne heat size in late-2008. Table 3 lists some 

characteristic BOS operational data for 2008. 

 

Table 3. Luleå 2008 BOS input and resulting data. Charged materials in 
kg/tonne liquid (kg/t.liq.) based on tapped weight.  

Input data Unit Value  Resulting data Unit Value 

Hot Metal (HM) kg/t.liq. 916.1  Specific oxygen rate Nm³/min/t.liq. 3.01 

HM Silicon % 0.39  Bottom stirring Ar/N2 Nm³/tonne 0.26 

HM Manganese % 0.34  Total output of steel ktonne 2 288 

HM Phosphorus % 0.037  Average tap weight tonne 112.1 

Pig (cold) iron kg/t.liq. 27.7  Working time min/heat 43.4 

Slabs & plate kg/t.liq. 69.3  Blowing time min/heat 16.7 

Recovered scrap kg/t.liq. 27.5  EOB Carbon content % 0.051 

Purchased scrap kg/t.liq. 36.3  EOB Temperature °C 1699 

Ore (BF pellet) kg/t.liq. 15.7  Total amount of slag kg/tonne 103.7 

Lump lime kg/t.liq. 32.2  Slag Fetot content % 17.3 

Dolomitic lime kg/t.liq. 30.6  Slag basicity (CaO/SiO2) 4.86 

Raw dolomite kg/t.liq. 4.3  Slag MgO content % 12.6 
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3.2 SLOPPING REGISTRATION AND CAUSE ANALYSIS 

3.2.1 Slopping registration method 

For the investigation into the causes behind slopping it was necessary to install a 

system for automatic recording of slopping events, both in regard to time and to 

severity. For this purpose SSAB decided to install a system based on image analysis. 

This was done on the Luleå BOS vessel LD1 in October of 2007 and on vessel LD2 

in February 2009. Existing CCTVs covering the area beneath each vessel are 

utilized. 

 

A description of the slopping registration set-up and function is found in Appendix I. It 

delivers a 1-second number called the slopping value (in %), calculated as the 

percentage of light pixels relative to the total number of pixels in the designated 

scanning area of the total camera image. For detailed studies a 2-second average 

value is stored for a period of up to 14 days. For long-term follow-up a slopping index 

(Σ%) is calculated for each heat by accumulating the 1-second slopping value over 

the main oxygen blowing period. An average slopping value for each individual 

blowing minute, from the first to the twentieth, is also calculated and stored 

“indefinitely”. 

 

3.2.2 Slopping causes investigation method 

The complexity of the LD process and the insecurity in regard to the confidence level 

of the recorded process data makes any process analysis quite challenging. 

Therefore, to find clear correlations between specific process parameters and 

slopping, a large number of heats have been analysed. It was decided to collect 

process data for a period of 53 weeks of full production on BOS vessel LD1, starting 

in October 2007 just after the installation of the slopping registration system and 

ending in October 2008 prior to the increase in heat size from 114 to 130 tonnes. 

Data for over 11,000 heats have been collected and scrutinized. The final data set 

comprises more than 7,100 heats (observations), each with values for 70 process 

parameters (variables). Hence, the total data set to be analysed has close to half a 

million individual data.  
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With such a large number of input data and with a main aim of finding qualitative 

rather than quantitative correlations, it was decided to use the SIMCA-P® 

multivariate analysis (MVA) software. The general idea with MVA is to transform an 

incomprehensive pile of data into pictures which, in a descriptive way, identify the 

most conspicuous connections between the input variables. The method analyses 

the data in two steps,[72] as illustrated in Figure 17: 

i. Principal Component Analysis – PCA:    

–  to get an overview of the data set in order to recognize 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 also create (predictive) models. 

 

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 the distance between the line 

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

principal component, PC1 (Figure 17 A).  
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Figure 17. The principals in multivariate analysis.[72] 
 

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 17 B). It is in this first plane that any 

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



  

40 
 

If not, perhaps in the next best plane made up by PC1 and PC3, or by PC2 and PC3, 

or by PC1 and PC4, etc.  

 

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 17 C), contrary to a large angle. 

 

3.3 VESSEL VIBRATION FOR FOAM HEIGHT ESTIMATION 

3.3.1 Earlier experiences 

The first BOS (LD) vessel was installed in Luleå in 1972 and the plant was fully 

converted to steelmaking via the LD process in 1976, when the second LD vessel 

was commissioned. Initial process control development was slow, mainly due to lack 

of in-house experience of the top-blown process. Hence, in 1978 SSAB sought the 

assistance of Kawasaki Steel, which resulted in, among other things, the investment 

in a sublance process control system in 1980.  

 

In addition to the sublance system, installation of a lance vibration measurement 

system for foaming and slag level control was recommended. Trials were conducted, 

but technical problems in connection with frequent lance changes and continuous 

problems with lance skulling shifting the optimum frequency band resulted in an early 

abandonment of this method. Instead, it was decided to test measuring the vibrations 

of the vessel itself, also a method investigated by Kawasaki Steel in the 1970s.[39] 

Development began in 1981 and was carried out with the assistance of vibration 

specialists from Luleå University of Technology. The vibrations were measured by 

placing an accelerometer on the bearing housing on the drive side of the vessel. 

 

Records from the initial work are scarce and confined to a single internal report,[73] in 

which the following conclusions are stated: 

“  (1) At 10 Hz frequency the registered amplitude should be between 15% and 

60% on the printer scale during the decarburization period for good process 

behaviour; 
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   (2) When the amplitude goes above 60%, slopping may have already started or 

is imminent; 

   (3) When the amplitude goes below 15%, the lance position is too close to the 

bath and slag formation is insufficient and there is a great risk for lance 

skulling; 

   (4) Slopping due to heavy size scrap is not reflected in the vibration curve; 

   (5) The vibration measurement is an excellent control tool during difficult 

blowing circumstances, such as low or high hot metal silicon content; 

   (6) and is of great value in further development of lance patterns and addition 

schemes.” 

 

An edited version of the only available print-out copy from the ink-recorder is shown 

in Figure 18, with inserts of control levels as well as actual time for lance adjustments 

and additions during the heat from which the recording was made. 
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Figure 18. BOS vibration recording 
(1981), with control levels,  
additions (L=lime, O=ore) 
and lance adjustment (dh). 

Figure 19. Vessel vibration signal 
pattern for three-hole and 
four-hole oxygen lance 
nozzles (data from 1982). 

 

The vessel vibration method came quickly to use when changing the oxygen lance, 

from a three-hole to a four-hole nozzle design. The task was to adjust the existing 

lance profiles in order to maintain process performance, i.e. FeO level in slag and 
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Mn/C ratio in steel at the end of oxygen blowing. Instead of a time consuming and 

costly sampling and analysis of a large number of slag and metal samples, the 

vibration signal was used for step-by-step parallel displacement of existing lance 

profiles until the vibration signal pattern for the four-hole nozzle became equivalent to 

the vibration pattern for the three-hole nozzle oxygen lance. The correct adjustment 

was found rather quickly; to lower overall lance positioning by 10 cm (see Figure 19). 

 

3.3.2 Reinvestigation into sensors and positioning  

The initial vessel vibration system at BOS vessel LD2 was a temporary installation. 

After only a few years in use, unfortunate circumstances resulted in a dismantling of 

the complete system. Due to lack of documentation, all work to find a suitable sensor 

type and optimal placement had to start more or less from scratch. This was not 

altogether negative, as there are sensor types available on the market today other 

than just the standard accelerometer.  

 

With the assistance of Vibroakustik i Sverige AB, tests commenced in 2006. Two 

different measuring techniques were tested; triaxial accelerometer and laser. 

 

Triaxial piezoelectric charge accelerometer 

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

course, be on the shell itself. 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 awkward access situation. Tests were carried out with 

accelerometers mounted on the trunnion as well as on the bearing housing (Figure 

20, left). The results showed the same type of vibration signal patterns as 

experienced during the early-1980s, and 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 
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measured with a laser placed on a platform a short distance away from vessel 

(Figure 20, right). Point of measure was a clean surface just above the taphole. 

However, an accelerometer placed on the laser mounting showed that the vibrations 

in the building structure around the BOS vessel would make it extremely complicated 

to separate the vessel vibration frequency spectrum from the signal recorded by the 

laser Doppler vibrometer. 

LD tapping side
Laser Doppler
vibrometer

point of 
measure

LD swivel side

- bearing housing

- sensor
placements
(acc.)

- trunnion
 

Figure 20. Preliminary vibration and sensor testing at Luleå BOS vessel LD2.  
Left: - accelerometer on bearing housing and on trunnion. 
Right: - laser Doppler vibrometer on vessel shell (above taphole).  

 

The results from the preliminary tests showed 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. The sensor and equipment for 

BOS vessel trunnion vibration measurement finally chosen were: 

 Logger  National Instrument (NI) SC-2345 with: 

  - four 1-channel accelerometer input modules (SCC-ACC01)

  -  one 2-channel isolated analogue (10V, 10 kHz) input module 

     (SCC-AI03), for audio signal 

 PC-card NI DAQCArd-6036E for PCMCIA 

 Sensors - Industrial ICP® triaxial accelerometer (604B31) 

  -   Industrial side contact accelerometer (602D01) 
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The signal and logging unit was connected to a laptop PC on which log-files were 

automatically stored at the end of each measurement. The PC contained LabVIEW® 

software for logging settings, on-line frequency spectrum analysis by FFT (Fast 

Fourier Transform)[74] and RMS (root-mean-square) calculation[74] for any given 

frequency band. Figure 21 displays a screen-dump of the user interface showing an 

instant FFT result (left) and the laps of the calculated vibration RMS amplitude level 

(right), in this case for the frequency band 8.92-11.2 Hz. 
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Figure 21. Left:  Example of on-line FFT analysis. 
Right:  Example of on-line RMS calculation. 

 

3.4 AUDIO MEASUREMENT 

For the audio measurement at Luleå 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 into 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 into a custom-made 

socket, designed to eliminate transfer of structural sound waves to the microphone. 

More details on the audio measurements, including those at Tata, are given in 

Appendix III. 
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3.5 SIGNAL ANALYSIS 

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

designed MATLAB software has been used, in which the analysis was divided into 

two parts: 

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. 

 

Figures 22 and 23 show examples of the results of BOS vessel vibration signal 

analysis using the MATLAB software. Appendix I gives a detailed description of the 

signal analysis process. 

 

 

Figure 22. Example of print-out of MATLAB vibration signal analysis of all 
three accelerometer directions (x, y, z). 
Left: - instantaneous FFT analysis.  
Right: - 3-D display of calculated RMS amplitude for the chosen  
    frequency bands (colour scale showing amplitude level). 
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Figure 23. Display of calculated RMS amplitude in all three accelerometer 
directions for a complete BOS vessel blow for the frequency band 
8.91 to 11.2 Hz. 

 

3.6 TRIAL DESCRIPTION 

The main vessel vibrations and audio measurement were carried out during different 

trial periods in 2008 and 2009 according to Table 4. 

 

Table 4. Performed vessel vibration and audio measurements. 
 * Trials carried out with new set of lance profiles (see 4.1.4). 
  ** 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  
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A large number of the Luleå trials were carried out with a tight control of the scrap 

mix for individual heats. 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 have a large impact on slopping. The 

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

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

ii. scrapped plate from strip mill 

iii. purchase scrap, including some high carbon rail steel 

iv. in-plant pig iron, casted on sand bed during plant disturbances 

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

vi. up-graded mixed steel scrap (75-300mm), from plant clean-ups  

  

3.6.1 Trials on SSAB Luleå 114 (130) tonne BOS vessels 

Figure 24 shows the SSAB Luleå 

BOS vessel setup with hood, 

oxygen lance, sublance sampler, 

suspension and ceramic lining as it 

was during the period for the 

slopping study.  

 

The vessels are equipped with a 

bath agitation system type LBE (= 

Lance Brassage Équilibre). Initially, 

in 1984, there were ten elements 

for gas injection through the vessel 

bottom, but this number has been 

reduced to effectively four (plus two 

on by-pass). Maximum total bottom 

Ar/N2 flow rate is between 3.0 and 

3.5 Nm³/min, equivalent to a 

maximum specific flow rate of 25-

30 Nl/min/tonne liquid steel at 114 

tonne heat size. 

Ar/N2 

Sublance
sampler

Microphone

Accelerometer

Sound duct

Log
&

PC

 
 

Figure 24. Luleå 114 tonne BOS vessel.  
Inner volume of 91 m³  
(0.80 m³/tonne liquid steel),  
with points of measure. 
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The Luleå trials were carried out by placing the logging equipment close to the vessel 

gear-box, giving a very short distance to the point of vibration measurement, i.e. on 

the vessel trunnion pin (see Appendix I). This position was just underneath the 

position of the microphone used in case of parallel audio measurements, with a free 

passage for the audio cable to the logging unit (see Figure 24). The logging was 

wireless controlled from a laptop PC in the BOS vessel’s control room, ensuring good 

communication with the operators. Slag samples were taken during tapping and 

process data were extracted from the BOS level 2 system database for heat data 

such as charge materials and EOB analysis, and from the database for continuous 

measured data such as flow rates and slopping, stored as 2-second average values. 

 

3.6.2 Trials on Tata Scunthorpe 300 tonne vessels 

Figure 25 shows schematics of the 

Tata Scunthorpe 300 tonne BOS 

vessel setup with suspension and 

bath agitation system (type BAP, 

with three bottom tuyeres). The 

plant has three vessels (V1 to V3) 

equipped with sublance samplers. 

 

Vessel vibrations were measured 

on all three vessels: on vessels 1 & 

3 in June of 2009, and then on 

vessels 1 & 2 in December 2009. 

The same equipment was used as 

at Luleå. The accelerometer was 

placed on the end of the trunnion 

pin at the vessel gear-box side.  

Vinner
300 m³

PC &
logger

Accelerometer

300 tonne

Ar/N2  
 

Figure 25. Scunthorpe 300 tonne BOS 
vessel. Inner volume 300 m³  
(1.0 m³/tonne liquid steel),  
with vessel vibration 
measurement set-up. 
(Principally the same  
set-up at Tata Teesside,  
see section 3.6.3.)  

 

Process data including heat-specific and continuous data such as lance profile and 

the audio signal were later extracted from the data base, where the continuous data 

are stored as 6.5-second average values. 
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In the Scunthorpe trials slopping events had to be manually noted. During the first 

trial series in June 2009, the heats were recorded on film for later analysis in regard 

to the time and severity of slopping. The overall result was not satisfactory, as it was 

in several cases impossible to distinguish between flaring and slopping.   

 

3.6.3 Single trial on Tata Teesside (Lackenby) 240 tonne vessel 

In connection with the second trial series at Scunthorpe in December 2009, a shorter 

series of vibration measurements was also planned for the Tata Teesside (Lackenby) 

240(250) tonne BOS vessels. However, it was only possible to carry out a single 

measurement, this due to production disturbances in connection with a decision to 

“mothball” the plant during the coming months. The set-up for the Teesside 

measurement was identical with the one at Scunthorpe. 

 

The Teesside vessels have an inner volume of 180m³ ( 0.75m³/t.liq.), but as for the 

rest, the same features as those in Scunthorpe; BAP type bath agitation system (8 

tuyeres), sublance samplers and “SMART Lance” audiometry system for slopping 

control. The vessels lack a slopping registration system.  
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4 RESULTS 

4.1 BOS VESSEL SLOPPING, SSAB LULEÅ (Appendix I) 

4.1.1 Slopping registration 

Figure 26 gives an example of the slopping data obtained for each individual heat, as 

well as an example of the variation in slopping index for vessel LD1 during one week 

of operation. 
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Figure 26. Luleå BOS vessel LD1 slopping data.  
Top:  - single heat data, with slopping value and  
    slopping index 
Bottom left: - blowing minute average slopping value  
   (series of 8 heats) 
Bottom right: - heat slopping index during a full week 
    of operation  
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4.1.2 Slopping development Luleå BOS vessel LD1 

The occurrence and severity of slopping has increased on the SSAB EMEA Luleå 

BOS vessels since the increase in heat size in late-2008 and, as Figure 27 shows, 

the slopping levels have been especially high on vessel LD1 since July 2010. This is 

in spite of the introduction of a new lance profile scheme, which looked very 

promising until February-March 2010.   
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Figure 27. Development of weekly average slopping index for SSAB EMEA 
Luleå BOS vessel LD1. 

 

 

4.1.3 Investigation into slopping causes 

The investigation into “local” slopping causes has been fully reported in Appendix I. It 

has, as described already in section 3.1, been based on Luleå BOS vessel LD1 

process data for a period of 53 weeks of full production starting in October 2007 and 

ending in October 2008 prior to the increase in heat size from 114 to 130 tonnes. The 

final data set comprises more than 7,100 observations and 70 variables listed in 

Table 5 with short-names in the SIMCA multivariable analysis. 
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Table 5. Slopping cause investigation variable list.  
Group Variable Unit SIMCA  Group Variable Unit SIMCA 
Vessel Heats on lining no. cpH  EOB aim C % amC 

Heats on nozzle no. nzH  P % amP 
Mouth cleaning tonne vSc  EOB 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 Σ% SlpX 
Alloyed tonne scCr  Calculated ratios 

& parameters 
HM Mn/Si - hmMS 

Scraped slab tonne scSb  EOB Mn/C - ebMC 
Pig (cold) iron tonne scPi  EOB aO×C ppm×% ebCO 
Mixed 75-300mm tonne scMc  Metallic charge tonne Met 
Rail scrap tonne scRl  Fe yield % FeY 
Plate 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 weight kg doW  - last 3d average % klkSr 
Raw dolo 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 

EOB aim Temperature °C amTp  - last 3d average % klkRr 

 

Note: All added weights and volumes are for the period of the blow prior to the in-
blow sublance sampling. 

  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 between lime produced/sampled 
and lime consumed in the BOS vessel. 

  Steel ladle weights were included in order to calculate Fe yield, but 
disregarded in the detailed analysis, as were the EOB analysis, except for 
the calculated Mn/C ratio representing the oxidizing state at the end of blow 
due to lacking slag data.  
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The analysis began with PCA plots in order to define “out-layers” to be eliminated 

from the data set and to map any trends or groupings. Figure 28 shows the PCA 

score plots (observations) for planes defined by PC1/PC2 (top left) and PC1/PC4 

(top right). Both of these clearly show a grouping of the data. 
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Figure 28. First level MVA, with PC1/PC2 (left) and PC1/PC4 score (right). 
 

The bottom loadings plot (the variable influence on scores plot) gives a preliminary 

definition of which variables have the largest impact on the grouping: high flux profile 

number (lime before dolo addition practice), high EOB temperature and high EOB 

Mn/C ratio shifting the observations to the left, high total scrap amount, high amounts 

of pig iron, skulls & purchased scrap, higher EOB aim carbon, hot metal sulphur, 

large total metal charge and high oxygen volume shifting the observations to the 

right. However, these last groups of variable lists can be shortened as most of them 

are connected, such as high O2 volume to metallic charge, high hot metal sulphur to 

large scrap loads including pig iron, skulls and purchased scrap. 

 

For the following PLS analysis the data set was slightly reduced, omitting variables 

that have no direct bearing on slopping or are connected to slopping only via a strong 

correlation to another variable influencing slopping, and with two new calculated 

variables, 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) 
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Figure 29 shows the first two component score plots for the PLS analysis with the 

slopping index, SlpX, as dependent variable. Again, the grouping clearly stands out. 
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Figure 29. Score plot for PLS analysis with slopping index as dependent 
variable. 

 

Figure 30 shows the PLS loadings plot corresponding to the scores plot given in 

Figure 29. As is normal in the early stages of this type of analysis, the picture looks 

somewhat complex, but some very clear correlations are revealed. As the correlation 

between variables increases with a decreasing angle between the variable vectors, 

variables that strongly enhance slopping should be found in the same “quadrant” as 

the slopping index (in this case the darker grey, to the right), while variables that are 

connected to a low slopping occurrence should be found in the opposite quadrant (in 

this case the lighter grey, to the left). 
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Figure 30. Score plot for PLS analysis with slopping index as dependent 
variable. 

 

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 (defined as “HS regime”): 

predominant in the case of blowing “high-strength steel grades” towards a 

high tapping temperature, i.e. restricted scrap additions (both in types and 

amount due to sulphur limitations), a “burnt lime before dolomitic lime” flux 

practice (to enhance lime dissolution for improved phosphorous refining)  

and a lower oxidizing state with a high Mn/C ratio at the end of blow.      

The darker grey quadrant to the right, on the other hand, is equivalent to what can be 

defined as: 

 “soft blowing” conditions (defined as “MS regime”): 

predominant in the case of blowing bulk-type mild steel grades towards a 

lower tapping temperature, with no scrap restrictions, a “dolomitic lime before 

burnt lime” flux practice and an over-oxidized state with a low Mn/C ratio at 

the end of blow.    
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As can be seen in Figure 30 and as described in Appendix I, the soft blowing MS 

regime is connected with a high degree of slopping, resulting in an extra 1% loss in 

valuable metal. A hard blowing HS regime, on the other hand, exhibits basically very 

low slopping levels with a negligible extra loss of metal.  

 

The final analysis has resulted in the following list with the most common “local” 

SSAB Luleå causes of slopping, in prioritized order: 

 MS regime: 

i. overall soft blowing conditions 

ii. large additions of un-clean scrap  

such as pig iron and large skulls 

iii. high ratio of dolomitic fluxes 

iv. a low melt temperature profile 

v. lime quality (hard burnt) 

vi. large (initial) ore additions 

vii. low vessel volume 

viii. high hot metal Si content 

 HS regime: 

i. large additions of skulls (allowed)  

ii. soft blowing conditions 

iii. high hot metal Si content 

iv. high ratio of dolomitic fluxes 

v. large (initial) ore additions 

vi. lime quality 

vii. a low melt temperature profile  

viii. low vessel volume 

 

4.1.4 Development of new lance profiles 

The work to develop new lance profiles was initiated before the start of this thesis 

work. Early in the work it was realized that scrap quality has a large impact on the 

blowing conditions and slopping behaviour, and that this somehow had to be 

included in the new lance profiles. However, it was not until a quantitative measure of 
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the impact of individual scrap types, and of large initial ore additions, on slopping was 

established within this thesis work, illustrated in Figure 31, that the make-up of a new 

set of lance profiles could be finalized. 

0

5

10

15

20

25

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5

Su
m

 o
f w

ei
gh

ts
 (t

on
ne

)

EOB Mn/C (-)

Ore Skulls/mixed
Pig (cold) iron Purchase

0

500

1 000

1 500

2 000

2 500

Sl
op

pi
ng

 in
de

x 
(

Sl
i

i
d

(ΣΣ
%

)
%

)

Slopping index

Sl
op

pi
ng

 in
de

x 
(Σ

%
)

2 500

2 000

1 500

1 000

500

0

Slopping index 

 

Figure 31. Impact of un-clean scrap and large initial ore additions on slopping, 
SSAB Luleå BOS vessel LD1. 

 

The newly developed lance profiles are primarily only based on the hot metal silicon 

content; the higher the Si, the lower the lance profile, as shown Figure 32. Earlier, 

both the ordered scrap-mix and amount of coolant ore were considered when 

selecting a specific lance profile, but this information has to be discarded, as scrap-

mixes keep changing depending on supply, and ore additions may not be made 

according to the initial charge calculation. This has been solved by adjusting the 

selected lance profile according to the actual scrap and ore charged; the larger the 

weight of un-clean scrap and initial ore addition, the larger the decrease in gap 

between lance and metal bath.  



  

58 
 

0

50

100

150

200

250

300

750

1 000

1 250

1 500

1 750

2 000

2 250

2 500

0 20 40 60 80 100

Ar
/N

2
flo

w
 ra

te
 (N

m
³/h

)
Fl

ux
 a

dd
iti

on
 (%

)

La
nc

e 
he

ig
ht

 (m
m

)

Blown O2 volume (% of total)

LimeDolo

Paim
0.012%

Lance profiles
< 0.3% HMSi

0.3-0.4%
0.4-0.5%
> 0.5%

Ar/N2

 
Figure 32. BOS bowing patterns applied at SSAB EMEA Luleå, with lance 

profiles according to HM Si-content and aim P content at EOB. 
Standard bath agitation and flux profile “1” – dolomitic lime first. 
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Figure 33. The connection between slopping level due to un-clean scrap and 

ore addition and required lowering of the lance to minimize over-
oxidizing the slag, and table of scrap and ore lance adjustment 
factors. 

 

Figure 33 illustrates the connection between slopping index without lance adjustment 

and the required lowering of the lance tip position. The adjustment only applies 

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 has been assigned to each un-clean scrap type and ore according to the table 

to the right in Figure 33. 
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4.2 VESSEL VIBRATION MEASUREMENTS (Appendix II-III) 

The results from the vessel vibration trials have been reported in: 

Appendix II: where the theory on BOS vessel vibration and foam height estimation 

and a thorough account of the vessel vibration measurement trials 

and signal analysis performed at Luleå is presented, and in 

Appendix III: where the account of the vibration trials on larger BOS vessels made 

at Tata Scunthorpe Works is given.  

Below follows a summary of the Luleå and the Scunthorpe vessel vibration results, 

as well as a short account of the single vessel vibration measurement carried out at 

Tata Teesside Works.   

 

4.2.1 SSAB EMEA Luleå 114/130 tonne vessel 

The vessel vibration trials at Luleå confirm a strong correlation between vessel 

vibration and BOS process phenomena such as slag 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. the optimum vibration mid-frequency for foam height estimation for the Luleå 

114/130 tonne vessels is 10-11 Hz (as was found in the 1980’s tests); 

iv. 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; 

v. the vessel vibration signal in the frequency area interesting in foam height 

estimation is not influenced by any moving heavy auxiliary equipment such 

as charging cranes or debricking machines, as the vessel and its foundation 

are structurally separated from the surrounding building structure; 

vi. the confirmed correlation between vessel vibration and foam height can be 

used for dynamic foam height and slopping control. 
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4.2.2 Tata Steel Scunthorpe 300 tonne vessels 

The Scunthorpe trials supports 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 optimum vibration mid-frequency for foam height estimation for the 

Scunthorpe 300 tonne vessels between 7 and 8 Hz, confirming that 

iii. the mechanical filtering properties of the vessel structure will decide the best 

mid-frequency – the larger the vessel mass, the lower the mid-frequency. 

 

4.2.3 Tata Steel Teesside (Lackenby) 240 tonne vessel 

No account of the single vessel 

vibration measurement carried out 

on a 240 tonne BOS vessel at Tata 

Teesside Works has been given in 

any of the appended publications. 

The result is therefore shown below 

in Figure 34. “Fortunately”, for the 

trial, the heat began to slop after 

about 7 minutes. Even though the 

heat was interrupted (for technical 

reasons) just over 10 minutes into 

the blow, the measurement obtained 

from this first half of the blow shows 

a good correlation between vibration 

and an estimated foam height.  
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Figure 34. Result from single trial on  

a 240 tonne BOS vessel. 
Vibration RMS amplitude for 
7.08-8.91 Hz. Arrow indicates 
time of flux addition - hitting 
the vessel wall? 

frequency band 7.08-8.91 Hz supports the conclusion that the vessel mass will 

decide the optimum vibration mid-frequency for foam height estimation. 
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4.3 AUDIO MEASUREMENTS AT LULEÅ (Appendix 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 

Appendix III, showed that: 

i. it may not be necessary to measure the process sound from inside the off-

gas hood. If the local 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. independent of the point of measure and microphone arrangement, the 

microphone must be well protected from heat and dust; 

iii. the audio signal obtained at the Luleå trials exhibits the same basic pattern 

during the blow as by the audiometry systems at other plants; 

iv. the optimum audio frequency band for foam height estimation in the Luleå 

130 tonne BOS vessels is 400-450 Hz; 

v. 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. 
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5 DISCUSSION 

5.1 SLOPPING 

5.1.1 Slopping causes 

On the whole, the result of the “local” slopping cause investigation agrees well with 

what has been reported in the literature. Table 6 shows a summary of which process 

conditions generally cause slopping and their effects in regard to the different 

mechanisms involved with the slopping phenomena. Factors that have been found to 

have the largest impact on slopping behaviour at Luleå are given to the very right in 

the table, where the lower the number, the stronger the influence/importance.  

 

Table 6. Summary of slopping causes. Result of SSAB Luleå investigation. 

Type 
 of 

slopping 
Process  
parameter 

Increased 
slopping risk 

when: 

Effecting Impor-
tance 
Luleå 

Oxidizing 
state 

Foam index Foam 
volume Slag Gas 

 Volcano Lance profile Too high All 
leading 
to an 
over-

oxidized 
state 

   1 
Heavy pit scrap Large vol. X  X 2 
Pig (cold) iron Large vol. X X X 3 
WOBs additions Large vol., batch X X X - 

 Dry Lance profile Too low 
All 

leading 
to an 

under-
oxidized 

state 

X   1 
Dolomitic materials >6-7%MgO X   4 
Lime- & dolostone  Too much X X  4 
Basicity Too high X   >7 
Hot metal Si Too high   X >7 
Hot metal Mn Too low    >7 

Thermal imbalance Poor lime dissolution  X    
 Common Lance profile Low/high  over- or 

under-ox.    1 

Lime quality Low reactivity  X   5 
FeO additives Large vol.  over-ox. X X X 6 
Specific volume Too low    X 7 
Flux addition Fines, batch, order  X   >7 
Bath agitation Poor  over-ox.    >7 

Slag composition Improper  over- or 
under-ox. X  X  

Decarburization rate Too high   X   

O2 lance design Design/wear  over- or 
under-ox.     
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It is strongly suspected, but not yet confirmed by foam/emulsion sampling, that the 

worst cases of slopping in the case of the Luleå vessels are mainly due to over-

oxidized conditions. These are primarily caused by soft blowing in combination with 

high amount of pig iron and “un-clean” scrap. The use of dolomitic fluxes and a 

harder burnt, low reactivity lime contributes to an increased over-all slopping 

sensitivity. 

 

5.1.2 Slopping period 

The timing of slopping will give confirming and additional information on the main 

causes and mechanisms behind slopping. The top diagram in Figure 35 shows that, 

in the case of SSAB Luleå LD1, slopping usually begins half-way into the blow, peaks 

at 60% and has subsided at the 80% mark. The following comments can be made: 

i. slopping starts well into the main decarburization period. Hence, the gas 

generation rate, and subsequently the oxygen flow rate, is acceptable; 

ii. the worst cases of slopping are caused by late melting of heavy scrap, 

especially pig iron releasing carbon, resulting in increased gas generation 

and possibly in slopping enhancing changes in slag emulsion properties; 

iii. large initial additions of iron oxide bearing materials will quickly raise the FeO 

content in the slag emulsion to such levels that slopping will begin 

immediately as the process moves into the main decarburization period, and 

slopping may not subside until the decarburization rate begins to drop; 

iv. ore additions should not be made during the main decarburization period; 

v. other in-blow additions such as dolomitic lime and stone enhance slopping by 

increasing slag emulsion viscosity and by increasing gas generation. 
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Figure 35. Timing of slopping, SSAB Luleå vessel LD1.  
 

5.1.3 Slopping preventive actions 

It could be that the current level of metallic loss, vessel maintenance, production 

interruptions and environmental problems caused by slopping are acceptable from an 

operational standpoint. If not, Table 6 gives most of the information needed in order 

to prioritize the measures that need to be taken to minimize slopping.      

 

5.1.3.1 Static slopping preventive measures 

The most important static measures to be taken to minimize slopping are, in 

prioritized order: 

1. secure an accurate determination of bath level for a precise lance profile 

control. This involves not only monitoring of the vessel inner profile, but also 

determining the actual metallic content in un-clean scrap types; 

2. optimize lance profiles and lance nozzle design; 

3. improve scrap quality by minimizing the amount of non-metallic in large 

skulls, pig-iron and mixed smaller size scrap; 

4. when needed: limit the added amount of un-clean scrap based on slopping 

probability, e.g., early in the vessel campaign, in the case of large bottom 

build-ups, if unfavourable hot metal chemistry; 
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5. maximize lime dissolution by minimizing the use of dolomitic fluxes and by 

improving lime reactivity; 

6. if large ore additions are needed, add prior to start of blow and allow time for 

melting (use bottom stirring and add a limited amount of flux); 

7. avoid reducing vessel volume by excessive bottom build-up by slag coating; 

8. discuss optimization of hot metal Si and Mn aim and control; 

9. facilitate continuous feeding of fluxes and ore; 

10. facilitate a higher bath agitation gas flow rate; 

11. facilitate addition of slopping suppressive materials.  

 

5.1.3.2 Slopping prediction 

It is evident that all the above listed static measures may not be dealt with within a 

shorter space of time; hence, the demand for the development of standardized 

dynamic measures. This requires a system which can predict slopping early enough 

to make any dynamic slopping prevention measure effective. Such a system should 

be a combination of pre-blow calculations and in-blow techniques involving, for 

instance, vessel vibration, audiometry and off-gas analysis.  

 

5.1.3.3 Dynamic slopping preventive measures 

The dynamic measures to be considered are first and foremost a combination of the 

following, depending on the type of expected slopping: 

1. lance gap adjustment; 

2. oxygen flow rate adjustment, especially in case of large ore additions; 

3. increased bath agitation; 

4. additions of slopping suppressive carbonaceous non-wetting materials  

such as coke and coal should be considered. 

 

Slopping enhancing in-blow practices to be avoided are: 

 additions of lime- or dolostone 

 ore additions during the main decarburization period,  

if not coupled with a reduction of oxygen flow rate 
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5.2 VESSEL VIBRATION FOR FOAM HEIGHT ESTIMATION 

5.2.1 Vessel vibration direction 

It would be expected, according to the adopted theory on transfer of kinetic energy 

from the foam to the vessel resulting in the propagation of vibrations through the 

vessel structure as illustrated to the left in Figure 36, that the best correlation will be 

between vessel vibration in the horizontal direction and foam height. This has been 

confirmed by the results obtained in this work (see Appendices II and III).  
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Figure 36. Left:  Illustration of BOS vessel vibration theory. 
Right: Influence of vessel resonance on vibration filtering.[74] 

 

The results have also shown that the vibrations measured in the vessel y-direction, 

i.e. horizontally and 90° to the trunnion axis, will give a more accurate estimation of 

foam height than the vibrations along the trunnion axis (the vessel x-direction). The 

reason can be related to a difference in vibration filtering, which is determined by the 

systems natural, frequency, f0, assumed to be inversely proportional to the square 

root of the total mass according to the following relationship:[74] 

  f0 = (1/2 )×(K/M)1/2      (14) 

where K is the spring stiffness and M the total mass of the measured vibrating 

system. For the Luleå vessels the natural frequencies in the measured horizontal 
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directions have been determined to be 7.0 Hz in the y- and 3.8 Hz in the vessel x-

direction. This shows that the mass movement is much greater in the x-direction (i.e. 

along the trunnion axis) compared to the mass movement in the y-direction, hence, 

the vibration filtering in the vessel y-direction. Looking at the respective 

transmissibility curves for 7.0 and 3.8 Hz natural frequency given to the right in 

Figure 36, it is evident that; the lower the natural frequency, the stronger the vibration 

dampening and the harder to separate one process phenomenon from the other.  

 

It is possible that the best correlation between vessel vibration and foam height will 

be obtained by, in some elaborate way, combining the horizontal vibration signals. 

However, this will only be feasible with an on-line signal analysis system.   

 

5.2.2 Heat size and optimum vibration mid-frequency 

The BOS vessel vibration measurements carried out within this work, as illustrated to 

the left in Figure 37, clearly show the influence of vessel size on the optimum mid-

frequency for foam height estimation; the larger the heat size, the lower the optimum 

mid-frequency, fm. 
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Figure 37. Left:  Illustration of BOS vessel vibration theory. 
Right: Influence of vessel resonance on vibration filtering. 
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Strictly speaking, it is not the heat size but total mass that is of interest, which for the 

main vessels included in this work are, when newly bricked: 

 Luleå:  145 (charge) + 485 (steel & lining) = 630 tonne 

 Scunthorpe:  330 + 1 330 = 1 660 tonne  

 

As the vessel mass is linked to the vessel systems vibration natural frequencies (in 

different directions), there is automatically a relationship between the natural 

frequency in the measured vessel direction and the optimum mid-frequency for foam 

height estimation, as described in both diagrams in Figure 37. 

 

5.2.3 Stability of optimum mid-frequency 

For the Luleå 130 tonne BOS vessels the initial results show an optimum mid-

frequency for foam height estimation of approximately 10.5 Hz. The work carried out 

has not disclosed any process conditions that will cause a noticeable shift in the mid-

frequency, which permits a narrow frequency band width around the mid-frequency, 

about 1.5 Hz (  0.75 Hz) in the Luleå case. Whether this value will remain stable 

throughout a complete vessel campaign has yet to be determined by long-term on-

line vibration measurements and analysis. 

 

In an on-line foam height estimation and slopping control system it will be possible to 

use a quite narrow band width, if the system is continuously re-evaluating the mid-

frequency by monitoring short- and long-term shifts in the vessel natural frequency, if 

they exist. Possible causes are short term variations in vessel weight due to the 

practice of slag splashing & coating and long-term changes in structural design. 

 

5.2.4 Slopping prediction and control system development 

For on-line slopping prediction a mathematical relationship between vibration level 

and foam height is needed. As discussed in section 6.2 in Appendix II, it is assumed 

that there is a linear relationship between vibration RMS amplitude (AV) and foam 

height (HF), i.e. dAV/dHF = constant, up to the point when the foam reaches the 

conical section of the vessel. In the cone dAV/dHF will continuously decrease, which 

needs to be accounted for in the mathematical modelling. 
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To establish a mathematical expression describing dAV/dHF with enough precision to 

be useful in predicting slopping it will be necessary to statistically determine the 

vessel vibration amplitude level at measurable foam heights. 

 

In most cases there are only two points at which a relationship between foam height 

and vibration level can be obtained; at the beginning of the blow when the foam 

height is zero and when the vessel starts to slop. With only two reference points it is 

not possible to determine whether there is a linear relationship or not. 

 

However, in Luleå, the change of taphole angel to 90° to the vessel centre line and 

installation of a pneumatic slag stopping device have resulted in a possible third 

reference point. With this new set-up, the taphole will be open at the start of the blow. 

This will make it possible to register the time when the foam reaches the taphole, 

positioned a little bit more than halfway between the metal bath and the vessel 

mouth. Figure 38 shows a diagram based on visual observations of the time when 

the foam reaches taphole level and the systems recording of time of commenced 

slopping.  
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Figure 38. Visual tracking of foam level development in Luleå  
130 tonne BOS vessel. 

 

Judging by the diagram the foaming process shows a slightly accelerating progress 

towards slopping. This is expected, not only because of the conical vessel shape 

above the taphole, but also due to the normal progress of the decarburization rate. 
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The basic expression mathematically describing the change in foam height, dHF, as a 

function of change in vessel vibration amplitude, dAV, (approximately proportional to 

the foam-vessel contact area) will probably look something like this: 

 dHF = a + b × dAV × 1/ROx      (15) 

 where; a, b = constants 

  ROx  = oxygen supply rate 

 

The oxygen supply rate will govern the gas generation, which in turn will strongly 

influence the turbulence level (i.e. the kinetic energy level) in the foam. The higher 

the turbulence level in a fixed volume of foam, the higher the measured vibration 

amplitude for the same foam height, hence the reciprocal relationship between 

oxygen supply rate and foam height. 

 

It is, of course, necessary to adjust the expression due to the asymmetry of the 

vessel as well as to include a factor compensating for the continuous wear of the 

vessel lining. 

 

Important to remember is that the oxygen supply rate (ROx) is not equivalent to the 

lance oxygen flow rate all through the blow, but may momentarily vary due to certain 

process events. Such events would be additions of either oxygen-bearing materials 

or materials such as FeSi, forming non-gaseous oxide products. These factors 

should be included in the expression. More difficult to estimate, however, is the effect 

of un-clean scrap and the release of carbon from late-melting pig iron. 

 

5.3 COMPARING VESSEL VIBRATION TO AUDIOMETRY 

Comparing vessel vibration with process sound measurement as a method for foam 

height estimation and slopping control was an extra task in this work, which was 

presented due to the possibility to measure vibration on BOS vessels equipped with 

audiometric systems. 

 

When conducting this comparison it is important to understand the basic differences 

in the connection between the foaming process and the expected behaviour of the 

vibration and audio signal, respectively. 
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As illustrated in Figure 39, a “useful” vibration 

signal will be obtained from the very start of 

the blow as long as it is possible, by filtering, 

to isolate the foaming process from any other 

process phenomenon. As the blowing 

progresses, the vibration amplitude level will 

increase proportional to the foam height, and 

towards the end of the blow decrease again 

when the foaming subsides. 

 

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, but not necessary 

proportionally, possibly exponentially. This 

could mean that the audio signal becomes 

less precise with increasing foam height, 

which is suggested by Webster et al.,[20] who 

stated that:  

“Sonic meters…. is of most benefit in the early 

stages of the blow. Its value is optimized when  

Sound

Vibr.

Early
stage

Later
stage

 
 
Figure 39. 
Basic connection between the 
foaming process and vibration 
and audio signal, respectively, 
at different stages of the blow. 

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 
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signal by other vibration-generating process phenomena than the foaming process is 

larger and varying throughout the blow. 

 

The trials at Luleå as well as at Scunthorpe, described in Appendix 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 summarized 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. 

 

Even if some of the trial heats indicate that vessel vibration signal may pick up an 

imminent slopping event before the audio signal, the observations are too few to 

draw any definite conclusions as to whether one of the methods is better than the 

other. Instead, the results so far give a clear indication that it would be quite 

profitable to combine the two methods. In any case, a lot more parallel 

measurements are needed. 
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6 CONCLUSIONS 

6.1 BOS SLOPPING BEHAVIOUR 

Reflecting over the all the published basic research and plant development carried 

out in order to attend to the slopping problem, it is perhaps surprising the issue is still 

very much the centre of attention; or perhaps not, considering the practical everyday 

BOS process operation. 

 

Recording slopping is readily achieved by on-line image analysis utilizing cameras 

that cover the area underneath the vessel and or the vessel mouth. In the latter case 

it is necessary to be able to distinguish between slopping and flaring, while in both 

cases it would be of great value to be able to distinguish between slopping and 

spitting. 

  

The main slopping causes are well documented and are not unique to the SSAB 

Luleå BOS vessel operation, namely: 

 over-charged vessels due to productivity demands and occasionally  

due to excessive splashing and slag coating; 

 poor lance profile control in combination with improper lance nozzle design;

 the use of low-grade in-plant recycled scrap; 

 large flux and coolant batch additions; 

 improper slag formation control due to varying hot metal quality; 

 excessive use of dolomitic fluxes; 

 lack or loss of proper bath agitation; 

 lack of static slopping probability and slag control models,  

slopping prediction systems and standardized dynamic measures. 

 

To achieve a major improvement in the slopping situation for the Luleå BOS 

operation, all the above issues need to be addressed and evaluated against clearly 

stated existing aims and demands. 
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However, slopping will most likely continue to be a serious yield, operational and 

environmental problem, as it will be a tempting possibility to increase the vessel load 

every time an improvement in the slopping situation is achieved.  

 

If there is a need to implement a slopping prediction system, there are a number of 

possible solutions, a couple of which are even commercially available. Most common 

are methods based on process sound (audiometry), lance vibration or off-gas 

analysis. The precision in slopping prediction can be considerably improved by 

combining methods.   

 

6.2 VESSEL VIBRATION FOR FOAM HEIGHT ESTIMATION 

This work has shown and confirmed that: 

1. during the BOS process, transfer of kinetic energy from the foaming slag to 

the vessel results in vibration at the vessel wall. These vibrations propagate 

through the vessel structure, but only the lower part of the vibration frequency 

spectrum will travel all the way to the outer parts of the structure, as the 

vessel itself will act as a mechanical filter; 

2. best correlation with foam level is obtained with the vibrations in the 

horizontal y-direction, i.e. in the vessel tilting direction. This observation is not 

surprising, as the forces of the foaming slag only act on the vertical part of 

the vessel; 

3. most favourable and practical is to monitor vessel vibrations by placing an 

accelerometer on the trunnion. It should be on the drive side, where the 

trunnion has more free movement; 

4. as the resonance and, hence, the filtering properties of the vessel 

mechanical structure will vary from converter to converter, so will the 

optimum frequency band. It will, however, remain constant for an individual 

converter as long as no major change is made to the vessel design; 

5. the results indicate that there is a correlation between vibration and foam 

height that can be used for dynamic foam level and slopping control; 
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6. vessel vibration can be used on any size of BOS vessel to monitor the 

foaming process for dynamic foam height estimation and slopping control; 

7. as the mechanical filtering properties of the vessel structure will vary from 

vessel to vessel, so will the optimum mid-frequency; the larger the vessel 

mass, the lower the optimum mid-frequency; 

8. under controlled process conditions BOS vessel vibration and audiometry are 

equally valuable methods for dynamic foam height and slopping control, but 

certain process disturbances and practices may cause either of the methods 

to fail; 

9. as there is a difference between which method that will fail dependent on 

process conditions, a combination of the two would largely increase the 

accuracy in the prediction of slopping, which could be further improved by 

integrating other process data such as off-gas analysis. 
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7 FUTURE WORK 

It is the local BOS process situation that determines which issues or phenomena 

require deeper analysis. For the BOS operation at SSAB Luleå it is necessary to 

make a deeper study into the initial stages of the slag formation, to map the slag 

trajectory for different process cases and to determine which factors obstruct lime 

dissolution. This work would require the development of an in-blow sampling method 

which will produce large enough slag samples to enable determination of the slag 

emulsion make-up (i.e. fractions of liquid slag, precipitated slag phases, 2nd phase 

particles and metal droplets) by microscopic examinations. 

 

With the installation of an on-line vessel vibration measurements system it will be 

possible to study both short- and long-term influences on the choice of frequency 

band for foam height estimation.  

 

With good knowledge of how to process the vibration signal, it will be possible to 

develop an on-line system, which should include both static pre-blow slopping 

probability calculations, dynamic in-blow slopping prediction and standardized 

slopping prevention actions. For best possible accuracy in slopping prediction the 

system should make use of audio measurements as well as of proper off-gas data 

(flow rate and analysis). Also important is to develop an operator interface which will 

simultaneously display all available process signals involved in slopping prediction; 

vibration, audio, lance profile, bath agitation function, oxygen flow rate 

decarburization rate and in-blow additions, as well as the registered slopping value.  

 

It is also recommended that a deeper analysis of the vessel vibration signal into 

correlations with other process phenomena, such as decarburization rate, bath 

agitation efficiency and dephosphorization, be conducted. 
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ABSTRACT 
Extreme BOS processing conditions may sometimes lead to excessive slag foaming 
and slopping, resulting in considerable amounts of metallic losses, equipment 
damage and un-necessary production disturbances. Control of slag formation without 
slopping is primarily accomplished by taking preventive measures. If static control 
measures are not effective then in-blow control measures are required and for these 
to be successful, it is necessary to employ a method for predicting slopping events. 
Such a system, utilizing BOS vessel vibration measurement, is presently being re-
introduced at SSAB’s BOS plant in Luleå, Sweden. 
 
A deep study into the causes of slopping has been carried out for a 114 tonne 
LD/LBE vessel, equipped with an automatic system for slopping registration using 
image analysis. Improved slopping control was achieved by developing a novel lance 
control scheme, with a new approach to the adjustment of lance position according to 
scrap quality and ore additions. 
 
 

INTRODUCTION 
Formulating the Problem – Excessive Slag Foaming and Slopping 
Even when the BOS process is well-controlled, extreme conditions may lead to 
excessive slag foaming and slopping, resulting in equipment damage, environmental 
disturbances and low process yields. At the SSAB’s BOS plant in Luleå slopping has 
been a problem for some time and has become an even more frequent phenomenon 
since increasing the heat size from 114 to 130 tonne. 



 

2 
 

State of the Art 
     Slopping phenomena 
When attempting to reduce slopping events it is important to understand the 
phenomena itself. In a top blown BOS vessel, a foam is formed consisting of liquid 
slag, metal droplets, process gases and solid “second phase” particles such as 
undissolved fluxes. There are several comprehensive theories and models on foam 
formation(1-5). A common theme for these models is that they are based on the 
quantification of the foaming behaviour represented by the foam index Σ, defined as 
the ratio between foam volume and gas flow rate(6). The unit for the foam index is 
time, which means that the foam index can be interpreted as a measure of the time it 
takes for the process gas to pass through the foam. As the gas velocity is fairly 
constant during the main decarburization period of the blow, the foam height will be 
directly proportional to the foam index. Despite some differences, there is agreement 
on the main parameters that influence the foam index, i.e. apparent viscosity of the 
liquid phase, surface tension, density and bubble diameter. Perhaps the most 
important property is the apparent viscosity of the liquid phase: the higher the 
viscosity, the higher the foam index which automatically increases the risk of 
slopping. 
 
One parameter that strongly influences the apparent viscosity is the presence of solid 
particles. According to some published equations(7-8), increasing the fraction of solid 
particles by only 10% will results in a 50% increase in apparent viscosity and at least 
an equivalent increase in foam height (depending on which foam index equation is 
adopted). 
 
     Causes of slopping 
Causes of slopping can be either static or dynamic in nature. Static factors are 
related to vessel design and the quality of charge materials, while dynamic factors 
are related to blowing procedures. Because slopping is a common BOS process 
issue, there have been no shortages in reported findings and conclusions with regard 
to the most common causes of slopping. A comprehensive summary has been given 
by Shakirov et al.(9). The authors define three types of slopping; “dry”, “volcano” and 
“most common”. The first two are extreme and rather violent types of slopping, 
avoidable by applying tight quality control to charge materials and having a 
consistent blowing practice. Dry slopping is a result of thermal imbalance, hard 
blowing, high slag basicity and large additions of dolomitic fluxes whereas volcano 
slopping is related to hot metal quality and large additions of slag foaming enhancers, 
e.g. pig iron, oxide containing recycled scrap and waste-oxide briquettes. More 
common is slopping due to a combination of causes such as soft blowing (lance 
position too high), slag composition, smaller in-blow ore additions, disturbances in 
decarburization rate and reduced vessel volume. The practical difficulty in avoiding 
slopping is well illustrated in the phase diagram to the left in Figure 1, showing 
general areas of under-oxidized BOS slag related to dry type slopping and of over-
oxidized slag related to volcanic type slopping. 
 
Other work that summarizes causes of slopping as well as applications of suitable 
preventive measures to suppress slopping has been carried out by Chukwulebe 
et.al.(11), who focussed especially on the importance of controlling the physical and 
chemical state of the slag. In order to minimize the risk of slopping large batch 
additions of fluxes should be avoided as it will result in an instant decrease in slag 
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temperature and, hence, an equally sudden increase in viscosity. Other strong 
contributing factors are high fractions of fines in fluxes, large additions of dolomitic 
lime and high concentrations in the slag of surface-active substances like P2O5 and 
V2O5. 
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Figure 1.  Left:   - ternary phase diagram, illustrating slopping regions and the slag 

   trajectory of non-slopping heats(10). 
Right:  -  content of metal droplets in samples of slopping foam and of foam 
   inside the BOS vessel. 

 
     Effect of slopping on metallic yield 
Apart from equipment damage, lost production time and disturbing impacts on the 
environment, slopping can also result in substantial metallic losses. An internal 
investigation in the early-1980s showed that slopped material may well contain over 
50% by weight of metal droplets (see right diagram in Figure 1). If this is still the case 
then, with a specific weight of liquid slag of 100 kg/tonne metal bulk, the amount of 
metal droplets suspended in the foaming slag would be between 100 and 200 
kg/tonne, or 10-20% of the total amount of metal bulk. Therefore, if large volumes of 
foaming slag are forced out of the vessel the metallic loss could be substantial. For 
every 1 000 kg of slopping foam, at least 500 kg metal will be carried out of the 
vessel. 
 
     Slopping control 
Practical slopping control can be divided into two parts; primarily by taking static pre-
blow slopping avoidance measures and, if this is not sufficient, by applying dynamic 
in-blow actions to suppress slopping. The static measures include thorough control of 
the quality and amounts of charged materials and by applying optimized blowing 
control schemes with regard to correct positioning of the oxygen lance and timing of 
flux additions. 
 
As is often experienced, pre-blow measures and standardized blowing control 
schemes may not be sufficient to avoid the occasional slop, making it necessary to 
take in-blow actions. Basic dynamic measures to control slopping involves 
adjustment of lance height, reduced oxygen flow rate and increased bath agitation, if 
the vessel is equipped with such a system. In the case of an over-oxidized slag 
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situation, slopping may be suppressed by additions of reducing materials such as 
aluminium, coke and coal, or by increasing slag viscosity by additions of lime, 
limestone or dolomitic materials(11-13). In the case of an under-oxidized viscous slag 
additions of fluxing agent such as Al2O3 and CaF2 may reduce the severity of 
slopping(11). 
  
Dynamic slopping control will only give a satisfactory result if a foam level detection 
system is available. The most common method today for estimating the foam level in 
the BOS vessel is the sonic-meter, where a microphone placed in the lower stack or 
close to the vessel mouth is used to monitor process noise, mainly emanating from 
the oxygen jet(14-17). As the foam acts as an acoustical insulator, the measured noise 
level will decrease with increasing foam height. Other methods utilize oxygen lance 
vibration(14,18), radio/micro waves or radar(17,19-22). Finally, some form of indirect foam 
level control can be based on off-gas data(23-24). 
 
Scope of Work 
The purpose of the work presented in this paper was to establish ways to reduced 
slopping. A first step was to carry out a deeper analysis into the actual causes of 
slopping, principally to confirm what was already known or strongly suspected, but 
also to determine not yet realized causes. With this knowledge it will be easier to 
prioritize the measures needed to achieve best possible pre-blow conditions and in-
blow slopping control. 
 
The work has also covered the development of a dynamic slopping prediction and 
control system. Unfortunately, there is no in-plant experience of any of the above 
mentioned foam level estimation methods, and installing a system such as the sonic-
meter would demand extensive engineering work. Nevertheless, there is a strong 
need for having such a system. However, for a short period in the early-1980s a BOS 
vessel vibration monitoring system was used for slopping prediction. Based on 
positive experiences and due to its simplicity, it was decided to re-evaluate this 
method and to investigate the possibility to install a permanent vessel vibration 
monitoring system for slopping prediction and control. The re-evaluation work was 
carried out within an EU/RFSC funded project. 
 
This paper will present the features of a newly installed system for slopping 
registration, as well as the results of the slopping cause analysis and the introduction 
of a new oxygen lance control scheme. The latter was a direct result of the slopping 
cause analysis, pin-pointing poor scrap quality as one of the main factors behind 
slopping. The work on slopping prediction will also be reviewed. 
 
SSAB EMEA Luleå Plant and BOS Operation  
SSAB EMEA (Europe, Middle East and Africa), one of three newly launched 
business areas within the SSAB Group, is specializing in the production of advanced 
high strength strip steel and heavy plate. More than 80% (or some 2.3 Mtonne) of the 
slab production for the strip mill is located at SSAB’s semi-integrated steel plant in 
Luleå in northern Sweden. The plant consists of a coke plant, one 11.4-metre blast 
furnace, hot metal desulphurization, two 130 tonne BOS vessels (of type LD/LBE), 
one RH degasser, two CAS-OB ladle treatment facilities and two single strand slab 
casters. Except for limited exports, all slabs are transported on rail about 900 
kilometres southward to the strip mill at Borlänge. 
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Characteristic for the present BOS operation at Luleå is a low scrap rate ( 15%), a 
low phosphorus content in hot metal (0.030-0.040%) and a high usage of dolomitic 
fluxes, burnt dolomite (dolomet) as well as raw dolomite. The latter is needed 
because of relatively high tapping temperatures (for 50% of the production above 
1700°C), necessary due to a small heat size, large alloy additions and long casting 
times. Both BOS vessels are equipped with sublance and off-gas analysis systems 
for improved end point control, IR-camera and dart-type slag retaining system, as 
well as an automatic vessel tapping system. The vessels are fitted with a LBE-type 
bath agitation system. A new “Level-2” system was put into operation in April 2009 in 
order to raise the level of metallurgical process control. 
 
 

METHODOLOGY 
Slopping Registration by Image Analysis 
For investigating the causes behind slopping it was necessary to install a system for 
recording slopping events. An excellent and well documented tool for this purpose is 
image analysis(17,25). Figure 2 shows the general set-up and function of this system, 
illustrating the utilization of a CCTV-camera covering the area directly beneath the 
BOS vessel for slopping registration. 
 
The system scans each received camera image (25 per second) and counts the 
number of light pixels above a set threshold within a designated area of the camera 
frame (eliminating any “contamination” by constant light sources such as indoor 
lighting). The scanning output is a 1-second number called the slopping value (in %). 
This value is calculated as the percentage of light pixels relative to the total number 
of pixels in the designated scanning area. A 2-second average value is stored for a 
period of up to 14 days. For long-term data storage a slopping index (Σ%) for each 
heat is created by accumulating the 1-second slopping value over the complete blow. 
An average slopping value for each individual blowing minute (no’s 1-20) is also 
calculated and stored “indefinitely”. 

CCTV

frame analysis
variable calc.
→ database

camera picture frame

designated slopping
registration area

sparks & molten material

 
Figure 2. Schematic description of the slopping registration system set-up and its function. 
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Data Analysis by MVA 
In order to determine clear correlations between specific process parameters and 
slopping, a large number of heats are needed to be analysed. Data for a complete 
year of production on BOS vessel LD1 (over 11,000 heats) were collected and 
scrutinized. In the end a data set of more than 70 variables and 7,000 heats 
remained. With such a large number of input data and with a main aim of finding 
qualitative rather than quantitative correlations, it was decided to use the SIMCA-P® 
multivariate analysis (MVA) software. With this method the data was analysed in two 
steps:  

1. Principal Component Analysis – PCA(26);   – for an overview of the data set in 
order to recognize patterns in data 

2. Projections to Latent Structures – PLS(26);   – to establish relationships between 
input and output variables 

 
 

RESULTS 
Slopping Registration  
An example of a recorded slopping event is shown together with the decarburization 
rate in the left diagram in Figure 3. The right diagram shows the variation in slopping 
index for vessel LD1 from November 2007 up to the end of 2009. Noticeable is the 
50% increase in average slopping index level, from about 1 000 to 1 500 (Σ%), after 
the heat size was increased from 114 to 130 tonne in December 2008. The increased 
slopping level is especially evident in the early parts of the vessel campaign. 
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Figure 3.   Left:   - example of a recorded slopping event, with slopping value,  

   slopping index and decarburization rate dC/dt.  
Right:  -  weekly average recorded slopping index before and after increasing 
   the heat size from 114 to 130 tonne in week 0851, i.e. in mid-Dec. 2008.  

 
Blowing Regimes  
An early and crucial finding was that the observations (i.e. heats) had to be divided 
into two groups representing quite different blowing regimes; one for mild steels (MS 
grades) with low tapping temperatures; the other for high strength steels (HS grades) 
with tougher quality demands and with quite high tapping temperatures. In the latter 
case demands on low sulphur places restrictions on scrap quality as well as total 
scrap weight, while no such restrictions apply in the former case. 
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Table I lists important operational data for the two blowing regimes, with a sub-
grouping of the HS blowing regime due to difference in aim phosphorus content. As 
is indicated in the table, the MS blowing regime can be characterized as relatively 
soft with a low Mn/C ratio at the end of blow, contrary to a harder HS blowing regime 
resulting in a higher Mn/C ratio. 
 
Table I.   Operational data for different BOS blowing regimes 

Blowing 
regime 

Scrap, 
kg/tonne End of blow - aim End of blow - actual Slopping 

index, 
% 

Metallic loss1), %: 

Total Un-
clean C, % P, % T, °C C, % Mn, % Mn/C Total Balance2) Slopp-

ing 

MS 185 115 0.051 0.016 1675 0.053 0.12 2.5 1 300 1.72 0.80 0.92 

HS-a: - low P 115 25 0.040 0.012 1710 0.046 0.13 3.1 790 0.80 0.32 0.48 

HS-b: - other 115 15 0.038 0.017 1710 0.040 0.13 3.5 600 0.20 0.16 0.04 

       1)    Unexpected metallic loss, i.e. not including Fe in BOS slag and in dust/sludge 
           2)   “Fictitious” metallic loss due to oxides in scrap, regarded as 100% metallic in mass balance 
            calculations 
 
As would be expected and illustrated in Figure 4, slopping is most frequent and 
severe in the MS blowing regime, resulting in larger metallic losses compared to the 
HS blowing regime. The diagram shows the average slopping index (filled circles) as 
well as the average +1 standard deviation (empty circles) as a function of blowing 
performance, represented by the Mn/C ratio. Also shown is the total apparent 
metallic loss and the estimated loss due to slopping (triangles). 
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Figure 4. Influence of blowing regime on slopping index (SlpX) and on apparent metallic 

losses. 
 
Not given in Table I, but of importance, are principal differences in flux addition 
practice. For the MS blowing regime the dolomet to lime ratio is close to 50:50 and 
the dolomet is added ahead of the lime. For the HS regime the burnt lime is added 
before dolomet for faster lime dissolution and improved early dephosphorization. 
Finally, a difference between the two HS regime sub-groups is a somewhat reduced 
dolomet to lime ratio (40:60) when aiming for lower P level at end of blow. 
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A deeper multivariate analysis of the two main blowing regimes as well as of the HS 
sub-groups was carried out. Table II summarizes the findings. The numbers in the 
table are in order of influence on the slopping index by the most significant variables 
within each blowing regime group, the lower the number, the stronger the influence 
on slopping. The plus or minus sign with reference to influence, indicates in which 
direction the slopping index is changed with an increased value of the particular 
variable. 
 
Table II.   Summary of multivariate analysis with regard to process variable influence on 

slopping (e.o.b. = end of blow) 

Blowing 
regime 

 

Variable  
Mn/C  

at 
e.o.b. 

Scrap type 
Total  
dolo2) 

Temp. 
at  

e.o.b. 

Lime quality 
Cool. 
ore 

Heats 
on 

lining 

Si in 
HM Skulls1) Pig 

iron 
Pur-

chased CO2 T603) 

Cause type Dyn Stat Stat Stat Stat/Dyn Stat Stat Stat Stat Stat 

Influence, +/- – + + + + – – + + – +

Mild Steels 1  2 3 4 5 6 7 >10 8 9 10 

High Strength 2 1 not in mix 4 7 9 6 5 8 3 

1) skulls include both charged as scrap and originating from vessel mouth cleaning. 
2) ratio of dolomitic fluxes (dolomet + raw dolomite) to total flux 
3) T60 lime reactivity according to the European Standard (EN 4592), defined as the time taken for 

slaking quicklime to achieve 60°C from a starting temperature of 20°C: the higher the value, the 
lower the reactivity  

 
 
Static Slopping Causes 
The multivariate analysis has singled out the following main static causes behind 
slopping; 

 large additions of scrap of lower quality, mainly recycled large size skulls and 
pig iron, but also purchased scrap 

 high ratio of dolomitic fluxes 
 high Si content in hot metal in the case of HS blowing regime (clean scrap 

practice) 
 reduced available vessel volume (“heats on lining”), large ore additions and lime 

quality 
 
Most striking is the considerable effect of scrap quality on the slopping severity, 
shown in the left diagram in Figure 5. On the whole, the findings confirm most of the 
pre-existing beliefs, but somewhat surprising is the relatively lower impact of hot 
metal Si content in the MS blowing regime. This may well be explained by the large 
impact of scrap quality, overshadowing any influence of a variation in hot metal 
silicon. The influence of dolomitic fluxes needs to be examined further. Adding MgO 
should theoretically decrease viscosity. However, already at very low concentrations 
(~5%) the presence of MgO will result in a delayed lime dissolution(27). Further 
investigations also apply to the indicated connection between lime quality and 
slopping shown in the right diagram in Figure 5. The data suggests that a softer 
burned lime (with a higher reactivity) reduces slopping, most certainly due to an 
improved lime dissolution. 
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Figure 5.   Left: - distribution of slopping over time of blow for different scrap mixes. 

Right: - influence of residual CO2 content in burnt lime on slopping index. 
 
 

Dynamic Slopping Causes 
Definitely the most important dynamic BOS process parameter is the positioning of 
the oxygen lance. A large distance between lance tip and metal surface results in soft 
blowing raising the oxygen level in the foaming slag, increasing the slopping 
probability (see left diagram in Figure 6), while remaining dynamic causes are of 
comparably lower significance. But soft or hard blowing is not solely a result of lance 
positioning. The oxidation potential of the slag and the final blowing result, given by 
the Mn/C ratio, is also strongly dependent on additions of oxygen bearing materials 
such as un-clean scrap and ore as shown in the right diagram in Figure 6. 
 
The problem in judging the effect of additions such as coolant ore is that the timing is 
critical. Large ore additions are normally done at the very start of the blow to 
minimize the slopping risk. However, the right diagram in Figure 6 indicate that large 
ore additions at the beginning of the blow may still lead to an increased oxygen level 
in the slag throughout the entire blow. 
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Figure 6.   Left:   - influence of blowing regime (softer to harder) on slopping. 

Right:   -  influence of un-clean scrap rate and ore additions on the oxidation 
   state (Mn/C at e.o.b.). 
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DISCUSSION & PRESENTATION OF A NEW OXYGEN LANCE 
CONTROL SCHEME 

Slopping Control Measures 
The investigation into the causes of slopping revealed that the most important factor 
is a correct positioning of the oxygen lance in reference to the metal surface. A basic 
requirement for optimizing the lance positioning is of course a correct determination 
of the metal level. In Luleå two systems are available; utilizing the sublance 
measurement at end of blow and laser profile measurement. What is obtained from 
these measurements is a metal level at the start of the blow. However, the actual 
bath level during the blow will change relative to the calculated level. The difference 
will be determined by any underestimation of the non-metallic content in scrap, and 
will most certainly depend of how much of the metal is, at any time, suspended in the 
slag foam. Figure 7 illustrates how these factors reduce the precision in placing the 
lance at an optimum distance above the metal bath. 
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Figure 7.   Left:   - reduced metal bath height due to non-metallic content in scrap  

   (114 tonne heat size). 
Right:  - influence of metallic content in foaming slag on the reduction  
   of metal bulk weight. 

 
Therefore, it can be concluded that it is very important to have stable process 
conditions in order to control the metallic content in the foam. Globally, considerable 
research efforts have been directed towards determining the blowing parameters that 
influence droplet formation. It is established that a governing factor is the 
performance of the oxygen jet and consequently the lance nozzle design. The next 
factor to take into consideration is of course the residence time of the droplets in the 
foam, decided by the physical properties of the foam. The conclusion then is that it is of 
utmost importance to maintain stable oxygen jet performance by a tight control of the 
lance nozzle condition and to secure a fluid slag by promoting fast dissolution of 
added fluxes. 
 
Improved Blowing Practice 
     New lance control scheme 
Although the effect on bath height may be larger in the case of the amount of metallic 
droplets suspended in the slag foam, the importance of tight control over scrap 
quality should not be underrated. An unexpectedly high non-metallic content in 



 

11 
 

charged scrap not only leads to an increased risk of slopping due to an undesirably 
high lance position but, the non-metallic share of the scrap will at the same time 
enhance foaming due to its effect on the physical and chemical make-up of the foam. 
 
A key item in BOS process optimization has been to adjust lance patterns according 
to existing process conditions, especially in order to accommodate differences 
between the aim and normal variation in hot metal silicon and at the same time, to 
somehow account for any short-term variation in scrap mix make-up and to additions 
of ore. An important issue was that up until now, individual scrap mixes and large ore 
additions have been linked to certain lance height patterns, even though the make-up 
of individual scrap mixes are constantly changed due to varying availability of 
different scrap types. 
 
The analysis of the influence of scrap quality on blowing performance and slopping 
has led to the introduction of four new main lance patterns based only on hot metal 
silicon. Adjustment for scrap quality and ore addition will, contrary to previously, now 
be made by keeping the pre-set lance pattern, but adjusting the lance height during 
the ramping stage based on the true charged weights of each individual scrap type 
and of coolant ore. 
 
The influence of scrap quality on the blowing performance, represented by the Mn/C 
ratio at the end of blow, and subsequently on slopping severity is shown in the left 
diagram in Figure 8. Each grey square represents a specific scrap mix make-up with 
regard to the presence of unclean scrap types, i.e. mixed small size scrap (75-300 
mm), large skulls (+300 mm), pig iron and purchased scrap. The less-clean the scrap 
mix, the softer the blowing and the larger the extent of slopping. The data point 
marked with “X” in the left diagram in Figure 8 represent a scrap mix with an average 
make-up of 25% purchased scrap, 30% large skulls and 45% clean scrap (i.e. slab 
and plate). 
 
The aim of the new lance control scheme is to change the blowing practice in such a 
way that the process performance (judged by the Mn/C ratio at end of blow) is 
independent of scrap quality. The approach taken is to adjust the lance position 
(downwards) based on the content of each scrap type in the total scrap charge. The 
maximum adjustment is set by how low the lance can be positioned without risking 
skull formation on the lance. 
 
To calculate the required lance adjustment, each scrap type has been given a lance 
adjustment factor (in mm/tonne), listed in the centre of Figure 8. The individual 
factors have been evaluated by determining the combination of factors that give the 
best fit to the curve in the right diagram in Figure 8, representing the relationship 
between the blowing performance (Mn/C ratio) without any adjustment and the 
required total lance adjustment to eliminate the effect of scrap quality on blowing 
performance. With this combination of adjustment factors it is expected that the curve 
in the right diagram will become a vertical line, i.e. the blowing performance should 
not be affected by scrap quality. In practice, this can be demonstrated by the specific 
scrap mix marked with “X”. According to the average make-up and adjustment factor 
for each individual scrap type, the required lowering of the lance position is 
calculated to be 80-85 mm, in order to avoid too soft a blow and slopping. 
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Figure 8.   Left: - effect of scrap quality on blowing performance (i.e. on Mn/C at e.o.b.) 

   and subsequently on slopping. 
Centre: - lance adjustment factors (as a first approximation ore has been given 
   the same factor as for mixed small size scrap and larger skulls). 
Right:   - the corresponding required lance adjustment based on scrap quality. 

 
The results from the first tests with the new lance control scheme have been 
encouraging. The left diagram in Figure 9 shows the comparison between slopping 
index levels for the old and new set of lance schemes for 114 tonne heat size, 
indicating a 40% to 50% reduction in slopping, corresponding to a 0.3% increase in 
metallic yield. 
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Figure 9.   Left: - recorded slopping index distribution for old and new lance patterns  
   for 114 tonne heat size. 
Right:   - example of the effects of raw dolomite addition during slopping. 

 
 
An interesting observation is the very low slopping index obtained when applying the 
lance pattern for the high hot metal silicon content (> 0.50%). This lance pattern 
differs from the rest by a 100 mm lower lance position for the main part of the blow 
and suggests that this lower lance position should be applied to all lance patterns. 
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     Dynamic control measures 
Presently no standardized dynamic control measures are taken in case of slopping. 
However, in an effort to reduce the severity of slopping, operators have adopted the 
method of charging raw dolomite during or just prior to an expected slopping event. 
The idea is to create some kind of a “funnel effect”, releasing process gas trapped in 
the foam, but the effect is quite random. Sometimes slopping is suppressed, but just 
as frequently, slopping is enhanced. This is shown in the right diagram in Figure 9. 
 
Slopping begins at 8 minutes and becomes quite heavy at 10 minutes. Consequently 
the operator orders an addition of raw dolomite. In this case, slopping subsides 
during the weighing procedure and is at a minimum just as the raw dolomite is 
charged into the vessel. It may be coincidence, but the addition is accompanied by a 
return to slopping, which then continues past the normal slopping end-point. Hence, 
even if an addition of raw dolomite gives an initial reduction in slopping, the positive 
effects may be short-lived. The risk is that adding raw dolomite increases the amount 
of undissolved second phase particles in the foam, enhancing the foaming process 
and which may be even further enhanced by the extra CO2 released when the raw 
dolomite is burned. In addition, charging fluxes will lower the temperature and hence 
decrease the fluidity of the foam and increasing the foam height. Referring to the 
phase diagram in Figure 1, addition of raw dolomite may be the correct measure if 
slopping is caused by an over-oxidized slag, but will encourage slopping if the slag is 
under-oxidized. 
 
     Foam level estimation and control 
As stated above, no dynamic control measures have been introduced, but such 
measures will be developed when the vessel vibration foam level estimation system 
is up and running. The theory behind a correlation between BOS vessel vibration and 
foam level is identical to that for lance vibration for foam level control presented in the 
early-1980s by Y. Iida et al.(18); – the transfer of kinetic energy from the slag foam to 
a mechanical structure for which the vibration is measured and where the amount of 
transferred energy is proportional to the contact area and hence the foam height. 
This, mainly horizontal transfer of energy to the wall of the steelmaking vessel, 
results in the excitation of a vibration spectrum propagating through the structure. 
 
Preliminary tests began in 2006 and were followed by a main trial series in 2008, 
where vibration measurements were made for some 200 heats. The vibration curves 
that were obtained display the same type of patterns as those experienced in the 
early-1980s. Figure 10 shows typical vibration patterns for slopping and non-slopping 
heats, illustrating the connection between vessel vibration level and foam height in 
the BOS vessel. The results are quite encouraging and therefore, it has been 
decided to install a permanent system at Luleå’s BOS vessel LD2, making it possible 
to develop a slopping prediction system based on vessel vibration measurement. 
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Figure 10. Typical vibration patterns for a heavy slopping heat (left) and a non-slopping heat 

(right). 
 

CONCLUSIONS 
A study of BOS operational data has revealed that the most common causes of 
excessive slag foaming and slopping are:  

 incorrect positioning of the lance in relation to the metal bath. Most often the 
positioning is too high, leading to soft blowing conditions and an over-oxidized 
slag. Less common is when the positioning is too low, resulting in hard blowing 
conditions and an under-oxidized slag 

 high levels of non-metallic’s in scrap, not only due to the extra contribution of 
foam enhancing oxides, but also by causing an incorrect calculation of the metal 
bath level due to an overestimation of the total metallic charge 

 hot metal quality, noticeable mainly in the case of clean scrap practice 
 during the blow, ill timed additions of: 

   - raw dolomite, increasing viscosity by adding extra solid particles to  
   the foam (and increasing gas generation) 
   - ore, raising the degree of oxidization of the slag and increasing gas  
 generation 

 
As a consequence of realizing the strong influence of scrap quality on the blowing 
performance, a new oxygen lance control scheme has been developed, where 
adjustments of lance patterns are made based on the amount of non-metallic’s in 
scrap. Tests show that significant reductions in slopping may be achieved by this 
approach. 
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   In the BOS process liquid slag together with dispersed metal droplets, solid 
particles and process gases forms an expanding foam. Certain process conditions 
may lead to excessive foam growth, forcing foam out through the vessel mouth, an 
event commonly known as ‘slopping’. Slopping results in loss of valuable metal, 
equipment damage and lost production time. In the early 1980’s a system for foam 
level and slopping control was installed at SSAB’s steel plant in Luleå, a system 
based on the correlation between BOS vessel vibration in a narrow low frequency 
band and foam development. The technique, in this case with an accelerometer 
mounted on the trunnion bearing housing, soon showed its usefulness, for example 
when adapting existing lance patterns to a change in oxygen lance design from a 3-
hole to a 4-hole nozzle. Estimating the actual foam height in the BOS vessel was of 
great importance in the recently completed RFCS funded research project “IMPHOS” 
(Improving Phosphorus Refining). Based on the earlier positive experiences, it was 
decided to further develop the vessel vibration measurement technique. Trials on an 
industrial size BOS vessel of type LD/LBE have been carried out, this time with a tri-
axial accelerometer mounted on the vessel trunnion. FFT spectrum analysis has 
been used in order to find the frequency band with best correlation to the foam level 
development. The results show that there is a correlation between vessel vibration 
and foam height that can be used for dynamic foam level and slopping control. 
 
KEY WORDS: BOS; slag formation; foaming; foam level; slopping; vessel vibration 
 
  
 
1. Introduction 
   When converting hot metal to crude steel in a top blown Basic Oxygen Steelmaking 
(or BOS) process such as in the LD vessel, a slag foam (i.e. a gas-liquid-solid 
mixture) is formed. This foam consists of liquid slag products, dispersed metal 
droplets, process gases and second phase particles (e.g. solid flux particles). It is 
generally accepted that the foam height is dependent on the viscosity and density of 
the liquid slag phase, surface tension between phases and, perhaps most important, 
the fraction of second phase particles.1) 
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   Early formation of a liquid slag phase is of great importance in the BOS process 
because optimum conditions for phosphorus refining require a large initial liquid slag 
volume and low metal bath temperature. However, certain process circumstances 
can lead to excessive volume growth of foam which cannot be contained within the 
vessel. This event, when the foaming slag is forced out through the vessel mouth, is 
known as slopping and it results in equipment damage, decreased metallic yield and 
lost production time. The yield losses could be substantial as the foam may contain 
well over 50% metallic. 
   The recently completed EU/RFCS supported project IMPHOS (“Improving 
Phosphorus Refining”) was aiming to improve current BOS phosphorus refining 
strategies by introducing additional dynamic aspects into the control scheme, 
including enhanced slag formation practices and advanced lance control routines. 
   An important part of this project was estimating the actual foam level in the BOS 
vessel. The most common method today for controlling the foam level is the sonic-
meter, where a microphone, placed in the lower stack2-3) or close to the vessel 
mouth,4-5) is used to monitor process noise, mainly created by the oxygen jet. As the 
foam is an acoustical insulator, the measured noise level decreases with increasing 
foam height. Other methods utilize oxygen lance vibration,2,6) radio waves,5,7) micro 
waves8-9) or radar.10) Finally, some form of indirect foam level control can be based 
on off-gas data.11-12) 
   Of the five BOS plants involved in the project, four are equipped with sonic-meter 
systems. However, because such systems require continuous maintenance and the 
fact that usable sonic readings are not obtained until 4 to 5 minutes into the blow, the 
project was seeking a reliable low maintenance technique which can monitor foam 
height from the very start to the very end of the blow, not as a substitution but as a 
valuable complement to the sonic-meter system. 
   Based on earlier experiences in the 1980s at SSAB EMEA’s steel plant in Luleå, 
today including two BOS vessels type LD/LBE, it was decided to carry out a deeper 
investigation of the method of BOS vessel vibration measurement for improved foam 
level estimation and slopping control. Unfortunately, due to the lack of technical 
documentation, all work to find a suitable sensor type and optimal placement had to 
start from scratch. This was not altogether negative, as there are sensor types 
available on the market today other than just the standard accelerometer. 
 
2. Theory 
   In the mid-1970s Kawasaki Steel Co. carried out some fundamental work on 
oxygen lance vibration and vessel vibration monitoring for foam level control in the 
BOS vessel. For both methods, the same basic theory on the correlation between 
structural vibrations and foam height was applied:6) 

–  a transfer of kinetic energy from the foam to the mechanical structure for 
which the vibration is measured and where the amount of transferred 
energy, in principal, is proportional to the contact area. 

   This, mainly horizontal transfer of energy at the foam-to-structure interface, results 
in excitation of a vibration spectrum propagating through the mechanical structure. 
   However, the mechanical structure will act as a vibration isolator, a kind of 
mechanical filter. The principal vibration isolation, or vibration filter characteristics of a 
mechanical system, known as the transmissibility curve13) is illustrated in Fig. 1, in 
the case of a natural frequency, n, at 7 Hz. 
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Fig. 1. The transmissibility curve for a rigid body with its natural 
frequency, n, at 7 Hz.13) 

 
   The transmissibility, T, is the ratio between output and input vibration respectively. 
Two regions are recognized; the amplification region (T>1) and, the isolation region 
(T<1). From the diagram it can be seen that vibrations with a frequency close to the 
systems’ natural frequency will be amplified, while vibrations with higher frequencies, 
in this case above ~10 Hz, will be progressively dampened. 
   When studying the lance vibration phenomena6) it was found that the vibration 
magnitude anywhere in the frequency spectrum increased with the actual foam 
height, with the best correlation between vibration level and foam height being close 
to the lance natural frequency (~0.4 Hz). In this case the natural frequency is utilized 
to amplify the vibration signal. 
   However, when using vessel vibration for foam height estimation, utilizing the 
natural frequency as an amplifier should be avoided. The reason is that the vessel 
vibration frequency spectrum is the sum of several individual spectra, each a kind of 
a fingerprint of a specific process phenomenon. It would be quite difficult, if not 
impossible, to analyse the vibration signal in order to distinguish the foaming process 
from any other basic BOS process phenomenon. 
 
3. Experimental 
3.1. Slopping registration 
   A major reason for developing methods and systems for slag formation and foam 
level control is the prevention of slopping and therefore, it is very helpful to have 
some means of recording and grading slopping events. A common method of 
recording slopping is image analysis utilizing surveillance cameras that cover either 
the area underneath the vessel5) or the converter mouth.14) The former of these 
methods has recently been adopted at both BOS vessels at Luleå. The set-up and 
function of this system is illustrated in Fig. 2. This figure also describes the set-up for 
BOS vessel trunnion vibration measurement (see next section). 
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Fig. 2. Schematic description of set-up for BOS vessel slopping 
registration and for vessel trunnion vibration 
measurement. 

 
   The slopping registration system downloads pictures from the CCTV at a rate of 25 
frames per second. Each individual frame is scanned within a designated slopping 
registration area (see drawn square below the vessel in Fig. 2) with a width about 
twice that of the vessel, and the sum of light pixels above a pre-set threshold is 
counted (eliminating “contamination” by light sources such as indoor lighting). This 
count is then used to calculate a 1-second average slopping value, being the 
percentage of light pixels to the total number of pixels in the designated slopping 
registration area of the CCTV frame. 
   The slopping value is stored (as a 2-second average value) in the data base for a 
period of up to two weeks. For long-term data storage a slopping index (Σ%) for each 
heat is created by accumulating the 1-second slopping value over the complete blow. 
An average slopping value for each individual blowing minute (from 1st to 20th) is also 
calculated and stored “indefinitely”. 
   At this point it must be emphasized that the slopping value is not a quantitative 
measure of the intensity of foaming inside the steelmaking vessel, rather a qualitative 
measure of the level of excess foaming and only in the event of foam being forced 
out of the vessel. 
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3.2. Vessel vibration measurements 
3.2.1. Measurement technique 

   Two principally different sensors were 
tested; laser doppler vibrometer and triaxial 
piezoelectric charge accelerometer. It was 
soon realized, that the most practical method 
was to use an accelerometer. The sensor for 
BOS vessel vibration measurement that was 
finally selected was a triaxial accelerometer 
with a range of 0.5-5,000 Hz and a sensitivity 
of 10.2 mV/(m/s2). 
   The most useful placement of the 
accelerometer was found to be on the BOS 
vessel trunnion system. Tests were carried 
out with accelerometers mounted both on the 
end of the trunnion pin and on the bearing 
housing. The results showed that the best 
vibration signal is obtained with a direct 
trunnion mounting as shown in Fig. 3. 
 

50 mm

Accelerometer

y

z x

Trunnion axis
 

Fig. 3. Accelerometer mounting  
on trunnion. 

3.2.2. Logging and on-line analysis 

   The accelerometer was connected to a signal amplifying and logging unit. This unit 
was in turn, connected to a laptop PC in which the log-files were automatically stored 
at the end of each measurement period. 
   Specially designed logging software was used for on-line frequency spectrum 
analysis by FFT13) (Fast Fourier Transform) and for calculation of the RMS13) (Root 
Mean Square) amplitude of a accelerometer signal within a given frequency band. 
 
3.2.3. Measurement set-up 

   A schematic description of the BOS vessel trunnion vibration measurement set-up 
was given in Fig. 2. The accelerometer was mounted on a square piece of solid steel 
welded onto the end of the trunnion on the drive-side of BOS vessel LD#1 in such a 
way that the sensor x-direction was along the trunnion axis, as shown in Fig. 3. 
 
3.3. Trial description 
3.3.1. Procedures and process conditions 

   The trunnion vibration trials were divided into two parts. During the first half there 
was no modification of process settings, while the second half was conducted with a 
new set of lance patterns and with tight control of scrap quality. Some average 
process data for the total trial series are listed in Table 1. 
 
3.3.2. Signal logging and process data collection 

   Logging of the vibration signal commenced immediately after the vessel came to 
the upright position after charging and then terminated prior to tapping. The signal 
sampling frequency was kept constant at 2.5 kHz. 
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   Process data collected were specific heat data as well as continuous logged data 
on 2-second level, such as decarburization rate, flux additions, lance level and 
registered slopping values. 
 
Table 1. Process data for BOS vessel vibration trials. (BF = blast furnace,  

E.O.B. = end of blow, kg/t.liq = kg per tonne tapped liquid steel). 

Process parameter unit Average data 
Heat size tonne 112.9 
Hot metal:   
- charge kg/t.liq 890 
- Si content % 0.36 
- P content % 0.036 
Scrap/coolants:    
- cold iron kg/t.liq 40 
- slab & plate kg/t.liq 57 
- purchase kg/t.liq 36 
- misc. skulls kg/t.liq 38 
- BF pellet kg/t.liq 11 
Fluxes:   
- burnt lime kg/t.liq 31 
- dolomitic lime kg/t.liq 24 
Slopping index Σ% 1,280 
E.O.B.:   
- C content % 0.053 
- temperature °C 1,688 
Slag:   
- Fetot % 16.7 
- CaO/SiO2 - 4.7 
- MgO % 12.3 

 
 

4. Vibration signal analysis 
   Recorded vibration signals were analysed using specially designed MATLAB 
software, in which the analysis was divided into two parts; 
   (1) Frequency spectrum analysis by FFT; for the determination of the overall 
vibration behaviour, including finding the systems natural frequencies, and 
   (2) RMS amplitude calculation; to study variations in vibration amplitude level 
through the course of the blow for a number of selected frequency bands. 
   In selecting the frequency bands for which the RMS amplitude should be 
calculated, there are two principal approaches; constant band width or constant 
percentage band width (CPB). The former is mainly used in vibration analysis, while 
the latter is normally used in acoustics analysis. For CPB the band width increases 
with increasing mid-frequency. Commonly used CPB-filters are one-third (1/3-) 
octave filters with standardized mid-frequencies. Table 2 lists some standardized 1/3-
octave band filters,15) where fl is the lower frequency limit (of the band), fu the upper 
frequency limit and f0 the mid-frequency. 
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Table 2. Lower and upper frequency limits, and mid-frequencies  
for some standardized 1/3-octave band filters. 

Band fl, Hz fu, Hz f0, Hz 
7 4.47 5.62 5 
8 5.62 7.08 6.3 
9 7.08 8.91 8 

10 8.91 11.2 10 
11 11.2 14.1 12.5 
12 14.1 17.8 16 

 
 
   Analysis of the BOS vessel trunnion vibration recordings used 1/3-octave analysis 
for the first level of frequency analysis, while constant band width was applied for 
narrowing down (pinpointing). 
 
5. Results 
5.1. Slopping registration 
   As mentioned earlier, it is essential to have an objective system for recording 
slopping events with regard to both time and severity. The installed image analysis 
system has proved to be a very useful tool in this respect. An example of a slopping 
record is shown in Fig. 4. 
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Fig. 4. Example of recorded slopping during a BOS heat (O2 flow rate 

at 340 Nm³/min), data as 2-second average values. 

 
5.2. Frequency analysis 
5.2.1. Total blowing period frequency spectrum 

   The initial vibration signal analysis work was aimed at indicating where in the 
frequency spectrum to look for a strong correlation with a plausible foam level. This 
was achieved by establishing the total frequency spectrum covering a number of 
complete blowing periods, which is accomplished by setting the FFT-length 
equivalent to the blowing time. 
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   In order to determine the existence 
of any non-process related vibration 
activity, it is necessary to compare 
the total frequency spectrum for the 
blowing period with the spectrum for 
a charged vessel prior to blowing. 
Such a comparison is illustrated in 
Fig. 5. The figure shows three sets 
of twin-diagrams, one set for each 
vessel direction (x-, y- and z- 
respectively), where in each set the 
top frequency spectrum is for the 
blowing period and the bottom 
frequency spectrum is for the period 
prior to blowing. 
   The total blowing frequency 
spectra shown in Fig. 5 (top 
diagrams) are for a BOF heat with 
heavy slopping. For all directions, a 
dissection of this heat (and several 
others) into 105 second periods 
shows that the total blowing period 
frequency spectra remain unchanged 
throughout the blow as far as the 
positions of the peaks is concerned. 
   Studying the results of the 
spectrum analysis prior to blowing 
(bottom diagrams in Fig. 5), it can be 
seen that the average frequency 
amplitude level prior to blowing is 
only 10 to 20% compared with the 
level during the blow, indicating a 
minimum of movement of the vessel 
and its liquid content before blowing 
is commenced. 
   Common in all three directions, 
prior to as well as during the blowing 
period, are more or less distinct 
peaks in the lower frequency area, 
just below 4 Hz in the x-direction and 
at 7 Hz in the y-direction as well as in 
the z-direction. 
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Fig. 5. Comparison of blowing period 
frequency spectra 0-20 Hz with 
spectra for a charged BOS vessel 
prior to blow. 

 

   Looking closer at the 9-13 Hz area in the BOS vessel y-direction (Fig. 5 centre 
diagrams), an interesting difference in the frequency spectra between the periods 
prior to and during blowing appears. During the blow the vibration amplitude is 
elevated considerably in a narrow area at 10-11 Hz, an area which is quite “inactive” 
prior to blowing. There is some limited “activity” prior to blowing around 12 Hz, but it 
remains unchanged during blowing. This last observation could be the first clue to 
where to find a useful correlation between BOS vessel vibration and the foam level. 
 



 

9 
 

5.2.2. Resonance investigation 

   When searching for correlations 
between vessel trunnion vibrations 
and BOS process phenomena, 
accounts needs to be taken of the 
resonance characteristics of the 
vessel system.  
   For a complex system such as the 
BOS converter, with a vessel 
suspended in the trunnion ring, 
natural frequencies cannot be 
calculated. The only way is to 
physically put the vessel into motion 
while recording the vibration signals 
and then study the resulting trunnion 
vibration frequency spectrum. This 
was achieved by knocking on the 
vessel shell using the tip of the 
telescopic boom from a debricking 
machine. 
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Fig. 6. Sum of frequency spectra over a 
series of knocks on the BOS 
vessel shell. 

   A series of intermittent taps were recorded for a charged vessel prior to blowing. 
Fig. 6 shows the sum of frequency spectra for a series of five distinct knocks on the 
vessel. 
   The frequency spectra in Fig. 6 indicates that the 1st order natural frequency is very 
close to 4 Hz in the x-direction, 7 Hz in the y-direction and just below 7 Hz in the z-
direction. Any natural frequencies of higher order are not evident below 20 Hz except 
at 12 Hz in the x-direction, even though there are two smaller peaks just above 10 Hz 
in the y-direction and one at 17 Hz in the z-direction. 
   It is concluded, from the heat dissection mentioned in the section 5.2.1, that there 
is no evident shift in resonance behaviour throughout the blow. 
 
5.2.3. RMS amplitude calculations 

   An example of the result of vibration RMS amplitude calculations is shown in Fig. 7. 
Here the RMS values refer to vibration in the vessel y-direction for 1/3-octave band 
no.’s 7 to 12, where (for simplicity reasons) each plotted data point represents the 
average of 9 consecutive RMS values (i.e. approximately 30-seconds average 
values). 
   Comparing the slopping value curve with the plotted RMS curves in Fig. 7, it 
appears that a frequency band with satisfactory correlation to the foam level should 
be found within frequency band no. 10, i.e. 8.91 to 11.2 Hz. 
 
5.3. Trunnion vibration and foam level 
   Knowing the actual foam height inside the vessel is of course a big advantage in 
developing any type of dynamic foam level control system. However, in most cases 
the only time the absolute foam level is known is when the vessel is slopping. Hence, 
slopping heats were the first choice for detailed examination.  
   In-depth evaluation of frequency band correlations with slopping heats was carried 
out along the following principal path:  
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   (1) Choosing appropriate trunnion vibration direction 
   (2) Determining optimum mid-frequency 
   (3) Determining appropriate frequency band width 
   To illustrate the deduction process, a selected slopping heat (X-3288 on vessel 
LD#1) will serve as an example. 
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Fig. 7. RMS amplitude calculation for 1/3-octave frequency bands no.’s 7 
to 12 in the BOS vessel y-direction, together with recorded 
slopping values (all values as 30-second average values). 

 
5.3.1. Choice of trunnion vibration direction 

   As the foam only comes in contact with the cylindrical part of the vessel, the main 
force acting on the wall will be in the horizontal plane, i.e. along and across the 
trunnion axis. This means that the investigation into a correlation between vessel 
vibration patterns and foam level should be focused on the vessel/accelerometer x- 
and y-directions. 
   In Fig. 8 vibration RMS amplitude values in the x-, y- and z-directions for the 1/3-
octave frequency band 8.91-11.2 Hz are plotted alongside decarburization rate 
(dC/dt) and slopping value (30-seconds average data). 
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Fig. 8. RMS amplitude patterns in the 1/3-octave frequency band 8.91-

11.2 Hz, together with dC/dt and slopping value (30-second 
average values).  

 
   Only the y-direction RMS amplitude pattern shows an evident correlation with the 
slopping value curve, peaking and declining at the same time as the slopping value. 
   In the x-direction there is a continuous increase in amplitude until the very last part 
of the blow, without any noticeable drop between minutes 10 and 11 when slopping 
is temporarily subsiding. 
   The RMS amplitude pattern in the z-direction deviates even more from the slopping 
curve, especially in the first part of the blow. Hence, from the patterns shown in Fig. 
8, the conclusion must be that further investigation should concentrate on BOS 
vessel vibration frequency analysis in the y-direction, i.e. in the vessel horizontal 
direction perpendicular to the trunnion axis. 
 
5.3.2. Determining optimum mid-frequency 

   The approximate mid-frequency position for foam level estimation was determined 
by examining RMS patterns in the y-direction. Going back to Fig. 7, it is clear that the 
all RMS patterns except for the 1/3-octave frequency band #10 show poor correlation 
with the slopping value. The latter frequency band, however, exhibits good 
correlation with the slopping value. Therefore it should be expected that a suitable 
mid-frequency for foam level estimation is to be found within the 1/3-octave band 
8.91-11.2 Hz. 
   The next step is to carry out a constant band width analysis between 8.5 and 11.5 
Hz, divided into two parts; first with a narrow band width analysis to pinpoint the 
optimum mid-frequency, followed by determination of the most suitable band width. 
Fig. 9 shows the result of a narrow band width analysis with an individual band width 
of 0.5 Hz. 
   The top three frequency bands in Fig. 9 reach their first maximum close to, or even 
after the end of the second slopping peak, while the bottom frequency band in Fig. 9 
decreases more or less continuously after peaking at the first slopping instance. 
However, the two bands in between (i.e. 10-10.5 & 10.5-11 Hz) display patterns quite 
similar to the slopping value curve. The conclusion of this single heat analysis is that 
a mid-frequency between 10 and 11 Hz, i.e. of 10.5 Hz should be selected. 
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Fig. 10. Slopping and RMS vibration 
patterns in the BOS vessel y-
direction for a 10.5 Hz mid-
frequency and selected band 
widths. 
- top: 1.0 , 1.5 and 2.0 Hz 
- bottom: 0.5, 3.0 and 5.0 Hz 

 

Fig. 9. RMS patterns for 0.5 Hz wide frequency 
bands from 8.5 to 11.5 Hz in the vessel y-
direction, together with the slopping value. 

 
 
5.3.3. Determining appropriate frequency band width 

   The final step is determination of the band width. Using a mid-frequency of 10.5 Hz, 
Fig. 10 shows vibration RMS patterns calculated for band widths from 0.5 up to 5.0 
Hz and then compared with the slopping value. A detailed examination of vessel 
vibration between 13 and 17 minutes when slopping is finally subsiding, shows that 
the optimum band width is between 1 and 2 Hz. Within this range the progress of the 
vibration RMS amplitude patterns shows good correlation with the drop in slopping 
value, as can be seen in the top diagram in Fig. 10. 
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   Below 1 Hz and above 2 Hz band width, the drop in vibration RMS amplitude is 
insignificant between 13 and 17 minutes (see bottom diagram in Fig. 10). This 
suggests influence of some other process phenomena, causing the excitation of 
vibrations below 10 Hz and above 11 Hz in the frequency spectrum in the later part of 
the blow. 
 
6. Discussion 
6.1. Vessel vibration and foam height 
   This investigation was aimed at performing a deeper analysis into the relationship 
between vessel vibration and foam height in a top blown steelmaking vessel.  
   The documented difference in vibration RMS patterns between slopping and non-
slopping heats, exemplified in Fig. 11, is typical of the entire trial series, confirming 
the existence of a strong connection between vessel vibration and foam height. 
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Fig. 11. Vessel vibration RMS amplitude patterns for the frequency 
band 9.75-11.25 Hz for a heavy slopping (top) and a non-
slopping heat (bottom), and coinciding slopping values. 

 
   A single heat analysis showed that the best correlation with foam height and 
indication of imminent slopping was given by the vibration RMS amplitude for the 
frequency band 9.75-11.25 Hz in the vessel y-direction, i.e. horizontal and 90° to the 
trunnion axis. This finding is in good agreement with the 10 Hz mid-frequency used 
when the technique was first implemented in Luleå in the 1980s. 
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   Referring to the theory on vibration isolation illustrated in Fig. 1, it is probable that 
the optimum mid-frequency is dependent on the BOS vessel natural frequency, fn. 
This frequency is reciprocally proportional to the square root of the total mass of the 
system.13) Therefore, it is expected that the optimum mid-frequency will decrease 
with increasing vessel mass. 
   In practice, the band width chosen for foam height and slopping control may need 
to be wider than 1-2 Hz in order to cover shifts in the vessel natural frequency. It has 
yet to be determined which parameters may cause such shifts but it is obvious that 
any change in the vibration filter characteristics of the BOS vessel system will have 
an effect on the choice of frequency band. 
   To detect effects of long-term changes on the overall vessel vibration frequency 
spectrum, a comparison was made between slopping heats at different points in the 
vessel campaign. Obtained spectra plotted in Fig. 12 show no significant change in 
the vibration frequency spectrum except in individual heat vibration RMS amplitude 
levels. 
   Two peaks remain quite constant; one at the 7 Hz natural frequency ( n) and 
another peak just below 2 Hz. The latter peak most likely represents the frequency of 
the metallic bath standing wave caused by the impingement of the oxygen jet.16-17) 
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Fig. 12. Comparison of total trunnion vibration frequency spectrum over 
a complete blow for individual slopping heats at different points 
in the BOS vessel campaign. 

 
 
6.2. Foam height estimation and slopping prediction 
   To utilize vessel vibration for slopping prediction, it is necessary to establish a 
mathematical relationship between vibration RMS amplitude level and foam height. 
   Based on the theory adopted to explain this relationship, i.e. the transfer of kinetic 
energy from foam to vessel wall, a first approximation would be a linear relationship 
between vibration amplitude (  kinetic energy transfer) and foam height (  foam-to-
wall contact area). The quantification would then be based on the increase in 
vibration RMS amplitude from start of the blow to the point when the foam overflows 
the vessel mouth. 
   Vibration RMS amplitude curves for one heavy slopping, one light slopping and one 
non-slopping heat (all heats half-way into the vessel campaign) are plotted in Fig. 13. 
The time when foam starts to overflow the vessel mouth is indicated by dashed 
vertical lines, at about 7 minutes for the heavy slopping heat and between 8 and 9 
minutes for the light slopping heat. 
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Fig. 13. Vibration RMS amplitude curves for one heavy slopping, one 
light slopping and one non-slopping heat, for the frequency 
band 9.75-11.25 Hz (30-sec. average values). 

 
   As seen in Fig. 13, slopping begins at a vibration RMS amplitude just below 
0.0006. Applying a 0.00024 base line for the vibration amplitude level at start of blow, 
a first attempt to quantify the relationship between vibration RMS amplitude and foam 
height is shown in Fig. 14. 
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Fig. 14. Principal approach to a basic relationship between vessel 
vibration RMS amplitude and foam height. Line for “mid-
campaign” based on Fig. 13, where all plotted curves are for 
heats half-way into a 3,000 heat vessel campaign. 
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   To compensate for the continuous wear of the vessel lining, the value for the 
vibration RMS amplitude over which slopping is expected needs to be adjusted (as 
shown in Fig. 14), as the ratio of contact area to foam height increases with 
increased vessel diameter and as the distance from bath level to vessel mouth 
increases with increasing bottom wear. 
 
7. Conclusions 
   (1) During the BOS process, transfer of kinetic energy from the foaming slag to the 
vessel results in vibration at the vessel wall. These vibrations propagate through the 
vessel structure, but only the lower part of the vibration frequency spectrum will travel 
all the way to the outer parts of the structure, as the vessel itself will act as a 
mechanical filter. 
   (2) Best correlation with foam level is obtained with the vibrations in the horizontal 
y-direction, i.e. in the vessel tilting direction. This observation is not surprising, as the 
forces of the foaming slag only act on the vertical part of the vessel. 
   (3) Most favourable and practical is to monitor vessel vibrations by placing an 
accelerometer on the trunnion. It should be on the drive-side, as here the trunnion is 
free to move. 
   (4) As the resonance and hence the filtering properties of the vessel mechanical 
structure will vary from converter to converter, so will the optimum frequency band. It 
will however, remain constant for an individual converter as long as no major change 
is made to the vessel design. 
   (5) The results indicate that there is a correlation between vibration and foam 
height that can be used for dynamic foam level and slopping control. 
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Excess slag foam growth is a frequent problem in the BOS process. In the worst case, 
foam is forced out of the vessel and this phenomenon, commonly called slopping, not 
only results in loss of valuable metal yield but also in equipment damage and lost 
production time. In order to minimize slopping, accurate estimation of the foam level 
inside the vessel, is an important part of BOS process control. In the top blown BOS 
vessel slopping control is achieved using both static and dynamic measures. The most 
common implemented technique for dynamic foam height estimation and slopping 
control is the audiometer system. An alternative method, vessel vibration monitoring, 
has been investigated as part of the work in a RFCS funded research project called 
IMPHOS. In order to judge the usefulness of this method, parallel vibration and audio 
measurements have been carried out on 130 tonne as well as on 300 tonne BOS 
vessels. The results show that during stable process conditions there is good agreement 
between the two methods with regard to foam height estimation and, as vessel vibration 
and audiometry are largely independent of each other, a combination of the two is likely 
to increase significantly the accuracy of slopping prediction. 
 
Keywords: BOS, process control, foaming, slopping, audiometry, vessel vibration 
  
 
1. Introduction 
   Early slag foam formation is critically important in Basic Oxygen Steelmaking 
(BOS), because it affords vessel lining protection and creates the best possible 
conditions for phosphorus refining. However, process conditions may lead to such an 
excessive foam volume growth that the foam cannot be contained within the vessel 
and the heat will slop. Slopping will result in reduced metallic yield, equipment 
damage and lost production time. 
   The recently completed EU/RFCS supported research project IMPHOS (“Improving 
Phosphorus Refining”) was aimed at improving BOS phosphorus refining strategies, 
mainly by introducing additional dynamic aspects into the process control scheme. A 
key objective of this project was to improve capability for estimating the actual foam 
height in the BOS vessel. 
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   One of the most common methods today for foam height estimation and control is 
process sound measurements with an audiometer system. By recording process 
sound either inside the lower stack[1,2] or close to the vessel[3,4] mouth it is possible to 
monitor process noise, mainly originating from the oxygen jet. Because the slag foam 
acts as an acoustical attenuator, the intensity of the measured noise decreases with 
increasing foam height. Another method developed in Japan in the 1970s is based 
on monitoring the oxygen lance vibration.[1,5] More indirect foam height estimations 
can be based on off-gas data.[6,7] 
   From a practical point of view, the position of the foam surface, i.e. the foam level 
inside the vessel is important for optimizing refining conditions. More recently 
developed methods for direct foam level measurement utilizes radio waves,[4,8] micro 
waves,[9,10] or radar.[11] 
   All BOS plants involved in the IMPHOS project, except SSAB Luleå, have 
audiometer systems for foam height estimation and dynamic slopping control. The 
aim of this part of the project was to improve foam height estimation from start to end 
of the blow using techniques other than audiometric, not as a substitution but as a 
valuable complement to the audiometer system. As there were some previous 
experiences of BOS vessel vibration monitoring for foam height estimation and 
slopping control at the SSAB Luleå plant, it was decided to re-evaluate this method. 
 
2. Vessel vibration theory and development 
   The investigation into and the subsequent development of BOS vessel vibration 
measurement and signal analysis for foam height estimation was carried out at SSAB 
EMEA’s semi-integrated steel plant in Luleå.[12] 
   The method is based on the theory[5] of transfer of kinetic energy from the foaming 
slag to the vessel itself, resulting in vibration excitation at the vessel wall. These 
vibrations propagate through the vessel structure which acts as a mechanical filter 
and in the main, the lower part of the vibration frequency spectrum will travel all the 
way to the outer parts of the structure. 
   The main conclusions drawn from newly conducted trials on the 130 tonne BOS 
vessels at Luleå are, that:[12] 

 optimum position of the vibration sensor is directly on the trunnion pin on the 
gearbox side of vessel 

 best correlation with foam height is obtained with the vibration in the vessel 
horizontal direction, especially perpendicular to the trunnion axis 

 as the resonance, and hence the filtering properties of the mechanical 
structure, will vary between vessels so will the optimum frequency band for 
foam height estimation, but it will remain constant for individual vessels as 
long as no major design change is made  

 the correlation between vibration and foam height was found to be sufficiently 
good that development of a dynamic foam level and slopping control system 
based on vibration is considered to be worthwhile 

 
3. Experimental 
   In order to confirm the validity of the BOS vessel vibration results from the Luleå 
130 tonne vessels, a series of additional trials have been carried out on 300 tonne 
BOS vessels at Tata Steel Scunthorpe Works, where all vessels are equipped with 
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audiometer systems. This provided the opportunity to compare audiometry with 
vibration measurements for foam height estimation. 
   Neither of the Luleå vessels have audio facilities but trails have been carried out 
with a makeshift set-up, recording the process sound at the point where the oxygen 
lance enters the vessel hood. 
 
3.1. Luleå 130 tonne BOS vessel trials 
   The SSAB EMEA BOS plant in 
Luleå includes two LD-LBE 
converters. An overview of the BOS 
vessel vibration and audio 
measurement set-up is given in 
Figure 1, which also shows the 
existing slopping registration 
system.[12] 
   BOS vessel vibration was 
measured by placing a tri-axial 
accelerometer onto the end of the 
vessel trunnion pin on the gearbox 
side.[12] 
   For the audio measurement it was 
important to find a point of measure 
close to the process. Easiest access 
outside the waste gas duct was 
found to be the position where the 
oxygen lance enters into the vessel 
hood. 
   To avoid having the microphone 
placed in the immediate vicinity of 
the vessel hood, a 10m 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 into a 
custom-made socket, designed to 
eliminate transfer of structural sound 
waves to the microphone. 
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Figure 1. Description of BOS vessel 
trunnion vibration and audio 
recording as well as slopping 
registration set-ups. 

 

   Figure 2 shows the point of audio measurement and the microphone assembly. 
 
 
 
 
 
Figure 2.  
Point of audio measurement, 
sound duct placement and 
microphone mounting for the 
Luleå trials. 
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3.2.  Scunthorpe 300 tonne BOS vessel trials 
   The vessel trunnion vibration measurements on the Scunthorpe vessels were 
carried out in the same manner and with the same portable equipment that was used 
in the Luleå trials. As in the case at Luleå, the most useful vibration signal was 
obtained when the accelerometer was placed at the end of the trunnion on the 
gearbox side of the vessel. 
   Audio data was retrieved from the audiometer system. The applied frequency band 
for sampling the audio signals during the trial period were 100-150 Hz on BOS vessel 
#1 and 150-200 Hz on vessel #2. 
   There was no automatic slopping registration system in place for these trials. 
Slopping events were judged visually and noted. 
 
3.3.  Luleå and Scunthorpe trials description 
   Logging of vibration signal (and audio signal for the Luleå trials) commenced 
immediately after the vessel came to the upright position prior to blow and terminated 
before steel tap. Collected process data include certain static heat data such as 
charge and analysis data, as well as continuous logged data such as decarburization 
rate, flux additions, lance level, registered slopping values (for Luleå) and audiometer 
signal (for Scunthorpe). Some process data for the trials are listed in Table 1. 
 
Table 1. Process data. (E.O.B. = end of blow, kg/t.liq = kg per tonne of tapped 

liquid steel, WOB = waste oxide briquettes). 

Data unit Luleå Scunthorpe 
Period  May 2009 Dec. 2009 
Heat size tonne 129 304 
Hot metal:    
- charge kg/t.liq 936 911 
- Si content % 0.45 0.68 
- P content % 0.028 0.090 
Scrap/coolants:     
- cold iron kg/t.liq 22 - 
- steel scrap kg/t.liq 130 182 
- WOB kg/t.liq - 12 
- ore kg/t.liq 17 14 
Fluxes:    
- burnt lime kg/t.liq 29 47 
- dolomitic lime kg/t.liq 30 18 
E.O.B.:    
- C content % 0.047 0.061 
- temperature °C 1692 1637 
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4. Vibration and audio signal analysis 
   For the analysis of recorded vibration and audio signals a specially designed 
MATLAB software was used, in which the analysis was divided into two parts; 

(1) Frequency spectrum analysis by FFT;[13] for the determination of the 
respective overall vibration and audio behaviour, including documenting the 
systems’ natural frequencies (i.e. resonance), and 

(2) RMS (Root-mean-square) amplitude calculation;[13] to study variations in 
vibration and audio amplitude level through the course of the blow for 
selected frequency bands. 

 
4.1.  Vibration analysis 
   It has already been established[12] that the 1st order natural frequency for Luleå’s 
130 tonne vessels is close to 7 Hz and that the optimum vibration frequency band for 
foam height estimation is 10.5  1-2 Hz.  
   A generally accepted assumption is that a systems’ natural frequency is inversely 
proportional to the square root of the total mass.[13] It is therefore expected that the 
1st order natural frequency in the case of the 300 tonne BOS vessel at Scunthorpe 
should be well below 7 Hz. 
   The vessel will act as a vibration isolator, i.e. a mechanical low pass filter,[13] so that 
the lower the natural frequency, the lower the frequency range that will not be filtered 
out. In the case of the Luleå vessels, vibration frequencies above 20-25 Hz were on 
the whole filtered out. Accordingly, vibration frequency analysis on the larger 
Scunthorpe vessels could be limited to frequencies below 20 Hz. 
   The following definitions of vessel vibration directions were applied for the Luleå 
and Scunthorpe trials: 
   Vessel direction: x  = horizontal, along trunnion axis 
  y  = horizontal, 90° to trunnion axis 
  z  = vertical 
 
4.2.  Luleå trials audio signal analysis 
   While RMS amplitude calculations for vibration signal analysis are normally 
performed using constant frequency band widths, analysis of the audio signal is most 
often carried out using a constant percentage band (CPB) width approach. In this 
case, the frequency band width increases with the mid-frequency. Commonly used 
CPB-filters are 1/3-octave band filters[14] with standardized mid-frequencies.  
   With reference to Tata it was decided that the audio analysis of the Luleå trials 
should cover the frequency range 100-900 Hz. 1/3-octave filters were used for the 
first level of analysis, while a constant band width of 50 Hz was applied when 
narrowing down. 
   A total of 35 audio measurement trials were carried out on BOS vessel LD1, spread 
over five separate days. Table 2 gives a summary of the trial series. 
   The BOS practice at Luleå is characterized by rather large additions of ore due to 
quality issues limiting the scrap charge. Large ore additions often lead to violent fume 
emissions. A visual audit of the conditions inside the microphone socket made it clear 
that warm dust particles were able to travel through the 10-metre pipe, deposit on 
and damage the unprotected microphone membrane. Hence, on the second day, a 
continuous build-up of dust on the microphone membrane had already weakened the 
signal. 



 

6 
 

Table 2. Summary of audio trial series on Luleå 130 tonne BOS vessel LD1. 

Day 
Trials (heats) Relative audio 

signal strength, % Total Slopping level 
Severe Light No 

1 4 4 - -  100 to 80 
2 5 2 3 -    75 to 45 
3 8 3 1 4    45 to 25 
4 11 6 1 4    25 to 10 

Change of microphone 
5 7 4 2 1  100 to 50 

 
   In order to solve this problem, the overall signal strength in each trial from day 2 to 
day 4 was compared with that of the first trial day. This resulted in a set of adjustment 
factors (i.e. gain), inversely proportional to the signal strength of the initial trials as 
given in the right column in Table 2. Hence, before evaluation of each individual heat, 
the calculated RMS amplitude value was multiplied with the gain factor. 
 
5. Results 
5.1. Slopping registration at Luleå 
   Automatic recording of slopping events was crucial in the evaluation of the vibration 
and audio signal patterns in order to establish their relationship with foam height. 
Figure 3 gives an example of a recorded slop, together with lance height and 
decarburization rate. Also plotted is the vessel vibration RMS amplitude for the 
frequency band 9.75-11.25 Hz in the vessel y-direction. 
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Figure 3. Example of a recorded slopping event during a BOS heat (O2 flow rate at 

340 Nm³/min), with lance height and decarburization rate. Vessel vibration 
amplitude (x5000) for the frequency band 9.75-11.25 Hz in the vessel y-
direction. 
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5.2.  Measurements on Luleå 130 tonne BOS vessel 
5.2.1. Vessel vibrations 

   The results of analysing the vessel trunnion vibration measurements, shown in 
Figure 4, confirmed the earlier findings; that the optimum frequency band for 
estimation of foam height inside the BOS vessels is 10.5  1-2 Hz in the vessel y-
direction, i.e. horizontal and perpendicular to the trunnion axis. 
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Figure 4. BOS vessel vibration RMS amplitude calculation for 1 Hz wide frequency 

bands from 8 to 13 Hz in the  vessel y-direction, together with recorded 
slopping values (RMS values as 30-second average values). 

 
5.2.2. Audio measurements and analysis 

   Figure 5 shows the audio RMS amplitude curves from trial day 2 (after adjustment 
discussed in section 4.2.). The shape of these audio curves are typical of normal 
audio curves. 
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Figure 5. Adjusted audio RMS curves for the 2nd trial day. 

 

5.2.2.1. Audio resonance investigation 

   Before the deeper investigation into which frequency band shows best correlation 
with foam height, it is necessary to determine the vessel resonance characteristics. 
This was carried out initially using the same method as for vessel vibration; i.e. 
studying the total frequency spectra for a limited number of complete blows. Figure 6 
shows a simplified comparison between audio frequency spectra for the same heats 
as in Figure 4. The spectra indicate that there may be several natural frequencies 
between 0 and 1000 Hz; at 100 Hz, 275-300 Hz and 500-550 Hz. 
   During the last day of measurements a distinct change in the process noise was 
noticed (and in vibration behaviour as well). It was soon suggested that it could have 
something to do with a relatively high moisture content in fluxes resulting in extreme 
flaring from the vessel. 
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Figure 6. Complete blow audio frequency spectra for 1st, 3rd and 5th heat on the second 

trial day. 
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   Looking closer at replays of raw audio signals, a band of sharp peaks during flux 
additions was discovered, interpreted as a result of recurrent minor steam 
explosions. The distinct difference in the raw audio signal between a more normal 
blow and in the case of addition of wet fluxes is illustrated very clearly in Figure 7. 
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Figure 7. Comparison in raw audio signal during a complete blow between normal 
process conditions (top) and in the case of wet fluxes (bottom). 

 
   It was realized that these “micro” steam explosions could be utilized as resonance 
amplifiers. Hence, by studying the  audio frequency spectra for the heats with 
addition of wet fluxes, it should be expected that any natural frequencies would stand 
out. The result, shown in Figure 8, show not only audio natural frequencies at 275 
Hz and 525 Hz, but also at 750 Hz. The presumed resonance at 100 Hz does not 
show in the spectra given in Figure 8, indicating some other “audio activity” in the 
lower part of the frequency spectrum (e.g. hood cooling water flow). 
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Figure 8. Complete blow audio frequency spectra for heat on the fifth and final trial day 

(wet fluxes). 
 
   As audio resonance frequencies must be avoided, the complete blow audio spectra 
suggests that the optimum audio frequency band for foam height estimation is to be 
found around 400 Hz and at 600 to 700 Hz, and possibly even at 800 to 900 Hz or 
around 100 Hz.  
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5.2.2.2. Audio signal and foam height 

   An initial analysis with regard to audio RMS amplitude and foam height was carried 
out by comparing RMS curves for 1/3-octave band filters from 112 to 891 Hz with the 
slopping value, as illustrated in Figure 9. 
   Assuming that the noise level decreases with foam height, it was concluded from 
the curves in Figure 9 that the interesting frequency areas were 350-500 Hz and 575-
700 Hz. This is in good agreement with the conclusion from the audio resonance 
investigation (Figure 8). 
 
 

Figure 9.  

Audio RMS amplitude 
patterns (adjusted) for 
selected 1/3 octave 
frequency bands, heat 
X-1413. 
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5.2.2.3. Appropriate audio frequency band 

   Step one in the deeper analysis was to calculate the audio RMS amplitude for 
frequency band filters with a constant band width of 50 Hz. In Figure 10 the resulting 
audio RMS curves are plotted together with slopping value and lance height (above 
the metal bath).  
   All the RMS curves except for the 300-350 Hz band filter show a good general 
agreement with the estimated foam height, judged by the slopping event. 
   An initial conclusion based on Figure 10 is that the best fit to the foam height, 
represented by the slopping value, is to the audio frequency band 400-450 Hz.  
   To examine this conclusion, plots of 400-450 Hz audio RMS amplitude curves, 
lance height and slopping values were made for all heats on the second trial day. 
The plots for a selection of these heats are shown in Figure 11. 
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Figure 10.  
Audio RMS amplitude 
patterns for a set of 
frequency bands with 50 
Hz band width, plotted 
alongside slopping value 
and lance height. Audio 
RMS values are moving 
averages of five 
consecutive values ( 16 
sec.). 
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Figure 11.  
400-450 Hz audio RMS 
amplitude patterns for  
heat 1, 3 and 5 on the 
second trial day, plotted 
together with slopping 
values and lance height. 
Audio RMS values are 
moving averages of five 
consecutive values ( 16 
sec.). 
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5.2.3. Audio versus vibration RMS  

   A main purpose of this work on foam height estimation was to compare BOS vessel 
vibration measurements with the more common audiometry method. In Figure 12 
vessel vibration RMS amplitude curves have been added to the audio RMS curves 
given in Figure 11. Note that the audio as well as vibration RMS amplitude values 
have been scaled to fit a single y-axis for easier interpretation. 
   All heats show a good agreement in general behavior, with the audio RMS 
decreasing with increasing vibration RMS, and vice versa. As it happens, with the 
chosen scaling of RMS values, slopping is imminent when the two RMS curves cross 
each other (at vertical dashed line). 
 

 
 
Figure 12.  
400-450 Hz audio and 
9.75-11.25 Hz vibration 
RMS amplitude patterns 
for heat 1, 3 and 5 on 
the second trial day, 
together with slopping 
values and lance height. 
Audio RMS values are 
moving averages of five 
consecutive values ( 16 
sec.), while vibration 
RMS values are moving 
averages of ten 
consecutive values ( 33 
sec.). 
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5.3.  Measurements on 300 tonne BOS vessel 
5.3.1. Vessel vibrations 

   Vibration was measured on the Scunthorpe BOS vessels no. 1 and 2, with eight 
trial heats on each. Only two heats (on vessel no. 2) exhibited typical slopping 
behaviour, which limited the selection of heats for deeper analysis. However, for a 
number of heats there were indications of the foam staying just at the vessel mouth 
and in one case there was a powerful discharge of molten material, which was 
helpful when drawing conclusions.    
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5.3.1.1 Vibration resonance investigation 

   Establishing vessel vibration resonance characteristics was carried out, again by 
studying the frequency spectra for a limited number of complete blows. Figure 13 
shows a comparison between total frequency spectra for the two horizontal vessel 
directions x (trunnion axis) and y. Even though there are some shifts in the minor 
peaks, respective vessel spectrum in the x-direction look quite similar. What most 
likely is that the 1st order natural frequency coincides at 3 Hz. Then between 5 and 10 
Hz there are two minor peaks, but with some difference in relative position. 
   Also the lowest positioned peak in the respective vessel y-direction coincide. In 
comparison to the x-direction the vibration frequency spectra are considerably 
weaker. It can therefore only be assumed that the y-direction 1st order natural 
frequency is the lowest peak, just below 6 Hz.  
   From the obtained spectra, it was concluded that the deeper analysis should cover 
the frequency 4-12 Hz for both horizontal vessel directions.   
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Figure 13. Comparison of generalized vibration frequency spectra for the two horizontal 
vessel directions x and y; - top diagram for vessel no. 1 and bottom diagram for vessel no. 2.   
 
5.3.1.2. Vibration RMS amplitude calculations 

   Based on earlier experiences and with a quite narrow area to analyse, vibration 
RMS amplitude was calculated for 1/3-octave frequency band filters from 3.55-4.47 
up to 11.2-14.1 Hz for both horizontal vessel directions. Figure 14 shows the result 
for a slopping heat on vessel no. 2. 
   An evident difference between the two vessel directions is that all RMS curves in 
the x-direction show an overall continuous increase through the blow, even after the 
slopping has subsided. The same applies for some of the RMS curves in the vessel 
y-direction. Two of these curves do suggest a connection with the foam height; 5.62-
7.08 and 7.08-8.91 Hz. It should however be noted that the lower of these two 
frequency bands cover what is thought to be the 1st order natural frequency. 
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Figure 14. 
Vibration frequency RMS 
amplitude curves for both 
horizontal vessel directions for 
a slopping heat on Scunthorpe 
BOS vessel no. 2: - top 
diagram x-direction and bottom 
diagram y-direction. Data 
points represents 30-seconds 
average values. Dotted line 
indicate level of O2 flow rate 
(dropped at 80% blow for 
sublance measurement). 
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5.3.1.3. Choice of vibration direction and frequency band 

   To determine which BOS vessel direction and vibration frequency band filter show 
the best correlation with the estimated foam height for the Scunthorpe vessels, RMS 
calculations were carried out for a set of overlapping frequency band filters with a 1 
Hz width for the frequency range 6 to 10 Hz. Best fit in the vessel y-direction was 
found for the frequency band 7-8 Hz and in the x-direction 9-10 Hz. Figure 15 shows 
the RMS curves for these respective frequency bands for all heats on the 1st trial day. 
   The RMS amplitude at the point when the foam reaches the vessel mouth, suggest 
a slopping threshold of 0.0003 in the vessel y-direction and slightly higher (0.0004 to 
0.0005) in the x-direction. In the latter case (i.e. in the x-direction) there is a larger 
tendency for the RMS amplitude to continue to increase when the foam height is 
declining. However, the difference between the two horizontal vessel directions in 
RMS amplitude behaviour seem less evident compared to what has been found for 
the smaller Luleå BOS vessels. 
   In the case of trial #4, both vessel directions show an increase in vibration just after 
slopping has ceased. Early into this heat 7.6 tonnes of WOBs (waste-oxide-
briquettes) was added together with 5.6 tonnes of burned lime and 4.5 tonnes of 
dolomitic lime. It is quite possible that a large amount of the WOBs was embedded in 
the fluxes and released later in the blow, at a point when the slag was under-
oxidized. The release of extra oxygen will increase the decarburization rate and the 
gas flow rate through the foam and therefore increase the kinetic energy density of 
the foam. This will lead to an increased vibration excitation at the vessel wall, but not 
necessarily to an increased risk of slopping. If the slag is under-oxidized, the addition 
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of a ferrous-oxide material may actually decrease the apparent foam viscosity and 
decrease the foam height. 
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Figure 15. Optimum vibration RMS amplitude curves in the vessel horizontal x- and y-

directions for all heats (from top to bottom) on the 1st trial day (Scunthorpe 
BOS vessel no. 2). 
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5.3.2. Vibration RMS versus audio signal 

   In Figure 16 the selected vibration RMS amplitude curve for vessel y-direction is 
shown together with the recorded signal from the audiometer system. Included in the 
diagrams are illustrations of the changes in actual lance height (thin line) and oxygen 
flow rate (dashed line). It should be noted that the O2 flow rate is reduced during the 
in-blow sublance measurement. Also given are the audiometer upper and lower 
dynamic control limits, Limit A (marked “ADC“ in the centre diagram), which are in 
effect between the 4th and 16th minutes of the blow, and the “provisional” vibration 
slopping threshold, Limit V (marked “VST”). 
 
 
Figure 16.  
Comparison between vibration 
RMS amplitude (7-8 Hz in the 
vessel y-direction) & 
audiometer signal for 
Scunthorpe BOS vessel no. 2. 
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   Trial #4 is unfortunately not included in Figure 16 due to an incomprehensible audio 
signal behaviour, but the remaining three heats show a generally good agreement 
between estimated foam height and vibration RMS as well as audiometer signal. The 
only exception is in the audio signal between minute 3 and 8 in trial #3, where the 
signal is increasing (parallel with the selected vibration curve) despite an assumed 
increase in foam height.  
   Analysis of the trials performed on BOS vessel no. 1 confirm the findings from the 
trials on vessel no. 2. 
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6. Discussion 
6.1. Vessel vibration and foam height 

   A main purpose of the present work was to verify the findings regarding BOS 
vessel vibration and estimated foam height in a 130 tonne vessel on larger size 
vessels. 
   It was expected that, for a larger vessel, the optimum frequency band would be 
positioned lower in the spectrum compared to the Luleå 130 tonne vessels, but the 
appropriate vessel direction was not obvious. However, the trials carried out on the 
Scunthorpe 300 tonne vessels supports the finding from Luleå that the vessel y-
direction, i.e. horizontal and 90° to the trunnion axis will display the best correlation 
with the foaming process. The reason is not clear, but it may be that the vibration 
spectrum in the trunnion axis direction includes some components of originally 
vertically excited vibrations. 
   For the Luleå 130 tonne vessels a 10.5 Hz optimum mid-frequency for foam height 
estimation has been established. A mid-frequency of about 7.5 Hz has shown to be 
optimum for the 300 tonne vessels at Scunthorpe. This confirms that the higher the 
total vessel mass the lower the optimum frequency band due to the filtering 
characteristics of the mechanical structure. 
   Any relationship between the 1st order natural frequency and the optimum band 
filter mid-frequency cannot be determined without measurements on a wider range of 
vessel sizes. 
   Selection of the band width has to depend on local conditions. It should be as 
narrow as possible, but in practice the final band width needs to be wide enough to 
cover possible shifts in optimum mid-frequency. For the Luleå vessels, the optimum 
band width has been found to be 1.5 Hz. For the Scunthorpe vessels more trials are 
required in order to determine if the optimum band width deviates from the 
preliminary 1 Hz. 
 
6.2.  Vessel vibration versus audiometry 
6.2.1. Foam height estimation  

   The second main purpose of this investigation was to compare vessel vibration with 
audiometry as a method for foam height estimation. The trials at Luleå as well as at 
Scunthorpe show that vessel vibration can be as useful a method as audiometry. The 
results obtained show clearly that with correct signal filtering there is good correlation 
between the signal amplitude from the respective system and foam height, judged by 
the occurrence of slopping. 
   Both methods have their pros and cons. For example;  

(i) vessel vibration will give an indication of the progress of the foaming process 
throughout the whole blow, while the audio signal will not provide any 
relevant information until 4-5 minutes into the blow, when the oxygen lance 
has made proper contact with the foam 

(ii) when translating signal level to foam height, theory state a simple linear 
relationship in case of vessel vibration (with a slight deviation in the conical 
part), i.e. the change in vibration level to the change in foam height is 
constant. In the case of the audiometry, however, the change in audio level 
to the change in foam height is large at lower foam heights and continuously 
decreasing with increasing foam height 
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(iii) in the case of a reduced or fluctuating oxygen flow rate, both methods will 
suffer: vessel vibration as it is affected by the generation rate of process 
gases: and audiometry as the process noise is dominated by the sound 
created by the oxygen jet 

(iv) additions that change the volume fraction of gas in the foam and hence the 
level of kinetic energy per unit volume of foam strongly affect vessel 
vibration, but not so much audiometry 

(v) both methods, but especially audiometry, will be negatively affected by 
additions of wet materials 

 
6.2.2. Slopping prediction 

   At this stage it is not clear if one of the methods is more accurate and/or faster than 
the other in predicting slopping. If the systems are well looked after then, both 
methods can be useful for dynamic slopping control. Effort should be aimed at 
obtaining a deeper understanding of the significance of the audio and the vibration 
signal behaviour and their respective relations to the BOS process. By combining the 
signals with process parameters such as decarburization rate, a powerful foam 
height control system could be attained. 
 
7. Conclusions 
   The trials performed on 300 tonne BOS vessels at Tata Scunthorpe Works 
supports the findings from trials on 114/130 tonne vessels at SSAB Luleå Works in 
regard to vessel vibration and foam height, as well as to the best accelerometer 
placement and optimum vessel vibration direction. The Scunthorpe trials also show 
that: 

(1) Vessel vibration can be used on any size of BOS vessel to monitor the 
foaming process for dynamic foam height estimation and slopping control. 

(2) As the mechanical filtering properties of the vessel structure will vary from 
vessel to vessel, so will the optimum mid-frequency and, the larger the vessel 
mass, the lower the optimum mid-frequency. It will, however, remain constant 
for an individual vessel as long as no change is made to its design. 

(3) Under controlled process conditions BOS vessel vibration and audiometry 
are both equally valuable methods for dynamic foam height and slopping 
control, but certain process disturbances and practices may cause either of 
the methods to fail. 

(4) Because the two methods are largely independent of each other, a 
combination of the two would largely increase the accuracy in the prediction 
of slopping. 
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