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Abstract- This paper deals with physical modelling and 
control of dynamic foaming in the LD-converter process. An 
experimental setup consisting of a water model, DSP and 
P C  hardware is built up and showed to be useful for study- 
ing dynamic foaming. Furthermore, a foam height estima- 
tion algorithm is presented and validated through experi- 
ments. Finally, sound signals from the LD-converter and 
water model are compared and similarities between them 
are found. 

I. INTRODUCTION 
Steel is widely produced from hot metal and scrap. Hot 

metal with about 4-5% C is produced from iron oxide pel- 
lets and coke by the blast furnace. After the blast furnace, 
the hot metal is poured into a ladle and usually converted 
into steel by a top blown basic oxygen furnace (BOF). Oxy- 
gen is supplied through a lance from above and is jetted 
onto the metal bath a t  supersonic speed. Scrap, slag form- 
ing agents and hot metal are charged to  the vessel and, 
thereafter, the lance is lowered with oxygen blown through. 
The oxygen jet forms a cavity a t  the bath surface where F e ,  
Si, M n  and C are oxidised. Metal droplets are splashed 
and mixed together with the slag. Carbon dissolved in the 
metal phase reacts with F e 0  to form carbon monoxide: 

C i- F e 0  = F e  + CO(g) 

This means that a foam containing metal droplets, metal 
oxides (slag) and CO bubbles is formed. The effective sur- 
face area of this foam is large and thereby the chemical 
reactions involved in this process are fast. To make this 
process effective, a large foam volume is needed. However, 
if the foam level is too high, slopping occurs causing re- 
duction in metal exchange and environmental pollution. 
The formation of the foam is manually controlled by ad- 
justing the oxygen lance level. The foam level in the ves- 
sel is nearly impossible to  measure, but there has been 
somewhat successful methods using radio waves and sonic 
meters. Optical methods based on laser technology have 
been tried with bad results because of the strong dust for- 
mation during the foaming. A very simple and continuous 
method to estimate foam level is to  use a microphone and 
measure the sound intensity a t  certain frequency bands. 
As the foam level increases, the sound intensity decreases. 
Microphones or sonic meters have been widely used since 
1970 in many steel plants. However, the sound signal gen- 
erated is seldom used in order to automatically control the 

foam level. Piombino Steel shop, ILVA Taranto and British 
steel are some examples where the sound signal is used as 
a control signal [I], [2], (31. In [4], the sonic meter signal 
is estimated from off-gas flow rate and CO content in the 
gas. There, the deviation of estimated signal from mea- 
sured signal is used to detect slopping. The purpose of 
the present work is to gain more insight in control aspects, 
using the sound signal, and to get a better understanding 
of foaming. 

First, a background on foaming and its relation to  the 
converter process is given. In the second part of Section I1 
foam height estimation and control of the foam height are 
discussed. Next, the experimental setup is described in 
Section 111. In the following section the performed ex- 
periments are presented. Section V shows the application 
of the foam height estimation algorithm on experimental 
data and gives a comparison of the water model with the 
LD-converter in respect to  recorded sound data. Finally, 
Section VI summarizes the results and gives an outlook on 
the future work. 

11. BACKGROUND 

First preliminaries on foaming are given and it is shown 
how dynamic foaming is related to foaming in the LD- 
converter process. Furthermore, it is explained why a 
water model can be used to resemble the LD-converter 
process. Based on the knowledge on sound propagation 
through foam, a methodology for foam height estimation 
is derived. Finally, it is discussed how the estimate can be 
used for control of the foam height. 

A .  Foaming 

A foam usually consists of a gas phase distributed as 
bubbles in a liquid phase. Gas could either be formed by a 
chemical reaction in the liquid phase or by injection of an 
external gas below the liquid surface. Foaming is generally 
affected by viscosity, surface tension, bubble size and gas 
generation rate. A foam can not be produced from a pure 
liquid. Surface active elements which lower the surface 
tension must be added in order to  create a foam. The more 
a surface active element loweirs the surface tension, the 
more stable foam is formed. Hence it is more important to 
study the change of surface tenision than its absolute value. 
Room temperature experiments, [5], showed an increase in 
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steady state foam heights with increased surface tension 
depression. 

Foam life, r after stopping the gas injection, could be 
determined by measuring foaming height, h(t) ,  as function 
of time. The following relationship has been found [6], [7]: 

t 

Foam life increases with increasing viscosity of the liquid 
but decreases with increasing flow rate of injected gas. The 
height of the foam increases with increased gas flow rate. 

According to [6], [7], the foaming index is defined as: 

h E = - - ,  

where h is the foam height and ug is the superficial gas 
velocity. With cy as the gas fraction, the superficial gas 
velocity is given by: 

U S  
ug = -, 

cy 

where us = (gas flow rate)/(section area of vessel). 
The steady state foam height increases with increased su- 
perficial gas velocity up to a critical value of ug and starts 
thereafter to decrease with increased ug. This breakdown 
and collapse of the foam is caused by turbulence in the sys- 
tem [5]. The foaming index has the dimension of time and 
is the average gas travel time through the foamed layer. 
Foaming index is dependent of the liquid phase density, p,  
gravity, g, gas bubble diameter, d b ,  viscosity, p, and the 
difference of surface tension between pure liquid and the 
solution, Ao. H. G. Lee et a1 [8] derived with dimensional 
analysis the following equation: 

(4) 

According to (4), foaming index increases with increas- 
ing viscosity, p, and hence the foam height increases with 
p as well. 

B. Foaming in the oxygen steel making converters 

A mixture of liquid slag, metal droplets and gas bubbles 
(emulsification or foam), is formed when the oxygen jet 
hits the metal bath in the BOF. The foam is formed by 
the oxygen gas impact and penetration of the liquid steel 
as well as the chemical reaction with oxygen and carbon 
in the metal bath and the metal droplets, 

1 
2 - 0 2 ( g )  + c = CO(9) 

Oxygen is blown with supersonic speed through a water 
cooled lance. The lance is submerged in the foam but the 

lance tip is always above the surface of the metal bath. 
The oxidation rate of carbon is almost constant during 
about 30% and 70% of the blow time. The gas void frac- 
tion is estimated to be around 0.5.. .0.95 by using the 
ratio between slag volume and available converter volume 
[9]. Metal droplets splash up from the melt and fall down 
again through the foam. As the metal droplets are resi- 
dent, carbon dissolved in the metal phase reacts with the 
slag to form CO gas which increases the foam volume. A 
physical room temperature model would be very difficult 
to design in order to represent the BOF by keeping di- 
mensionless numbers such as Reynolds number or Weber 
number. Therefore, a model is constructed with the view 
point on foam level and automatic control. 

C. Foam height estimation 

During foaming the foam height in the converter has to 
be maximized, whilst slopping has to be avoided. Since 
the foam height is not directly measurable, because of the 
working environment, an estimation methodology has to 
be derived. Available measurements are off-gas analysis 
and sound recordings from a sonic meter which is placed 
in an air-floated area in the exhaust fume pipes. 

The main sound source is the nozzle of the oxygen lance, 
where oxygen exits the lance with above sound speed and 
impinges the metal bath surface. The created foam then 
acts like a sound absorber and reduces the sound inten- 
sity. Hence, the sound intensity can be related to the foam 
height. According to [lo], the sound intensity is attenuated 
exponentially by the foam: 

The frequency dependent attenuation coefficient PF(w) 
directly depends on the foam characteristics, i.e. bub- 
ble size and material. Applying the logarithm, (5) can 
be rewritten to 

Consequently, the foam height should be linear to the 
logarithm of the intensity of the recorded sound at  cer- 
tain selected frequencies. Estimation of the foam height 
requires estimation of the attenuation coefficient P F .  The 
estimate is denoted OF.  Thus (6) has to be reformulated 
in order to give an expression for the estimate 

(7) 

The frequency dependency of the estimate can be re- 
solved by combining all estimates over frequency w .  Using 
a weighted least-squares algorithm the foam height esti- 
mate h(t)  can be obtained. Naturally, frequencies that do 
not show attenuation of the sound intensity as well as fre- 
quencies which mainly contain noise should be neglected 
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Fig. 1. Example for the spectrum of the recorded sound 

or weighted with zero. Eventually, an estimate over time 
is found. 

Fig. 1 shows an example for the sound spectrum recorded 
during an experiment. Clearly, the parameter ,BF varies 
over frequency and hence has to be identified for the chosen 
frequency ranges. Important for the chosen frequencies is 
the sensitivity of the sound intensity to height changes. 
In the interesting foam height range the sound intensity 
should be highly sensitive to small height changes. 

Since bubble size and material content cannot be de- 
scribed by physical relationships, it is difficult to derive a 
first principal model for the foam dynamics. System iden- 
tification can be used to identify the parameter ,BF from 
experiments. The input signal to the foam is the sound 
source and the output signal is the sound recorded by the 
microphone. In this arrangement the microphone dynam- 
ics and dynamics of the channel from the foam surface to 
the microphone are neglected. 

Since the sound source cannot be measured at  its gen- 
eration point, the input signal of the identification experi- 
ment is unknown. During a foaming experiment there are 
two characteristic moments, where the recorded sound is 
directly related to a known foam height: 
1. In the beginning of the foaming experiment, the foam 
height is zero. Hence, Io is recorded. 
2. When foam is generated and it just covers the nozzle of 
the lance, the foam height is equal to the lance height over 
the fluid. Here, I ( h L )  is recorded. All estimates based on 
this sound have to be biased with the lance height h L .  

Assuming, both moments are detectable, and the air flow 
through the lance is constant, the input signal for the iden- 
tification experiment is known and identification can be 
applied. 

D. Control of foam height 

The availability of a foam height estimate allows closed 
loop control of the foam height using the lance position 

and air flows to lance and bottom as control signals. For 
this purpose a model should be available that relates the 
foam height to the given actuator signals. 

Presently, no first principal models exist that relate the 
lance movement to changes in the foam height. Hence, 
experiments have to be performed first in order to study 
the behaviour of the foam height provided changes in the 
actuators. Both static and dynamic experiments should be 
considered. 

Moreover, it should be kept in mind that the behaviour 
of the water model has to be compared with the behaviour 
of the LD-converter. Thereby, the water model can be 
improved and more knowledge of the process can be gained. 

111. EXPERIMENTAL SETUP 

The setup consists of water model, where the foaming 
takes place, an interface to the DSP and PC Hardware, 
which processes the arising data, and the software which 
is in fact part of the DSP and the PC. 

A .  Water model 

A physical model of the LD reactor is built from a trans- 
parent plastic tube, Fig. 2, Fig. 3. In order to study the 
sound moderation by the foam, the height of the tube (1 m) 
was chosen large compared to the inner diameter, 193 mm. 
The tube was mounted vertically in a steel rig, fixed only 
at  the lower end by four M 8  bolts through a disk attached 
at  the bottom of the tube. A lance, supplied with up to 
0.6 M P a  air, was mounted on a. linear actuator attached 
to the top of the rig. The microphone of condenser type 
was placed 200 mm above the opening of the tube and 
mounted on a stand with no contact with the steel rig in 
order to avoid vibration from the foaming process. 

Two lance nozzles were used, one and five hole. The five 
hole nozzle has 1.5 mm diameter holes with 15" angle to 
the direction of the lance. The other nozzle has a 1.5 mm 
diameter hole in the same direction as the lance. 

B. DSP and PC Hardware 

An essential part of the experimental setup is DSP 
and PC hardware, as high computational performance is 
needed for data processing. Selection of the computer 
hardware has been focused on flexibility and reliability of 
the structure. A preliminary analysis of the problem has 
shown that the MCX-DSP board from Precision MicroDy- 
namics Inc. provides sufficiently many inputs and out- 
puts (analogue, digital) and enough computational perfor- 
mance. The board offers the following features: 

8 14bit analog inputs 
16 14bit analog outputs 
96 digital inputs 
32 digital outputs 
Floating point DSP with 120MFLOP 
As host computer for the MCX-DSP board a P C  with 

Windows NT as operating system is chosen. Since only 
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Fig. 2. Schematic drawing of the water model Fig. 3. Photography of the water model 

standard hardware is needed, only the following require- 
ments have been setup: 

At least 256Mb RAM 
At least lOGb hard disk space 
Direct access to internet via Ethernet card 
Since the project is conducted by several parties from 

different regions of Sweden, the computer used for the ex- 
periments has to work as an FTP server. Hence, all partic- 
ipants can instantly access experimental data via Internet 
and design new algorithms and upload to the experimen- 
tal setup. Admittedly, it should be avoided to allow access 
during foaming experiments. 

C. Software and signal flow 

The MCX-DSP board is used to perform control and 
data acquisition with up to 100 k H z  sampling frequency. 
Since the board has no direct access to any resources in 
the host computer, a host application has to be in place 
to create an interface between the board and the hosts 
resources. Moreover, the MCX-DSP board has no user 
interface. Thus, user control on the DSP should propagate 

via the host application to the DSP. The general structure 
of the software setup and the signal flow is depicted in 
Fig. 4. 

Two main difficulties have to be overcome, when de- 
signing the software for the experimental setup. First, the 
real-time synchronisation of host application, control (data 
acquisition) algorithm and analog/digital converters has to 
be set up. Since the best timer resolution is found on the 
DSP (25 ns), the synchronisation should be performed by 
the DSP. Therefore, the DSP application initiates A/D 
conversion and also raises interrupt signals to Windows 
NT. Since Windows N T  is not a real-time operating system 
and consequently runs asynchronous to the DSP buffered 
data transfer from the DSP to the host application has to 
be implemented. 

Second difficulty is the restricted transfer rate via the 
ISA bus. Technical staff at  Precision MacroDynamics Inc. 
indicated that the transfer rate via the ISA bus using Win- 
dows N T  can be as low as 500 kbitls .  This, of course, 
depends on usage of the ISA bus for other applications. 
Consequently, it should be avoided to run application that 
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Fig. 4. Structure of the software and signal flow for the experimental setup 

use the ISA bus at  the same time. It has been indicated to 
us that data buffering for about 10 m s  on the DSP should 
avoid data loss. 

As mentioned above the control and data acquisition 
algorithm is run in real-time at  a certain sampling fre- 
quency. During each cycle the algorithm initiates an A/D 
conversion and retrieves the data from the converters. Fur- 
thermore, digital inputs are read as well. The processed 
data that should be transferred to  the host computer is 
then placed in the transfer buffer. When a packet of a t  
least 128 data entries is stored, the DSP raises an inter- 
rupt signal to Windows NT. When Windows N T  catches 
the interrupt signal it transmits it to  the host application, 
which in turn initiates a data transfer from the DSP to the 
host. The data is then placed in a large memory buffer. 
Not until the experiment is finished, the buffered data is 
flushed to the hard disk. 

Using shared memory common data like status and com- 
mands are available in the common data area. Both DSP 
application and host application can access this memory 
area, which is placed on the DSP. Using this memory area 
DSP and host application can exchange information and 
commands. For example, the sampling rate of the algo- 
rithm can thereby be adjusted by the user via the host 
application. It should be pointed out, that the access to  
this memory area is not subject to any synchronisation. 

Tests of the data acquisition algorithm have shown that 
sampling rates of at least 60 k H z  can be achieved with no 
data losses. 

For analysis and evaluation of the experiments Matlab 
is used. For this purpose a function set has been created 
that facilitates data import and processing. 

IV. EXPERIMENTS 

The used experiment fluid was water mixed with surfac- 
tants and glycerol. Four litres of fluid was pored into the 
tube. Table I displays the specification for the different 
fluids. 

Two types of experiments were carried out, static and 

Microphone 

Lance position 
Air flow lance 
. Air flow bottom 

TABLE I 
FLUIDS SPECIFICATION 

!kl 160 l h 0 2 b o ' 2 j 0  
Lance HdgM (m) 

Fig. 5. Results from static foaming of mixture A with different 
nozzles 

dynamic. Static experiments were conducted with a foam- 
ing at  different lance positions with constant airflow. At 
each lance position, enough time was elapsed until the foam 
height did not change. In the dynamic experiments, the 
foam height was measured as the foam volume was in- 
creasing. It should be pointed out that the lance height 
and the foam height were measured relative to the initial 
water level before blowing. There will be a certain cavity 
increasing the true lance height and also some part of the 
four litres fluid forming the foam is resulting in an under- 
estimation of the foam height. 

Fig. 5 shows the static foaming from both one-hole and 
five-hole nozzle with mixture A. There is a transition from 
low foam height to high foam height a t  about 70. . .80 mm 
lance height. This transition could be the result of the air 
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Fig. 7. Results of dynamic foaming of mixture A and B 

jet penetrating the water surface. The closer the jet is 
to the surface, the smaller the diameter of the jet is and, 
therefore, the larger pressure is exerted onto the surface, 
making the air to penetrate rather than bounce on the 
surface. 

Fig. 6 shows another static experiment with one hole 
nozzle with mixture C. There is a transition from weak 
foaming to  strong foaming at 55 mm lance height. The 
difference in transition points could be explained by the 
higher surface tension for mixture C which should predict 
a higher pressure of the jet in order to penetrate the surface 
meaning a smaller lance height. There is also a maximum 
foam height and then the foam height decreases with de- 
creasing lance height. This decrease could be the result of 
foam degeneration as the jet zone becomes more turbulent 
a t  small lance heights. 

Fig. 7 show the dynamic foaming as function of time. 
The experiment was conducted with the lance height con- 
stant at 20 mm. The mixture with higher viscosity shows 
faster foaming. 

80 

Fig. 8. Logarithm of the sound spectrum for the foaming experiment 

v. SOUND ANALYSIS 

In order to apply the above described estimation scheme, 
the recorded sound has to be analysed. For the sake of sim- 
plicity, the sound spectrum over time is derived by window- 
ing the recorded sound file and then applying the Fourier 
transform on the windowed data. Fig. 1 shows an example 
for the obtained spectrum. 

Since the foam height is presently not measured auto- 
matically, the foam heights are measured manually and 
are time stamped. 

Following the guidelines from above, the sound source is 
taken from the beginning of the foaming experiment. The 
moment of occurrence in the recorded sound file is given by 
the maximum of the intensity. Then, the logarithm is ap- 
plied to the obtained spectrum, see Fig. 8, and subtracted 
from logarithm of the spectrum of the sound source. 

First, the interesting frequency range has to be chosen. 
Obviously, all frequencies above 2 k H z  are attenuated by 
the foam, see Fig. 1. The attenuation coefficient can be 
computed in a least-squares sense and becomes ,OF = 600. 
By applying the above described estimation methodology 
to  the frequency range between two and 11 k H z  yields a 
foam height estimation over time. Fig. 9 shows a compar- 
ison of the measured foam height with the estimated foam 
height. Clearly, the estimated foam height follows the mea- 
sured foam height well. Moreover, it has to be pointed out 
that no filtering has been applied to measurement data or 
estimate. 

Yet, it has to be investigated whether the estima- 
tion algorithm can be applied to  the LD-converter pro- 
cess. Therefore, sound data of the sonic meter a t  SSAB 
Oxelosund's LD-converter has been logged. The spectrum 
of the sound data has been derived analogously as before 
and has been zoomed in order to display the interesting 
region, see Fig. 10. 

During the logging of the data all interaction with the 
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VI. CONCLUSIONS & FUTURE WORK 

The theoretical background of foaming is presented and 
an experimental setup to  study dynamic foaming has been 
built up. Furthermore, an algorithm for foam height esti- 
mation based on sound has been developed. Experiments 
with the water model are performed and show that it is 
possible to create fluid mixtures to achieve desired foaming 
characteristics. Using experimental data, the foam height 
estimation algorithm could be validated. Consequently, 
control of the foam height can be pursued now. Finally, 
sound signals from the water mocdel and LD-converter are 
compared and similarities could be observed. 

Notwithstanding these good results, more research has 
to  be conducted. The experimental setup needs to be u p  
dated with an automatic foam height measurement, as the 
quality of the estimation algorithm depends on the quality 
of the validation data. Furthermore, it has to  be investi- 
gated how attenuation characteristics of the foam can be 
brought closer to the characteristics of the LD-converter. 
Finally, control of the foam height has to  be implemented. 
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Fig. 9. Estimated foam height (solid line) versus manually measured 
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$ 
B ”O 

2030 

0 
IW 

M O  

B n n  I*) mqusncy(H2) 5W 

Fig. 10. spectrum of the recorded sound from SSAB Oxelosund’s 
LD-converter 

process has been recorded and time stamped. In order to  
compare water model sound spectrum with LD-converter 
sound spectrum it is essential to  know when the oxygen 
has been switched on and when the lance is lowered into 
the vessel. These actions occurred at  250 s and 320 s, 
respectively. 

Obviously, the maximum sound intensity is reached at 
about 350 s which is approximately the time when the 
lance reached its position. Eventually, the foaming started 
at  this moment. After 350 s it can be observed, that the 
sound intensities are attenuated. Thus, the LD-converter 
reveals a similar behaviour as the water model. Still, the 
frequency ranges where the phenomena can be observed are 
different, which is caused by the difference in the material 
characteristics. Hence, the attenuation coefficient PF has 
to  be larger for the LD-converter process. 
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