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In the last few years, the use of computers has made it possible to achieve a better image of blast furnace performance, allowing the
establishment of models, the comparison of variables and the construction of powerful databases to store the variables and their evolution
during the process. Nevertheless, part of the investment made in blast furnace equipment is not properly utilized and a considerabie part of
the information collected could be put to much better use. The application of modern data mining technigues has overcome these problems.
This work shows ways 1o apply these techniques to data from probes located in the throat or shaft of the blast furnace, as well as how to
extract useful information by defining and classifying a set of patterns in classes from temperature profiles that have been linked to the

stability of the process in steelworks with biast furnaces.
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Introduction

in recent years, computers have made it possible to
achieve a better image of blast furnace performance,
allowing not only the display of variables but also the
establishment of establish models, the comparison of
different variables and the construction of powerful
databases to store the variables and their evolution during
the process [1,2].

As unfortunately it is not possible for a human being to

analyse all the information from the sensing devices and -
computers in real time, part of the mvestment in blast

furnace equipment cannot exploit all options and a
considerable part of the information collected remains
unused.

It is possible to overcome these problems using the
modern techniques of data mining, They comprise a broad
set of methods such as classical statistical analysis,
principal component analysis, signal processing and other
more advanced ones like neural networks or fuzzy logic.

In modern factories there are huge databases that store
large collections of process variables from which it is
possible to extract useful information buried in the signals
and to obtain relationships among different parameters of
the blast furnace operation [3,4]. This would take too
much time to be done during daily blast furnace operation,
but by treating these stored data, it is possible to obtain
results that can be re-transferred to the process computer
in a way that allows the plant operator to obtain a more
comprehensive view of the current variables significance.

This work shows ways to apply the above mentioned
techniques to some of the probes [ocated in the throat or
shaft of the blast furnace and also how the results obtained
can help the plant operators to make correct decisions,

The behaviour of the upper part of the blast fumace
plays a decisive role in the performance of the whole
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furnace. Gas and burden distributions control the rate of
ore reduction, determine the shape and height of the
cohesive zone and, as a consequence, have a strong
influence on the stable performance of the blast furnace
{5-7]. This work presents the first part of a large project
studying how to extract useful information by defining and
classifying a set of patterns in classes from temperature
profiles that have been linked with the stability of the
process. Thermocouple signals from above burden probes
were analysed and employed to establish their
relationships with the stability of the whole process. The
tool selected was a neural network [8] (SOM - Self
Organising Maps).

Every time a new temperature profile is obtained from
the above burden probes, it is classified [9,10] as
belonging to one of the classes represented by the patterns
and subsequently a valid diagnosis of the blast furnace
performance is made. At the same time, by lecking at the
results achieved by the neural networks [11], it is possible
—for the plant operators- to forecast hangings and burden
collapses more than one hour in advance.

The worl will be completed with the development of a
new user-friendly tool, currently in use in some European
blast furnaces, for above burden probe interpretations,
based on the above mentioned research and allowing the
plant operator to obtain not only the probe signals but also
an initial interpretation of their meaning. This develop-
ment is explained in the second part of this series of papers
[16].

Device Description
The study was undertaken for European steelworks with

blast furnaces equipped with above burden temperature
probes and a total of thirteen thermocouples, but the
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Figure 2. Relative position of thermocouples with respect to central blast furnace axis.

system (software/hardware configuration) can be easily
adapted to work with more thermocouples and systems
with different burden charging devices.

Figure 1 illustrates the above burden temperature probes
located in a blast furnace. There were two probes located
at the same vertical levels, covering a diameter of the blast
furnace throat. According to this figure, the right-hand
probe has seven thermocouples equidistantly distributed
along it - the distance between two consecutive thermo-
couples is equal to 671 mm - locating the first one 100 mm
from the wall and the seventh one in the blast furnace
central axis. The left-hand probe has oaly six
thermocouples, also equidistantly distributed along the
probe but with a different distance between consecutive
ones. In this case, the distance between two consecutive
thermocouples is 710 mm. The first measurement point is
located 100 mm from the wall, too, and the last one is only
454 mm from the seventh of the right-hand probe. It is
important to take into account these geometrical features,
because they affect the interpretation of the signals. In this
paper the notation T0l, T02,..., T13, will be used to
identify the thermocouples. :
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Both probes are set with a 9°-tilt angle with respect to
the horizontal in order to compensate for the slope of the
burden, trying to place the probes as parailel as possible to
the burden surface. This means that the difference in
height between the central thermocouple and those located
nearest to the wall is around 650 mm.

At the beginning of the work both probes were equipped
with a nitrogen cooling system to prevent deformation, or
bending upwards, of the probe structure. Not only the
damage to the probes must be taken into account because
there is also a serious risk that the charging system chute,
located closely above, crashes down onto them. This
cooling system, operative during this entire project, has
been replaced by another one which employs water as the
cooling agent, because the new system yields more

feasible temperature signals, avoiding “M-shaped”
temperature profiles.
Figure 2 shows the relative position of each

thermocouple with: réspect to the blast furnace centre. As
can be seen; the difference is greater between the
thermocouples focated at both sides of the central one
(T07)" and tends  to reduce toward the wall, so that
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thermocouples TOl and T13 are located in an almost
symmetrical position. o

Data Ceollection

During the present work, and as a requirement for
project development, a huge database was created,
collecting data from the blast furnace over a period of two
years. These data came from different sensor devices
located in the blast furnace with a sampling rate of two
minutes per sensor, If a variable changed more slowly than
that, the last value was repeated until the sensing device
read a new one.

The variables included in the data set are listed in Table 1.
These variables were analysed to study their influence on
the above burden probe temperature signals. In some
cases, these relationships were observed by a simple data
inspection, while in other cases, it was necessary to
employ some signal analysis techniques as will be
described below.

Basic statistical analyses were performed using a total
amount of 106 737 data for each variable, covering a
period of 148 successive days of blast furnace per-
formance. This analysis, applied in the first place to above
burden temperatures, consists of the calculation of
different statistical values for temperatures cast by each
thermocouple of both above burden probes (see Table 2).

Data Analysis

Basic Analysis. Basically, the minimum temperatures
are room temperature and correspond to long stoppages of
the blast furnace.

In general, the maximum temperatures are affected by

the cooling system and they cannot be censidered as the
actual maximum temperatures reached by the gas. This
effect is stronger for thermocouples located in the central
part of the probes (T06, TO7 and T08), because they
trigger the nitrogen cooling stream if the temperature is
higher than 500°C.

As expected, the analysis of the mean and median values
reveals other interesting signal features; the maximum
value for means is obtained for the central thermocouple
T07. However, because of the thermocouples’ relative
position, it is to be expected that the mean value for T06
would be closer than the mean value for T08.

In fact, there is some asymmetric behaviour that is
clearly visible if all mean temperatures are represented
together (see Figure 3). The gas appears to be hotter on
the right side than on the left one; at least, this would be
the “mean” behaviour of this blast furnace.

The strong effect of the cooling system is also observed
when comparing the values of mean and median for the
different thermocouples. For the outer thermocouples
(TO1-TO5 and T09-T13) the mean value is always greater
than the median and for the inner thermocouples (T06-
TO8) the mean is less than the median. This is associated
with the hard and fast fall in temperature promoted by the
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Figure 3. Mean values of above burden temperatures.

Table 1. Variables included in the data set.

Group : Variables

A, Blast furnace
temperatures

-Above burden probes (13 measurements)

Walt temperatures (11 levels, 4 to 8
measurements depending on level)

B. Burden parameters Stock rod signals (two 6 m and one 16 m

long)

Burden charging pattern

Ore to coke ratio

Charging rate

C. Blast Parameters Blast volume

Blast temperature

Blast moisture

(), enrichment

Blast pressure

PCI
D. Exhaust gas % CO
composition % CO,

% Hy

E. Hot metal propertics Hot metal temperature

Silicon content

Beginning and end of tapings

Table 2. Calculation results of different statistical values for
temperatures cast by each thermocouple of both above burden
probes.

Thermocouple Min Max Mean Median Std
no.
T01 27 495 1164 103.5 55.0
TO2 28 550 109.9 94.8 62.4
TO3 26 595 107.1 92.0 63.6
TO4 26 554 1277 112.1 66.7
TOS 24 350 2109 1973 96.0
TO6 24 548 309.4 313.1 120.1
TO7 23 624 3555 3715 1117
TOB 24 684 3399 347.8 117.6
T09 26 735 197.3 176.8 922
TIC 28 683 124.2 109.5 64.1
T11 30 569 114.9 103.5 60.7
Ti2 30 489 117.3 105.5 60.8
T13 29 415 120.1 1i2.8 51.1
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Figure 4. Cross-correiation between blast volume and above burden probe temperatures.
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Figure 5. Cross-correlation between burden level and above burden probe temperatures.

cooling system that affects mainly these thermocouples.
On the other hand, the mean value for central
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thermocouples is far lower than expected, near 500°C
during normal operation.
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Analysis of correlations and its meaning for the blast
furnace operation. After this preliminary study, the
collected data were also employed 1o analyse the
correlation between the above burden probe temperatures
and other relevant variables, obtaining, in such a way,
useful information for the plant operator. For this purpose,
the cross covariance for each thermocouple and the
variables included in Table 1, groups B, C and E was
calculated. In some cases, the results obtained yielded a
poor correlation (e.g., the variables included in group E)
and will not be presented here.

The cross correlation between two data sets x(n) and
y(nj, with Af data each, is specified by the equation

M-}
Yo = . D x(n)y(n—1) 1=0+1,42,..

n=0

Therefore, if there are two signals with a cross
cotrelation but with time lag, the maximum value of the
cross correlation must be reached at [ (lag between both
signals).

So, the values at the y-axis can be positive or negative
considering that the maximum of the cross correlation
must be reached by a negative value provided that first the
variables that are a cause and later the predictable etfects
are correlated, bearing in mind that the negative time is
equal to the delay with which the canse works.

Cross covariance among femperatures for the thirteen
thermocouples and the blast volume (Figure 4). The
thermo-couples located in the centre of the blast furnace
throat show a weaker correlation than those located closer
to the wall. Thus, the thermocouples TO1-T13, T02-T12
and TO3-T11 present a strong negative correlation with the
blast volume. The delays of the thermocouple responses to

changes in the blast volume vary between 20 and 50 min, -

according to the position of the minima. Although the
cotrelations are poor, they present a maximum with a
delay of around 30 hours,

Thermocouples T05 and T09 show a mmimwm in the
non-causal part of the graphic. It is a broad peak and the
reason for these results could be that the blast volume is
increased after periods of abnormal blast furnace
performance. Usually, during these periods, the blast and
temperatures inside the furnace are reduced. After these
periods the blast is again increased to be up to its set point.
This means that these thermocouples located one meter
and more from the blast furnace centre contain sensitive
information on the thermal statc of the blast furnace. These
thermocouples, T0O5 and T09, present alse a weak
correlation maximum with a lag of 20 hours,

Finally, the three central thermocouples, T06, T07 and
TO8 show a rather poor correlation. This result was
expected for several reasons:
a)These thermocouples are strongly affected by the

cooling system
b)The blast furnace centre is more sensitive to changes

than the periphery
¢}The blast furnace centre is usually going during normal
operation
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These central thermocouples show a maximum with a lag
comprised between [2 and 16 hours.

Taking all these results together, it is possible to
conclude that the blast volume has two effects. For short
periods, it tends to cool the blast furnace and, after a
longer period, it heats the blast furnace, beginning in the
centre and finishing at the periphery. One possible
explanation is the smaller specific heat losses at higher
production rates, so more energy has to leave the process
with the gas.

Cross covariance among burden level measured by the
stock rods [12] and probes temperatures. Figure 5 shows
the results, similar to the previous case. Again the resulls
are clustered around three cases:

Thermocouples TO1 and T04 and their symmetrical
partners, T13 and T10, show a similar behaviour. They
have a rather strong correlation with the stock rod signal
and, as can be expected, their correlation is positive. This
indicates that the gas arrives to the probes hotter when the
burden goes down. There are no ai)preciab]e lags among
these signals, which mearns that the response of the gas
ternperature to the burden level is very fast.

The results are still positive for thermocouples TS5 and
T0O9 but the correlation in this case is not so clear.

Thermocouples T06 and TOS exhibit a negative and very
poor correlation. The strong effect of the cooling system
and the faster gas temperature change in the blast furnace
centre may again explain this behaviour. Another possible
explanation is the redistribution of the burden that takes
place after large slips, which often leads to a loss of the
central working of the furnace (i.e., causes flat temperature
profiles) as described in [13].

The centre of Figure 5 has been enlarged to show
oscillations with a period of around 12 minutes, This one
fits well with the charging rate and suggests the possibility
of filtering the probe signals to eliminate the effect of the
normal burden level changes.

Crosy correlation among coke consumption and above
burden probe data (Figure 6). This correlation is strongly
related to the results shown in Figure 7 which presents the
correlation with PCI. Coke consumption and PCI have an
inverse relationship (usuvally, when the PCI rate is
decreased, the coke consumption is increased). Compating
both figures this relationship is observed. As far as PCI is
the governing parameter, it is more interesting for our
purposes to analyse the results in Figure 7.

Although the maximum values reached for the correla-
tion between PCI and T06 and TOR are small, they show a
peal with almost no lag, and this indicates the fast heating
rate produced by PCI. The results for other thermocouples
are not very significant, as far as PCI is correlated with
other variables of the blast; in particular, an increase in
PCI rate is related to an increase in blast volume. The
response as the wall is approached tends to be less and,
probably, is completely buried in the global effect of the
blast.
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Cross correlution among charging rate and above
burden probe temperatures (Figure 8). As can be
expected, the correlation is negative because the upper part
of the blast furnace is cooled when the charging rate
increases. This correlation presents a lag of 8 minutes, in
good agreement with the minimum time to introduce a
new burden. Another interesting feature is the sharp
change just before the correlation peaks reflecting strong
cooling promoted by the introduction of new cold burdens.

For thermocouple TO7 there is a positive correlation for
the same lags as mentioned above (8 minutes) [14].
Although it is an extremely weak correlation, it could be
related to the local deflexion towards the centre suffered
by the gas when a new burden is introduced into the blast
furnace because, as far as the charging patterns employed
tend to concentrate coke in the centre of the blast furnace
to obtain a central coke column, the ore amount tends to be
greater near the wall. This promotes a permeability
decreasing near the wall and the subsequent deflexion of
gas flow towards the centre,

Cross correlation among blast temperature and above
burden probe temperatures (Figure 9). When we compare
the results of this figure and those obtained for the blast
volume, we see that both show similar features. In fact,
blast temperature and blast volume are strongly correlated
and this is the reason why a negative correlation is
obtained for peripheral thermocouples. In the case of
central thermocouptes, T06 and TO08, the raise in
temperature shows a slightly faster response than in the
blast volume case. However, no clear conclusion can be
obtained due to the strong relationships among the blast
parameters.

Concerning other relevant parameters such as moisture, -
hot metal temperature, silicon content, etc., no clear '

correlation has been obtained, Probably the reason is that
there is a weak coupling between the upper part (throat
and shaft) and the lower part (tuyere level and hearth) of
the blast furnace. So the effects of the lower part when
compared to the upper part are very slow and the
correlation remains completely buried among the influence
of other variables.

Neural Network for Data Reconstruction

Due to a strong effect of the cooling system on the
temperature measured by the thermocouples located in the
blast furnace central area [15], some information is lost.
To remedy this, a multilayer perception neural network
was designed and trained to rebuild the signal of this
thermocouple. As inputs this neural network employs the
value of the thermocouples located at both sides of T07, so
the neural network has in total six inputs (T04, T35, T06,
TO08, T09 and T10). The single output would be the value
of TO7. To train the network, ‘clean periods’ in which the
temperature profiles were not affected by the cooling
system were employed.
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Figure 10 shows the results obtained by the neural
network for a particular case. As can be seen, the original
profile  presented a  depressed temperature for
thermocouple T0O7 due to the cooling system, decreasing
the temperature value to almost 300°C, and the profile is
classified in class 21 (see Part [I of this series of papers).
After being rebuilt by the neural network, a higher value is
obtained for TO7 according to the neural network training
data, and the rebuilt profile is included in class 6. In the
second part of this series of papers the neural network
classification system will be explained.

Conclusions

The study carried out on the above burden probes
signals has provided a deeper knowledge of their
significance and their relationships to blast furnace
performance. It has been established that observing the
raw signals as they are delivered by the blast furnace
probes is of little value for plant operators. Most of their
information is buried in the complex relationships between
them and other short-term and long-term perturbations.

The correlations involving the above burden probe
temperatures and variables have a great influence on blast
furnace performance. Their analysis gives the plant
operator a great deal of information about the response of
the blast furnace to several variable changes. This helps
the operator to take subsequent decisions.

A neural network was built to successfully recenstruct
the data information by the thermocouple located in the
centre of the blast Furnace in order to prevent loss of
information caused by probe cooling.

steel research int. 80 (2008) No. 3
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