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Abstract-A novel approach for monitoring and control of the coal pow-
der injection in a blast furnace is presented and discussed. Image analysis
of video recordings is used as a means to estimate the instantaneous coal
flow. Initial experiments at the blast furnace no 3 of SSAB Tunnplat AB
Luled, Sweden, have been performed and first hand results on modelling
and control of a single injection line are given.

I. INTRODUCTION

In the blast furnace process, coke is usually used as fuel and
reduction agent. Since coal is 40% cheaper than coke, injecting
pulverized coal instead of using coke is economically beneficial.
According to [1], the share of pulverized coal compared with
coke as fuel will rise from 36% to 50% by the year 2015.

A coal injection plant is a highly automated plant, where in-
coming raw coal is stored, ground, dried and finally injected
into the blast furnace. During operation, human interaction is
only needed for making set-point adjustments. Fig. 1 shows
the structure of the plant, where only the injection vessels, dis-
tributor, the blast furnace and the monitoring equipment are de-
picted. The control of the injection process is complicated due
to the two phase nature of the injected flow (gas plus particles).
Direct measurement of the coal mass flow is difficult since a
flow meter installed on the injection pipe only provides a mea-
surement of the cumulative flow of gas and coal powder where
coal content might significantly vary.

The total coal flow leaving the injection plant is distributed
into several parallel lines. In [2] it is shown how the total coal
flow can be stabilized. The problem at hand is to achieve a de-
sired injection distribution of the flow around the blast furnace.
Therefore, estimation and control of the coal flow in each line
is required.

The coal mass flow estimation is derived from images of the
coal jet entering the raceway of the blast furnace. For each in-
jection line, images are acquired in real time using a video cam-
era monitoring the scene through a peephole in the tuyere (see
Fig. 1). With the aid of an image analysis scheme, an estimate
of the instant coal mass flow is then obtained.

As the coal mass flow to the distributor can be assumed to
be constant [3], the flow has to be distributed according to a
desired profile between a number of injection lines. Each of
these lines is equipped with a flow control valve. Using the
estimated coal mass flow as the measurement output and the
valve as actuator a mathematical model of the injection process
is identified from process data. The obtained model is then used
to design a controller, which stabilizes the coal mass flow in the
injection line.
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Fig. 1. Setup for video monitoring. Parts of the coal injection plant, distributor,
blast furnace and monitoring equipment

Il. FLOW ESTIMATION

A representative scene of the coal injection process, as
recorded with the video camera, is depicted in Fig. 2a. A digi-
tized video frame will below be denoted F'(7, j, 7) where (i, 5)
represent the pixel coordinates and 7 is a discrete time parame-
ter (the shorter notation F'(7) will henceforth be used).

Initially a binary mask R, representing the actual region of
interest, is produced. This is done by forming an image D =
S|F(r) — F(r—1)|, 7 =2,3,...,i.e an image consisting of
accumulated differences (due to motion) between subsequent
video frames during a sufficiently long period of time (typically
a few minutes).

Since the furnace wall and the tuyere will make up a static
scene, no differences will be detected in those regions of the
frames. The coal plume as well as the gaseous interior of the
furnace, on the other hand, will display a highly dynamic be-
havior resulting in detectable differences. Masks such as the
one depicted in Fig. 3b can thus be straightforwardly produced
from a final difference image D by simply selecting the region
consisting of values that are high enough (indicating motion).

Once a mask R has been created, the region of interest in all
subsequent frames F'(7) can be conveniently detected and the
actual measuring procedure (i.e. detecting and analyzing the
actual plume inside the region of interest) can be started.

First a grayscale histogram [4] for the set of pixels R, the
pixels in a frame F'(7) that are covered by the mask R, is formed
and analyzed. The histograms are typically of a bimodal na-
ture with the darker pixel values (representing the plume) and
the brighter pixel values (representing the gaseous background)
forming two well separated ’hills’. This enables the detection
of an optimal threshold value 7T'(7) such that a subset P;, repre-
senting the coordinates of pixels making up the actual plume,
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Fig. 2. (a) Digital image depicting the coal injection process. (b) The binary mask R. (c) The projected plume (segmented from the rest of the image).

Fig. 3. Elementary volume transform

can be determined through the decision rule: (i,j) € P, if
(i,7) € Ry and F(i,j,7) < T(7).

The resulting set P, is then further processed using a chain of
binary morphology operations [4] in order to produce a simple
connected area inside R representing a 2-D projection of the
plume.

The final processed set P, of image coordinates (representing
the projected plume) is then used to form a relative estimate
m(7) of the injected coal mass at time 7 through the operation

m(T) = Z f(RT7/L.’j7T)’

(i,9)€Pr

(1)

where the optimal functional form of f(-) is still an open re-

search issue. The most straightforward choice is f(-) = A,

where A is a constant, i.e. a value directly proportional to the

total area covered by the pixels in P, is used as relative estimate.
A more sophisticated choice is

f() = fa() = Aq [R(leaT) +€]_(¥a
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where A, «, and e are constants greater than zero (e is included
to prevent division by zero). The rationale behind this choice is
to give coordinates in P, representing low grayscale values a
higher weight (due to the exponent —a) based on the assump-
tion that they represents regions with higher coal powder den-
sity.

As a first attempt for a 3-D model, a rotational symmetric
plume has been assumed. The transformation from projected 2-
D data to volume data is carried out as follows. First the equa-
tion for the center axis of the plume (see Fig. 3) is estimated
through principal axis analysis on P., and then the weighted
functional

f() = 27TT(i7j)fa<')a

where (i, j) is the orthogonal distance from the center axis to
the position (4, j) (as depicted in Fig. 3), is applied in (1). Using
the accumulated flow over a time period of several minutes the
estimate m(7) can be calibrated (i.e. a suitable value for the
contant A,, is determined).

A comparison between one such estimate and a correspond-
ing measurement using a Coriolis flow meter (measuring the
cumulative gas/coal flow) is shown in Fig. 4. Obviously the two
measurements exhibit a very similar dynamic behavior.

The use of more complex 3-D models, determined by match-
ing parameters (extracted through image analysis of the video
feed) with approximate solutions of the governing equations de-
scribing two phase flows in systems such as the here discussed,
is currently under investigation.

I11. SINGLE LINE FLOW CONTROL

The two-phase flow that is leaving the coal injection plant is
usually conveyed over several hundred meters until it reaches
the coal distributor. Even if the coal flow is perfectly stabilized
directly after the injection plant, fluctuations appear in the flow
as the coal particles are conveyed in a so-called dense flow [5].

Distribution of pulverized coal over the blast furnace diame-
ter is provided by the fixed construction of the distributor. No
actuators are used to modify the achieved flow distribution pro-
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Fig. 4. Comparison of normalised estimated flows. (a) Using an image se-
quence. (b) Using a Coriolis flow meter.

file. Thus, any fluctuations or other disturbances can not the
attenuated by this open-loop structure.

Introducing single line flow control, see Fig. 5, where the
measured flow in a single line g¢; is fed back to the actuator u¢;
via a controller, can remove induced fluctuations and attenuate
disturbances. Moreover, tracking can be introduced.

Furthermore, it enables the plant operators to achieve desired
flow profiles around the blast furnace diameter. Clearly, the en-
ergy supply to the blast furnace can be directed to certain re-
gions in the furnace and in turn, temperature control might be-
come possible.

The desired flow distribution profile can be set in two differ-
ent ways:

1. The sum of the flows in all tuyeres is set and the flow in each
tuyere is a ratio of the sum. Thereby, it is ensured that provided
flow from the PCI plant can be injected.

2. The flow in each tuyere is set as an absolute value. Thus, the
provided flow from the PCI plant has to be adjusted to the sum
of the individual flows.

A. Implications

Beside the potential of single line flow control, the applica-
tion has implications for the operation of PCI plants. Mainly
the flow control of the plant has to be tightened and the trans-
port delay between the injection vessels and the coal distributor
has to be considered.

Variations in the provided coal flow from the PCI plant will
directly propagate to each single line and cause counteraction
by the controllers. As each control loop is dynamically cou-
pled via the coal distributor it has to be investigated how this
multivariable control problem can be successfully solved.
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Fig. 5. Physical structure of a single line control setup

B. Video feedback control

There are two ways to measure the coal flow in an injection
line, by using a flow meter, eg. a Coriolis flow meter, or by
extracting flow information from a video image of the coal jet
entering the tuyere.

Considering the uncertainties of the flow measurement and
the costs involved with the purchase of the flow meters, video
image analysis is an economically attractive alternative. More-
over, the video image is a rich information source, where more
than only flow information can be found.

From a maintenance point of view, video observation gives
the operators another degree of freedom, as maintenance of tuy-
eres can be based on the evaluation of the video image of the
tuyeres.

Here, the flow estimation algorithm is used as a soft-sensor
that provides a measurement of ¢¢;. It is important to note, that
the soft-sensor has to be calibrated properly, as the performance
of the closed loop system depends on the quality of the mea-
surement.

Since the soft-sensor is part of the dynamic model for the
single line, changes in the zoom or position of the scene in the
image frame affect model gains or, even worse, model dynam-
ics.

C. Actuator

Using the previously described flow estimation algorithm, a
flow measurement is extracted from the video image and fed
back. In order to affect the flow in the single line the valve in
Fig. 6 is used.
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Fig. 6. Schematic drawing of the flow control valve

It can be seen that the single line merges with a gas pipe,
which can introduce a gas flow into the single line via a valve.
Opening the valve causes a flow gy - to the merge. As the total
mass flow out of the actuator can not increase, the in-flow g;,
has to decrease. Thus, the coal flow is reduced. Clearly, the
actuator has a negative gain and closing the valve increases the
coal flow.

IV. PHYSICAL MODEL

A physical model for the dynamical behavior of the coal flow
in the injection line from the distributor to the observed coal
plume in the tuyere consists of three parts.

1. Dynamics of the actuator.
2. Transport delay of from the actuator to the tuyere.
3. Coal plume dynamics.

The dynamics of the actuator is based on the simplification
that the flow dynamics in the pipe can be neglected and that the
coal particle flow can be governed by fluid flow equations.

Furthermore, it is assumed that the mass flow balance at the
actuator output is constant. It can be constituted that three mass
flows are entering the merging point

my1 = (N1

RTp
my2 = qn bt
2 - 2
me = qcpc,

where 1, and g, denote mass flow and volume flow, respec-
tively. Assuming, distributor and merging point are close to
each other, the pressure pp = pys and Tp =~ Thy.

Thus, the mass balance is obtained

Mout mc + my1 + mpy2
Pm Pm
= qopc+ani—=— + qN2—— @)
T T
= const

Clearly, an increased flow g+ yields a reduced flow gn1 + qc.
In (2) the flow gn2 is given as a flow through an ’equal per-
centage’ valve [6]. It is given by

qn2 = kN2 fgas(DN, PM)Geap(Un ),
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where kx4 is a factor that maps the opening characteristics ges,
to an area. The function f, describes the flow through a stric-
ture [7].

From the merging point in the actuator to the end of the injec-
tion line in the tuyere there is a transport delay ¢,4. Furthermore,
it is assumed that the entering coal flow propagates through the
pipe unaltered. Hence, the dynamics can be given in the Laplace
domain as

Ga(s) =e " ®)

The dynamics of the coal plume are assumed to be fast and
reach steady state instantaneously. Moreover, when the two-
phase flow enters the tuyere as a jet, the two phases are seen
separately due to the optical properties of nitrogen. Assuming,
that the coal particles remain visible, which means unburned,
for a constant time, the amount of visible particles characterizes
the flow. Therefore, the particle number N¢ is directly propor-
tional to the coal flow in the injection line

N¢ = kcqce 4)

Combining (2), (3) and (4) a complete physical model is
found.

V. MODEL PARAMETERS

Several contiguities in the physical model are unknown and
have to be determined from experiments at the blast furnace.

To this end, the actuator has to be affected and the coal flow
has to be measured simultaneously by the soft sensor. The setup
depicted in Fig. 1 is modified so that the computer is connected
to the actuator via a buffer amplifier.

The following experiments are performed:

« Static experiment:

The valve is opened from closed to fully open in a number of
equidistant steps. Each step is held for around 60 seconds. It is
assumed that steady state is reached after 30 seconds.

« Dynamic experiments:

A pseudo random noise signal is generated and send to the ac-
tuator. Amplitude, offset and frequency range are varied.

Evaluation of the experiments show that the coal plume in
the blast furnace is not only affected by the flow in the injection
pipe but also dynamically affected by the blast air flow in the
tuyere. During the design of the soft sensor, the effect of this
transversal flow is assumed static and thus, it is compensated by
a static gain.

Fig. 7 shows logged data of the input signal to the actuator
and the output signals from the soft sensor. Correlation analysis
shows a weak correlation (less than 20%) between the actuator
signal and flow measurement, Fig. 8. Consequently, the dy-
namic effects of the blast air flow have to be considered in the
flow measurement and the soft sensor has to be re-designed.

It can be concluded that more experiments have to be per-
formed in order to get a better understanding on the behavior of
the coal particle jet in the blast air flow.
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Fig. 7. Process data. (a) Pseudo random noise input signal. (b) Estimated flow
from video image.
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autocorrelation of the signals

VI. CONCLUSIONS AND FURTHER WORK

A novel method for estimating and controlling the pulverized
coal flow in a single injection line to the blast furnace has been
presented.

The design of a soft sensor for coal flow estimation in a blast
furnace tuyere is discussed and applied to logged data. The re-
sults indicate that reliable coal flow estimation from video im-
ages is viable and can be used as a soft sensor for control pur-
poses.

Using the soft sensor output, control of the coal flow in a
single injection line becomes applicable. Implications for plant
operation are pointed out.

A physical model for the dynamical behavior from the actua-
tor to the observed coal plume has been derived. Initial experi-
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ments have shown that the assumption on the blast air flow does
not hold. The effect of the blast air on the coal plume dynamics
has to be studied more thoroughly.

More experiments have to be performed in order to get a bet-
ter understanding of the model dynamics. Utilizing experimen-
tal data, model parameters have to be derived and the model
validation has to be carried out. Subsequently, a model-based
controller can be designed for the single line.
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