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Video Monitoring of Pulverized Coal Injection
In the Blast Furnace

Wolfgang Birk, Olov Marklund, and Alexander Medvedev

Abstract—A novel approach to monitoring and control of the PULVERIZED
coal powder injection in a blast furnace is presented and discussed. 470 DISTRIBUTOR
Image analysis of video recordings is used as a means to estimate

the instantaneous coal flow. Initial experiments at blast furnace I N

number 3 of SSAB Tunnplat AB, Luled, Sweden, are reported and INJECTION
firsthand results on modeling and control of a single injection line ,, 3 VESSELS
are given.
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|. INTRODUCTION Fig. 1. Setup for video monitoring. Parts of the coal injection plant, distributor,
) blast furnace, and monitoring equipment.
N THE blast furnace process, coke is usually used as fuel

. aqd reductlc_)n agent. .S|nce coal IS 40% chgaper than' Coﬁerefore, estimation and control of the coal flow in each line
injecting pulverized coal instead of using coke is econommal,g required

beneficial. According to [1], the share of pulverized coal com- The coal mass flow estimation is derived from images of

pared with coke as fuel will rise from 36% to 50% by the Y€&fe coal jet entering the raceway of the blast furnace. For each

2015. _injection line, images are acquired in real time using a video

A coal injection plant is a highly automated plant, where inc;mera monitoring the scene through a peephole in the tuyere
coming raw coal is stored, ground, dried, and finally injecte ee Fig. 1). With the aid of an image analysis scheme, an esti-
into the blast furnace. During operation, human interaction

) . i . ate of the instantaneous coal mass flow is then obtained.
only needed for making set-point adjustments. Fig. 1 shows theAs the coal mass flow to the distributor can be assumed to be

structure of the plant, where only the_mjt_actlon vgssels, distri onstant [3], the flow has to be distributed according to a desired
utor, the blast furnace, and the monitoring equipment are

ofile between a number of injection lines. Each of these lines

p|cthed. The r(]:ontrol of thef|nrjleqt|9n prgcﬂess IS corr|1pl|cateq Idgequipped with a flow control valve. Using the estimated coal
to the two-phase nature of the injected flow (gas plus particle ass flow as the measurement output and the valve as actuator

Direct mea_surement of the_ goal_ mass flow is d'ﬁ'_cu“ SINCE & mathematical model of the injection process is identified from
flow meter installed on the injection pipe only provides a me?)'rocess data. The obtained model can then be used to design a

surement of th? cumulauye f,IC,’W of gas and coal powder Whe&%ntroller, which stabilizes the coal mass flow in the injection
coal content might vary significantly. line

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. A representative scene of the coal injection process, as

recorded with the video camera, is depicted in Fig. 2(a). A
digitized video frame will below be denotdd(:, j, 7) where

Paper PID 01-39, presented at the 2001 Industry Applications Society Ann(al j) represent the pixel coordinates ands a discrete-time
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work was supported by the Swedish National Board for Industrial and Techni@ |F(r) = F(r = 1), 7=2,3 i.e., an image consisting
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Fig. 2. (a) Digital image depicting the coal injection process. (b) The binary aé&) The projected plume (segmented from the rest of the image).

depicted in Fig. 2(b) can, thus, be straightforwardly produced
from a final difference imag® by simply selecting the region
consisting of values that are high enough (indicating motion).
Once a masi? has been created, the region of interest in all
subsequent frame&(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 pixéls, the
pixelsin a frame’'(7) that are covered by the magkis 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 valug(r) such that a subsét,, repre-
senting the coordinates of pixels making up the actual plunfég,"
can be determined through the decision rgle:j) € P if
(4, §) € Ry andF'(i, j, ) < T(7). higher weight (due to the exponenty) based on the assumption
The resulting sel- is then further processed using a chain ahat they represents regions with higher coal powder density.
binary morphology operations [4] in order to produce a simple As a first attempt for a three—dimensional (3-D) model, a rota-
connected area inside representing a two—dimensional (2-DYional symmetric plume has been assumed. The transformation
projection of the plume. from projected 2-D data to volume data is carried out as follows.
The final processed sét. ofimage coordinates (representingrirst, the equation for the center axis of the plume (see Fig. 3)
the projected plume) is then used to form a relative estimatgestimated through principal axis analysis®n and then the
m(7) of the injected coal mass at timethrough the operation weighted functional

3. Elementary volume transform.

m(T) = f(Rr, 4, 4, 7) 1) .
(7‘,,%;1’,_ f() = 2mr (i, §)fal’)
where the optimal functional form of(-) is still an open re- Wherer (i, j) is the orthogonal distance from the center axis to
search issue. The most straightforward choicg’(§ = A, theposition(é, j) (as depicted inFig. 3), is appliedin (1). Using
where A is a constant, i.e., a value directly proportional to thi® accumulated flow over a time period of several minutes the
total area covered by the pixelsit is used as relative estimate €stimatem(7) can be calibrated (i.e., a suitable value for the

A more sophisticated choice is constantd,, is determined). _
A comparison between one such estimate and a corre-

sponding measurement using a Coriolis flow meter (measuring
Ja() = AL [R@, 7, 7) +¢° the cumulative gas/coal flow) is shown in Fig. 4. Obviously,
the two measurements exhibit a very similar dynamic behavior.
whereA,,, «, ande are constants greater than zeres(included The use of more complex 3-D models, determined by
to prevent division by zero). The rationale behind this choice isatching parameters (extracted through image analysis of
to give coordinates i, representing low grayscale values dhe video feed) with approximate solutions of the governing
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Fig. 4. Comparison of normalized estimated flows. (a) Using an image
sequence. (b) Using a Coriolis flow meter. Prl pr2ll P13k Prn
equations describing two phase flows in systems such as the gci1 4c2 4cs qcn

here discussed, is currently under investigation.
Fig. 5. Physical structure of a single-line control setup.

ll. SINGLE-LINE FLow CONTROL A. Implications

h h f hat is leaving th liniect lant Besides the potential of single-line flow control, the applica-
The two-phase flow that is leaving the coa injection plant I,y pag implications for the operation of PCI plants. Mainly,
usually conveyed over several hundred meters until it reac

h | distrib i th flow i roctl bil fig flow control of the plant has to be tightened and the trans-
the coal distributor. Even if the coal flow is perfectly stabilizegh,  je|ay hetween the injection vessels and the coal distributor
directly after the injection plant, fluctuations appear in the flo

. X as to be considered.

as the coal particles are conveyed in a so-called dense flow [S]y 5 ations in the provided coal flow from the PCI plant will
Distribution of pulverized coal over the blast furnace diamyjrectly propagate to each single line and cause counteraction

eter is provided by the fixed construction of the distributor. NBy the controllers. As each control loop is dynamically coupled

actuators are used to modify the achieved flow distribution prgp, the coal distributor, it has to be investigated how this multi-
file. Thus, any fluctuations or other disturbances cannot the gkyiapie control problem can be successfully solved.

tenuated by this open-loop structure.
Introducing single-line flow control (see Fig. 5), where the
measured flow in a single ling-; is fed back to the actuatag; B. Video Feedback Control
via a controller, can remove induced fluctuations and attenuaterhere are two ways to measure the coal flow in an injection
disturbances. Moreover, set-point tracking can be implementgfle by using a flow meter, e.g., a Coriolis flow meter, or by

Furthermore, it enables the plant operators to achieve desigsgracting flow information from a video image of the coal jet
flow profiles around the blast furnace diameter. Clearly, the egntering the tuyere.

ergy supply to the blast furnace can be directed to certain regiongonsidering the uncertainties of the flow measurement and
in the furnace and, in turn, temperature control might becomige costs involved with the purchase of the flow meters, video

possible. - _ _ _image analysis is an economically attractive alternative. More-
The desired flow distribution profile can be set in two difgyer, the video image is a rich information source, where more
ferent ways. than only flow information can be found.

1) The sum of the flows in all tuyeres is set and the flow From a maintenance point of view, video observation gives
in each tuyere is a fraction of the sum. Consequently, titlee operators another degree of freedom, as maintenance of tuy-
absolute coal mass flow value in each pipe can vary aetes can be based on the evaluation of the video image of the
the coal flow control of the PCI plant is not affected.  tuyeres.

2) The flow in each tuyere is set as an absolute value. ThusHere, the flow estimation algorithm is used as a soft sensor
the provided flow from the PCI plant has to be adjustetthat provides a measurementgf;. It is important to note that
to the sum of the individual flows and the time delay bethe soft sensor has to be calibrated properly, as the performance
tween the coal injection vessel and the tuyeres has to tfethe closed-loop system depends on the quality of the mea-
considered. surement.
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Gin = 4qnN1+4qC
Clearly, an increased flowy- yields a reduced flowy1 + g

PD In (2), the flow g2 is given as a flow through an “equal
U — percentage” valve [6]. It is given by
agn2 = kl\’?fgas(p/\’a pl\/f)gexld(ul\’)
an2—i pv T DM PT — Qout wherek v is a factor that maps the opening characterigtics
to an area. The functiofi,,s describes the flow through a stric-
ture [7].
Fig. 6. Schematic drawing of the flow control valve. From the merging point in the actuator to the end of the injec-

tion line in the tuyere, there is a transport delayFurthermore,

it is assumed that the entering coal flow propagates through the

) . . i
Since the soft sensor is part of the dynamic model for the smgﬂ e unaltered. Hence, the dynamics can be given in the Laplace
line, changes in the zoom or position of the scene in the imag main as

frame affect model gains or model dynamics.
_ —tgs
C. Actuator Gals) = e 3
Using the previously described flow estimation algorithm, a The dynamics of the coal plume are assumed to be fast and
flow measurement is extracted from the video image and feglch steady state instantaneously. Moreover, when the two-
back. In order to affect the flow in the single line, the valve iphase flow enters the tuyere as a jet, the two phases are seen
Fig. 6 is used. separately due to the optical properties of nitrogen. Assuming
It can be seen that the single line merges with a gas pigkat the coal particles remain visible, which means unburned,
which can introduce a gas flow into the single line via a valvéor a constant time, the amount of visible particles characterizes
Opening the valve causes a flaw to the merge. As the total the flow. Therefore, the particle numbai- is directly propor-
mass flow out of the actuator cannot increase, the in figinas tional to the coal flow in the injection line
to decrease. Thus, the coal flow is reduced. Clearly, the actuator
has a negative gain, and closing the valve increases the coal flow. Ne =keqe. 4)

V. PHYSICAL MODEL Combining (2)—(4), a complete physical model is found.

A physical model for the dynamical behavior of the coal flow

: S - V. MODEL PARAMETERS
in the injection line from the distributor to the observed coal

plume in the tuyere consists of the following three parts: Several contiguities in the physical model are unknown and
1) dynamics of the actuator; have to_be determined from experiments at the blast furnace.
2) transport delay of from the actuator to the tuyere; To this end, the actuator has to be affected and the coal flow
3) coal plume dynamics. has to be measured simultaneously by the soft sensor. The setup

The dynamics of the actuator are based on the simplificatig§Picted in Fig. 1 is modified so that the computer is connected
that the flow dynamics in the pipe can be neglected and that fgn€ actuator via a buffer amplifier.
coal particle flow can be governed by fluid flow equations. The following experiments are performed.

Furthermore, it is assumed that the mass flow balance at the® Static ExperimentThe valve is opened from closed to
actuator output is constant. It can be established that three mass fully open in a number of equidistant steps. Each step is
flows are entering the merging point held for around 60 s. It is assumed that steady state is

reached after 30 s.

my1 =qn1 Pn » Dynamic ExperimentsA pseudorandom noise signal is
RIp generated and sent to the actuator. Amplitude, offset, and
N = o Pm frequency range are varied.
RTy Evaluation of the experiments shows that the coal plume in
Mme = qepe 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
wherer, andg, denote mass flow and volume flow, respectuyere. During the design of the soft sensor, the effect of this
tively. Assuming distributor and merging point are close to eat¢tansversal flow is assumed static and, thus, it is compensated

other, the pressurg, = pys and the temperaturBp ~ 1’y . by a static gain.
Thus, the mass balance is obtained Fig. 7 shows logged data of the input signal to the actuator
and the output signals from the soft sensor. Correlation analysis
Mout =g + N1 + TN shows a weak correlation (less than 20%) between the actuator
Pm Pm signal and flow measurement (Fig. 8). Consequently, the dy-
=gope AN AN e namic effects of the blast air flow have to be considered in the

= const. (2) flow measurement and the soft sensor has to be redesigned.
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Using the soft sensor output, control of the coal flow in a
single injection line becomes applicable. Implications for plant
operation were pointed out.

A physical model for the dynamical behavior from the actu-
ator to the observed coal plume has been derived. Initial experi-
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
better understanding of the model dynamics. Utilizing experi-
mental 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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