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ABSTRACT

Following a systematic classification of relevant literature
a numerical simulation of the blast furnace process is developed
on sound mathematical principles. Both steady and transient
operation can Be simulated directly. The thesis is concerned
with a model for the purposes of computer control and, therefore,
particular emphasis is placed on a simplified, but realistic,
analysis of the process.

The validity of the simulation is considered in three
areas, steady operation, response to step input signals and
response to the changes experienced under normal operation,
Off-line simulation exercises are discussed in relation to
manual parameter tuning and provide further insight into furnace
dynamics.

Finally, the role of the simulation in both silicon control
and plant set up is discussed, Various dynamic control techniques

and parameter adaption strategies are developed.
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INTRODUCTION

The blast furnace performs the first stage in the
transformation of natural irun bearing ores into steel. In
recent years the introduction of fast and sophisticated basiec
oxygen steelmeking has been accompanied by quite large increases
in blast furnace production rates and larger furnaces are now
producing more than 7000 tons of hot metal per day.

The process itself has a long history and notable among
its characteristics are the acceptance of materials with widely
varying properties and the extremely slow dynamic behaviour of
the process. Furnace control is further complicated by the
large number of interactive inputs and difficulties of measurement,

Research into furnace control has to a large extent been
stimulated by the potential rewards from even a moderately
successful system and to date quite a number of on-line process
control computer systems have been installed, with varying results,
The majority of these applications have been based on a steady
state analysis of the process.

The aim of research described in this thesis is the develop-
ment of dynamic control techniques and in order to meke progress
& process model is proposed and developed.

The presentation of work is divided into chapters as

follows:=

Chapter 1 A brief deseription is given of the plant and process

followed by a discussion of the eontrol problems,



Chapter 2 Here computer control technigues already in use and
several of the more abstract mathematical models which, due to
recent advances in process control computers, may be of use in the

control field, are discussed in some detail.

Chapter 3 A dynamic simulation of the process is developed from
first principles, Particular attention is paid to a realistic
and sufficiently simplified analysis of the process chemistry,

and the numerical method of solution,

Chapter 4 Parameter tuning is discussed and results from both

off-line and on-line simulation exercises presented.

Chapter 5 This chapter deals with methods of control based on
the simulation, and discusses use of the blast variables, the coke

rate, and plant set up.

Chapter 6 Here certain techniques aimed at improving the
accuracy of the simulation in its on-line enviromment, and in
perticular use of the top ges analysis and temperaturs, are

discussed,
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CONTRTBUTIONS OF THIS THESIS

The introduction has indicated the scope of this thesis.
These studies appear to the author to advance knowledge of blast

furnace control systems in the following ways:-

1. A systematic classification of the large number
of published papers on blast furnace modelling

and control is presented.

2, A numerical method for simulating the process
in both steady and transient operation is
developed on sound mathemetical principles,
To the best of the author's knowledge the method
of characteristics has not been applied and
developed in connection with this problem.
This in contrast to other approaches yields

both an accurate and numerically viable solution,

2. A simplified, but realistic, analysis of the
process is developed specifically for the control
application, This reduces the manual tuning of
parameters to manageable proportions and ensures

a practical application,

4. Simulation studies are presented which increase

ones understanding of the process and its

dynamics.
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The role of the simulation in respect to
on-line control is developed in depth.
Application of the observer principle and
predictive control to the blast furnace process

is to the author's knowledge novel.

The problem of establishing optimal steady
working conditions gquickly is none-trivial,

For instence; the talculation of changes to the
coke rate and their timing is time consuming
and demands considerable operator skill and
insight. Guide lines are given for the use

of the simulation in this area and as an

operator guide.



CHAFTER 1
Deseription of the plant, process and its control problems.

1.1 The plant and process

Iron is first produced from its oxide ore in the blast furnace
and then further processed in the steelmaking plant to remove much
of the carbon. The blast furnace is basically a vertical shaft
furnace which is charged periodically at the top with various iron
ores, coke, flux and possibly serap material, while e blast of hot
enriched air is injected through a number of water-cooled nozzles,
called tuyeres, near the base. Iron and slag are removed independently
through tap holes at intervals of about 3-4 hours., Iron production
can range from typically 1000 tons/day from smaller units to perhaps
7000 tons/day from the larger furnaces. The gaseous products leave
through off-take mains at the top of the furmace., A typical blast
furnace is shown in Fig. 1.1,

The mechanism is most easily explained in three parts. Firstly,
while the iron ores are being preheated in the furnace Stack, they
react with both carbon monoxide and hydrogen and are thus progressively
reduced to a viscous primary slag. Typical reactions, termed as
Indirect Reduction, are

Fexoy + CO = Fexoy_l + 002
Fexoy + H2 = Fexoy_1 + H20
Some of the resulting carbon dioxide reacts further with carbon
from the preheated coke, thus regenerating reducing gas for use
higher in the Stack. This reaction, known as Carbon Solution Loss,
is

C + CO, & 2C0

2
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and is highly endothermic, Secondly, as the primary slag passes

slowly through a bed of hot coke, sited in the lower Bosh area,
the reduction to metallic iron is completed by Direct Reduction,
i.e,

Fe0 + CO

slag + Ccoke = Femeta.l
Various metalloids are also reduced at this stage. For example
8102 + 2C =§ Si + 2C0
slag metal
These metalloids have a particularly important bearing on the thermal
condition of the furnace in view of the large amounts of heat consumed
in their reduction, Lastly, the metallic iron is separated from the
gange and from ash left by coke burning at the tuyeres; differences
in density cause the formation of a layer of slag which floats on top
of the pool of liquid iron in the furnmace hearth,
The usual criteria for quantifying furnace performance and in
particular the degree of control obtained are:-
(i) hot metal production rate
(ii) furnace fuel rate
(iii) diron quality, whereby this one usually considers

the mean level and variation in the percentages

of silicon and sulphur in the hot metal,
Thus, the percentage of silicon in the hot metal is particularly
important for two reasons:-

(1) it is closely related to the thermal state

of the furnace and has a considerable bearing

on the efficiency (in terms of fuel rate).

Extreme thermal conditions can introduce

adverse physical conditions in the hearth,

and drastically affect overall performance,



(ii) it considerably affects the heat balance
for the steelmaking process. Variations
are, therefore, disturbances to routine
operation at the steelplant and result in

a drop in the production rate of steel,

1.2 Manual Operation

The generally accepted method for setting up and controlling
a furnace is firstly to fix the blend of ores and sinters to be
used, a slag analysis and weight per ton of iron and the initial
coke rate, by theoretical and emperical calculations; here the
ironmaker relies heavily on his operating experience and on his
knowledge of the individual characteristics of his particular plant.
Materials balance calculations are then performed to determine the
amounts of flux and additives to be added to the basic burden.

The various measurements allowing the operator to monitor the
plant are shown in Table 1 and are generally restricted to measurements
of plant input and output variables, Certain internal measurements
have been made using probes to sample gas and solids from within the
furnace. However, such methods are still considered as research tools
rather than routine aids to production and are rarely used in plant
control,

Control tskes the form of successive adjustments to the blast
variables or to the ore/coke ratio and continues until satisfactory
working conditions are reached, These adjustments to the furnace
inputs are based mainly on the following:~

(i) the iron and slag appearance end analysis

at recent casts
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TABLE 1 Measurements from g Furnace

CHARGE
*Charging rates of:- Sinter t/hr
Rubble Ores  t/hr
Carbonates t;grr
Additives %
Scrap t/hr
Qoke t/hr
Charging rate charges/hr
BLAST
Volume w /hr
Temperature °c
Moisture G-ra:i.ns,/m3
0il Injection Rate gals/hr
Oxygen Content % of dry volume
Pressure psi
TOP GAS
Temperature °c
Pressure psi
%o
/':Hz
Stockline ht m
Stockline descent rate n/hr
HOT METAL
Iron temperature °¢c
Tonnage %
7si
s
%in
A
%ic
ROUGHING & FLUSHING SLAG
8lag weight t/t iron
%Fe0
%3102
%11.1203
%Ca0
e
g0
%

* the analyses of individual constituents are available from time to time,
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(ii) the state of the furnace hearth as viewed
through the tuyere peepholes

(iii) the blast volume relative to blast pressure

(iv) the rate and regularity of burden descent.
The blast furnace process when under control is, therefore, in a
delicately balanced condition. Both feedback and feedforward control
techniques are used by the operator, against a background of disturbances
in both the blast and the charge inputs, in order to minimise any
deviation from balanced conditions,.

One factor limiting the performance of this manual process
control system is the frequency at which control actions are made by
the operator. Two reasons for this very slow frequency are suggested:-

(i) Low information sampling rate and high signal
to noise ratio.

This relates to the amount of information available and to the
confidence the operator has in this, As an example, consider cast
analyses, an important set of variables used in the control of iron
quality. Several samples are taken and analysed at each cast (every
3 hours) and an average given to the operator. However, knowing that
there are sometimes large variations in analysis during a cast, that
samples can be contaminated and allowing for errors at the laboratory,
the operator would wait for at least another cast before finally
identiflying a trend in the heat level of the furnace hearth or a
variation in slag chemistry and subsequently making a control action.

(ii) The interaction problem,

Time constants - ranging from 2 to 12 hours - and long transport
delays give rise to many complex interactions after control actions
involving several inputs; these are difficult for the operator to

follow and encourage him to wait and measure the full effect of his
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actions before meking other adjustments, As furnace production rates
rise and fuel rates fall control of hot metal quality will become both
more difficult and more critical.,

While discussing the performance of manual control, it must be
noted that large improvements both in furnace production and control
have been made using improved burdening and charging practice. In
this way many of the previously unknown disturbances in the burden
i.e. in sizing and analysis, are greatly reduced; the major disturbances
to the system then take the form of manual changes to the blast variables,
and can more easily be compensated for. Improvements in these areas

are generally considered a necéssary prerequisite to computer control.

1.3 Aspects of computer control
Computers have, or are being linked to the plant to perform
various functions. For example:~
(i) Sequence control of the material charging
system.
(ii) D.D.C. of the air flow, temperature and
additive injection rates.
(iii) Calculation of limestone and magstone additions
for tbe burden,
(iv) Supervision of material weighing systems
and compensation for variations in the
analysis of materials charged.
(v) Variation of the blast inputs and the coke
rate in order to stabilise hot metal quality -
in particular the % Silicon and % Sulphur

in the hot metal,
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(vi) Selection of input operating levels which

reduce the process costs.

This thesis is concerned in particular with items (v) and

(vi) above,
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CHAFTER 2

Discussion of the developments to date.

During the last decade many researchers have studied the blast
furnace process from standpoints covering process technology, furnace
design, furnace performance and control, and in many cases some form
of mathematical model has evolved. In discussing the developments
relevant to furnace control it is beneficial to consider the subject
in two areas, one dealing with computer control systems that are in
use and the models associated with them, the other covering the more
abatract mathematical models that have for example been used to improve
process technology and which msy now, due to recent advances in process

control computers, have considerable potential in the control field,

2,1 Various computer control techniques
The first papers on this subject appeared in the early sixties
and dealt with systems designed to rationalise manual control into

a sequence of logical and consistent actions.

2.1,1 Simple heuristic methods
K, H, Gee (Ref. 1) argued that control of temperature within
the furnace was the key to good operation. Operators traditionally
take the silicon analysis of the hot metal as an indication of this,
Gee, however, notes that the dependence of silicon content on temperature
is affected by changes in slag analysis and the slag weight per ton
of hot metal, and also that there are often delays in the confirmation
of cast analyses by the leboratory. He, therefore, takes hot metal

temperature, measured continuously by an immersion thermocouple in
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the iron rumner, as his basis. A comparison is made between the curve
of iron temperature at the current cast, that of the previous cast
and a standard curve, to determine whether the furnace is heating
or cooling and thus the required change in blast temperature.
Shellenberger and Powell (Ref, 2) develop a similar method
based on the maximum temperature during the cast., The difference
between this and an aim temperature, and the change in temperature
since the previous cast, are used to calculate the necessary change
in the blast moisture. This calculation includes some consideration
of transient behaviour, Changes in blast moisture are made at each
cast and variation of the coke rate is used to centralise the moisture
in its operating rahge. Plant trials lasting two months using this
method in conjunction with control of slag basicity - based on the
amount of limestone charged - show that the standard deviation of

silicon content taken from cast to cast drops from 0,23 to 0.15.

2.1.2 Linear regression methods
An approach taken by some researchers involves a multiple
regression analysis of furnace operating data and has the advantage
that control is based on continuously measured variables rather than
those available only while casting. G. H. McCleskey (Ref, 3)
suggests a fairly simple controller to regulate production rate:-
PR = 1,019 + 0,082 W - 0,0226M - 0,476P - 0,0014T

where PR = iron production rate

W = blast volune

M = blast moisture

P = blast pressure (plant output)

T = top gas temperature (plant output)



Blast pressure is included as a measure of the resistance of the burden
to the blast and top gas temperature indicates the extent to which
the burden and blast are combining, Control actions are made every
15 minutes to the blast volume and moisture to compensate for variations
in top gas temperature and blast pressure.

Robins (Ref. 4) suggests regulating the silicon content by
controlling the heat input to the furnace, and achieves this using
a mixture of feedforward and feedback control., The regression
equations used are suggested by a theoretical examination of the process -
a heat effect for each of the measured variables is calculated and

compared with that for blast temperature,

i.e. ABm = kl ABt AL = kl,_ ABt
ABy =kyb By ae, = kg 8B,
AC = k3 ABt ACO = k6 ABt
Ah = k7 ABt
where Bt = Dblast temperature
Bm = Dblast moisture
Bv = blast volume
C = coke/ore ratio (5 hour moving average)
L = limestone/ore ratio (5 hour moving average)
Gt = top gas temperature (dependent variable)

CO = top gas CO analysis (dependent variable)

h = heat loss to cooling water (dependent variable)

Using blast temperature to compensate for changes in the other
variables the standard deviation of silicon content is decreased

from 0,22 to 0,14, although no consideration is given to changes in



22,

production rate or to transient effects, and no use is made of the

current silicon level,

2.1l.3 Non-linear regression methods

So far in the discussion the regression equations have been
linear in terms of input/output variables. One consequence of
including accurate and contiruous top gas analysis - the instrumentation
first became available in 1965 - is that some of the fundamental
reactions and heat transfers associated with the process can be
evaluated and this leads to non-linear equations in terms of the
input/output variables., The advantages of this can be seen by
considering a change in the CO content of the top gas., This can be
produced by variations in the reactions in either the Stack or Bosh
areas and can, therefore, cause different thermal effects.

Katsura and Yamamoto (Ref. 5) set out to control the heat level
in the hearth and use % Silicon to indicate this. Their regression
equation is based on the assumption that change in silicon is proportional
t0 the heat stored between casts. A heat balance over the furnace as .
a whole suggests that

AS: =C_+Cy8i o+ Cyo +Cyla +By 4 Y1)

+C M +C.P

4 'n 5™n
where o = amount of direct reduction
B = amount of indirect reduction

Y

amount of hydrogenous reduction

M blast humidity

P = permeability (blast volume/pressure drop in furnace)

n = sample instant

Using this difference equation to estimate # Silicon, the

correlation between plant and model is 0,65,
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Control using blast moisture was based on feedback of the estimated

value of the current % Silicon in the hot metal.

2.1.4 Difference equation methods

A similar approach is suggested by Spallanzani (Ref, 6). The
important difference is that the blast volume and temperature terms
are also delayed. So, although only one term is included, the
equation gives some consideration to the transient relationships
between the blast variables and Silicon., 95% confidence limits for.
estimates of Silicon concentration are + 0.2%.

Rebeko et al (Ref, 7) take this approach one step further using
the modern methods of statistical dyﬁamics to develop an equation
for predicting % Silicon from normal operating records, Both auto
and cross correlation functions are used to investigate the time
relationships between Silicon content and ore/coke ratio, blast
temperature and composition, amounts of indirect and direct reduction,
and hydrogen utilisationf They conclude that these transients can
be approximated by first order systems plus a pure lag., Estimates
of % Silicon given by a linear equation involving the above variables
displaced in time and their preceding values, when compared with

plant silicon values, show a correlation coefficient of 0,82 to 0,86,

2.1.5 Classical material balance methods

In the preceding systems a theoretical analysis of the process
has been used to give qualitetive information which has then been
refined by statistical techniques. Several organisations (Refs,
8, 9, 10, 11, 12 and 13) have reported controllers which are based
totally on theoretical analyses and which have usually resulted in

improved operation at quite a number of Furopean Works., The common

*This is a meagsure of the indirect reduction associated with hydrogen.



approach is to use heat and materials balance equations to continually
calculate the thermal state of the furnace hearth, from data regarding
the top gas, blast and charge. A feedback controller uses one of the
blast parameters - humidity, temperature or oil injection rate - to
regulate the heat level of the hearth to some reference level, and
thus indirectly stabilises the hot metal analysis.,

It is beneficial at this stage to develop this technique further
in order to gain some insight into the process and in particular into
factors affecting the top gas analysis and the coke rate. For simplicity
a base practice using 100% fluxed sinter and no blast enrichment will
be examined using the graphical technique of Rist (Ref. 14).

Consider Fig. 2.1l. The oxygen in the top gas initiates from
three sources:-

(i) oxygen in blast
(ii) oxygen initially bound to iron

(iii) oxygen released by the reduction of metalloids.

These quantities of oxygen per unit iron produced can be established
given the hot metal analysis, the oxygen/iron ratio of the burden
and the amount of iron produced by one unit of blast,

With the furnace in a steady state there are fixed ratios
relating the amount of iren charged to the amount of carbon charged
and to the amount of carbon in the top gas - hence the linear
relationship shown in Fig, 2.1, known as the Operating Line. Once
direct reduction ceases, the carbon content of the gas as it ascends
the Stack is fixed and so the section of the oxygen/carbon axis between
1 and 2 represents the 0/C ratio of the gas as it ascends the furnace
stack. The area to the left of the ordinate 0/C = 1 refers to the
generation of reducing gas, that to the right to its utilisation in

the Bosh and Stack,
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The point H (Fig. 2.1) represents the chemical equilibrium for
the system - the process is at its most efficient when the operating
line passes through this point.

To fix the operating line for a2 given operating condition the
amount of iron produced per unit of blast, Pi, is first calculated
using an oxygen balance, with base the unit of blast. That is

Pi = Oxygen in top gas - Oxygen in blast

Oxygen from iron ores and metalloids per ton of iron

Using this the amount of oxygen from the blast (Yb) and the amount

associated with metalloid reduction (Ym) are calculated, which fixes

point A on the operating line, A second point (B) is found from the

0/C ratio of the top gas and the O/Fe ratio of the burden when charged.
A thermal reserve is now assumed, at a temperature of 1000°C,

in which the gas/solid temperature differente approaches zero. This

ellows a heat balance over the lower (or productiou) zone to be

performed (Teble 2).

Inputs Cutputs

Blast enthalpy Direct reduction

Combustion Reduction of SiOz, MnO & I—’205

Burden at 1000°C Heating and melting of metal
and slag

Coke at 1000°C Gas at 1000°C

Heat from Indirect Losses

reduction

Teble 2. Terms in the heat balance for the 'production'
*~  zone,

So Wu = hbyb - hdrYdr + const.
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where Yb = amount of oxygen from blast
Ydr = amount of oxygen associated with carbon solution loss
Wu = heat for raising the temperaturs of iron and slag

above 1000°C, heat losses, and the reduction of
metalloids

h reaction heat for direct reduction

dr

h.b

and this equation fixes Wu, the heat level of the hearth.

i

heat from blast (enthalpy and combustion)

fl

In order to examine changes in the steady state this équatioﬁ is

rewritten as

Yb = hdr
Ydr+% T hb
dr

Now hdr/hb is a known constant for any particular set of blast conditions,
If EF on Fig, 2.1 is made equal to 1 Vu then, because of the similarity
Bar
of triangles ADC and DEG, the line CE defines a fixed point D through

which the operating line passes, For example, if the blast volume
drops without changing the production rate or the cast analysis, then
the operating line pivots about the point D, the amount of direct
reduction drops and the point I indicates the new top gas analysis,
On the other hand, a change in blast temperature will vary hb’ which
in turn means a repositioning of point D and a change in Wu.

In viewing these changes in the process variables it must be
remembered that in theory the information applies only to the initial
and final steady states and yields no details regarding the transient
period, In practice, however, Staib et al. (Ref. 15) note that in
many cases a good degree of correlation exists between % Silicon and

Vu during transient conditions. They go on to identify lst order
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dynamic relationships between Wu and the blast variables and use these
to tune their controller,

Several authors (Ref. 16, 17 and 13) extend the method by
examining the relationship between the thermal index (¥, Ec, Kw, M
depending on origin) and % Silicon during normal operation, Vidal

notes that the best filter is
K

GA%Si,AEc
1+ sTl) (1 + STZ)

and goes on to show that estimates of % Silicon (Fig. 2.2) explain
50% of the natural variation in the plant values. A point to note here
is that the relationship between Ec¢ and % Silicon depends on the origin
of the disturbance in Eej if a chaﬂge occurs to the reactions in the
Stack its effect on Silicon will appear much later than that from a
change at the Bosh or Hearth 1levels.

A promising extension to the balance technique has been proposed
by T. Barbieri et al, (Ref. 18) and is designed to overcome some of
the deficiencies of the Wu technique. For example, accumulations of
heat and carbon in the solids are allowed for in the material balances,
variations in slag weight and analysis are taken into account and
the calculation of production index using an oxygen balance - this
is sensitive to errors in the measurement of blast volume and 0/Fe
ratio of the burden - is replaced by an iron balance in which stock
line velocity is used to predict furnace driving rate., After a
considerable amount of linearisation about the working point the

following remarkably simple equation evolves:-

a dgi.(t) +BSi(t) = Q(t)

and Q(t), the heat input to the production zone, is given by

o(t) = a(t) + 810 + a,S_ +azb + a Mn +agP + agl +aq

2 5 4
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l
o
1+ sT3
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% Silicon

Pig. 2.2 Vidal's System for Estimating % Silicon



30.

where a,f , &) - a, are constants, A(t) is a term resembling Wu
end including production rate, Sv’ b, C, Mn, S, P are the calculated
slag weight, basicity, C/Fe ratio, Mn/Fe ratio, S/Fe ratio and F/Fe
ratio, respectively, all delayed by 6.8 hours,

The Silicon prediction eguation, therefore , takes the form

si(t) = _a_ Si(t-B0t) + A Q(t)
a + PAt ca o4 POt

and explains 60% of the natural varietion in % Silicon,

In concluding this section it must be noted that it is difficult
to measure and compare the improvements in control claimed /é,t different
iron works because of varietions in operating practice, in the type
of inputs available and in the disturbance levels. The amount of
variation that can be explained in the silicon content is more
meaningful and gives some indication of the relative merits of the

various systems,

2,2 0Off-line process simulation

The models so far discussed deal almost entirely with input/
output relationships and offer little information about the process
itself. To gain such information it is necessary to write and solve
the differential equations applying to an incrementel volume in the
furnace. This approach, however, produces many difficulties, For
exemple, partial differential equations must be solved during transient
operation, boundary conditions are given at both the top and bottom
of the furnace, and our knowledge and ability to describe mathemaetically
the kinetic and thermodynamic phenomena involved leave much to be
desired.

However, considerable progress has been made on the calculation
of longitudinal distributions of process veriables (Ref. 19, 20, 21,

22 and 23), particularly for steady state conditionms,
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These models normally involve many complicated equations and so here
the discussion concentrates on the fundamental approach used to derive
the differential equations and the method of solution, Koump et al,
(Ref, 21) and Muchi (Ref. 19) treat the furnace as a one dimensional
counter current reactor with heat and material transfer between the
streams, A set of simultaneous ordinary differential equations
covering steady state operation are derived from first principles

and a numerical solution obtained using the Runge Kutta method as
modified by Gill, with boundary conditions specified at the furnace
top, Okabe (Ref. 22) uses an analogue eomputer to find the solution.

A typical equation is

dx = 22.4 AR
F

az
where R = reaction speed of Fezo3 + 300 & 2le + 3002
x = molar fraction of CO in bulk of gas
F = Vol., rate of flow of gas
A = Area of reactor

z = Longitudinal co-ordinate
The following phenomena are considered by Muchi:-

Indirect reduction by CO: Fe205 + 300 & ZFe + 3002

Carbon solution loss: ¢ + CO, &= 200

Direct reduction by solid carbon: FeO + C —9 Fe + CO

Decomposition of limestone: 03003 -3 Cal + CO2
Reaction between carbon and steam: H20 + C = H2 + CO
Reduction of silica in slag: S:‘n.O2 + 2C - S5i + 260
Water gas shif't reaction: H20 +Ca H2 + CO

Heat transfer between gas and solids (using the theory of

packed beds)
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Each reaction is considered in great detail and its speed is calculated
after consideration of gas film diffusion, intraparticle diffusion and
speed of chemical reaction, and requires a knowledge of gas analysis,
pressure and temperature, solid temperature and mean size, and many
constants,

The integration procedure requires that boundary conditions are
given at one point - two poirt boundary problems generally call for
iteration, Koump avoids this by assuming a knowledge of top gas
temperature, analysis and flow, Muchi neatly solves the problem for
steady states by using overall heat and mass balances to transform
the boundary conditions at tuyere level into ones at the furnace top.

Typical longitudinal distributions are shown in Fig. 2.3.

Lahiri and Seshadri (Ref. 24) take this approach a stage further
by defining both radial and axial co-ordinates; the associated partial
differential equations are solved using a backward finite difference
method from boundary conditions given at the furnace top.

St. Clair (Ref. 25) develops & numerical simulation of a
much simplified version of the process (Fig. 2.4). The complete

reaction for producing one mole of Fe in the Reducing Zone is

gC0 + ZC + F805/2 -3 Fe + (g - 3/2 + 22)C0 + (3/2 - 2) co,

where g moles of CO/mole Fe entering Reduction Zone

Z

1

moles of C reacting with 002 per mole Fe
The Reduction Zone is divided into N reactors of varying sizes such

that 1/N moles of Fe0 are reduced in each, Consider reactors 1

3/2
through j. The composition oi' solids entering this region is /N

moles of Feo3 /20 (1~3/N) moles of Fe and (g + Zj) moles of C,and
that of gas leaving the region is (g - 3j/2N + 2Zj) moles of CO,

(33/2N = zj) moles of 002 and 1,88 g moles of N2. Hence, if Z.i
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Fig, 2 Anglytical results obtained by I. Muchi (Ref. 18)

Symbols

1 fractional decomposition y molar frection of 002
of limestone .

£  fractional décomposition x molar fraction of CO

8  of iron ore
v molar fraction of H20 P gas pressure
w molar fraction of H2 ) Py bulk density of solids
T gas temperature p  density of gas

t solid temperature
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Fig. 2.4 The simplified process studied by St. Clair

Symbols

g moles of CO entering per mole/Fe '
Z j moles of carbon reacting with CO, per mole of Fe in

2
reactors 1 to J .
n number of reactors e
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can be celculated for j = 1 - N, then the longitudinal distribution

of CO and €0, are also known,

2

The reaction occurring within the region j =1 - N is

g0 + Z2.C+ j FeO,,, —9 j Fe + (22, - 3j + g)C0 + (3] - 2.) CO

end the heat of reaction is

AH = 41.22 25+ 3.05 i/N

Now if M moles of iron/min are to be produced, then for reactor j
the following typical reaction rate equations give

¥ =a, Po, él(coj, co

5 1773 23)

. =2, = . ) &
(zJ ZJ_l)M a, Fe, (g + zJ) 2 (cozj)

where Fej = moles of iron in reactor j
2y and 8, = rate and equilibrium coefficients
end & & ®, are known functions,

1 2

The longitudinal distributions of CO and CO, are known in terms of

2
Zj and so the combination of these two equations eliminates Fej

and results in a difference equation for Zj'

To initiate the procedure values must be known for the initial
reactor temperatures and the production index i.e, the amount of
iron produced by 1 unit of blast for the period to be simulated,

The calculation then proceeds from the boundary condition at j = o
up through the reducing zone giving ZJ and points on the longitudinal
distributions of variasbles at each stage. Having found the amount
of reaction in each of the reactors, heat balances are used to
calculate the new~gas temperatures and the rate of accumulation

of heat in the solids. Finally, the reactor temperatures after

At mins are calculated, the time increased by At and the whole
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process repeated to form the simulation., This simulation, unlike
other models in this section is valid under certain transient conditions
(e.g. changes in blast temperature) but it is not clear whether the
technique can be extended to include the highly endothermic and
temperature dependent hearth reactions without introducing further
iteration,

In the preceding models the treatment of reaction speeds has
engulfed much detail. Flierman and Van Langen (Ref. 26) were the
first to suggest simplified rate equations, and provided a steady
state solution using incremental balances.

Consider the movement of burden from level b to level a (Fig., 2.5).
A heat balance gives

Wm(ta - tb) +VQr = Vg (Ta - Tb)

Wg(Ta—Tb) = at (_‘1.‘-§+‘1‘b _t oty )

2 2

and a typical materials balance gives

Fejoha = Fejoz‘_b - V1

The reaction speed is approximated by V = a(GO - K.Coz)‘I> (Té, T,)

and a and K are parameters found by laboratory experiments,

The path of a typical burden unit is calculated from tuyere
level back up through the furnace. From a knowledge of the blast
volume required to reduce each burden unit, boundary conditions at
tuyere level are established. Then kmowing the materials at level

a, ta and Ta’ and fixing tb’ the equations can be solved for T
(the holding time), T, and the composition of meterial at level b

using an iterative procedure. These values are then used as initial
conditions for the next level, the procedure continuing until a

solid temperature of 25°C is reached. Various constants are then
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- P - =
tb . 9 1 burden unit Tb
¢ mins,
¥ .
ta Ta
1l blast.unit

Fig, 2,5 Schematic Representation of Burden Descent

solid temperature
gas temperature
water equivelent of solids

Symbols
t
T
W

m

Wg water equivalent of gas

a heat transfer coefficient

T transport time )

v reaction speed

Q heat of reaction

1

burden unit the amount of ore and coke from which 1 kgm
of ilron can be produced

1 blast unit amount of wind required to produce 1 kgm of
. iron
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adjusted and the procedure repeated until the composition of the
burden unit agrees with that of the initial charge.

This method has been used successfully to investigate the
effects of higher blast temperatures and changes in the type of
ores charged on the steady state. If this method is extended so
that each burden unit is tracked rather than a typical unit then
transient conditions could also be simulated. However, the number
of iterations may now be prohibitive,

Tsuchiya and Mori (Ref. 27) have rearranged the classical
balance techniques discussed in 2.1.5 to form a simulation which
treats transient conditions as a succession of steady states., The
important point here is that top gas temperature and analysis are
taken as inputs for the simulation.

In order to by-pass the need to consider reaction kinetics,
the furnace is divided into five successive stages such that each

reaction continues to completion at each stage. For example;

Stage 1 material pre-heat occurs

Stage 2 all Fezo3 reacts to Feth

Stage 3 all Fejoh reacts to Fel

Stage 4 all FeO reacts to Fe, carbon solution loss
occurs

Stage 5 complete combustion occurs

Using the top gas analysis, overall balances for CO and CO2 fix the
amount of carbon solution loss, individual materials balances give
(for the steady state) the amount of material flowing from stage to
stage and an energy balance gives its temperature. Certain additicnal

assumptions have to be introduced to ensure a unique solution.
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In testing the simulation with plant data the temperature of
material leaving stage 5 has been shown to correlate well with the
plant silicon percentage - this reinforces the successful results
claimed for the balance methods of 2.1,5.

In concluding this section it can be said that researchers
have put a great deal of work into establishing simulations of the
process and in particular sevaral configurations have been suggested
upon which to quantify the process. Namely: zones of fixed volume,
gzones in which a given amount of reduction occurs or zones in which
the temperature changes by a given amount. However, the iron production
per unit of blast or the top gas analysis - unknowns during transient
operation following for example a change in the coke rate - are usually
assumed to be known., This forms a serious limitation on the use of
simulation for an investigation of furnace dynamics and prompts the
conclusion that none of the simulation techniques discussed are‘at
present developed sufficiently to simulate transient operation of
the complete process, a necessity if process control is to be the

objective,
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CHAPTER 3

The development of a dynamic model.

In Chapter 2, two distinct types of model evolve, one involving
regression formulae relating measured plant variables and possibly
their past values to a particular output., The other involving ﬁhe
numerical solution of a set of either ordinary or partial differential
equations. From the control point of view the regression approach
presents few difficulties as far as the implementation of a feedback
controller is concerned. However, the approach almost invariably
assumes steady (or near steady) conditions and some degree of over
simplification of the dynamics about this state. Thus, particular
care must be taken to establish the range of operation over which the
model is valid,.

The more formal solution of the differential equations offers
detailed information about the state of the process itself and will
allow operators to follow and predict the evolution of knowndisturbances
as they pass through the furnace, This should, of course, promote
a greater understanding of the process and thus improve manual control.
The extreme and wide ranging conditions under which a large scale
metallurgical process such as the blast furnace operates make the
precise description of the process needed for this approach difficult
to formulate and has in the work described in Chapter 2 lead to
camplicated equations containing many unknown quantities. In this
chapter this problem is re-exemined and the equations taylored to
suit the control application.

Having developed such a simulation of the process, one is still

faced with the problem of designing the associated controller. The



equations become difficult to use directly for controller design but
do give considerable insight into control problems. In principle,
modern optimal control techniques can be applied, but because partial
differential equations are involved their application is by no means
straightforwerd and is likely to lead to considerable numerical
difficulty. This problem is examined in detail in Chapter 5.

In many cases the more theoretically detailed the model is,
the more rapidly the law of diminishing returns applies, and so a
compromise approach seems logical. Here a model is proposed in
which the differential equation formulation is retained, and the
kinetic and thermodynamic phenomena describing the process (that is
the forcing terms) are considerably simplified. One notes that for
steady conditions the characteristics of the longitudinal distributions
of Figs, 3.2 and 3.3 would be reproduced fairly accurately by considering
the furnace in three zones and using first order ordinary differential
equations with linear forcing terms - the calculated distributions
would then consist of three exponential curves, If a fundamental
parameter of the process such as the pressure distribution or the
size of materials charged changes then the coefficients in the forcing
terms may need modification,

In practice, however, such a drastic linearisation is unnecessary.
The fundamentals of Chemical Engineering and researchs into the blast
furnace process yield the type of rate equations to be used and suggest
where non-lineararities such as temperature effects or the effect of

basicity should be included.

3,1 The form of the equations
The derivation of the partial differential equations describing

a counter-current reactor with heat and mass transfers between the



streams can be found in Chemical Engineering texts. However, in order
to establish clearly the underlying assumptions the derivation for

a unidimensional system is given in Appendix 1, The system of equations
relating the concentration of materials and their temperatures to space

and time are:~-

5 & 2. (V. e,) =6, fori=1..n
3t ox * * +
W((aTS + V iT_S)_G_
t 0x - H
oT aT
W (& +V_ _ &g _
g ( ot * x ) = GHg
where oy = the concentration of the ith chemical element, these

being for solids

Fe 0 C H20 3102 MnO P205 S5i Mn P A1203 Cal S CaCO3 Mg0

and for gases

Co GO N2 o, H, H,0

2 2272

m = the total number of chemical elements considered
t = +time

x = distance from the stockline

Gi = rate of generation of the ith element

Vx = velocity of gas or solids as appropriate

W = water equivalent per unit volume

T = temperature

GH = rate of generation of heat

The subscripts s and g refer to solids and gas.
Notable omissions from the above system are equations determining
the gas and solid velocities from considerations of continuity. These

equations are particularly complex and demand an understanding of many

factors.
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For example, the voidage, the pressure distribution within the gas
stream, the changes in volume of burden materials as they are heated
and reduced, and the behaviour of liquids in the furnace hearth, It
is expedient, therefore, at this stage to assume that these are known
functions of x and t. The problem of estimating these velocities in
an -on~line environment is considered in detail in Chapter &4.

The boundary conditions are as follows:—

(1) ci(x,o) is given for o €sx €h andi=1..m
(2) T (x,0) end '.I‘g (x,0) are given for o <x <h

(3) T (o,t) and ':I.‘g (h,t) are given for t > o

(%) oy (x,t) is given for t> o0 at either x = o or x=h

as appropriate and i=1. . m
(1) and (2) refer to the initial furnace state and (3) and (4) refer
to the composition of gas and solid at tuyere and stockline levels
respectively.
The problem is then to find a solution of this system of

equations subject to the mixed boundary conditions.

3,2 The chemicali and thermodynamic forcing functions

Before considering possible methods of solution, the process
and its equations must be defined more precisely. Throughout the
discussion reference is made to five regions (Fig. 3.1).

(1) sStack region,

(2) Upper Bosh region,

(3) Lower Bosh region,

(4) Tuyere region.

(5) Hearth region.
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The process chemistry is to date not completely understood and is
still the subject of research. Current theory does, however, suggest
the major functions in these regions,

A very large number of functions are involved and their selection
and parameterisation is non-trivial, In what follows the basic
considerations used to determine these functions are outlined and

invoke basic theory, experimewntal results and physical argument,

3.241 Reduction of iron oxides

To produce iron from natural iron ores, oxygen must be removed,
In the blast furnace about 307 of the total weight of oxygen is
removed in the Stack and Upper Bosh regions. The major reduction
sequence, termed as Indirect Reduction is thought to be as follows:-

Below 570°C

Hematite ~%» Magnetite - Iron

Above 570°%C

Hematite —% Magretite —% Wustite —§ Iron

The reactions are:-

3F9203 + CO fé 2F330k + 002
FBBQh + CO fé 3Fe0 + CO2
Feth + LCO i! 3Fe + l;.CO2
FeO + CO & Fe+ co,

Although these are consecutive steps in the reduction of iron
oxides to metallie iron in the blast furnace the zones of occurrence
of the various iron oxides overlap to a considerable extent, Theoretically
this reduction sequence should begin as soon as the ore is charged to
the furnace. In practice, however, the reactions are not significant

until a temperature of about AOOOC is reached and so the function of
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the upper part of the Stack is simply to dry the charge.

At temperatures above 950°C, while the ore is still in a solid
form, i,e. in the Upper Bosh region, the indirect reduction sequence
continues at increasing rates, But the carbon dioxide formed is
unstable in the presence of coke and so the highly endothermic reaction

COZ + C —a' 2C0

termed as 'carbon solution less', oceurs, which regenerates reducing
gas.

Pure iron melts at 1,537°C, but in the blast furnace this melting
point is lowered to about 1,150°C, by the presence of elements such as
silicon and lime. As the temperature of the solids approaches 1,150°C,
a very viscous slag is fcrmed, which coats the particles of ore and
thus impedes the gaseous reduction reactions until, by the temperature
of 1,250°C, they practically cease. From this point onwards, that
is in the Lower Bosh region, the final reduction is achieved via
direct contact with the coke. The reaction, termed Direct Reduction,
is

FeO co

slag * Ccoke —3 Fehot metal

One effect of injecting fuel oil or steam into the hot blast is
to produce hydrogen in the gas leaving the tuyere region. At
temperatures above 820°% hydrogen is a more efficient reducing agent
than carbon monoxide (Ref. 28) and so the following reductions are
also possible:-

P N
FeBOl + H2 =
=&
=

Fel + H

3Fe0 + H20

Fe + HZO

2
Some of the water vapour formed will react with carbon monoxide or

in the Lower Bosh with carbon:-
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HO+ CO-—=> H

2 + CO

2 2

H,0 + C —3 Hy+ 00

In developing the reaction rate equations for the reduction
sequence described above, it is important to note that, from date
describing only ihe hot blast and the top gas, one cannot differentiate
between reduction by carbon wonoxide and that by hydrogen with the
sppropriate regeneration, The full sequence of reactions can, therefore,

be considered as follows:-

Stack Region:- FeXOy + CO =% Fexoy_':L + 00, (a) %

H, + CO, —» H,0+ CO (v)
Upper Bosh Region:~ Fexoy + CO0 —» FexOy_'1 + COZ ()

C + CO, -4 2C0 (a)

H, + CO, -3 H, 0+ CO (e}
Lower Bosh Region:- FexOy + C =3 l"exoy__1 + CO (r)

H, + CO - H20 +C ()

where hydrogen has a catalytic effect in reactions (a) and (c).

The concentration of iron oxides is large when compared with
those of the gaseous componentsand sothe indirect reduction reactions,
via either carbon monoxide or hydrogen (a) and (c), are considered as
pseudo first order opposing reactions. The rate equation takes the

form:-
- aF::oz = a) (0O - K C0,) + e, (i, - K,H,0)

where ays Kl, a, and K2 ars factors: which depend on the temperature
and the particulaer oxide level concerned. Values for the various

equilibria can be found in Ref. 29 and take the form:-

A b ohodes  foductin by et /@mah ach ol loom
IA’M‘Y\H.:G@Q
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Lx_n(Kl) = 3580/T - 4.6
for the Fejou/FeO equilibrium,

The results of Schurman (Ref, 30) using vertical probes to
measure the gas composition profiles, suggest possible simplifications,

Consider an equation of the form:-

- dFe.0 - a(co- KCO,))
dt
where a = constant (to be identified from top gas data)
K = co/co2 ratio of top gas

Integrating this over the Stack region an expression for the

carbon monoxide profile can be found:-

CO(x):{CO(o)-L B} e:cp(-%(1+x)x)+%_ B

1 +K +K
where a = constant
v = gas velocity
x = height in Stack above the 950°C isotherm
B = %0+ %boz, a constant for the Stack region

Using the top gas analysis fvom Schurman's curve to evaluate a,

co(x) = 15 exp (- 0.205x) + 25
is the solution given the assumed rate equation; values calculated
using this equation are shown together with measured values in Fig. 3.2.

The calculated CO and CO, values display a close fit to the experimental

2
curves, and suggest that this simplified approach gives a satisfactory
description of the indirect reduction sequence under these particular
conditions,

However, as conditions in the Stack change so the constants
(and thus the top gas analysis) must also change. The equation can
be extended to cover variations in the heat level of the Stack and

Upper Bosh' regions by introducing the Arrhenius effect, and changes

in the amount of hydrogen in the gas:-
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Fig, 3.2 Composition profiles as measured by E, Schurman -
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xy = a(l+ glﬂz) (co - KCOZ) exp (-E/RT)
dt
where a = rate constant (evaluated from top gas data)
K = % CO/%'CO2 in top gas
E, 819 R = constants
T = temperature °x

The laboratory results of Flierman and Van Langen (Ref. 26)
make it possible to extend this equation to the lower oxide levels
of the Upper Bosh region, They evaluate the relative dependence
of a and K on the oxygen/iron ratio of the ore., An advantage with
this simplification is that the use of the 0/Fe ratio averts the
need to tract individual oxide levels.

Flierman (Ref. 26) also develops an equation describing carbon

solution loss (d) of the form:-

—%% = ngc [002]

the coke reactivity meB/é.sec.

i

where K
m

wt. of carbon

29
c

co concentration of CO Mols/Ncm;
[“92] 2

Kh is corrected for variations in temperature by the Arrhenius term:

K =g exp (-E/RT)

where g, E and R are constants.

To describe direct reduction, (f), one can assume that the rate
at which the iron oxide in the primary slag is reduced is proportional
to the area of contact between it and the coke. This in turn is
proportional to the amount of oxide unreduced, and so the following
equation suffices:-

dt
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where g = the rate constant

0

the weight of unreduced oxide

The shape of the hydrogen distribution has agein been measured
using vertical probes (Ref., 30) and is shown in fig., 3.3. This is
assumed to remain unchanged and can be approximated by three linear
sections; the gradients indicate the relative proportions of reactions
(v), (e) and (g). Further enxamination of these results shows that
80% of the regeneration occurs in the Lower Bosh region and 20% in
the Upper Bosh and Stack regions,

To calculate the total amount of these reactions (b, e and g)
use is made of the hydrogen utilisation factor, i.e. the ratio of the
difference in the hydrogen input and output levels to the input level.
This factor can be calculated continuously from blast and top gas
data, and can, therefore, be used as an input to the model in its
online environment. Furnace data spanning one weeks operation shows
that the hydrogen utilisation factor has mean of 33% and a standard

deviation of 7%.

3.2.2 Reduction of Metalloids

The hot metai produced in a blast furnace is not pure iron but
a metal almost saturated with carbon and conteining various trace
elements such as silicon, manganese, phosphorus and sulphur. Little
is known, either from the theoretical or experimental viewpoints,
about the reduction mechanisms involved. Several theories have been
proposed, but have yet to be substantiated with experimental results.
The theory examined by Bodsworth (Ref. 31) serves as an outline of
the problem.

The reduction of metalloids is split into three distinct processes:s
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Fig, 3.3 Composition profiles as measured by E, Schurman
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(1) The transfer of elements into the hot metal
as the droplets of metal and slag pass through
the bed of coke in the Lower Bosh region,

(2) Further transfers of elements into the metal
as it descends through the slag bath in the
Hearth region.

(3) Partitioning of the solute elements between

the hot metal and slag in the Hearth region,

Measurements taken from the experimental furnace in Liege (Ref. 32)
generally support this approach and show that about 80% of the
silication, carburisation and manganese transfer occur prior to the
tuyere level and that all of the phosphorus is absorbed into the
metal by this level, The reactions taking place are:-

S8i0, + 2C —~3 8i+ 200

2
MnO + C —3 Mn+ CO
P205 + 5C — 2P + 5C0

The rate constaents for these reactions are small while the
iron is solid and so the reactions can be considered to start as
the primary slag is formed.

It is assumed that the transfer of silicon can be described
by an equation of the classical form

%%i_; = g (Nsio2—KNSi) exp (=E/RT)

where g, B, R = constants

Ny 102, NSi = mole fractions of silica and silicon.

T = temperature (°K)
The classical equilibrium constant K' is defined and tabulated

as



2
t -
K = a5 (Ppo)
2
aSioz(aC)
where aSio2 agy & = activities of silica, silicon and carbon
PCO = partial pressure of CO
In the Bosh region P, = 1+ 0,8 x PB
where PB = Blast pressure
K can be related to K' as follows:=-
2
K = ¥ i PCo )
Ygio, (8c)" K
2
where Ya:s Yas = activity coefficients for silica and silicon.
Si S:LO2
3 i U § Y
Taylor (Ref. 33) gives data regarding K', 510 510, and a,
from which the following are fitted:-
log, K' = = 28634/T + 16,28
log,, Nsi¥si = 0:08 (% + %Si) + 0.250C ~ 0,05
5 Si
03§ J7L 3
150 log, NSi02 Ys;toz = (,001 R‘; ,13) (1400 - T) - .Q00Z5R - ,Q026
o

where R = %Ca0 + %A1 19810 - %3:102

203 +
8n _ 9IC - @33 -
log, %g = 0,17 % - 0,07 98i - 0.06

The importance of silicon lies in its relation to furnace
control, Manganese, phosphorus, carbon and sulphur on the other
hand, are included simply to complete the thermal and material balances
for the Lower Bosh and Hearth regions., Thus a considerably simplified
approach is acceptable for such elements.

Transfer of manganese is described by

dih = ety - X Ny
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15020/T - 8,884

n

where logloK

g = rate constant
The reduction of phosphorus pentoxide is by direct contact and is

assumed to be proportional to the amount of unreduced oxide

. & = (1-hK)PO
O 275
where h = height above the tuyere level
K = rate constant
P205 = the amount of unreduced oxide.

The major part of the sulphur present in the coke is released in
the Tuyere region during combustion, in gaseous form i.e. S2, cos,
S, CSZ’ H S and SH, As these gases counterflow with the molten materials
the sulphur is absorbed by tﬁe hot metal, Samples of molten materials
at the Tuyere 1level have a high sulphur content in relation to the
cast metal, Ref., 32, and s0 suggest that the majority of the desulphur-
isation occurs while the metal is accumulating in the Hearth region.
The reaction mechanism is disoussed in Ref, 34, where the following is
suggested:~-

CaQ0 + FeS —» CaS + F¢O

FeO + C -» Fe + CO

FeO + 251 =) TFe + %SiO2

Using equations fitted to data in Ref. 34

Q%%ﬁ =& (%Sslag - K %Smetal)

where g is a rate constant and

In X = In Ca0 + clSi + czMn + C S:'LO2 + c, A1, 0, + csMgO + Cc¢

3 4273
The equations describing carburisation are somewhat different,
The column of coke - sometimes referred to as the coke reserve =

extends through the slag layer and probably to the bottom of the

furnace, Metal awaiting tapping in the Hearth region, being in
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contact with this coke becomes saturated with carbon. The final
carbon content of the hot metal can be determined from & solubility
equation, Turkdogan (Ref. 35) gives the following

Log,, (Nc + o8 Np + Tl Ny, - JOL N, + NS) = =,375 - 560/T

respective mole fractions

where Nc’ NP, NSi’ NMn’ NS

T

temperatu.reoK

These mole fractions are dependent on the %C in the hot metal
and so an iterative method is used, at each cast, to determine the

carbon content of the metal.

3.2.3 Heat Transfer

The heat transfer mechanisms governing flows of heat between
the gas and solid streams and within the solid stream are assumed
to be convection and conduction respectively, and so the following

equaetions apply

H =a c:.(Tg - TS)
H, = =P %
where Hy = heat flow from gas to solids K ca_'l.s/m3 s
H2 = beat flow within the solids K cals/mzs
a = effective area for convection/unit volume
@ = heat transfer coefficient K cals/m25°C

f = thermal conductivity K cals/mzs (°c/m)

2.2.4 Reactions in the Tuyere region
Air at approximately 900°C is blown into the furnace at the
tuyeres, This immediately reacts with coke; the resulting combustion

forming the main source of heat in the furnace. Firstly, the oxygen
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combines with carbon i.e. 0, + C — co,

Moving away from the tuyeres the oxygen concentration decreases to
the point when the carbon dioxide reacts to form carbon monoxide.

co, + C —p 20

These effects are shown in Fig. 3..

The air injected at the tuyeres normally contains varying
amounts of fuel oil and steam, and can be enriched with oxygen.
These additions react as follows:-

HO+ C —> H,y+ 00
n
(nC+H2)+-§02-—;} H, + nCO

where n is the carbon/hydrogen ratio of the fuel oil. These reactions
are complete and so the analysis and temperature of gas leaving this

region can be found via material and heat balances.

3.2.,5 Heat and Material balances

In 3.1 the general form of the differential equations is
established and in 3,2 rate equations describing the various mechanisms
are derived., The differential equations for the process can now be
assembled using heat and meterials balances to give the driving
functions in the general equations,

The equation relating gas temperature in the Lower Bosh
region to space and time is discussed as an example. The basic

equation is

o7 oT
W (g + V._g)= G
€& 3t xx Hg

where c, = concentration of ith component in gas
Si = specific heat of ith component
v = component of gas velocity in the x direction

X
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Tg = gas temperature
GHg = amount of heat generated in the gas per unit vol. per sec,
wg = Esi Cy

A heat balance gives

(25 ¢,) (;25 + ?Eisg = -H -h &N dMn hys dSi -h gi - hp, 8Fe0 ggao

- HL - HS

where 1, d¥n, aSi, dP, dFe0 are defined in 3.2 and
dt ﬂt dt ab

HL

heat loss per unit vol. per sec.

HS

heat loss due to changes of state

th, hSi’ hp, hDR = heats of reactions

Earlier, the use of oxygen/iron ratio was proposed to avoid
calculation of the reactions at each oxide level, Here the need to
calculate the water equivalent W for the solids arises, This involves
& knowledge of the oxide levels and so an assumption of binary mixtures
is made, which makes it possible to calculate the constituent oxide
levels from the overall oxygen/ iron ratio. An example is shown in
fig. 3.5.

The differential equations relating to each of the 21 elements

can be established in this way.

3.3 A numerical solution

The initial ideas behind this simulation are discussed in
Ref. 36 and were based more on intuition than on rigorous anslysis,
The burden was divided into a number of horizontal slices about
1 metre thick, with a stepwise approximation to the counter current

motion. To avoid the small step length associated with the high
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height above tuyeres (m)
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Fig. 3.5 Oxide levels given a binary mix
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gas velocity - the gas residence time in each slice is approximately
0.2 secs., = a trial gas slice was tracked through the furnace and
the result used to make a time increment of 1 minute in the burden
state vector.

To investigate this type of numerical solution further and to
seek the most efficient implementation and maximum step length,
the method is now put on & more rigorous mathematicel basis,

In sections 3.1 and 3.2 the eguations relating the concentration
of materials and their temperatures to space and time are developed
and are summarised here:-

ac

i + 0 (V_c.)=G i =1.,.n (1)
5T a":'c' x 1 i
op 3T
w g + V s
s (35 x357 ) = Gy

oT oT
w £ +V 2 =G
s &3 x5% ) By

with boundary conditions as follows:-

(1) c. (x,0) is givenfor o s x ¢<h 1=1. . m
(ii) T, (x,0) and 'J.‘g (x,0) are given for o s x < h
(iii) T, (o,t) and Tg (h,t) are given for t> o
(iv) oy (x,t) is given for t > 0 at either x = ocorx=nh

as appropriate
The first step in the development of the numerical solution is
to assume that the gas and solid velocities are known functions of

x and t. The system then reduces to

9C; & v 3 _ G, - o, v,

3t 3% ox (2)
oI, , v, 0T, . Gy / W

o o0x s

3T
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and can be clagsified as 'semi~linear', This suggests a method based
on 'characteristics',

Cousider the fundamental differential relations

dci = ac:.L dt + Eii dx
ot ax

Comparison with (2) shows that if the increments dx and dt are chosen

so that
a = &
1 v (3)
then
de at dx
G, -c iaTr' =TT (&)
i "i_x x
ox

Now (3) can be identified with the ordinary differential equation

&x =V,
at

end so, subject to the restrictions placed on Vx by the requirements
of the existence theorm for such equations, there will be a unique
solution passing through any point P(xo,to); this solution is termed

2 characteristic curve of system (1) and on such a curve

Ef_'_:V E?_Zj._:@.—ci_a:r_x_ i=1..n

at * = + 3%

Bs = v, U5 = g /¥,

at ax s (5)
ar aTr

g =V _g =G /W

dt Y Hg &

The boundary conditions suggest that these equations are
considered in two sets:=

(52) +those equations relating to gases

(5b) those equations relating to solids

For system (5a) the characteristic curves are given by
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and for system (5b)

ax =V
dat xs

In practice little is kmown about the variation of gas and solid
velocities with height in the furnace, and so these are assumed to be
constant. In an on-line environment these constants may be estimated
from the stock line velocity and the blast volume, However, in the
short term the characteristic curves are sets of parallel lines (Fig. 3.6.)

On a gas characteristic

g >g -8
a7 | g -0, Ny =gt (e
'E"E"" 1 1 E 1

9x

Expanding the function Gl in terms of values for solid concentrations

on the initial line one has
g >g >8 (o1 Zapd
de? =G}{° (P), © (P)}+.i 63 ac® +. ..
i -a""g J :
°

1

=6 o+ 2% (% A% .o
2 N
3

where Gi 1 is evaluated using solid concentrations at point Pl
juY

(1.0, 8° (Pl)) and gas concentrations at point P (i.e. ¢& (P)).

Thus, if At is chosen such that f(}:; & } is small then

g
.(.1.‘:3==G‘11(1+Ei) (6)
dt j2)3)
where
1
1 oG 1
M)
Ei NGT— j_i-f Gj At
i 1 de
PP J

Consider next the equation, dropping the Ei component
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x

Fig, 2,6 The characteristic curves for the system of equations (1)
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%
8
S5 = Gi 1
at PP

This equation can be integrated along the typical gas characteristic
GG-l under marching conditions from the point G, using one of the
many finite diffevence methods. In this case the forward Euler
Method was chosen because firstly it is the most simple and secondly

the truncation error can be kept under control by using a smell step

length.
Now integrating (6) yields
g 1
cs (1 + Eima.x) . Gi ldt
o PP
where Eimax = max Ei for points on GGl
% %
. & _ B g
o (ci ey )/cisEima.x
%
Thus if cig is used to estimate cg, the % Error - introduced

because values of ?° are taken at Pl and not from the gas characteristic
concerned - is IOOEi max,
Examples of these calculations are given in Appendix 2,

Systems (5a) and (5b) have in effect been decoupled and so having
calculated values for ¢& on the gas characteristic these can be used
together with ¢° on the initial line to calculate the values of the
gradient of 8° for subsequent use in the integration along the solid
characteristics. Several techniques have been used to carry out this
integration along the solid characteristics, the aim being to minimise
the number of gradient calculations and to lengthen the time step
that can be used for the solids before inaccuracy sets in, Schematic
diagrams of several methods, showing the integration paths, meake up
fig., 3.,7. Here the so0lid lines represent the mesh and the dotted

lines the integration path along the characteristic eurves.
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The first method simply integrates along the initial gas
characteristic and then down each solid characteristic - the maximum
time step being At = 1 minute. Problems with this method are

(i) that the state vector can only be interrogated
every fifteen minutes or so when the solid
characteristics cut the original mesh,

(i3) thet the initiel gredients G, ere not typical
of those for following steps (even in steady
conditions) and must, therefore, be recalculated
for each step.

In the second method interpolation is used to establish the
burden state vector at the mesh points after each step. Here
experimentation using the initial gradients flor consequent time
steps shows that this can be done for 2 or 3 time steps without
serious loss of accuracy.

In the third method the first one minute step to establish

é’s (x, t+1) forx=12, .. is as in Method 2, Then linear

interpolation is used to give é’s (x, t +2At%t) as follows:-
2 (t+ at) = (1 - at) 5’8 (t) + Aot a’s (t + 1)

The final method is the logical generalisation of the above,
Here the first step is the integration along the initial gas characteristic
followed by the calculation of the gradient vector E% at the initial
mesh points., Linear interpolation is then used to establish the solid
state vector and the gradient vector at points (a) and (b) respectively.
Finally integration along the so0lid charactertstic from (a) onto the
mesh point proceeds in a single step. The formulae are as followsg:-

c; (x, t +at) = ci( ) (¢) + a4 o
a
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where
. t) = (1 - v at) ¢, (x,t) + v At c.(x - Ax,t)
c:"(e.) ( ﬁ; i x T ’

d=(1=2v At) GF (x,t) +Av & GF (x - Ax,t)
=/ i — i
Ax Ax

Successive application of the above allows the complete solution
of the original system to be generated. Trial calculations on a
typical equation, say

dFe0 _
dat =~

K FeO

indicate that the last method is best in terms of accuracy and stability
whilst also being straightforward to implement. In practice operation
with A = 3 and At = 3 mins, has provided & successful simulation of
transient operation.

When implementing the integration along the initial gas
characteristic particular care must be taken on the boundaries between
regions and when discontinuities such as melting occur, Generally
these boundaries do not lie on mesh points and so linear interpolation
has been used to include relative proportions of reactions from both

regions. To increase the accuracy at these points the forward

Euler method is replaced by a Predictor-Corrector method.
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Some simulation and trial results

In this chapter some comments are made on the more practical
problems associated with setiing up and running the proposed model
for a particular furnace and practice. The results of both off-line
and on~-line modelling exercises are then presented and discussed,

As with other large industrial simulations the problem of
parameter tuning arises and this is complicated if the model is
non-linear in the parameters. To make progress here it is usually
better to start by adjusting the parameters manually according to
& logical assessment of steady state levels and having regard for
the fundamentals of the process, Vhen checking the dynamics of the
model any misfit may well indicate that the form of the driving
function is incorrect in addition to the parameters. An example
is the silicon/cteam injection response which is discussed later and

highlights the need for an understanding of the plant behaviour,

L.1 The problem of initial parameter estimates
The model proposed in Chapter 3 takes the form of a simulation,
Information regarding the burden, the blast and the burden descent
rate is fed to the model (as boundary conditions) at regular
intervals (Fig. 4.1), together with a set of thermodynamic and
chemical parameters specifying the process. A convenient interval
for these calculations is one large bell dump (approximately 6 minutes).

The result is
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(i) an up-to-date estimate of the composition and
temperature of burden and gas throughout the
furnace,

(ii) an estimate of the amount and analysis of hot
metul and slag in the furnace hearth,

(iii) a calculated top gas analysis and temperature.

The kinetie constants depend on operating conditions and
burden characteristics and, therefore, have to be estimated initially
and then corrected during furnace operation, To keep the number
of parameters requiring attention to 2 minimum a rather elementary
analysis of the process chemistry was proposed in Chapter 3 and

this introduces the following parameters:-

Reduction of iron ores
rate constants for indirect reduction (Stack and Upper
Bosh)
equilibrium constant for indirect reduction
rate constant for carbun solution loss
rate constant for direct reduction
Heat transfer
s01id/gas heat transfer coefficient
effective areas for heat transfer (Stack/Afpper Bosh and
Lower Bosh)
heat loss
Silicon
rate constant for Si0, + 20 - Si + 2C0

2

Miscellaneous

rate and equilibrium constants for manganese reduction
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Hearth heat loss

hydrogen utilisation

where the important constants as far as tuning the model to a
particular practice is concerned are those in the first three groups.

Averaged plant input and output data can be used to provide
the initial parameter values and for this a thorough understanding
of the type of equation used to describe phenomena such as direct
and indirect reduction or heat transfer is necessary., This is backed
up by a set of parameter step responses (Figs. 4.2.1 - 5). Bearing
in mind the genmeral features of the ccmposition profiles (from probe
experimnnts), such as the s shaped temperature profile, the parameters
are gradually tuned so that the temperature and analysis of hot
metal, slag and top gas from the model agree with those from the
plant, OFf course, some of the parameters, such as the rate for
carbon solution loss, affect the shape of the profiles but not ths
actual outputs and so the final estimates are not unique,

Before commencing the parameter fitting it is important
to check that the data balances. That is for example, that the
amount of carbon in the top gas plus that in the hot metal balances
with the total amount charged. A useful check here is to draw the
three 'Rist' operating lines (Chapter 2) by permutating blast volume,
top gas analysis and coke rate (Fig., 4.3). The closeness of the
three lines indicates whether or not the data balances.

A certain amount of trial and error is unavoidable in this
procedure, but further reference to the parameter step responses,
and the use of the operating line to assess the degree of misfit,
suggests how this can be kept to & minimum, Consider each parameter

step change in turn and its effect on the operating line,
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(i) the I.R. equilibrium constant, the I.R. rate
constants and the D.R., rate constant simply vary
the proportions of direct and indirect reduction,
This represents a pivot of the operating line
about the intercept A, (Fig. 4.4), the resulting
variation in silicon only slightly affects this
interecept,

(ii) the rate for carbon solution loss leaves the
operating line unchanged,

(iii) parameters associated with heat transfer and the
silicon rate only marginally affect the operating
line; the intercept tends to move vertically
in proportion to the silicon content whilst the
upper end of the line remains practically

unchanged. This results in a pivot about B

in Fig. ll-ell-o

An example of this latter case is the increased heat loss,
Initially the 1250°C isotherm moves towards tuyere level and the
isothermal region contracts causing a severe drop in the amount of
direct reduction, less reducing gas in the Stack and thus less
indirect reduction, and explains the rise in % N,. Then as the
comparatively unreduced ore reaches the Lower Bosh the amount of
direct reduction increases and the balance tends to be restored.

Bearing these points in mind parameter tuning can be resolved

into four stages:-—

Stage 1

Set the indirect reduction equilibrium constant K to the top

gas CO/CO2 ratio minus 0,1 and the hydrogen utilisation, This value
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for K ensures that the plant top gas is not beyond the equilibrium
value and generally brings the computed and actual top gas analyses

closer together.

Stage 2
Tune the nodel to have the correct 0/C ratio for the top gas.

Firstly, tune the rate for direct reduction to give the correct
amount of FeO in the slag. Then use proportionate changes to the

rate constants for indirect reduction,

Stage 3

Correct the top gas temperature. The choice between the heatl
loss or heat transfer parameters depends on the silicon level., If
both the top gas temperature and the silicon level are high use the
heat loss. Then correct the silicon level using the silicon rate

constant,

Stage L

Tune the miscellaneous parameters.

The effect of each stage on the plant and model operating lines
is shown in Fig. 4.4. The application of these rules serves as a
course tuning, and re-application of Stages 2 and 3 is generally
required to correct any slight interaction.,

Typical steady state results from the tuned model are shown
in Table 3, The small differences between the top gas and slag

analyses, and particularly %Hz, a0, %A1 03 and % Mg0, point to
2

errors in the overall material balances. This is discussed further

in Chapter 6.



7.

TABLE
Model Model Operational .
Measurement Tnput | Calculation Data Unit
Furnace Data
Hearth diameter 6.096 - 6.096 mg
Effective volume 727.78 727.78 m
Effective working
height 19,66 19.66 m
Charge
Sinter 7he3 7h.3 %total burden
Scrap 17.0 17.0 %total burden
Carbonates 0.2 0.2L %total burden
Coke Ash 10.55 10,565 Ztotal coke
Coke Carbon 83.58 83.58 %total coke
Burden charge rate 40.32 40,32 t/h
Coke charge rate 13.75 13.75 t/h
Coke consumption S547.5 547.5 kg/f pig iron
Blast
Hot blast volume 37000 37000 w/h
Hot blast temp. 800 800 o¢
Hot blast moisture 4.7k L7k g/m?
Injected oil 0 0 ')
Oxygen content 21 21 % total blast
Top Gas
Temperature 216 192 °%
€0, 16.45 16.30 Ztotal volume
co 24,50 24,70 Jtotal volume
Hp 1.07 1.00 fotal volume
No 57.98 57.98 %total volume
Pig iron
Temperature 1500 1,50 o
Output 24..85 25.13 t;h
C 4,20 4,20 Ttotal weight
S 0.042 0,042 Ftotal weight
Mn 1.50 1.20 Ftotal weight
Si 0.75 0.75 Ttotal weight
P 0.30 0.31 Ttotal weight
Slag
Temperature 1525 1500 °c
Volume 314.0 315,.5 kg slag/t iron
FeO 0.36 0.40 %total weight
810, 33.42 33,00 Ttotal weight
A1203 16,60 17.22 Jtotal weight
Cal 40,64 12,69 Ttetal weight
MnO 1.71 1.07 %total weight
Mg0 4.83 4.36 Ztotal weight
S 1,08 1.07 %total weight




78-

A selsction of composition profiles for two practices, one
using predominently a rich Hemersley ore and the other 60% sinter,
are shown in Figs. 4.5.1 to 4 and can be compared in general terms
with the profiles in Figs. 2.3, 3.2 and 3,3. The general characteristics
are indeed displayed by curves from the model and this suggests that
the analysis of the process chemistry is adequate, The curves underline

certain facets of blast furnace behaviour:-

(1) a 'Preparation Zone' in which the charge is
preheated and dried; and
(ii) a 'Thermal Reserve Zone' in which the gas and
solid temperatures are approximately equal
and relatively steady,
but no evidence is apparent in the oxidation profile of a 'Chemical
Reserve Zone'.

The profiles also suggest an interpretation of how the process
develops. As gas leaves the tuyere level direct reduction of the
liquid primary slag rapidly increases the proportion of carbon
momoxide, When the gas encounters solid ore lumps (at temperatures
below 1250°C) gaseous indirect reduction occurs, with carbon solution
loss regenerating reducing gas for use in the Stack, At temperatures
below 95000 indirect reduction proceeds alone and any limestone
present decomposes, Below 400°C the constancy of the profiles suggests

a complete lack of chemical activity.

4.2 An assessment of certain dynamic responses
The next useful step in the verification of the dynamic model
is to examine and compare the results of input step tests with

published results (Table 4)., The following step responses are
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Author

The proposed model

Vidal (Ref, 16)

Barbieri (Ref. 18)

Staib (Ref. 15)

Rebeko (Ref. 7)

D, Bulter (Ref. 37)

TABLE L

Plant Transfer Functions

Steam Injection

Grains/'f’t.3

- .058
1+ 2.8s

8s

hnd 5021 + .Ooze-

1+ s 1+ 1,58

-.0
1+ 3.ks

- .023

1+ 2s

Blast
Temperature

%

.002
l+ 6,28

.002
1+ 1hs

Coke Rate 0il Rate % Oxysen
kgms/t ore g/N'm3
,0LLe=SS ,0286725 ¢ .05
1+ 8s 1+ 1ls T 1+ 3.58
.Olge_l2$
2
(1 + 4.3s)
.0156~58
1 + 16s
gain = 016 .OZe-th
1+ lgs
.016e—l"'5s .0
1+ 758 1+ 2.25s
L0176 "*S
I+ 16s
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shown in Tigs. 4.6 - 10:=

Steam injection + 3.4 grains/f‘“t.3
Blast temperature + 50°C

Coke rate + 16 kgms/tonne of ore
0il injection 6 kgms/Nm3

Oxygen enrichment 2%

These tests were carried out on the assumption that the gas
velocity is held constant at 5m/sec and that the movement of the
burden is in proportion to the carbon burming rate at the tuyeres.
The solid velocity is, under these conditions, a linear function of

blast volume, steam injection, o0il injection and oxygen enrichment.

4,2.1 Steam injection

This causes gquite a rapid cooling of the Hearth., The dissociation
of the steam lowers the flame temperature and increases the carbon
burnt at the tuyeres (and, therefore, production)., For this response
fixed constants are used for the indirect reduction rate terms and
s0 no account is taken of the more efficient reduction in the Stack,
a consequence of more hydrogen in the gas. So far only Vidal
(Table 4) has attempted to quantify this effect. If more conclusive
information becomes available the rate terms can be made linear
functions of the % hydrogen in the gas.

The response is modelled accurately by a lst order linear
system with a time constant of 2,8 hours, However, further step
changes of different siges show that this time constant can vary

considerably as the silicon level changes (Fig. 4.11).
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Step Responses from the Simulation
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4.,2,2 Blast temperature

This response reflects the increased heat input and is again
characterised by a 1lst order linear system with a time constant of
6 hrs. This response is slower than that for the equivalent change
in steam injectinn, In the latter case a greater rise in flame
temperature occurs and the water equivalent of the gas is reduced.
This means that any additional heat transfer occurs nearer to the
tuyeres and, therefore, affects the silicon earlier.

Further step tests indicate that the gain can vary from
0.0052 by as much as 30% (Fig. 4.12). This appears to be a non-
linearity inherent in the silicon equilibrium factor and so these
variations in gain are likely on each of the channels affecting

silicon,

L.,2,3 Coke rate

In this case the total iron charged was decreased, which
decreases the thermal load - hence the increased silicon. The
response is characterised by a dead time of 8 hours and a single

time constant of approximately 8 hours.

4.2, 0il injection

Here the injection of carbon tends to reduce the furnace drive
and results in increased silicon despite the extra thermal requirement
of preheating the oil, The response has a 2 hour dead time and a

time constant of 11 hours.

4e2,5 Oxygen enrichment
This causes an immediate increase in production., The higher

flame temperature due to increased combustion per unit blast tends
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to increase the silicon level slightly.

The conclusions from this discussion are:=

(1) 1In general terms the responses calculated using
the dynamic model agree with published results,
although some differences in gains and time
constants are apparent. Figs. 4,11 and 4,12
suggest that different input levels and in
particular the silicon level are possible
reasons for this. Also the dead time involved
may well be dependent on furnace size and on
the blowing rate.

(2) With reservations about the parameters, the
responses can be described by a single time
constant together with in some cases a dead
time, Figs. 4.11 and 4.12 show that these
parameters vary such that the furnace cools
faster than it can be heated and that the
effect of the controls becomes less as the
furnace cools. Operators experiences generally
back this up.

(3) The principle of aperimposition appears to hold
for normal operation,

4,3 A simulation of normal furnace working

The accuracy with which the model can predict the plant silicon

values can only be established by direct comparisons with plant

operating data. Such comparisons are shown in Fig, b.13,
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The model has been programmed in Fortran to run on an Argus 500
process control computer at British Steel Corporation's Port Talbot
Works as part of an automation project. The model is segmented to
occupy 8K of core store and runs at 1/16 of real time., For the
purpose of this romparison the model is fed with data regarding the
blast and charge and a measured stock descent rate (Pige 4.1).

The use of information regarding the rate of descent of the
stockline has been the subject of much experimentation, Initially
the burden velocity throughout the furnace was assumed to be
proportional to that at the stockline., However; it soon became
apparent that during irregular driving conditions the movement of
the stockline did not reflect movement in the Bosh and Hearth or
vice versa. The method which gives the best simulation of both
normal and irregular driving conditions is to calculate a burden
velocity at the tuyeres, in proportion to the rate at which carbon
is burnt, and one at the stockline., The velocity at any particular
height is then found by linear interpolation.

The degree of correlation between plant and model silicon
levels, which can be achieved over periods of one or two days when
the parameters have been correctly estimated and then held constant,
is shown in Fig. 4.13. Between 30% and 70% of the variation in
silicon is explained by the model output. If past silicon values
from the plant are used as they become available as a new starting
point more of the silicon variation is explained.

These results again suggest that the representation of the
process chemistry is adequate.

Fig, 4.13.3 shows that, at times, a bias exists between plant

and model, indicating parameter drift, The results discussed so
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far are based purely on measurements of the charge and blast - no
use is made of the plant top gas, one of the critical variables in
other schemes (Chapter 2), Methods for improving the accuracy of

the model on~line, by using top gas and cast analyses are discussed

in Chapter 6.
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Methods of control using the simulation

In Chapters 3 and L4 a simulation of the blast furnace process
is developed which allows transient behaviour to be followed. In
this chapter this model is used to examine certain control system
design problems, and indeed becomes an integral part of the plant
control systems,

At first sight the plant input/output diegrem, Fig. 5.1,
suggests a complicated multivariable control situation. In
practice this is not the case, Control can be broken down into
three practically independent areas:w

(i) control of the thermal balance
(ii) control of the Hearth chemistry

(iii) control of the production rate

Control of the Hearth chemistry is implemented by burden
preparation (to establish the consistency of materials) and by
accurate proportioning of materials into the furnace. This latter
item is the subject of local control loops correcting for weighing
errors and variations in the material analyses. Levels of production
are limited by furnace size and are approximately proportional to
the amount of carbon burnt in front of the tuyeres, Thus, blast
volume and oxygen enrichment serve to regulate production,

Operators are, therefore, left with steam injection, blast temperature,
0il injection and coke rate with which to establish and regulate
the silicon content of the hot metal - this is equivalent to control

of the thermal balance if the Hearth chemistry is stabilised.
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The importance of blast furnace coke rate on costs is
paramount since it is the largest single item of conversion cost
in an integrated steelworks, The problem uppermost in operators'
minds is, then, to choose levels for the blast inputs which serve
to control the silicon content and minimise the coke rate.

In view of the long and widely different furnace responses
that are involved, operators wisely choose to use a single input
(generally steam injection or blast temperature) for silicon
control and then gradually tune the other input variables towards
their most economic levels, making perhaps one or two changes per
day. Apart from the problem of exceeding the practical limits
on furnace inputs there is little to justify the extra complication
in using simultaneously two or more inputs for short term silicon
control and so two areas particularly warrant further investigation

(1) control of silicon using 2 single input

{31) attainment of the most economic operation,

5.1 Control of silicon using a single variable

From the description in Chapter 1 it can be seen that the
mein factor limiting the performance of manual control is the
very low frequency at which information becomes available, Here
the use of the simulation as an observer transforms the system
into effectively a continuous one and widens the scope for feedback,
optimal and predictive control techniques,

It is by no means apparent which of these techniques is
best suited to the particular problem of silicon control and the
non-linear dif'ferential equations are difficult to use directly

for design purposes. However, the step tests carried out using
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the model, and discussed fully in Chapter 4, and the results of
other researchers! experiments on plant (Refs. 13, 15, 16, 18)
suggest that the important input/output relationships from the
control point of view, i.e. silicon/steam injection,silicon/hlast
temperature and silicon/coke rate, are fairly well behaved (Fig. 5.2)
and that superimposition holds over a reasonable rasnge. By replacing
both the plant znd the observer by first order linear systems, and
an additional btransport delsy where coke rate is concernmed, the
transition from one silicon reference value to another can be
studied and some insight gained into the respective systems,

Two single input/single output models will be used

Si + 0,358 51

0.478 - 0,021 u

and
Si + 0,166 Si = - 0,537 + 0,000835 6
where
6 = Dblast temperature
u = stean injection rate,

The degree of fit between the non-linear model and the first order
systems is shown in Fig. 5.3.

In analysing the various systems the initial condition is

Si (o) = 1.1 i,e. u = 4,0, 6=2868,0 t < o
and

Si ref = 0,65 %

5.1.1 Manual control
In order to establish comparisons, two manual systems are
included. The first, Fig. 5.4 (&), is a completely feedforwerd

system in which the new input is that corresponding to a steady
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6utput level, Si ref, The system response is quickly established
Si (t) = 0,65 + 0.45 e~2%
but with the noise levels associated with the blast furnace process
the system is seldom of use,
The second system, Fig, 5.4 (b), uses proportional feedback
and an integrator in the forward path, the sampling interval
being every cast. The open loop transfer function is

G-(S) = Xb

s (8 + a)

and so

G(z) = ¥ (1 - e-aT) 2
a(z-1) (z-e-am)

The closed loop transfer function is, therefore,
Kb (1- e_a$)22
a (2 - zl)(z - zz)(z - 1)

where Zq and z, are the poles of the closed loop transfer function,

2
Use of the 'Complex Inversion Formula' yields the time response of
the systenm,

Responses using both gyeam injection or blast temperature
as the control input are shown in Figs. 5.5.1 and 5.5.2 where K
is chosen to give both an underdamped and a critically damped
response, The continuous output response of the sampled data system
is estimated by connecting the discrete output sequence by a smooth

curve; this can be justified because the sampling frequency is

substantially higher than the natural frequency.

5.1.2 Systems using the model as an 'observer!
The next logical step is to include the non-linear model
in the feedback loop as shown in Fig, 5.6 (a); in this way the

constraint on sampling every oast can be avoided.
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Firstly, from the critically damped responses shown in
Figs. 5.5.1(b) and .2(b) it can be seen that the use of a faster
sampling rate with the second manual system yields hardly any
improvement in response., To make further improvement continuous
control must be introduced. A single proportional term yields
an offset and so a proportional/integral controller is the obvious
starting point.

The closed 1oop transfer function is

G(s) = (st + Ki) b
s(s + a) + (st + KI)'b

Using the no overshoot condition

(a + Kipb)2 = JKb
to relate K? and Ki, controller design reduces to finding a value
for K_ which yields input values which are realistic in terms of
practical limits. System responses are again shown in Figs, 5.5.1 ¢
and ,2 ¢ and show a considerable improvement over manual control,
This design procedure moves the zero of the open loop transfer
function and thus the working point A (Fig. 5.6) along the negative
real axis, An alternative approach is pole zero cancellation,

To judge whether any further improvement is possible with
this type of system consider next optimal control based on the
'IQP! problem. To simplify the algebra introduce x{t) and v(t)
such that

x(t) = Si(t) - Si ref,
and

%+ oax=-aSiref. + asi’ + bu =v

Defining the cost function as

s(T) =f (Q x2 (=) + Rv? (7)) ar
)
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then the solution of 'Bellmans Equation!

" 21 L) cavi(e) + (o(8) - ex(9)) 2 |

where

s(x(t), t) = Ivh(‘z) j: (Q xz('r) +R v (x)) ar

yields the function v(t) which minimises s. This generally
reduces to the solution of a Riccati differential equation with
boundary values at t = 0 and t = T, Fortunately, in this example
an analytic solution is possible (Ref., 38) and these are shown
in Figs. 5.5.1 d and .2 d, values of Q@ and R being chosen by trial
and error to give satisfactory performance,

Another slightly different problem can be posed by consi:rain:‘mg
the input variable rather than, as in the last example, including
it in the cost function. In this case the conbrol objective is to
minimise

s(u) =/T (81 - Si ref.)? at

subject to the constraint §u - ups<d, 6.5 o
Again introducing new variables to simplify the algebra
u = G + Vv

Si:xl+k+bﬁ
a

the augmented system becomes

Jtl = —a.x1+bv

. 2
) |

The 'Maximum Principle' expresses the optimality conditions for

such systems in terms of a Hamiltonian function

H(» x, v) =2h; X
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whera

with

MT) = {;’ “‘

o

According to the Principle the function u(t) which maximises xz(T)
also minimises H( A, x, v)
Therefore
A3 . %
v =-8 sign (bl)\1 )
where

b

hl is the solution of
. %
xl = - axl + bv

A -
1= -2

and given

>
0

xl(o) and kl(T) =0

Again, for this relatively straightforward example a numerical
solution is unnecessary; one cvan argue that v will initially be
at + & , depending on xl(o) and will switch to zero as xl(t) becomes

Zero.
The system responses are plotted in Figs. 5.5.1 ¢ and ,2 e

and suggest that the performance of the PI system can only marginally

be improved by optimal techniques.

5¢1.3 Feedforward Predictive Control

Powell (Ref, 39) has discussed a predictive control technique
with reference to analogue and hybrid systems which uses a future
trajectory of the system error and gives a piecewise constant control

action, Several reasons suggest that this type of system is ideally
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suited to silicor control:

(i) One feels instinctively that continuous

(i1)

controllers are somewhat of a luxury on systems
with extremely long time constants and that
operators would be much happier with systems
which keep the inputs constant for reasonazble
periods of time,

One feature of the blast furnace process is
that some of the transfer functions such as
silicon/steam injection or silicon/blast
temperature are reasonably well behaved

while others such as silicon/burden

basicity are much more difficult to

handle and involve long and variable time
delays, With predictive control the full
non-linear model can be used to handle
dicsturbances on the more difficult

chamnels vwhile a much simpler linear

model is used on the control input channel

to simplify the optimisation,

Many of the disturbances effecting the process
originate in furnace inputs e.g. unavoidable
changes to the blast variables or variations
in the burden material analyses, and are often
known in advance, Systems in which such
disturbances are fed forward have the
advantage that the control is applied earlier
and is therefore, smaller in magnitude, Such

systems will also make better use of the
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severely limited amount of fast acting control
that is availeble, that is without recourse to
a burden change, and are less likely to come
up against the input constraints.
To develop feedforward predictive control consider Figes 5.7.
Here the non-linear simulation is run in real time in parallel
with the plant in order to estimate the current furnace condition,
This is then used as the starting point for the fast version of the
simulation, running with constent blast inputs, which gives the
future silicon trajectory.
The control u(t) is given by

J = Min f%_- [8i ref. - Si (% +t /u(%)) 1% ar
u(tlge “°

Now introducing a simplified linear model for the control input
T

Si (t+7/u) =58 (6 +7/u) + j (as) ~u,) W(=- s) as
t

where W(t) is the impulse response and Si (% +T/h°) is given by

the fast dynamic model,

Knowing that the control u{t) will be recalculated at
regular intervals the problem can be simplified further by seeking
the best constant level for u(t), In this case

Si (t +¢/u) = Si (¢ +fr/h°) + hiz) (u ~ uo)
where h(v) is the step response,

Now .%% =f [Si ref, - Si (t +7 /u) Ih(z) d=

(]

and

T
u=u +j° [Si ref, - Si (¢t -H:/uo)]h(q:) dx

]T h(z) h(z) d«

0
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In order to gain some insight into the performance of the
system and to establish values for the prediction time T and the
frequency of control, both the plant and the dynamic models are
replaced by the simplified linear model.

S.i+ asSi=kk+ bu
If u = - k/b
and the simplified model and the non-linear simulation are identical

then

81 (t +7/u_ ) = 81 (%) e 27

Now
u=u + 8iref. ]:h( T) dv i Si(t)]:h('t)e-ag't
T T
[h( <)h(c) dv fh('t)h('t) az
o o

and the response is

Si (t) = Si ref. + (8i(o) - Si ref.) e A(T)t

The response of this system is limited only by constraints on the

plant inputs, Performance is satisfactory with T = 6 hours, and

no stability problems occur if a value for T below this is used,
When the sample and hold is introduced the open loop transfer

function is

(1 - T1) BK,(7)

i G+ e)
and the closed loop transfer function becomes
51 (z) = DbK,(T) (2 - e~%T1)/a
2 - 60l b K(D) (1~ e ¥1)/a

Consideration of the denominator shows that the system can be

unstable if T,, the sampling rate is large with respect to T the

1’
prediction time, Satisfactory performance is given with Tl = 3 hrs
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and T = 6 hours,

The response of this system to the usual initial conditions
is shown in Figs. 5.5.1 f and .2 £ and compares favourably with
the continuous systems,

Notice that this gives a linear control law which can be
realised by the diagram of Fig. 5.8 However, if the simplified
linear model and the complex simulation do not give the same
predicted behaviour then Si (t +r/h°) must be set equal to the
time function predicted by the simulation and the control law is

non-linear and camot be represented as in Fig. 5.8.

5.1.4 Comments on the above systems

The important assumption upon which this discussion of silicon
control is based is that of linearity. In particular both the plant
and the observer are described by a first order linear system, In
view of this some comment must be made regarding possible errors
in the model used as the observer,

In Chapter 4 the accuracy of the non-linear dynamic model
is discussed and the success or failure of any of the schemes depends
heavily on this, The conclusions in Chapter 4 were that an extremely
high degree of correlation exists between plant and model, although
at times some offset is apparent, Such offsets will be transmitted
through the controller and must, therefore, be estimated and removed,
by regular comparisons between plant and model, With predictive
control a partiocularly convenient procedure is to initiate the
calculation of the future silicon trajectory at the start of each
cast, and then wait and fix its relative level when the cast

analysis is known, before calculating the control.
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The feedback systems have been conservatively designed and
80 any variation in the gain and time constant on the control
channel is unlikely to seriously affect the system performance,
In the predictive controller a little more care is necessary and
it is advisable to update the linear model regularly by running the
non-linear simulation with a step input.
The following conclusions are drawn from Fig. 5.5.1 and 2
(1) Considersble benefit is likely with model
based silicon control systems, although to
achieve this it is not sufficient to simply
ask operators to make more frequent control
actions using their normal procedure and based
on the output from the model.
(ii) The bang-bang type of optimal control gives
the best response in the test case, but this
is only marginally better than that of the
two term controller which is more straightforward
to implement., 3Bung~bang control, however, has
the advantage that the controls can conveniently
be made by an operator,
(iii) Predictive control is particularly well suited
to silicon control and allows the plant inputs

to be held steady from cast to cast.

5.2 Control of silicon using a blast variable and the coke

rate

A problem touched upon earlier in this chapter is the limited
amount of fast acting control, that is steam injection or blast

temperature, available at any particular time. On many plants
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disturbances in the burden are so great that alterations alsoc have
to be made, in the short term, to the coke rate in order to stabilise
thermal conditions. This type of system can be organised so that
the primary loop uses one of the systems described in 5,1 with blast
temperature or steam injection, whilst a secondary loop uses the
coke rate to centralise the primary input within its working range.

An insight into the design of the secondary loop can be gained
by the application of Z transform theory to the example in 5.1 and
again adopting a linear representation of the plant., Where processes
with dead time are involved the 'Q' method suggested by Higham
(Ref, 40) is useful,

Consider Fig. 5.9. Predictive control is used in the primary
loop with blast temperature as the control, Contrel is given by

1 Min ff [Si ref, - Si (t +7/u(t)) 12 ax

2 u(t)eado
It was shown in 5.1.3 that for the linear plant and model the
control u(t) is proportional to Si(t).

The coke rate control is to be designed so that the overall

response is as in Fig, 5.10. The closed loop transfer function is

therefore

= Q

1-(1-9)t

where Q is a parameter to be tuned during commissioning.

Now if D(z) G(z) is the open loop response then

D(z) &(z) _ 2
T+ D(e) 6(z) = _ 1 - Q)Z—l
. D(z)=_1 gz

. “z) 1. @-gEt- e
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In this example G(s) is of the form

G(s) =K (1 - e‘ST) 8¢

8 1+ sTC

25T
e

where 8, and TC are the gain and time constant of the silicon/coke
rate channel and T is the sampling interval i.e. 1 cast (3 hrs
approximately).

and so

&(z) = Kg, (1- e-T/Tc) 7>
l-c¢

-T/T, -1

Following the algebra through the change in the controller output
is given by

aD(z) = @ (1 - o /% 1y
K g, (1 - e-quh) (1 + Qz-l + QZ-Z)

This equation fixes the current change to be made to the coke rate
in terms of the current and past blast temperature differences and
past coke rate changes. The controller is, therefore, fully specified
and implementation within the computing system is fairly straight-

forward.

5.3 Atteinment of efficient operation

Opinion amongst ironmekers regarding the most economic levels
for the blast inputs tends to vary from plant to plant and often
depends on the current state of equipment ete. Many agree, however,
that in order to minimise the coke rate and yet still maintain a
reasonable degree of silicon control

(i) blast temperature should be held at its
maximum subject to a reserve to guard against

sudden chilling of the furnace hearth



(ii) oil injection should be at the highest level
that can usefully be burnt at the tuyeres

(iii) steam injection should be sufficient to give

short term silicon control,

Having fixed these operating standards operators are faced with
the problem of establishing them following stoppages or slack blast
periods, Because changes to the coke rate are involved this is
often a time consuming process and is one in which use of the nop<linear
simulation can help considerably,

As with silicon control, the use of hill climbing routines with
the large and complex non-linear model is not a practical proposition,
One solution, which presupposes that simplified models are available
for the control channels, is to extend the ideas of predictive control.

The main difference between plant set up and silicon control
is the time scale, With silicon control a single step change for
steam injection or blast temperature is calculated perhaps once
every 3 hours, For plant set up coke rate changes are involved and
with the associated time delsy can take up to a day to be fully
effective, Because this response is so completely different from
those of the blas% variables a sequence of step cha..>s is considsred.

With this in mind comsider firstly finding u(t) to minimise

]TK (u - u )at

2 2 0

T
J = ;_/ [si, - Si(t/u)] 236 + 1
0
where u¥ is the operational standard and the form of u(t) is shown
in Fig. 5.11.
Introduce a linear model for the control channel
8i(t/u) = Si.(t/uo) + h(t) (u1 - uo) + h(t - AT) (u2 - ul) e e e
where h(t) is the step response and Si(t/ho) is celculated using

the non-~linear model.
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Then

= f[Sic - 8i(t/u) ][ h(t) - h(t - AT)] at + KAT (ul - u*)
(o]

T %
=f [Sic - 8i(t/u)] [h(t = AT) = h(t - 2 AT) ] at + KAT (u2 -u)
(o]

au = * L] L ] - [ ]

and these reduce, after substituting for Si(t/u) and re-arranging,

to a set of linear algebraic equations yielding Ups Ug o & o U

Now extending this to the multi~input case 4(t) must minimise

T T . .
J =%/°[Sic- si(/2) ] %at +_I;1_ jo (u; - w)® ab +.§2f: (u, - up)? at

T 2 T
LY
+ Eﬁ (u; = u,)dt + X '/ u, at
2j03 3 b L

o

where Uy = steam injection
u, = blast temperaiure
u3 = o0il injection rate
uh = ocoke rate
Ei, Kz, K,, Kh = respective cost constants

% 3 &%

10 Yps Uz respective operational standards

Using the method developed for the single input situation the
problem again reduces to the solution of a set of linear algebraic
equations, The solution of these equations, with careful choice
of the cost constants, gives a sub-optimal (and hence reasonably

efficient) schedule for re-establishing the operational standard
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input levels and a minimum coke rate, following disturbances to
production,

Initial studies of this procedure suggest two step changes
to the coke rate at t = 0 and t = 18 hrs, step changes every 6 hrs
for steam injeotion, blast temperature and oil injection and a value
for T of 36 hrs.

If constraints are introduced then the problem becomes one
of constrained optimisation, Certain techniques are available but
the implementation is by no means straightforward. One possibility
when an input constraint is not satisfied is to fix this particular
input at its constrained value and then resolve the linear equations

for the remaining controls.

5.4 Concluding remarks

The use of the non=-linear simulation has been discussed in

three areas:-

1. Silicon control using a single blast input
2, Silicon control using a blast input and the
coke rate

3 Plant set up.

In each case linear approximaéions, based on both simulation and

plant experiments, have been made to simplify controller design

procedures, and in each case a control configuration is proposed.
Calculations shown in Figs. 5.5.1 and 2 suggest that the benefits

in terms of better silicon control are quite large. But it must be

remembered that the final performance of these systems is very much

dependent on correct predictions from the on-line simulation and

so any final evaluation must await on-line plant trials,
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CHAFTER 6

Methods for improving simulation accuracy in an on-line

environment,

In Chapter 5 several methods of controlling silicon content,
using an on-line process simulation as the basis, are discussed,
Any subsidiary calculations which for example estimate the current
efficiency of the process and which can be fed back to improve
the accuracy of the simulation are likely to be of direct benefit
in terms of the overall system performance.

Here three such systems, which are easily implemented, are
exemined, one estimating the blas between plant and simulation
silicon levels, another correcting the materials input to the
simulation and a third varying chemical and physical parameters
in the simulation to correct the calculated top gas analysis and

tempersture,

6.1 ZEstimating the silicon bias

The numerical simulation running from data regarding the
blast, charge and stock velocity, and a particular parameter set
gives unique operation, whereas the plant caen be affected by a host
of other normally slowly varying factors, For example, the blend
of ores and the type of coke used, physical and chemical properties
of the burden materials or the charging pattern. In the simplified
analysis of the process and the resulting eguations, given in
Chapter 3, these effects are lumped into the unknown physical,
chemical and thermodynamic parameters, As long as their variation

is reasonably slow such disturbances show themselves as an offset
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between plant and simulation, This type of effect is shown in Fig. 6,1,
where on-line plant and simulation results are plotted for thirteen
casts,

To avoid the fairly lengthy re-application of parameter
tuning as deseribed in Chapter 4 whenever an offset exists, the
offset can be estimated using a simple lag filter. The result is
also shown in Fig, 6,1 and generally represents a significant
improvement in accuracy. In practice at Port Talbot manual
re-adjustments to parameters is now necessary only when major

changes to practice occur,

6.2 Correction of material flow

A major problem associated with material balances for the
blast furnace process is accuracy. The process environment and
the vast quantities of material involved are such that one has
extreme difficulty in obtaining correct material weights and
representative analyses, The situation is further complicated by
the considerable and varied time delays involved as materials pass
through the ironworks area, In view of this an iron balance can
easily show errors of up to 5% and balances for the trace elements
considerably higher,

The numerical simulation is founded on material balancing
and so any error in the chemical element weights charged will be
transmitted through the simulation and into the calculated hot
metal and slag analyses.

Before discussing a system to correct for these errors it
is important to note that at least on No, 5 furnace at Port Talbot,
the errors vary slowly in relation to the fundamental sampling rate

(1 cast). For example, the percentage errors in a weekly A1,0,
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balance were
5.41 8,67 11.73 9,08
and 8.221- 7-99 5079 50’4-5

for two four week periods and more generally the errors are often
of the same sign for periods of 2 or 3 weeks. It is, therefore,
in order to consider the system in Fig., 6.2.

Rather than make a direct comparison of plant inputs and
outputs and thus neglecting the considerable transport delay, a
comparison is made between the output of the simulation and the
plant after each cast and corrections fled back on to the simulation
inputs,

Allowing for some mixing as the burden passes through the
furnace, the plant (and simulation) can be deseribed for design

purposes as

1 e~ 2sT

1+ sTm

where %n is the time constan: associated with mixing (approximately
1 hour) and T is the cast interval, The design procedure suggested
by Higham (Ref, 40) and used in 5.2 is again applicalle and yields

Q (1 - exp T/T) L
(1 - exp (-T7@m)) (1+ 0t + Qz™2)

aD(z)

This relates the change in correction to immediate past changes
and errors, and is easily implemented.

The technique can be applied to all elements in the hot metal
and slag with the exception of carbon, That is

8i0,, 41,05, Un, Ca0, ¥g0, S, P.
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The ecarbon balance is affected by uncertainty regarding the hot
blast volume and is subject to accumulation in the coke reserve,
It is also important to note that the corrections cannot be absolute,
because the weight of slag produced by the plant is generally not
known.

Initiel on-line tests show that a typical correction is

8102 .A1203 Mn Cal Mg0 S P

- 042 - 1093 - ,0199 - ,0721 ,0079 - ,0181 - ,0018
cwts/ton
hot metal

and to put these figures intc perspective they have been converted
into percentages of the total element inputs

8102 A1203 Mn Cal Mg0O S P

- 2,1% - WF - 9.2% = 3.5% 1.2% = 19.8% - 6.3%

In closed loop operation the error in corrected output rates from
the simulation can normally be held at less than 137,

It is also interesting vo note that these corrections have
been fed back into the static balance used in specifying burdens

and this has also resulted in a significant improvemens in accuracy.

6,3 Measurements from the top gas

The residence time of gas within the furnace is such that
continuous measurements of top gas analysis and temperature give
up to date information on processes occurring within the furnace
as a whole., In particular the effects of variations in the reduction
phenomena or in the heat transfer, caused say by a change in the

radial gas distribution or the properties of the charge, can be

immediately detected.
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The most naturael use of this information is to specify
additional boundary conditions associated with gas at the furnace

top i.e,
&80, t) for t >0

in the notation of Chapter 3., To satisfy these additional conditions
an iterative process must be introduced in which the integration
along the initial gas charaoteristic is repeated with various sets
of parameters until agreement is reached with measurements from

the furnace top.

Although possible in theory, problems with timing in the
on-line environment make the approach impractical and so a second
somewhat less accurate approach is suggested. Here the idea of
controlling the simulations top gas using the parameters is
developed,

Consider the parameter step changes in Figs. 4.2.1 to 4.2.5 .
The rate and equilibrium constants mainly affect the gas analysis,
whilst the heat transfer coefficient and the heat loss affect the
temperature distribution, These responses are practically complete
after about one hour., This non-interaction and the shape of the
responses suggest that integral feedback will be suff'icient,

The calculated nitrogen content in the top gas is highly
sensitive to measurement error in the hot blast volume and so any
attempt to control this under such circumstances would introduce
an incorrect reduction sequencs.

In view of this, two controllers are evaluated, one using the
heat transfer coefficient to control top gas temperaturs, the other
using the rate constant for indirect reduction to correct the

CO/CO2 ratio, Remembering that the top gas gives no indication of
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the source of the disturbance, this choice of parameters spreads
control throughout the furnace rather than concentrating on a single
region.

The responses, when these closed loop calculations are added
to the simulation, to changes in the demanded top gas temperature
and CO/CO2 ratio are shown in Fig. 6.3, and are satisfactory. It
has not been possible to evaluate any improvements in the accuracy
of the on-line simulation resulting from these calculations, but
their use will undoubtedly extend the range of operation that can

be simulated without recourse to manual parameter changes.
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CONCLUSIONS AND FUTURE RESEARCH

This thesis first attempts a systematic classification
of the very vast amount of literature on blast furnace modelling
and control, and identifies the importance of understanding
furnace dynamics end of making more information regarding the
current furnace condition availasble to the operator.

With this in mind a numerical simulation intended specifically
for use in plant control is developed and discussed in depth.
In particular emphasis is placed on a simplified, but practical,
analysis of the process and is based on both theoretioal argument
and experimental results,

The method of solution must be considered an improvement
on others published to date. Both steady state and transient
operation can be simulated directly and the method is manageable
in terms of computer time and core storage. The simulation has
been coded in Fortran and run off-line on both an IBM 360/40 and
an ICL 1905, and runs in 1/60 th of real time, In an on-line
environment at Port Talbot the simulation is segmented into 8K
blocks and runs on an Argus 500 computer in 1/16th of real time.

Mamial parameter tuning is discussed in depth and has been
reduced to a sequence of logical operations.

The validity of the simulation is considered in three areas:i-

1. Steady operation
2. Responses to test input signals

3. A simulation of normal operation
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In the first two of these good agreement is shown between the model
and both published experimental results and the operator's experiences,
A necessary prerequisite to complex modelling of this type

is accurate and reliable information from instruments and weighing
systems, and adequate facilities for sampling end analyses of

raw materials, To date one or two important sources of inf'ormation,
such as coke moisture levels, have not been available, However,

the initial on-line simulation results presented in Chapter 4

display a high level of correlation with plant silicon values and
suggest that considerable benefit is likely when the proposed
simulation is used for silicon control. The importance of maintaining
this data base must be stressed as any corruption of the furnace

state vector of'ten takes several hours to die away.

Several systems aimed at controlling silicon using the
simulation as an observer are considered in Chapter 5, Predictive
control is particularly suited to the process - the inputs are
held steady between casts and because control is applied earlier
the system is less affected by the shortage of fast acting control,
For continuous control a two term controller gives near optimal
results,

The final performance of this type of system is very much
dependent on the performance of the simulation on-line, and a
final evaluation must awasit lengthy on-line triels,

In retrospect the major problem and effort was concerned
with developing the right form of equations and in understanding
the complex behaviour in physical terms. Once these are accomplished
the design of the controls is relatively straightforward. This
feature seems to be common in the field of process control and is
precisely the position ocutlined in Ref. 41 with regard to Cold Mill

control,
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Turning to futurs research the problem of plant set up
where input constraints are present could well be the subject of
a further simulation exercise,

As more deteiled information becomes available from test
rigs and pilot plant regarding the process and its rate equations
the proposed numerical technique would form the ideal base for
more fundamental investigations into technological aspects such

as burdening and the use of auxiliary fuels.
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APFENDIX l

The fundamental differential equations

To establish the form of the differential equations consider
a mass balance over an elementary volume 1 for any of the chemical
components present in the furnace,

Let the flow /sec/m“2 at the general point P (¥) of one of
the components

=F (%, t)

-S> -
Then the flow out of the volume 7 per sec =] F.ds
8

and applying Gaus' Divergence Theorm this becomes

-
= ]V.F dz
T

The mass of this component within == / c dv
T

where ¢ is the concentration (Mass/m3 )

A Mass balance can now be performed giving

-y
de AT = - ]V.F drt +j Gd~
3 . .
T

where G is the rate of generation of the component (Mass/sec/m3 )
Now letting ¢ .0

8¢ _
X = V.? + G
Consider next the case of unidimensional flow in the vertical
direction, x being measured from the stockline, For this case
->

-
F = ¢V

where V (1?, t) is the velocity of gas or solid as sppropriate
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Thus

dc d
prdi (Vx c) + G
The equations relatihg to gas and solid temperatures are
slightly different,
> 2 . 2y .
Let H(¥, t) = heat flow/sec/n at the point P(r) in the

s0lids, Then the heat flow out of the volume<?T
-> -
= [ H, ds
8

->
T (by Divergence Theorm)
Now if the concentration of heat at P(®) is denoted by

p ( ¥, t) a heat balance gives

-z%/ pd‘t: _IV'EM"'](}H dz
T T

T s
letting >0
9-2 ->
5% = - V.H + GH
s
Now
Ts
= w 4T
P /Ts 3
(o)
and
> TS e d
H= j. W Var
Ts S
o]

where W, = water equivalent of solids cals/°® C/m3

Thus
Ts Ts
0

= - ) W VvV 4T + &
3T W ar j
t Tso 5 ox Tso 5 % H

Ts W
ar's o0Ts s ) .
oo (Zeav ax)--]Ts (5% + & (W) & + ¢y
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But

where the sumation ranges over the solid components and s are the
individual specific heats and so

x 0x Ts i Hs
0

Ts .
v (. .2 j st e, ar + G
The first term on the RHS represents the heat required to raise

the temperature of materials generated in the volume t from Ts o

to Ts. In fact, because these materials transfer from the gas to
the solid stream or vice versa the temperature change is small
(<250°C) and so this term can be ignored. Thus, the equation

relating solid temperature to space and time is

oTs oTs
Ws (at x ax)

it
)
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APPENDIX 2

Error Calculations

These error calculations are aimed at estimating the effect
of decoupling the gas and solid systems in order to handle boundary
values at two points without iteration, as discussed in Chapter 3,
Two examples are given of simplified systems which serve to give an
initial estimate of the step length for the complete system:=-

(1) heat transfer

e+ v, 2T = o/
3t ® 3%

[« 7]

T
g5 -V oT I
ot gg_;s H/Wg

where

G, = 88.0 (Tg - Ts)

In this case Ws z 0.16 x 106 and so

% Brror in T_< 100 x 88 x At
& 0.16 x 3,

Thus if At = 60s then the % Error in Tg < 3%

(2) carbon solution loss i.e. C + o, 200

_a_(_)- + V aC = = T
3%t B 5%
300 - V_ 30 = 2T
3t 8 3%
3co, - vg 3c0, = -T
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where

T =02 xC x 002 X exp (--2500/('1’s + 273))

In this case

% Error in CO, = 100 x 0,24 x €0, x exp (-2500/(Ts + 273)) At

2

and is therefore less than 0.3% for At = 60s,

This corresponds to an error in % €O, of & 0.05% of the total gas

2

volume,



