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In this paper a new method is proposed for solving an optimal control problem using the complex model of a re-
heating furnace that was used to get reference values for the optimal zone temperatures. Validation before using a
complex simulation model in optimal control procedure showed that the model worked well for the prediction of
thermal behavior. The aim of optimal furnace temperature control is the minimisation of fuel consumption and the
minimum deviation between desired and final steel block temperature profiles. The optimisation procedure and

some results are described.
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INTRODUCTION

Reheating furnaces are very often used in the steel
industry for heating up various types of metal charge,
such as slabs or billets, to the required temperature for
further treatment in the rolling mill. There, it is neces-
sary to keep the temperature distribution as uniform as
possible in order to ensure good product quality. The
average fuel consumption of the conventional metal
heating process is 1,6 GJ/t [1, 2] or 18 % of the total
specific energy costs of rolling steel. If the required fi-
nal heating temperature is not reached, the specific en-
ergy costs for the rolling mill will increase and the qual-
ity of rolled steel will decrease. Numerical models can
offer a detailed view of the transport phenomena in the
furnaces and can be a helpful tool to optimise the heat-
ing process, transportation of the furnace loads and
other processes [3, 4]. In past many papers [4] addressed
the optimization of air for combustion and later oxygen
enriched combustion atmospheres [5] in reheating fur-
naces. Prieler et al. [6] pointed out that the use of oxy-
gen in an oxidizer led to fuel savings of 8 % and simul-
taneously increased the process efficiency by 3,8 %. In
this paper, the aim of optimization will be minimizing
energy costs and simultaneously ensuring the good
quality of the heating billets at the end of the heating
time.

REHEATING FURNACE
AND ZONING ARRANGEMENT

The furnace investigated in this work is a rotary
hearth-furnace. This industrial furnace serves for heat-
ing a steel charge in the form of billets and various
semi-products before rolling. The floor plan of the fur-
nace has the shape of an annulus which is bounded by
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the vertical walls of the lining in which the burners are
placed from the inside and outside. The furnace ceiling
is also formed by a multi-layer lining. The bottom of the
annulus-shaped furnace is a hearth of refractory mate-
rial that rotates about a vertical axis. The floor plan of
the rotary-hearth furnace is shown in Figure 1. The
semi-finished steel material is placed on the rotary
hearth. The steel blocks are charged into the furnace
through a charging door. The dimensions of the steel
blocks are 0,2 x 0,2 x 0,7 metres. The charge is heated
during one hearth revolution. Then, the heated steel
blocks are removed from the furnace hearth through the
removal door.

The rotary hearth furnace has to stop during the
charging process. The output of furnace is approximate-
ly 34 tons per hour. The heat is generated by the com-
bustion of fuel in flame burners spread around the
working volume, surfaces of the walls, vault, hearth,
and the charge and combustion products transported
through the entire furnace by a counter-current system.
The furnace is equipped with 25 external and 25 inter-
nal burners. Regarding regulation, these burners are di-
vided into five regulation zones (see Table 1). It is ap-
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Figure 1 The rotary-hearth furnace
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propriate to use the zone method for the mathematical
modelling of complex processes of heating exchange by
convection and radiation in the reheating furnace.

In other words, the operating internal area of the fur-
nace is divided into volume and surface zones. The firm
free surfaces (areas of steel blocks, masonry) create the
surface zones and the free volume of circulating gases
creates the volume zones. Equal zoning was chosen so
that in every volume zone there was at most one internal
and one external burner. There is consider every zone as
homogenous, i.e. the zone is characterized by a single
temperature, radiation coefficient, etc. The entire fur-
nace is fictitiously divided into 36 volume zones around
the perimeter. The last zone is located between the
points of charging and removal of the hot steel block.
Zone 1 is the place of charging for steel blocks and zone
35 is for removing heated blocks. The flame burners are
located from zones 13 to 35. The burners are divided
into five regulation zones. Thermocouples measure fur-
nace temperatures in the individual zones which are
shown in Table 1. The operator determines the desired
furnace temperatures based on experience so that the
furnace outlet temperature reaches 1 240 °C. The aim of
the control system is to reach the required temperature
1 240 °C of metal blocks with a minimal temperature
difference across the section of charge at the end of the
furnace, i.e. in zone 35.

Table 1 Division of burners into control zones

Regulated Volume zone Thermocouple Desired
zone num- number / - zone location temp./°C
ber
1 13,14,15,16,17,18 15 900
2 19,20,21,22,23,24 22 1020
3 25,26,27,28,29,30 30 1260
4 31,32,33,34 32 1265
5 35 35 1265

The meaning of the data in Table 1 is as follows. The
first regulation zone has one controller which regulates
the input of fuel for six burners located between zones
13 and 18. The desired furnace temperature for this con-
troller is 900 °C.

OPTIMIZING THE HEATING

The required temperatures stated in Table 1 for regu-
lation zones serve as inputs for regulators, which create
a stabilization level for the furnace control system and
they are set by the operator of the furnace on the basis
of experience. At this point we underline that the re-
quired values must be set optimally. If the required val-
ues are optimally maintained by the regulators, then the
heating of materials in the heating furnace will be opti-
mal. Many papers have addressed the issue of achieving
optimum heating curves based on various optimization
methods. Tang [7] proposed optimum heating curves
using a method of penalty functions for heating slabs in
a push furnace. The criterion of optimal control was de-
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creasing energy costs. Wang [8] proposed a dynamic
adaptive fuzzy reasoning Petri net for machine state in-
ferences to save energy based on real-time production
information. Andreev [2] applied L.S. Pontryagin’s
maximum method for deriving optimal control of the
reheating furnace. Other authors [9-11] considered var-
ious approaches to dynamic optimization that can gen-
erate heating trajectories.

In this study, the gradient method is used for optimi-
zation and mathematical modelling of the rotary hearth
furnace. The complex mathematical model of this fur-
nace was created with the aim of designing a recon-
struction of the rotary-hearth furnace in the past [12]. A
fundamental model was considered, composed of the
nonlinear dynamics of metal block temperatures, time-
dependent motion of the rotary hearth, and a discrete
model for feeding blocks. The entire heating space of
the furnace was divided into thirty-five volume zones.
Every volume zone is bounded by five surface subzones
(the vault, the horizontal walls, the charge, the free sur-
face of the hearth), and each sub-zone was assumed to
be homogeneous in temperature distribution with one
medium temperature, which was computed on the basis
of the overall heat balance for all of the volume and the
sub-zones. The mutual heat transfer between zones and
subzones determined by radiation and convection is
considered through solving non-linear balance equa-
tions. The solving of dynamic processes is specifically
based on Fourier partial differential equations for all
subzones along their thickness. As part of the verifica-
tion of the simulation model, it was found that the rela-
tive deviation for fuel volume flow was less than 2 % in
comparison with the real process [12]. Therefore, this
complex simulation model was used for the verification
of the optimal control system instead of the real pro-
cess. If we emphasise, that the proposed method of op-
timization with the model needs multiple repeated sim-
ulations, then we would only be able to use the proposed
model for designing optimum heating curves offline. If
we want to control optimally in real time then it is es-
sential that the simulation run faster. Therefore, the
original model [12] was simplified as follows. The heat-
ed metal blocks and hearth are solved as a nonlinear
dynamic system, but the lines of walls and vault of the
furnace are solved according to equations (1) which de-
scribe their heating in a steady state.

a(/l,. o, )
%)y foriel L (1)
Ox

Where A — heat conductivity / Wxm™ xK-!, ¢ — heat ca-

pacity / Ixkg! xK-!, p — density / kgxm™, ¢ — temperature

/ °C, x — coordinate /m, L — total number of line layers,

i —an index of line layer in wall or vault of furnace.
The consequence of non-uniform temperature distri-

bution over the steel block thickness is very negative

because it increases the energy consumption and de-

creases the quality of the final product after the rolling
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process. The aim of heating the steel charge in the fur-
nace is to reach the required temperature of the upper
surface with a minimal temperature difference across
the cross-section of the batch at its outlet from the fur-
nace. At the same time, we want to achieve minimal
fuel consumption during the heating of the batch. This
aim can be expressed by the following function
h 5 % g
J= wlj(t(x,rk)—lf) dx+w2IZui (r)dz  (2)
0 0 i=1

which has to be minimised,
where
w,— weighting coefficient reflecting the relative impor-
tance of #(x, 7,), w, — weighting coefficient penalizing
relatively big changes in fuel, # — the thickness of the
steel block /m, ¢ — the controlled temperature in the one
dimensional temperature field, z, — final time of heating
charge, ¢! — the desired temperature of the charge at the
end of heating i.e. in fifth regulation zone /°C, n — the
number of regulation zones, u — fuel /m’s™!, 7 — time /s.

Of course, in the complex simulation model, the
controllers of the stabilization level and function (2)
have been solved in discrete form. The gradient method
was used to calculate the new required furnace tempera-
tures for the regulation zones. The elements of opti-
mised vector (3) are defined by the required furnace
temperatures of the controllers localized in five zones.

y=(,0.0,6.6)" 3)

New required temperatures after the j* iterative step
are given by (4), the algorithm of gradient method

y/"'=3+hgradJ (4)
where ¢/ ,1,,1; ,t, ,t; are reference values, i.e. desired fur-
nace temperatures of the controllers for five controlled
zones and / is the optimisation constant.

After several iterations, the optimal heating curve
was found. The steel block temperature history through
the reheating furnace after optimization is shown in
Figure 2. The optimal set values of regulation zone tem-
peratures, specific fuel consumption and the cross-sec-
tional temperature difference between the upper surface
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Figure 2 The optimal trajectory of block temperature through
the reheating furnace
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and the bottom of the last block in furnace for the op-
erator and the proposed method are listed in Table 2.
The reason why the temperature of the bottom of the
block after charging is as much as 1 109 °C (Figure 2)
is that they are charged onto the heated rotary hearth.

Table 2 Comparison of some parameters of optimal control
with operator control

Control r 7 7 r - c A
L ) L Z lis s

Operator 900 1020 1260 1265 1265 41

Optimal 921 1016 1252 1257 1251 39 5

where ¢, — specific fuel consumption / Nm’t", A - tem-
perature difference between the top and bottom of the
last block at the end of furnace / °C.

Gradually, the temperature is homogenized across
the cross-section of the blocks and the temperature of
the upper surface reached 1 239.5 °C. Table 2 shows
that, in comparison with operator control, the optimal
heating of metal blocks has a lower measured fuel con-
sumption and also smaller differences in temperature
across the cross-section of the block upon its exit from
the furnace in the direction of the hot rolling mill.

CONCLUSIONS

This study presents a new approach for getting the
optimal set values of the reheating furnace’s zone tem-
peratures at a steady state only for the lines of the walls
and the vault. The heating of metal blocks is solved as a
dynamic system. Simulations have shown that using the
optimal control system reduces the fuel consumption by
5,01 % provided there is enough time to heat the blanks.
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