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Abstract

This paper presents industrial application of real-time simulatiodel for determination of
temperature fields of steel billets in continuous reheating ¢ernavhich was recently
implemented in production process in steel industry. Simulation modehpsble of
simultaneous real-time calculation of temperature fields of all produatgezhan the furnace.
Basic concepts of modeling heat exchange in gas-fired continuousdsraie presented. The
thermal radiation heat transfer in models is considered usingxdnt geometry of the
furnace enclosure, including the geometry of billets inside timada: The heat conduction in
the stock is calculated in three-dimensions by using finiterdifiee method. The algorithms
of simulation model are optimized in terms of speed in orderh®wae real-time operation.
Validation procedure on the base of measurements on furnace duringrtred porduction
process is described. For real-time operation in the productioegsrdlce simulation model
needs additional modules which are used for its integration into iafmmmsystem of the
plant. The organization of database system for storing the datesases is presented. The
graphical user interface was developed for simulation model in twrdahieve user-friendly
presentation of simulation model results.

Keywords: Real-time simulation, Continuous reheating furnace, Rdiative heat transfer,
Monte Carlo, View-factor.
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. temperature fields during the reheating process, th
1 Introduction heating process is documented for every stock tHeate

Continuous reheating furnaces in steel industry af8 the furnace, the production of scrap due to appr
used for heating the material to the temperatufé@ting can be minimized. The model can be used fo
suitable for further thermo-mechanical processieg i OPtimization of heating rules for different steedes
rolling, forging etc. Available measuring methodsai and different stock dimensions. The modellcan be
high temperature furnace environment (1300°C) allowPgraded by the control system for tracing the
only measurements of stock surface in a few point§ference heating curves of individual stock in the

during furnace operation. Most of measurements afgrnace.

available when the stock is already out from thg, the paper the industrial application of recently
furnace. The furnace operation is in most Caseeraﬁmplemented simulaton model on walking-beam

on production tables tailored to the range Ofgheating furnace at Store Steel d.o.0. is predente
manufactured products [1]. These tables correspmnd

steady-state operation which is seldom achievelan

production process because of: change in steekgra
change in stock dimensions, different initialin the Store Steel, d. 0. o. steelworks a contisuou
temperatures of stock and planned/unplannegialking-beam furnace (Fig. 1,2) is used for the
stoppages. Monitoring of stock temperatures duringheating of steel billets (up to 220mm x 200mm
the reheating process in the furnace is important fcross-section) to the temperature suitable for hot
the furnace control and for the stability of funthe rolling process (1220 — 1300°C). The length of the
processes i.e. rolling. furnace is 31.5m and the furnace width is 4.7m. The

. . . material flow through the furnace is discontinuous,
In recent years, simulation models of reheatmal.

furnaces that can calculate the actual temperaturéth fixed walking-beam steps.
distribution in the stock have been developed with
increasing computational power. One-dimensional
online temperature calculation of stock in the climn
of thickness is presented in [2,3,4], models [&4
used also for control purposes. The current statieeo
art are two-dimensional online calculations of the
stock temperature [1,5]. In the model [5] the stock
cross-section temperature field is calculated, evil
the model [1] longitudinal section of the stock is
treated in order to take into account skid-marks
cooling. First attempts [6,7] have been made to
calculate the stock temperature online in threEig. 2 Billets in the furnace (view through sideodo

dimensions. A 3D online simulation model Ofyphg fyrace has 125 billet positions: The furnacefi
reheating in a walking-beam furnace is presented Bhs-fired type and is by the length divided intceth

[6]. An online 3D simulation model of pusher typecqniro| zones: preheating, heating and soaking.zone
furnace is reported in [7]. Both 3D models can bedu

g Walking-beam furnace

3 Modeling

Calculations in the model base on mathematical
model, which includes main physical phenomena
appearing during the reheating process in a natural
gas-fired walking-beam furnace. The real-time model
is always the compromise between the quality of
simulation results and calculation speed. With
increasing computational power more and more
complex algorithms can be used in real-time
applications. The following models and algorithms a
selected to allow real-time calculation of temperat
fields of all (up to 126) billets in the furnace on
Pentium 4 processors.

Heat conduction inside the billets i¢catated
) ) < in three dimensions by the finite-difference method
Fig. 1 OFU walking-beam furnace at Store Steebd-o-Boundary conditions on the billet surface are
The benefits of using real-time simulation model ofletermined as total heat fluxes on the billet sigfa
reheating process in continuous furnace for the
industry are: RT monitoring of individual stock
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Giory - NOte that the unit of,,,, is defined in [W/rf] 3.2 Thermal radiation of surfaces in the furnace

enclosure
of the charge surface area.

Thermal radiation is the main heat transfer mecmani

in a high-temperature reheating furnace. The gegymet
of the furnace enclosure has an important role in
The furnace is along the length divided into théhermal radiation heat transfer. Therefore the
segments (i.e. 1m long). For each length segment tljetermination elemen'qrad e in (1) and (2) which
homogenous temperature field of furnace 9aSSES R ounts exact furnace geometry is determined &y th
assumed. The heat exchange between the furnace wal lowing procedure

the furnace gas and the billet surface for the tleng '
segment is calculated using the three temperatufée furnace geometry including charged billets is
model of Heiligenstaedt [8] (Figure 2). divided into J smaller surfaces under assumption of
isothermal surfaces (Fig. 4).

3.1 Determination of total heat flux on the billet
surface

Fig. 3: The heat exchange between the furnace g
furnace wall and the billet surface of the furnac
length segment
The only unknown temperature in the systemFor the surface k in Fig. 4 it is possible to wiiteat
balance Q, _ as the difference between incoming

is furnace gas temperatufg that can be evaluated by . .
Q.5 and outgoing radiatio®, _, :[7]
solving a equilibrium equation on the inner furnace

qradwc,kAk :Qku :QkD _Qk: =
Z[‘gj (TJ)O-Tj‘lAifJak]_gk (T)OTA,
=1

?g. 4: The furnace enclosure with the chargectsill

wall (1). 3)

0= qradgw(ﬁg'ﬂw) [A+qconvgw(l99’79W) (A= (l)
_qcondw(ﬁw)Do‘_qradwc(ﬁw’ﬁc)®+qabsg(’99)m The incoming thermal radiatio@kD consists of J
thermal radiation contributions of individual suréa

In the equation (1)A represents the area of wall€lements J. In (3) ares emissivity of the surfaces
surface, which surrounds the area of heated sugaceStefan-Boltzmann constant (5.67 1% m? K*), T
Once all three temperatures in the system are knowPsolute temperature of the surface (K),of the

the total heat flux on the charge surfaglg,, can be surface () and f; , view-factor which describes

evaluated using equation (2). the fraction of the total thermal radiation emitted

] ] ] surface A that is absorbed in surfad including

Qiotal = Q,adgc(ﬂg,ﬂc) "'qconvgc(ﬂg,ﬂc) + multiple reflections. Since some of the surfacethin
. . 2 enclosure can not view each other and some can be
+qradwc(‘9w"96)+qabsg(‘99) viewed just partly, the furnace enclosure presents

) ) complex geometry for view-factor calculation.
Partial mechanisms of heat exchange used in

equations (1) and (2) are unique in their compiesjt For the whole furnace geometry consisted of J
they base on the gray-gas model of CO2 and H28¥rfaces the heat balance is written in a vectdrima

mixtures of Hottel [9]. Their calculation is dedmed form:
in detail in [7]. : . : _
Q. [ ~ QD (3] _Q:[Jxl] -

. ®3)
F[JXJ] [Q:>[3x1] _Q:>[J><l]
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The heat balance vectof)_,, for the whole K. ®=4.5mm, L =35m). These three thermocouples
were mounted inside a test billet, as shown in fiéigu

furnace geometry can be calculated when the view Thermocouple TC1 was mounted 10 mm under the
factor matrix F and outgoing thermal flux vector ,,ner sjab surface; TC2 was mounted in the certitre o
Qé[m] are known. The view-factor matrif is the billet; and TC3 was mounted 10 mm from the

determined before the simulation by Monte Carl(g’Ottom billet surface, 130 mm deep.
method. p—e

/
The furnace geometry including charged TC1
billets is divided into J smaller surfaces under TC2
assumption of isothermal surfaces. For the suifane
Figure 3a it is possible to write heat balarf@e_ as e

the difference between incomin@.kD and outgoing
radiationQ, _, :[5]

3.3 Furnace floor temperature

o

Fig. 6 Measuring points in the test billet
Billets in the walking-beam furnace lie on the face

. 1400 -
floor. The furnace floor is reheated from other 1 " "= * " ot T
surfaces in furnace enclosure that can be furnadis w 12001
or billet surfaces. When the floor area covered by 1100} v, )
billets increases the furnace floor becomes colder. 1000 ST
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cond floor,n Fig. 7 Comparison between simulated and measured

Fig. 5 Determination of furnace floor temperature  reheating curves

The simulation model was compared with the
measurements at all three measuring points, TC2, TC
and TC3. Good agreement was obtained between the
measured and the calculated temperatures at ak thr
comparison points for the whole reheating process
(Figure 7). The small vertical lines at the bottoifn

G — e — ¢ = (4) the graph show the walking-beam step intervalfef t
cond floor,k furnace. The validation phase shows that the

The calculation of all three thermal fluxes in etipm  d€veloped algorithms of the simulation model for
(4) depends on the unknown temperaflyef furnace billet reheatmg in the OFU fl_Jrnace are in good
wall element. The bisection method is used in th@dreement with the real physical behavior of the
model to solve the balance equation (4) numericalljeneating process.

which gives the surface temperature of the furnace

floor elementT,.. 5 Implementation

The furnace floor is by its length divided to K dio
surface elements to fulfil isotherm condition. Each
floor surface element k the heat flux balance eqoat
is derived (Fig. 5):

C L. The implementation of the simulation model for the
4 Validation online operation of the furnace includes the

The model was validated on the basis of€velopment of modules to provide real-time
measurements from the OFU walking-beam furnace J€asuring data from the furnace, to provide and
the Store Steel steelworks in Slovenia. The tdkitbi "€Cognize the current furnace charge, to provide th
(CK45 steel grade, dimensions 140 mm x 140 mm r;)ermal' properties Qfdlﬁerent steel grades, twesthe

3500 mm) was reheated during the normal producticﬁﬁm“'a‘t!on results in a database, and to presemt th
process. The temperature measurements We}@nulatlon results in a user-friendly f_orm. Thetsys

performed using three trailing thermocouples (Typ& developed completely by using open-source
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software. It runs under Suse Linux 10.2, thehe billet-charging table and the charging file.tAe
simulation model is written in C, “xforms” librarig  end of the event-recognition process the chargihtgt
used for graphical user interface under Xwindow andnd charging file have to be harmonized. The
MySQL is used for the database system. For thecognition of charging events is a three-stageqs®s.
successful industrial application of the simulatiorThe three stage recognition process will be present
model close cooperation between technologists, lifi the final paper

department and developers is needed together ndth

full support of management. %'4 Database sructure

All the results of the simulation model are stoied
local database namedfu” (Fig. 9). The system uses
For the online operation of the simulation moded ththe open-source database system MySQL. The
real-time data of furnace charging and furnacdatabase can be accessed locally by the online
measurements are needed. The computer with thEnulation model and the graphical-user interface
simulation model is connected to the existing fama (GUI) or through an Ethernet connection by PC
process computer of the OFU furnace (Fig. 8), whictvorkstations in the local area network (LAN).

5.1 Obtaining the real-time data

provides the real-time data. Both computers are Workstation ~ Workstation Workstation Workstation
connected by an Ethernet connection. The data -
transfer is performed with ASCII files using file- i i . G&
transfer protocol (FTP). - ~ @

Workstation Workstation Workstation Workstation Ethernet

On-line Local

simulation model
of billet reheating -

in OFU furnace

. ofu_online '
06610001686
l 06610001687 '

Database ofu

Computer with the simulation model
= =

Fig 9. Database organization

Local

GUI of the
Simulation _

model

Fumace process
o mputer

OFU funace

Fig. 8. The connection of the simulation modelhe t 2
OFU furnace-process computer

5.2 Material Thermal properties data CE DE

The thermal properties (the specific heat and e h 1
conduction) of steel billets have a significantuehce sC o SD
on the reheating process. Generally speaking, these
properties are temperature dependent. In the
production process different steel grades witheddht
thermal properties are reheated in the furnac@ig. 10. Characteristic points on the billet cross-
however, some of them have similar thermakections

properties. Therefore, all types of steel grades ar .

classified into main groups, and for these grounes t T_he dgtabase consists of data tgbles._ AL every
thermal properties were measured or obtained frofimulation step (30seconds) the simulation model

the literature. The automatic classification isdzhen refreshes_ the data table “ofu_online” (Fig. 9)'_ The
a uniform classification table. records in the table correspond to the billetshia t

furnace. Each record in the table includes badietbi
5.3 Recognition of the charging events data (Working order, Serial number in the working
order, Steel grade, Billet width, Billet height, lIBt
length, Charging time, Real-time of last calculafio
Number of the walking-beam step, Position in the

CF SF DF

The system is capable of automatic recognitiornef t
charging events and the charging interventionshef t
furnace operator on the basis of a comparison legtwe

ISBN 978-3-901608-32-2 5 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

furnace, Residing time at the position, Residimyeti 6 Conclusions

in furnace) and the characteristic points of th&t-la ) ) o

calculated temperature field of the billet (Fig)10 ~ The implemented system allows online monitoring of
non-measurable values (the 3D temperature fields of

billets in the furnace) for all billets in the flace. The
5.5 Graphical-user interface comp_lex physical phenomena at heat exchange in the
gas-fired furnace, including complex geometry of
The graphical-user interface (GUI) (Fig. 11) wasurnace enclosure is treated in the model. The
developed for the user-friendly presentation of thgigorithms used in the model are selected as a
real-time results of the simulation model. compromise between the accuracy of the results and
the calculation speed in order to allow application
on-line operation.

i Good agreement between the measured and the

LALLM = o e e s

i L Beam furnace.
sl gy o] e ] | o] e A

e 8] it | I & The system is connected to the furnace-process
SRS s =| computer to ensure real-time measuring and charging
data from the furnace. The simulation model’s rssul
are stored in an SQL database, which allows interne
access to the data. The developed graphical user
interface allows a user-friendly presentation oé th
simulation model’s results. The system has beed use
online for monitoring production process at ther&to
Steel, d. 0. 0., steelworks in Slovenia since Ma9&

[rios.vc B oaoc M o o |

Fig. 11. The GUI of the simulation model — calcatht The applied real-time model is planned to be used a
temperatures of characteristic points of the middlpart of the control system for tracing the rehestin
cross-section for the selected billet (green) curves.
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