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Abstract

A tractable mathematical model of a combined direct- andrénttHired strip annealing furnace for real-time controba
optimization applications is presented. The considerettalng furnace is part of a hot-dip galvanizing line of egsne
Stahl GmbH, Linz, Austria. The furnace model is based on firstciples and includes sub-models covering the combuistio
the flue gas, the radiant tubes, the wall, the strip, and ths. rbhese sub-models are interconnected by the heat ¢mransf
mechanisms conduction, convection, and radiation. A coisma of measurement data from the real plant and simulation
data demonstrates the accuracy of the model. The modelreapte essential non-linearities of the system, is contiput
inexpensive, and is suitable for advanced model-baseddmftthe strip temperature.

Keywords: Steel industry, annealing furnace, hot-dip giaizing, mathematical model, control and optimizationli@pgions

INTRODUCTION

In a hot-dip galvanizing line for the production of zinc-tea steel strip, heat treatment of the strip is an import;
process step. In most plants, the heat treatment is camaelyoan annealing furnace. To ensure a continuous operatio
the processing line, the steel strips are welded togeth&srto an endless strip. In order to achieve the desired nahte
properties of the final product, the strip has to be heatedrdotg to a predefined temperature trajectory. From a cbn
point of view, this is a challenging task, in particular iansient operational situations, e. g., when a welded joavetses
the furnace or when the strip velocity changes. Since thduymtodiversity as well as the demands on the product quatidly
the energy consumption are steadily increasing, there ised fior an advanced model-based temperature control con
that takes into account all these difficulties [1]. Therefca mathematical model with moderate complexity that capty
the essential dynamical behavior of the annealing furnsgequired. This paper presents a tailored real-time ceffabt-
principles model of a strip annealing furnace that is para dfot-dip galvanizing line of voestalpine Stahl GmbH at L.in
Austria.

The annealing furnace considered in this analysis, whidtlgematically shown in Fig. 1, consists of a direct-fired &
an indirect-fired section that are separated by a trans@iogewith an air lock. However, these two sections are ptajbi
coupled by the moving steel strip that is guided through thredce by means of deflection rolls. In the direct-fired foeme
section, there are four heating zones, each equipped with af urners. Inside these heating zones, natural gas fig our
a fuel-rich combustion process to avoid oxidation of thgsfFhus, the hot flue gas contains unburnt combustion pitsdt
which are burnt in a so-called post combustion chamber (Ry@Jdding fresh air. The heat released in this post combus
is used for preheating the strip inside the preheater (P)fanpreheating the combustion air by means of a recupere
Inside the direct-fired section, the flue gas streams alwaytheé opposite direction of the motion of the strip. For th
reason, the furnace can be considered as a counterflow heereger. The indirect-fired furnace section is divided iatc
radiant tube heating section (RTH) and a radiant tube sgagéttion (RTS). Both sections are equipped with W-shaj
gas-fired radiant tubes that are grouped to several heatingsz Inside each radiant tube, natural gas is burnt in adael
combustion process. The combustion heat that is not traesgf¢hrough the radiant tube wall into the furnace chambe
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Fig. 1. Combined direct- and indirect-fired strip annealfaghace.

used for heating the combustion air in a local recuperatside the furnace chamber, an inert gas atmosphere isishtabl
to prevent oxidation of the strip. This inert gas streamsufgh the indirect-fired furnace section and enters the fiex
furnace section through the air lock.

A comprehensive description of the model of the direct- amel indirect-fired furnace can be found in [2, 3]. Since
modern control concept for the strip temperature requiresathematical model of the combined direct- and indireetfir
furnace, the focus of this paper is the interconnection e$¢htwo furnace models and to provide the most relevant ieqsai
that are necessary for implementing the mathematical moiddie considered furnace on a computer system. The pg
is structured as follows: In Sec. MHEMATICAL MODEL, the model of the considered annealing furnace is presen
It comprises the combustion, the flue gas, the radiant tubeswall, the strip, and the rolls. Moreover, the heat trans
mechanisms conduction, convection, and radiation intereot these sub-models. In SexAMPLE PROBLEM, the accuracy
of the furnace model is demonstrated by a comparison of sitionl results with measurement data from the real ple
An outlook of the use of the presented furnace model in cbaind optimization is given in Sec. @LooK. Finally, Sec.
CONCLUSION contains some conclusions.

MATHEMATICAL MODEL

First, the combustion process of the supplied fuel is dbedti Then, the individual sub-models, i.e., the flue gas,
radiant tubes, the wall, the strip, and the rolls of the adex®d combined direct- and indirect-fired furnace are adpes.
Finally, these sub-models are interconnected by the hawagfer mechanisms conduction, convection, and radiatiattain
a comprehensive mathematical model of the furnace.

Combustion

In the considered annealing furnace, the burners are @gkewath natural gas which is more or less pure meth@hg ).
The supply of combustion air depends on the mass flow offugl;, and the excess air coefficient[4]. In each heating
zone of the direct-fired furnace, the combustion is corabtb be fuel-rich, i.e.A < 1. The excess air coefficient is chose
according to a constant set-point value. In contrast, thebtstion inside the radiant tubes of the indirect-fired &aenis
controlled to be fuel-lean, i.e) > 1, where\ is selected according to a user-defined set-point curveighadrametrized
with the mass flow of fuel, i.eX(rhcm, ).

Depending on the value of, the flue gas thus contains carbon monoxide, carbon diowidisr, hydrogen, oxygen, anc
nitrogen. Abbreviations of these components are sumnthiiz¢he setS, = {CO,CO2, H2O, Hy, N2} for the fuel-rich
combustion and in the s&f; = {COy, H2O, Oy, Ny} for the fuel-lean combustion. The stationary reaction &quafor
both a fuel-rich and a fuel-lean combustion reads as
X&oCO + X8, Hay + x&0,C02 + X5, 0H20 + X%, Na, if A< 1

1
XcOI)202 =+ XCC’bOQCOZ =+ XCHb2oH20 + XRZNQ, else ( )

CHy + 2X (02 + 3.76N2) — {
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wherex, v € S,US;, refers to the corresponding number of moles. For a fuel-teanbustion, the unknowng?, v € S,
can be easily determined by applying simple mole balancesase of the fuel-rich combustion, the so-called watersiéfs
reaction [4, 5]

CO+ HxO = Hy + COq
has to be used additionally for the determinationf € S,. This reaction reaches an equilibrium if

cb . cb
4577.8 K
XCOXH:0 _ o), (4.33 - 7)
XCOQXHQ Tg
is satisfied, wherd, denotes the local gas temperature.
The incoming mass flows, i. e., the fuel and the combustiaraadr coupled in the form
XKMK,
=m
CHy ]\/I H4
where M,, denotes the molar mass of the component S, = {CHy4, Oz, Na} with (k, x.x) = {(CHy,1),(02,2)),
(N2, 7.52X)}. Note that the mass flow of combustion iy, + 1y, is parametrized by the mass flow of fuelk,. Based
on Eq. (1), the mass flows:?, v € S, U S, of the combustion products after reaction read as
(,bM
Mcm,

My,

me b — = MmcH,

Flue Gas

Inside the direct-fired furnace section, the strip is hed@tedhe hot flue gas from the fuel-rich combustion. The flue ¢
streams in the opposite direction of the strip motion. The i@ is induced by a pressure gradient that is realized b
suction fan installed in the funnel of the furnace. In eseetice flue gas is characterized by its mass and its tempera
Inside the indirect-fired furnace section, the strip is sunded by an inert gas atmosphere which is transparent tm#he
radiation. The evolution of the strip temperature withiistfurnace section is mainly controlled by the surface terajpees
of the radiant tubes. For this reason, only the flue gas in$idedirect-fired furnace section is modeled by simple baal
equations.

For modeling the flue gas, the direct-fired furnace sectiatiseretized toN, volume zones where each zone is assun
to be a well-stirred reactor, i.e., the gas temperaiyrewithin each zone is uniform. Furthermore, it is assumed that tt
combustion reaction is completed right after the nozzleheftiurner, i. e., no additional reactions occur inside tHenie
zone. In view of a computationally inexpensive model of thpstemperature, it is assumed that the flue gas dynan
can be neglected. This assumption can be verified by meariagflar perturbation theory [6]. Thus, the stationary ms
balance for each componentc S, and the enthalpy balance of an individual volume zgngee Fig. 2a, reads as

0=l +m —md,  veS, 2)
0= H;" + HI T — B 4 Q. 3)
Here,7n)"; andng' denote the mass flows of a componerthat enters and leaves the volume zore{1,...,N,}. The
extra mass rovrme enters the volume zone through the burners. Note shfdt = mo4" | = Z; 11m Furthermore

H”‘ and H"“t denote the enthalpy flows associated with the incoming artgotg bulk flow, respecnvely The enthalp;
flow of fuel and combustion air is denoted Iﬁg/*“ and the net heat ﬂou@g ; includes all thermal interactions (convectio
and radiation) of the flue gas with its environment, i. e., taining volume zones and the surrounding surfaces.

Volume zong  StP motion Wall Burner Tube
= LA ====c1 ,
L | B MCH,.i
T + : | : |
T b, Hyeb i
MCH,,i ) v -
4! L 1—> : : : :
T
: : T . .
Mo,i + MNy,i T ‘ T ‘ : | : | mo,,i + MN,i
L -
T T
. T
Burner - fpput pjout T T b
. ["vi T =S 2es Vi . .
a) s v D] b) % Recuperator Furnace interior

Fig. 2. a) Volume zone with moving strip. b) W-shaped radiaie.

For determining the heat transfer by radiation and coneectihe gas temperature in each volume zong required.
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Let h,(T) = kY + Ah,(T) be the specific enthalpy of a component S, U S;. Here,hY and Ah,(T) denote the latent
heat and the sensible heat, respectively. Thus, the egtflalp A of the flue gas reads a8 (T') = Yoves, Twhy (T). If
the stationary mass balance (2) is used, the flue gas tempsa} ,, ¢ € {1,..., N, } can be determined by solving th
nonlinear set of algebraic equations, cf. Eq. (3),

0= Z mout lAh 9 ie 1) Z (mguf 1 eryl) Ah (T Z mn,iAhK,(TH,,i)

veS,. VvES, KESK
b
+ g Mye i g my, hY 4 Qg7 (4)
KESk veS,

W-shaped radiant tube

In the indirect-fired furnace, the fuel-lean combustiongess takes place inside W-shaped radiant tubes. The raalpes
are clustered into several heating zones. All radiant talb@ssingle heating zone are supplied with the same amounisbf
and combustion air. As shown in Fig. 2b, a single radiant tubensists of the burner, the tube, and the local recuper:
for preheating the combustion air. The combustion heatieetransferred into the furnace chamber by thermal caimuc
through the tube wall or it is lost in form of sensible heat lvé flue gas after passing the recuperator.

For the determination of the heat inp@.; into the furnace chamber, the radiant tube is considered @saai-static
input/output system. The input quantities are the mass fidwed mCH4,i and the mass flow of combustion &ilo, ;+mw, ;-
The output quantities are the mass flow of the flue ¥as- s, 1)) = > ,.cs, i = MCHLi + M0, + M, and the
heat rowQC ; that follows from an energy balance in the form

Qi = 1iueih = Y il + 3 i i (Tii) — Y 1 Ahy (Te). (5)
KESy VvES KES, VES
Here, T, ; is the flue gas temperature after the recuperator. It can lzsuned only at a few points in each heating zor
Based on a linear interpolation of these values, the heait 'r@p,i(mCH4,i, T.,;) of each radiant tube can be determined |
Eq. (5).

For the following, it is assumed that the radiant tube cds%$ four straight pipes with a surface ar8aand a thickness
d., cf. Fig. 2b). That is, the bendings of the radiant tube aglanted. Since the flue gas temperature decreases alon(
pipes; = 1,2, 3,4 of the radiant tube, it is assumed that the heat |np13’g i 1S (non-uniformly) distributed over the inne
surface of each pipe according to weighting factgrs > 0 with Z -1 9i; = 1. Considering the Biot number [7], whicH
is much smaller than unity, it is acceptable to model the pqmperatures by simple heat balances, i.e., the temperg
within the pipe wall is considered to be uniform. L&}, ; be the temperature of a single pipeof the radiant tube.
The tube surface temperatures are required for the calmulat the radiative heat transfer inside the furnace chayrdse
Sec. R\DIATIVE AND CONVECTIVE HEAT TRANSFER. Thus, the complete model of a single radiant tulmonsists of the
ordinary differential equations

d

Bl L S O ST S 6
ETAALY PrCr(Tr,i#j)dr (q’!’,l,] + QC,z,j) (6)

of the four pipesj = 1,2,3,4, whereg.;; = gi,ch,i/Sr is the heat flux according to the combustion apd ; is the
radiative heat flux from the furnace interior to the pipe. Blorer,p, denotes the mass density andZ,. ; ;) the temperature-
dependent specific heat capacity of the pipe wall material.

Wall

The furnace wall consists of a steel casing and several im&llated layers which are mainly made of fire clay, s
Fig. 3a. In the indirect-fired furnace, a cladding which isaatditional thin layer is attached to the inner surface tdgmb
the insulation. LetJ; be the number of layers of a wall sectionA single layer; with j = 1,...,J; is characterized by
its thicknessd,, ; ; and its material parameters, i. e., the specific heat capagit ;, the mass density,, ; ;, and the heat
conductivityk,, ; ;. At the outer wall surface, the temperat(@igis assumed to be equal to the constant ambient tempera
i.e., a Dirichlet boundary condition is used. At the innedlvearface, a Neumann boundary condition with the heat fl
¢w,: due to thermal radiation and convection is assumed.

To obtain a low dimensional and computationally undemagdiodel of the furnace wall, the Galerkin weighted residui
method [8, 9] is applied. If the stationary solution of theaheonduction problem of a multi-layered furnace wall isdis
as a trial function, the lumped parameter model of the innefase temperatur@), ; of the wall segment reads as

d Gwi Ko,

—T, ; = L&t
dt” " Ky Ky

(Tw,i — To) s (7a)
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with the abbreviations

— 3 3
Ji Ji Ji Ji
_ dw,i,j pwﬂﬂcwﬂdkwﬂﬂ w 14,0 dw,i;l-H b
Kig={> = Z = - T (7b)
j=1 W, %,J i=1 = wz,l =5 w,i,l+1
J —1
- dwi j
0]
Ko ;= E o ) (7c)
j=1 w,1,J

whered,, i, 7,+1 = 0 andk, i 7,+1 = 0. For more details, see [2]. Note that the stationary satutbEq. (7a) equals the
stationary solution of the underlying heat conduction feob

Strip

The processed strip moves with the velocity through the furnace and is mainly characterized by its géxgymand
material parameters. Lét be the width andi, the thickness of the strip. The material parameters, ihe.,specific heat
capacitycs and the mass density;, are usually temperature dependent and may vary from sirgirip. In this analysis,
the Lagrangian framework is used for describing the strigiono In contrast to the Eulerian coordinatevhich is spatially
fixed, the Lagrangian coordinateis fixed to a material point of the strip. The mapping betweesé two coordinate
systems can be described by= Z + ft vs(7)dr. Considering the Biot number [7] that is much smaller thaityithe
strip temperaturd’; can be modeled by the S|mple heat balance

Lz = 250 ®)

wheregs(Z,t) is the heat flux into the strip at the Lagrangian positioriFor the calculation of radiative heat transfer, s|
Sec. RADIATIVE AND CONVECTIVE HEAT TRANSFER, the strip temperature is required in the Eulerian framé&wbherefore,
a simple mapping scheme, which transforms the strip tenyresto the Eulerian framework and the computed radiat
heat fluxes back to the Lagrangian framework, is given in]2, 3

The strip is guided through the furnace by means of defleatidis, see Fig. 3. To model their temperature evolutig
again heat balances and the assumption of uniform roll testyes are used. A single rallis constructed as hollow
cylinder and is characterized by the mass dengitythe thicknessl;, and the specific heat capacity. Thus, the lumped
parameter model of the deflection roll temperatilig reads as

d 1 S¢S S¢S
Ty, = ——— 1-2d i+ =2qc ),
dtTd’ acada << S, ) Gd,; + 3, qd,z) ; (9)

where Sy is the total surface area of the roll asg is the contact area between the roll and the strip. The heatjflu for
free roll surfaces includes the heat transfer mechanismegection and radiation. The heat flgg ; for regions where the
roll is in contact with the strip is determined by thermal dantion with the strip and can be expressed by

e Te - Td,i

Qd,i - Rc )
where R, is the thermal resistance arid corresponds to the strip temperature of the strip sectiahithin contact with
the roll.

psCsds

Radiative and convective heat transfer

Due to the high surface temperatures inside the furnacentiigadiation is the dominant mode of heat transfer. It is
global phenomenon and interconnects most sub-modelsthieeflue gas, the radiant tubes, the wall, the strip, anddhe r
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Since the flue gas contairf$,O and CO- which are combustion products with non-symmetric patt¢dsit participates
in the radiative heat exchange process. Thus, the dirett-furnace can be considered as a multi-surface encloslem f
with a participating gaseous medium. A convenient meanshalyaing this radiation problem is the zone method [10].
contrast, the inert gas atmosphere in the indirect-fireddoe can be considered as a non-participating medium. drcétse,
the net-radiation method [11] is applied for modeling thdiative heat transfer.

Both the zone and the net-radiation method require spaatetization of the furnace and assume that the surface
the volume zones have uniform temperature and act like s#iffyray radiators. Furthermore, the so-called direct-zxgé
areas have to be determined, which is the most intricate gfattte calculation of radiative heat transfer. Generalhg t
determination of direct exchange areas requires the salutf multiple integrals. In this contribution, they are quumed
numerically. For the following, leT = [T],c(w,rs,qy @andT, be the temperature vectors that summarize all surface
volume zone temperatures, respectively. Thus, the assdciet heat flows) = [Ql}le{wm’d} and Qg into the surface
and volume zones can be expressed by

Q = PssT4 + PS’UTZ; (10&)
Qg =P, T + vaT3» (10b)

where the matrice®,,, Ps,, P,s, and P,, depend on the Stefan-Boltzmann constant, the emissivities attenuation
coefficient, the direct-exchange areas, volumes, and ttiacguareas [10, 11]. Th&#" power in Eq. (10) is applied to eacl
component of the respective vector. With the ve&athat summarizes all surface areas, the required radiaéae fluxes
q = [4i)i={r,uw,s,qy Can be calculated in the fordp= diag{S}~'Q. Since the considered combined direct- and indirect-fil
furnace is spatially decoupled by an air-lock in the transéetion, cf. Fig.1, and since different methods for thewation
of the radiative heat transfer inside the furnace are usedptatricesP, with o € S, = {ss, sv,vs,vv} have a distinct
block structure. Note that the matrices depend on the stidghwFor a computationally undemanding evaluation of H@)(
the matrice®,, o € S,, can be calculated in advance for various strip widths aockdt If other strip widths are required
linear interpolation might be used.

In contrast to radiation, heat transfer by convection isaligpghenomenon and describes the heat exchange betwee
flue gas and its surrounding surfaces, especially the stdgl@e wall surfaces. The convective heat flixcan be calculated
by means of the temperature difference and the (local) maasfer coefficienty [7],

Go=a(T,—T). (11)

The heat transfer coefficient depends on the fluid-dynanticaditions near the considered surface. It can be detedni
by assuming a flat plate and a parallel flow and by using dinoatess numbers from fluid dynamics.

Discrete-time representation

The individual sub-models are defined in the continuous tilomain. However, for the implementation on a compuli
system, the time domain has to be discretized. In this aisaligsiler’'s explicit method [12] with the sampling tina&t;, is
used. With the heat transfer relations (10) and (11), therelis-time representation of the mathematical model raads

0 =gr(Tyx, Tr,ug) (12a)
Tir1 = Ti + Atpfie(Tyk, Ti, ug). (12b)

Here, Eq (12a) represents the nonlinear system of algeleguations for determining the flue gas temperatlfgs,
depending on the surface temperatulgsat the time instant = ¢ + Zﬁ:l Aty, cf. Eq. (4), and Eq. (12b) includes th
sub-models of the radiant tubes (6), the wall (7a), the €B8)p and the deflection rolls (9). Furthermoxg, summarizes
the control and exogenous inputs, i. e., the mass flows oftéudie heating zones of the direct- and indirect-fired fueng
and the measured flue gas temperatures after the recueoéteach radiant tube.

EXAMPLE PROBLEM

For validation of the proposed furnace model, a measurerm@mipaign was conducted at the real plant. In norn
furnace operation, the strip temperature is measured bysnefathree radiation pyrometers (cf. Fig. 1 for their looas).
Furthermore, the flue gas temperature inside the direa-fuenace and several temperatures of radiant tubes and
temperatures are measured by thermocouples. The systeus,ing., the mass flows of fuel to the heating zones and
flue gas temperatures of radiant tubes, are also availaine fneasurements.

A radiation pyrometer measures the intendity= o7’ incident on its detector. For a correct determination of trio
temperatureT;, the emissivitye of the processed strip has to be known [13,14]. Since the eesdsivity is generally
unknown and difficult to determine, it is a good choice forgmeter identification. In this contribution, an estimates
identified to achieve an optimum match between the temperdtu— V/1,/0é and its simulated counterpart.
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Fig. 4. Left-hand side: Strip temperatures at the pyrompesitions Pgy ¢, Pr¢ns, and Pres given in Fig. 1. Right-hand side: Temperatures of a radig
tube, a wall segment, and the flue gas inside a heating zorteedfitect-fired furnace.

During the measurement campaign 30 different strips weoegased. The strip thickness varied in the radgec
[0.4,0.8] mm and the strip width in the randg € [1.2, 1.5] m. Moreover, the strip velocity is in the range € [1.9, 3] m/s.
On the left-hand side of Fig. 4, the strip temperatufes; ¢, 15,1, andTs .., at the three pyrometer positions, cf. Fig. !
are shown. As can be inferred from Fig. 4, the simulated stnipperatures match the measured values with high accur
This is especially true for the strip temperatures in théreud-fired furnace, which are most relevant for the produclity.
The model accuracy can be further improved by a more detaietification of the material parameters. In particul,
the emissivitye and the specific heat capacity have a great influence on the evolution of the strip temperatdn the
right-hand side of Fig. 4, the temperatures of a radiant,tabgall segment, and the flue gas inside a heating zone of
direct-fired furnace are shown. Again, the simulated temtpees have a good agreement with the measurements.

The furnace model has been implemented and is now used fletimsasimulations on a standard desktop PC (4 GH
16 GB RAM) with an equidistant sampling rate Af;, = 250 ms. On this computer, the simulation @t furnace operation
requires approximatel$0s CPU-time. Hence, the presented furnace model is suitableefd-time applications in control
and optimization. The furnace model is currently used asddiam device for permanent online monitoring of proce
variable that cannot be measured.This application of tlpgsed model provides the furnace operators with new insi
into the annealing process and thus helps to further inertees product quality and the throughput.

OUTLOOK

In the following, some of the intended applications of thegemted furnace model are listed:

o The model is based on first principles and captures the hews fluiside the furnace accurately. For this reason, it ¢
be used for a detailed analysis of the furnace efficiency1&f,16]. Furthermore, all model parameters have a phys
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meaning which makes the model useful for supporting thegdegsiocess of new furnaces, i. e., the effect of individl
parameters on the strip temperature can be verified verkiguic

« For the considered annealing furnace, a state observeldshealeveloped. It estimates process quantities that ¢dmeng
measured, see, e.g., [17]. Such an estimation is based dabdegrocess data and measurements from the annes
furnace. The output of the estimator can be used for mods¢diagnosis, e. g., the validation of measurements (
sensing) and fault detection (condition monitoring).

« For modern model-based strip temperature control, a reblowhematical model that includes the most importg
nonlinearities of the system may be required. The envisagettol concept should primarily ensure that the tempeeat
of each strip section follows a desired trajectory, esplyaiuring transient furnace operation. For such a contystem,
measurements from the furnace and the estimator outpuegtéred in real time.

« The furnace model, the estimator, and the controller cansed in a simulation environment. This allows the furna
operator to simulate and optimize future operating scesdr advance.

CONCLUSION

A tractable mathematical model of a strip annealing furnageresented. The considered annealing furnace is part |
hot-dip galvanizing line of voestalpine Stahl Gmbh at LiAzistria, and is used for heat treatment of steel strip. Tleago
of this paper was to interconnect the two furnace modelsepted in [2,3] and to provide the most important equatic
necessary for the implementation on a computer system.

The considered strip annealing furnace consists of a dieetd an indirect-fired furnace section, which are physjica
coupled by the moving steel strip. Inside the direct-firedtisa, natural gas is burnt in a fuel-rich combustion prsce
The temperature of the flue gas is calculated by means of -gte&t& mass and enthalpy balances. In a similar way,
heat which is released by a fuel-lean combustion procesdeirthe radiant tubes of the indirect-fired furnace sect®on
determined. The heat conduction equations of the radidm& walls and the furnace walls are discretized by means of
Galerkin method. Furthermore, heat balances are emplayetbtel the temperature evolution of the guiding rolls arel 1
strip. The individual thermal sub-models are interconeédty the heat transfer mechanisms conduction, conveciuh,
thermal radiation.

The main advantage of the presented mathematical modelatsittis a good compromise between accuracy g
computational effort and it is thus suitable for advancediatdased strip temperature control. Since all model patars,
variables, and sub-models have a clear physical meaniag;htbsen first-principles approach facilitates an easysfearof
the model to similar furnaces.
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