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A simple control-oriented model of an indirect-fired strimaaling furnace

M. Niederef, S. Strommer, A. Steinboeck, A. Kugi

Automation and Control Institute, Vienna University of flleslogy, Gu3hausstral3e 27—29, 1040 Vienna, Austria

Abstract

A simple mathematical model of an indirect-fired strip ardimggfurnace for real-time control and optimization purpess devel-
oped. The considered furnace is part of a hot-dip galvaginire and is used for continuous heat treatment of ste@isstiihe heat
that is released during the combustion process inside thanttubes is calculated by means of steady-state massnaimalgy

balances. For discretizing the heat conduction problerh@fadiant tube wall and the furnace wall, Galerkin’s metisogsed.
Furthermore, simple heat balances are employed to mod&igerature evolution of the guiding rolls and the strip faalitate

an accurate representation of the strip temperature, fipensbtion is described by Lagrangian coordinates. Heaistiex by con-
duction and radiation interconnects the individual dyrassibmodels. Measurements from the real plant demonsteteturacy
of the derived model, which is computationally rather inexgive and thus suitable for model-based control and opitioin.

Key words: Steel industry, annealing furnace, indirect-fired furnaadiant tube, Lagrangian coordinates, radiative heasfea,
net-radiation method

1. Introduction at a very few discrete points in the furnace. Since the desa
on the furnace operation in terms of product quality, enef
consumption, and flue gas emissions are steadily increas

1.1. Strip annealing furnaces there is a need for advanced control and optimization math

In the steel industry, annealing furnaces are used for tehedhat take into account all thesfttulties.

ing and heat treatment of steel products. The annealingéern N the current paper, a mathematical model of the indire
considered in this ana|ysis is part of a hot-d|p ga|vaniiing fired Strip annealing furnace is derived. The focus of radea
of voestalpine Stahl GmbH in Linz, Austria. In this strip pro IS to obtain a dynamical model of the strip temperature tf
cessing line, a combined direct- and indirect-fired furriade- captures the essential nonlinearities of the system artdgh:
stalled for the heat treatment of steel strip in order to@ghthe @ 9ood compromise between accuracy and computatidital
desired material properties and to prepare the strips fosesu  ciency. In fact, the model should be real-time capable. T
quent surface treatment, i.e., hot dip galvanizing. Inplaiper, ~Proposed model should serve as a point of departure formies
the indirect-fired furnace that comes right after the difeedd ~ iNg @ model-based control concept for the considered ferna
furnace [43] will be addressed. To realize a continuous-oper

ation of this processing line, the strips are welded togetihne 1.3. Indirect-fired furnace

form an endless strip.
The considered indirect-fired furnace, schematically sho

in Fig. 1, consists of a radiant tube heating section (RTH) ¢

a radiant tube soaking section (RTS) which are separated |

The heat treatment of steel strips consumes large amounts gk ition wall. Both sections are equipped with W-shapeti-ra
energy. For a high product quality, the temperature evafudl 4t thes that are grouped into individual control zonekral
the strip processed in the furnace is of vital importanceorn  giant tubes of a control zone are supplied with the same amg
der to achieve the desired product properties, the striplas o fi;e| and combustion air. Moreover, the radiant tubes are ¢
heated according to a predefined temperature trajectof}[3, irolled in a continuous mode meaning that the fuel supply ¢

From a control point of view, this is a challenging task, jgart pe adjusted continuously between a minimum and maxim
ularly in transient furnace operation, e.g., when a weldgttj \5),e.

traverses the furnace or when the strip velocity changeg Th
control task is further complicated by the fact that thepsiem-
perature can only be monitored by radiation pyrometerdésta

1.2. Motivation for a furnace model

Inside each radiant tube, natural gas is burnt in a fuel-le
combustion process. The heat released by the combustien
cess is either transferred through the wall of the radiabé tu
into the furnace chamber or it is lost in form of sensible lofat
the exhaust gas leaving the radiant tube after a local reaup

*Corresponding author.Tel.: +43 1 58801 376292fax: +43 1 58801

9376264, tor, which is used for preheating the combustion air. Withia
Email addressniederer@acin.tuwien.ac.at (M. Niederer) furnace chamber, the supplied heat is used for heatingtipe ¢
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Nomenclature Si surface area (R)
ss matrix of direct exchange areas3jm
. §5  direct exchange area fn
Latin symbols Ti vector of temperatures (K)
B vector of radiosities (Wn?) T; either temperature or Galerkin déieient (K)
B; radiosity (Wm?) To outer surface temperature of the wall (K)
bs strip width (m) t time (s)
Ci specific heat capacity b K) ty sampling instant (s)
Dy diameter of a radiant tube (m) Ui vector of input quantities, either (k&) or (K)
di thickness (m) Vs strip velocity (ns)
Oi weighting factor €) XY,z Eulerian coordinates (m)
Hi vector of irradiances (YWh?) X,¥,Z Lagrangian coordinates (m)
Hi irradiance (Wm?)
h specific enthalpy per mol f@ol) Greek symbols
AR®  enthalpy of reaction per mol/@ol) At sampling period (s)
AR®  enthalpy of reaction per kg/kb) & vector of emissivities{)
hi(y)  trial function (-) & emissivity ()
! index T mapping matrix £)
J number of Iayel’s of the wall A excess air cdécient (_)
i index i mass density (kgn®)
Ky constant of lumped parameter system of the Walﬁ. Stefan-Boltzmann constant (W2K4)
(Im?K) ) temperature field (K)
K2 constant of lumped parameter system of the wallg, angle of incidence (rad)
(W/m?K)
ki thermal heat conductivity (YhK) Operators
ll\_/l Eg%;: : ; ?ngjt?i)e( ((_r)n) BF go:igflgrential) operator of boundary condition (W)
m' mglsasrfrlr;z;vs?kgnol) D, differential operator of heat conduction equation
Ng number of deflection rolls (W/m?)
Ng number of trial functions .
N, number of radiant tubes Subscripts
Ns number of strip elements (Eulerian framework) c combustion
s number of strip elements (Lagrangian framework) d deflection roll
Ny number of wall sections r radiant tube
N, number of control zones S strip
P matrix for computing heat flux densities (W?K*) w wall
o] heat flow (W) _
0i vector of heat flux densities (iw?2) Superscripts
Gi heat flux density (Wn?) c conduction
Rc thermal contact resistance )
Fij distance between two interacting surfaces (m) Symbols on top of variables
S vector of surface areas @n - Lagrangian framework

and the furnace or at least for keeping their temperatures attransferin such furnaces [5, 14, 45]. Furthermore, to prete
desired level. strip from oxidation, an inert gas atmosphere is realizedl®

The strip is preheated in the direct-fired furnace and enter§e furnace.
the indirect-fired furnace at an air lock that separatesthes
furnaces. Inside the indirect-fired furnace, the strip isveyed
through the furnace along a meander-shaped path by means ofThe heat that is transferred into the furnace chamber but
deflection rolls. The next processing step after the furisce used for heating the strip, leaves the furnace through the |
a cooling section. In the furnace, the strip is mainly heatechace wall. To keep this heat loss low, the casing of the fugn;
by thermal radiation, which is the dominant mechanism of heaconsists of well-insulating refractory material.

2
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Furnace interior with inert gas atmosphere strip temperature, this approach requires a relatively dise

cretization of the strip along the furnace. The alternatiae
grangian coordinate system, i.e., material fixed, is @dizn
this paper.

Another distinguishing factor of thefiierent furnace models
is the formal representation of the heat exchange mechanisi
the furnace. Most models take into account some form of
diative heat exchange [11, 26, 33, 36, 48]. The level of de|
ranges from the simple consideration of the Stefan-Boltamé
law to the consideration of the coupling behavior of the aad
tive heat exchange, i.e., the entire furnace geometry isntal
into account. Generally, the calculation of radiative heats-
fer requires the determination of so-called direct-excfeaar-
eas, which describe the geometric relation between sustce
tions in the furnace. Since this is a laborious task, in paldr
for 3-dimensional scenarios, usually 2-dimensional foenge-
ometries are assumed.

RTH

v Strip

Partition wall

Radiant tube

L X ¥ X X ¥ Y ¥ X J O
L X ¥ X X ¥ Y ¥ X J O

'
|
'
L
|

O L X ¥ X X ¥ Y ¥ X J

Q

Pyrometer

OO0

Deflection roll Electric heating

Figure 1: Indirect-fired strip annealing furnace.
Indirect-fired strip annealing furnaces are complex dynai
cal systems. Although there exist several models for thpe ty
1.4. Existing furnace models of furnaces, they cannot be directly applied to the considle
Due to the large number of publications on mode”ngfurnace, because hardly any furnace is a duplicate, i.ey, t
indirect-fired furnaces and their components, this literat  differ significantly with respect to design and processed pri
overview can only serve as a starting point for an in-depth exUcts. Moreover, most published models use some simplify
ploration. One way to describe the physical phenomena in@ssumptions, e.g., neglecting the coupling behavior afae
side the furnace as precise as possible are expensive mameriradiation, which may limit the accuracy of the derived modj
methods [6, 9, 11], e.g., the finite element method or computaSince the focus of this research is to obtain an accurate
tional fluid dynamics simulations. Numerical methods areeo  computationally inexpensive mathematical model for amint
Usually, the mathematical complexity and dimension of sucHored model is derived.

models is very high and for this reason they are not suitaisle f A tailored mathematical model was also derived for tl
control and real-time optimization methods. direct-fired furnace of the considered hot-dip galvaniding

For industrial control applications, usually simpler neth
matical models based on physical or empirical correlatares
used. A disadvantage of empirical correlations is that they

and reported in [43]. The following explains why this model
not directly transferable to the indirect-fired furnace lpned
here: In the direct-fired furnace, the strip is heated by e

not allow a direct physical interpretation. However, if el  flue gas which streams in the opposite direction of the step,
physical structure is unknown, this approach may be a bettehe flue gas is in direct contact with the strip. To avoid okima
choice than first-principles models. Some models for fuenac of the strip, the fuel is burnt in a fuel-rich combustion pees.
control, based on both fundamental theory of thermodynamicFurthermore, the flue gas is participating in the radiatigath

and empirically determined furnace behavior, are preseinte
[22, 28, 45, 48].

Inside an indirect-fired strip annealing furnace, the ssip
mainly heated by radiant tubes. In [1, 36, 37]ffelient radi-
ant tube models that capture real physidigets, i.e., the com-

bustion and the heat conduction, are presented. However, dtion of the strip is mainly controlled by the surface tempearas

to their mathematical complexity, these are in conflict vifita

exchange process. In contrast, in the indirect-fired fugriae
fuel is burnt in a fuel-lean combustion process inside tlug ra
ant tubes and the strip itself is surrounded by inert gas;wisi

transparent for thermal radiation and which prevents didda
of the product surface. For this reason, the temperature-ev|

of the radiant tubes. This demands the thermal modelingeof

afore mentioned requirements for the furnace model. radiant tubes including the burner and the recuperatothEur

Most frequently, the heat conduction problem in the fur-more, semi-empirical approximations for a tunnel-like ghal
nace is solved by means of the finitéfdrence method, e.g., with rectangular cross section are used for calculatingdhe
[8, 11, 26, 29, 32, 36]. This method yields a set of ordinafy di diative heat exchange in the direct-fired furnace. This Bfgrp
ferential equations. The number of equations depends on thrg modeling approach cannot be used for the indirect-fined f
spatial discretization. An alternative approach would e t nace, where the strip moves along a meander-like path thro
weighted residual method [12, 13, 50], which is addressed im big furnace chamber, cf. Fig. 1. This configuration enta

Sec. 2.1.

Many published furnace models, e.g., [8, 25, 26], consideifo capture this dynamic couplingfect by the mathematical
the strip temperature in form of a simple heat balance in amodel, the full 3-dimensional geometry is taken into acdol
Eulerian coordinate system. For an exact representatitimeof for the radiation analysis presented in this paper.

3

multiple radiative interactions betweerfigrent strip sections.
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1.5. Contents heat capacitg,,j, the mass densipy,, ;, and the heat conductiv-
The paper is structured as follows: In Sec. 2, the matheY Kuj- In geqeral, these material parameter§ are temperat
dependent.J is the number of layers, so that= 1,...,J.

matical model of the considered indirect-fired strip animegl Withi hi h ol dtobe h
furnace is derived based on first principles. The continuous ithin each layer, the material is assumed to be homogene;

time state space model finally consists of the submodels for The heat flux through the furnace wall is determined by t
the furnace wall, the radiant tubes, the strip, and the deflednaterial properties of the individual layers, the tempeneagra-
tion rolls. The thermal interaction of these submodels is dedientinside the solid, and the boundary conditiongat0 and
scribed by means of the heat transfer mechanisms radiatibn ay = dw. Using the operators
conduction. Moreover, an explicit time integration schame

proposed for discretizing the time domain, as required éonc D(Ow;) := puly)Culy, &m% _9 (kw(y, @W’i)%)
puter implementation. The discretization error entailgdte ot ay ay
numerical solution of the model is investigated by means of a (1a)
grid convergence study. In Sec. 3, the accuracy of the derive
. - ) . . and
furnace model is verified by a comparison of simulation rssul
with measurement data from the real plant. Finally, Sec.4 co _ } 00y .
tains some conclusions. Throughout the paper, an attempt is B (Ou) = —ku(0) 3y lyo = Owi (1b)
made to provide at least the most fundamental equationsnece B0 = O T 1
sary to review and utilize the proposed modeling method. (Owi) = W"'y:dN T (1c)
the heat conduction is determined by [2, 19]
2. Mathematical model
D (Oui(y,1)) =0 ye[0,du].t> 1o (1d)
2.1. Wall . o
) ) ) ) with the boundary conditions

This section deals with the heat conduction problem of the
multi-layered furnace wall. The individual layers of thellva B~ (Owi(y,1))=0 (Le)
have diferent material properties, which should be taken _|n_to B* (Ouwi(y,1) = 0 (1)
account by the model. Many authors (cf. [34, 44]) use thedfinit
difference method for discretizing the spatial domain of such @nd the initial condition
problem. However, here the Galerkin method is applied to ob-
tain a low dimensional model that is computationaliyaent. Owi (Y, to) = Owiio(y) y € [0,du] . (19)
2.1.1. Heat conduction problem T, denotes the outer surface temperature of the wall and is

sumed to be equal to the constant ambient temperature. M
over, the heat flux densitgy,; defines the heat exchange b
tween the wall and the furnace interior. Equation (1) is the ¢
calledstrong formulatiorof the heat conduction process.

Let®y,(y,t) > 0 be the temperature field in a sectipwhere
i =1,..., Ny, of a multi-layered furnace wall defined along the
spatial directiory. The extension of the wall ig-direction cor-
responds to the range,[@,] as shown in Fig. 2. Since the tem-
perature gradient alongis generally significantly larger than
in a plane parallel to the wall, a 1-dimensional heat coridact

is a reasonable approximation. 2.1.2. Galerkin method for the heat conduction problem

For temperature-independent material parameters,
> ka(¥s @u;) = Ku(y) and ca(y,®w;) = Cu(y), an approximate
solution of Eqg. (1) can be found by means of the Galerk
weighted residual method [4, 12, 13, 50]. L®tbe a func-
To tion space on the domain,[@,] so that the functiony € V
ensure the finiteness of the integrals in the following refe.
Equation (1) is satisfied if

I
\

Yi-1 Ys

Oy
0= [ V)DOu. D)
0
Figure 2: Section of a multi-layered furnace wall. V" B (Ow,(y, 1)) + V+B+(@qu(y’ t)) t > to.

A typical wall of the indirect-fired furnace (cf. Fig. 2) con- holds for arbitrary functions(y) € <V and for arbitrary scalars
sists of a casing (outside), several insulation layers, and v* € R. As demonstrated in [49], choosing = v(d,) and
cladding, which is an additional thin layer at the inner aoef  v- = v(0) gives a useful simplification especially for Neumar
of the furnace. A single laygris characterized by its thickness boundary conditions and therefore, this choice is useditiire
dwj = Yj — Yj-1 and its material parameters, i.e., the specificout this analysis. Next, integration by parts yields theated

4
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weak formulatiorof the heat conduction problem The ordinary diferential equation obtained from thg

Galerkin method takes the form

“” w.(y, 1)
0= [ VY)ewy)euly)——dy+ q LK
fo o), .00 (y t) = e i~ i (Twi = Ta), (6a)
j; o) oY = VO~ (2) with the abbreviations
V(ch)k(Che) M

) (O (G t) — To). i ) pu J J 3
y=ctN+V( ) (O (0, 1) ) Kl:(zd 1) ZP ]C\NJkWJ[[Zle] _[HZH%]]

-1 1=
Eqg. (2) demands less restrictive requi ' :

Compared to Eq. (1d),

6b

ments concerning the fierentiability of®y;(y, t) with respect N (66)
toy. Equation (2) is the basis for an approximate solution of J O, j

the heat conduction problem by means of the Galerkin method K2 = Z;; m (6c)
g

It uses the approximation

For an approximate consideration of the temperatu
3) dependence of the material parameters, the stationary s

tion ©3%(y, t) of the heat conduction problem (1) is used.

is assumed that the material parameters of the individyal |
for the temperature fiel®y;(y,t). In Eq. (3), WI(y) is in-  ers are determined by the average temperature of each I
troduced to satisfy the homogeneous boundary conditions.e. kW,,((aSta“((yJ 1+Yj)/2,1)) andcw.,(®S‘at((y,-,1+yj)/2,t)),

i) € Vi = spar{hWI, i hWG c Vareknownan- j = 1,...,J. For a given surface temperatum, (0, 1),

alytlc functions that are callettial functions, andr .(t) are  the temperature@s""“((yJ 1 +Yj)/2,1) can thus be calculatec
the Galerkin codficients. In general the apprOX|mat|on (3) by solving the resulting (nonlinear) system of equatiorfs,
does not fulfill Eq. (1d). However, Eq. (2) witB,;(y.t) re-  Eq. (4). SinceTy; = Ou;(0,t), the abbreviation&; and K,
placed by®,;i(y, t) from Eq. (3) gives a reasonable approxima-can be calculated as functions of the Galerkinfioent Ty
tion if the functionsh( ;(y) are also used as trial functiosy) by using the material parameters evaluated at the tempesat
in Eq. (2). Thus, evaluatlon of Eq. (2) by sequential replace ©5%((yj-1 + yj)/2,1), j = 1,...,J, i.e., Ki(Tw;) andKa(Tw;).
ment ofv(y) with the Ng trial functionsh; ;(y) yields a system Note that with this approach the steady-state solution o{&q
of ordinary diferential equations for the unknown Galerkin co- equals the steady-state solution of the heat conductidsigmro
efficientsTy ;(t). BecauseD(Oy;(y, t)) andB* (O (Y. t)) repre- (ad).
sentresidualsor errors which are weighted and integrated, the  For the real-time implementatioi; (Ty,) andK,(Ty;) are
chosen approach is often called method of weighted residual stored in advance for various values Bf; and linear inter-
polation is employed. This facilitates a computationaliga-
manding evaluation of Eq.(6a).
The partition wall inside the furnace (cf. Fig. 1) has a digh
fferent structure compared to the outer furnace walls. It c
sists of several thin plates that are installed side-bg-gith
a thermal inertia that is negligibly small. For this reastire

Ng
Ouily, 1) = h, () + > () T (D),
r=1

A reasonable choice for the approximatieq,(y,t) from
Eqg. (3) can be found by using the steady-state solution of the
heat conduction problem (1d) for a multi-layered furnacd wa di
with temperature-independent material parameters. lieisep
wise linear and is given by [19]

J Ow YV partition wall is assumed to act just as a radiation shield |
=] K~ Kuj [ [ '
@\7}?3(% £) = (Oui(0, )~ To) - L+ Te. yelyiyil. tween th.e two furnace sections RTH and RTS [2], i.e., two ¢
lJ 1 kWI responding points on both surfaces of the wall have the sé
‘ temperature. The accuracy of this assumption can be show|
P () consideration of the dynamic behavior of the wall and by gisi
4) the singular perturbation method [23].
whereyo = 0,yj = Xl dw, andj = -»J. Thus, the 5 5 \y.shaped radiant tube

Galerkin approach reads as - .
As shown in Fig. 3, the main components of a W-shaped
@)W,i(y, t) = (1 — hyi(y) To + hui (¥) Twi(t) (5) dianttube are the burner, the tube, and the local recupdoato

preheating the combustion air. The heat released by the ¢
bustion process inside the radiant tube is either traredem

the furnace chamber by thermal conduction in the wall of t
dependent Galerkin céiicient Ty,;. Sincehy;(dy) = 0, the  radiant tube or it is lost in the form of sensible heat of the €
approximation (5) satisfies the boundary conditiory at d,. haust gas leaving the radiant tube after the recuperatordir

Tw, represents the inner surface temperature of the furnade wato obtain a tractable, low-dimensional model of a radiabgtu
i.e., Twi = Ow;(0,t), which is also required for the calculation the combustion within the radiant tube and the thermal c«
of the radiative heat transfer inside the furnace. duction through the tube wall are considered by simple lzaa|

with the trial functionv(y) = hy;(y) that assembles the func-
tions hy; (y) from Eq. (4) withy € [0,dy] and the time-
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% Burner Tube oxygenm, and nitrogenmy,, i.e., the combustion air. Further
___ more, the output quantities are the mass flow of exhaustgas
mcw, </ —— and the heat inpu®.; that is transferred through the wall of th

i _ ) radiant tube by means of thermal conduction.
——— = Since the combustion inside the radiant tube is assume
I 1 ‘1 I C be complete, i.eqd > 1, the corresponding stationary reactig
S - equation reads as
me w_| L1 —— D
Mgjr — P> B S CHy + 21(02 + 3.76N,) — e
CO, + 2H,0+2(A — 1)Oy + 7.52AN,.
Recuperator Furnace interior
Therefore, the incoming mass flows are coupled by
Figure 3: W-shaped radiant tube.
. M .
me fo(ﬂ)mmcm (8)
models. !
with « € S = {CHy,O,N} and 4) €

2.2.1. Assumptions {(CHg, 1), (02, 21), (N2, 7.522)}. Moreover, M, denotes

The following assumptions may fail to capture the physicalth® molar mass of the component Based on Eg. (7), the
behavior of a radiant tube to a nicety. However, they yield®Utgoing mass flows are defined as
a mathematical model that is low-dimensional and consstut

a good compromise between accuracy and computatidital e Mg, = é’v(/l),vllvl—vﬁbm 9)
ciency. CHa

e The combustion of natural gas inside the radiant tube iyith y c S, and .4, c

assumed to be complete and stationary. Hence, there {§coz, 1), (H20, 2), (02, 2(1 - 1)), (N2, 7.522)}. Finally,

no natural gas left in the exhaust gas. This assumption ithe heat input).; follows from the energy balance [31] in thq
justified because the burners operate in a fuel-lean modegrm

i.e., with excess airq > 1).

It is assumed that the combustion and the heat exchange - ﬂ M,

° L= he _ ho

from the flue gas to the radiant tube wall are independent Qi ES MKAhK ; M, AR,

of the temperature of the radiant tube wall. Since the com- . !

bustion temperature is relatively high, this seems to be an Latentheat _

ac_ceptable assumption._ _ . + Z MﬂhK(TK) B Z TZ,V h(To, (10)
e |t is assumed that a radiant tube consists of four straight xS, Vi ves, Vb

pipes. That is, the bendings of the tube are neglected.
Moreover, the heat flow through the wall of the radiant
tube decreases from the first to the last pipe since the fluwhereﬁj(T) and Ah® with j € 8¢ US, describe the specific
gas temperature decreases along the tube. Therefore, tbﬁtha|plper mol and the enthalpy of reaction per mol, resp
combustion heat that is not lost with the exhaust gas isively. Ah? can be calculated from tabulated values [24, 35].
non-uniformly allocated to the four pipes. Furthermore, itwith « € S, are the known temperatures of the fuel and the co
is assumed that within each straight pipe the heat flux i$ustion air, respectively. Furthermof®&, is the temperature of
uniformly distributed over the surface of the pipe. the exhaust gas that leaves the radiant tube after the nextape
In normal operation, the mass flowg, , Mo,, My,, and thus
2.2.2. Combustion M = Y es, M,y = Moy, + Mo, + My, are known, cf. Egs. (8)
In the considered furnace, the burners are operated with naand (9). The excess air ciieient 1 is determined by a user-
ural gas, which is more or less pure metha@élf). The sup-  defined set-point curvé(fncy,). The temperaturé. of the ex-
ply of combustion air depends on the mass flow of fuel anchaust gas is only measured at a few points in each control z(
on the excess air cfiicient [47]. In the currently used control Based on these measurement values, the exhaust gas ter
strategy, the excess air dfieient is selected according a user- ature of all other radiant tubes is estimated by linear paer
defined setpoint curve that is parameterized with the masas flolation. Hence, the heat inp@c;("mch,, T¢) that is transferred
of fuel. The flue gas consists mainly of carbon dioxide, oxy-through the wall of an individual radiant tube can be comgut
gen, water, and nitrogen and leaves the radiant tube afssr pa by means of Eq. (10).
ing the recuperator. Abbreviations for the flue gas comptmen Since the mathematical model does not feature an anal
are summarized in the s8f = {CO,, O, H,O, Ny}. cal description of the exhaust gas temperaliethe heat in-

Sensible heat

In the following, a single radiant tubie(including the re-
cuperator) is considered as an infputput system. Its input
quantities are the mass flow of fuety, and the mass flows of

6

put Qi cannot be precisely determined without measureme
However, especially for control and optimization as welf@s
off-line studies, the calculation @.; independent oT is es-
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sential. For this reason, an approximate static mappingdsst  with Z‘j‘zl g; = 1. In this paper, the weighting factogs are

the mass flow of fuel and the heat input is derived. Abf  determined by means of a radiation balance and a meas|
be the reaction enthalpy of one unit of fuel that is released bcharacteristic temperature profile along the radiant t2eg. [
the combustion process, which is also known as calorificezalu Let D, be the mean diameter addthe thickness of a pipe, ag
Using Egs. (8) and (9) in the expression for the latent heat ishown in Fig. 5. Since the dimension of the pipe is charact

Eq. (lO),Ah? reads as ized byD; > d;, a Cartesian coordinate system is a reasong
_ _ _ _ assumption, i.e., the pipe bend is neglected. Furtherntoee,
AR = AR, +AhY — AR, —2ARD o ) mean area of each pigecan be written in the form
;= .
MCH4 Sr = Lrﬂ'Dr,

Thus, the reaction enthalpycmAh? describes the primary en-
ergy that is released by an isothermal combustion of the fue
If the measured valueg,, T¢, andmcy, of an individual radi-
ant tube are used as input parameters in Egs. (10) and (1), t

y\/hereL, denotes the length of the pipe, which is assumed
equal the width of the furnace. Thus, the (local) heat flukat {
ﬁurface of each pipe, as indicated in Fig. 5, reads as

empirical relationship between the reaction enthaiquh? O
and the heat inpu®.; shown in Fig. 4 is obtainedQ.; de- Geinj = 9jg
0 ! ! ! !
—~ 60f o
S :
<3
© 0k ..
0 A ; ; ;
0 30 60 90 120 150

e, AR? (kW)
) . . . . Figure 5: Section of the radiant tube wall.
Figure 4: Relationship between the reaction enthaipy.AAh? and the heat

nput Qe Let ©,;(y,t) be the temperature field in the wall of a pip|

ds sianif | b i that is h dqf j defined along the direction € [-d;/2,d;/2], as indicated
pends significantly on because excess air that Is heated from, Fig. 5. For modeling the temperature evolution of the pif

room temperature @ is ahea_t sink and increases the_require a 1-dimensional heat conduction is considered. By using
primary energy. In the considered furnace, the r"Jld'amaubenotation of diferential operators (cf. Sec. 2.1.1), the heat cc
are operated with a user-defined set-point cutfrecy,) that duction equation reads as

does not change. Moreover, it is assumed hatvk € S,,

is constant and that there exists a unique continuous fumcti _ 00 i(y,t) 9 (, 90:j(y.1)
Te(fmen,). Generally, T, depends ommgy,, 4, the flow condi- D(Orj(y. ) =pr G ——— ~ @(kr oy ) 0
tions inside the radiant tube and the recuperator, and tiair (13a)
perature states. This implies that there is a weak influefce o
the furnace interior off¢ by the temperature state of the radi- with the Neumann boundary conditions
ant tube wall. As analyzed in [33], this weak influence can be
neglected without compromising the accuracy. Based orethes -0 ¢y .o _ 90y 1) 4. =0 (13b
stipulations, there exists a function (static mapping) B Criily 1) =~k g Geij =0 (13D)
. . ONNIVA .
Qci = ¢(ch,) 12) B Oy, 1) =k 90ri0-9 ~ ;=0 (13c)
’ N g

that can be obtained by smoothing the measured curve shown in o -
Fig. 4 as a function ofncy,. Note that the shape @f{fnc,) is ~ and the initial condition
mainly determined by the underlying set-point CUNBcH,).
d Y yngserp " Or1i(3.10) = O o) (13d)

2.2.3. Heat conduction through the wall of the radianttube  fory e [-d,/2, d;/2] andt > to. Here,k;, ¢;, andp; denote the
Consider that the heatiant;,i(r"rbHuTc) is (non-uniformly)  thermal conductivity, the specific heat capacity, and the- c(

distributed over the four pipeg = 1,2,3,4 of a single W-  stant mass density, respectively. The paraméieandc, are

shaped radiant tudeaccording to the weighting factogg > 0  temperature-dependent. Moreovey; j defines the heat flux
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from the pipej to the furnace interior.

Since the Biot number [2] is much smaller than unity, it is

acceptable to assume a uniform temperature preilg(y, t)
along the directiory, i.e.,@)r,i,j(y, t) = Ty;,j(t). In terms of the
Galerkin approachT,; j is the time-dependent Galerkin coef-
ficient andhy;j(y) = 1 is the constant trial functionT; j(t)

also represents the mean temperature of the radiant tuthe wal
An approximate solution of the heat conduction problem (13)
can be derived by using its weak formulation and insertion of

the approximatio@r,i,j = T;;,i(t) andh; j(y) = 1 as trial func-
tion. Thus, the heat conduction problem results in an orglina
differential equation for the Galerkin dieientT,; j, i.e.,

d 1

—Tijii=——— 14
de " PrCr(Tr,i,j)dr (14)

(6 + Gi) -

which impliesz = Zfor t = to.

Figure 6: Moving strip.

Equation (14) equals a simple heat balance for the tube wall.

,,,,,

..... [qc’i’j]jzl,...A
G (Tr) = [cr(Tr,i,j)]j:1 ,» the complete model of a W-shaped
radiant tube can be written in the form

d . . .
aTr,i = d|ag.0rdr¢r(Tr,i)}_l Qe +0ri)»

where diago,d.c.(T,;)} denotes a diagonal matrix with
prdeCe(Teij), | = 1,...,4, as diagonal elements.

(15)

2.3. Strip

In consideration of the Biot number [2] that is much small
than unity, the strip temperatufig along the directiorx is as-
sumed homogeneous. Moreover, the heat conduction along
strip is neglected because théfdsive heat transport is gener
ally significant lower than the convective heat transpod tu
the motion of the strip. For this reason, a heat balance of
infinitesimal volume element\d, is considered to model the
temperature profile of the strip by means of ordinaryjeden-
tial equations. Letys be the (total) heat flux into the surfac
dAs of the considered volume element as indicated in Fig.
Two types of heat exchange are relevant for the strip: a) h
transfer between the strip and the deflection rolls by cotioliuc
which is addressed in Sec. 2.4, and b) heat transfer by iawljat

This section addresses the heat balance of the strip. As mewhich is analyzed in Sec. 2.5. The heat transfer by conveiio

tioned in Sec. 1.4, most published furnace models use Bnleri
coordinates for describing the strip motion. However, iis th
analysis, Lagrangian coordinates are used, because theyaal
precise representation of the temperature profile alongtthe

in particular when a welded joint that connects twéetient
strips passes through the furnace.

2.3.1. Energy balance

neglected since the temperature in the furnace chambek is|
atively high and, therefore, thermal radiation is the daamin
mode of heat transfer [5, 14, 45]. Thus, the heat balance
Lagrangian coordinates [2, 19] reads as

205(2 1)
psCs(Ts(Z 1))ds’

with the mass densitys, the temperature-dependent specil

d_ .
ETg(Z’ t) = (16)

The processed strip is characterized by its geometry and m@eat capacitgs, the strip thicknesds and the initial condition

terial parameters. Lats be the thickness anlol the width of

Ts(Z t0) = Tso(d).

the strip, which is assumed to move always in the center of the

furnace. The material parameters of the strip, i.e., theipe
heat capacitys, the mass densitys, and the thermal conduc-
tivity ke, usually depend on the strip temperatiigeand may

vary from strip to strip. Consider that the strip moves whb t
velocity vs along the directiorz as indicated in Fig. 6. The

2.3.2. Mapping between the Lagrangian and Eulerian frarm
work

The analysis of the radiative heat transfer requires thp s

valuevs may vary during the furnace operation depending ortemperatures in Eulerian coordinates. Since the strip is
the product and possible operational requirements of up- oscribed in Lagrangian coordinates, a simple mapping sclign
down-stream process steps. As mentioned, Lagrangian codndicated in Fig. 7. Consider thai; are the strip temperature:
dinates are used to describe the strip motion. The (local) Laat the nodal points (Lagrangian coordinatgs) = 1,..., N,
grangian coordinateis fixed to a given material point whereas i.e., Ts; = Ts(Z,t). Moreover, they are assumed to be hom
the Eulerian coordinate is spatially fixed. The mapping be- geneous in the corresponding strip sectinr{";). For the ra-
tween Lagrangian and Eulerian coordinates is thus given by diative heat transfer analysis, the temperafilyp= Ts(z;, t) of
the strip surfaces; in the rangez e [zj,zjﬂ) in the Eulerian
reference system is of interest. The temperature is asstone
be homogeneous within the ranb&; Zj+1) and can be approx-|

t
Z=27+ f Vs(T)dr,

to
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imately computed by means of

Zjs1

1 .
Tsj =—fT§(z—ftt vs(t)dr,t)dz, Vj=1,...,NEL7)
Zj+l - ZJ Zi - -

il =Z

whereNs is the number of discrete strip sections in Eulerian
coordinates. In matrix notation, Eq. (17) readsTas= M1 T«

with T = [Taj]jzl o+ Ts = [Tailizy_,» and the mapping ma-
trix Mt € RN The mean temperatur@s are subsequently Figure 8: Deflection roll.
used for calculating the radiative heat exchange as destitib
Sec. 2.5. An individual deflection rolli is constructed as a hollow
ToTs cylinder with the surface are®y and the wall thicknesdy as
e, e (,_____Tii shown in Fig. 8. Moreover, leb;; < Sy be the contact area
’ Toa Tein e between the strip and the roll. To model the evolution of t
Tei R YU (homogeneous) roll temperatufg;, a simple heat balance is
————=t Tsi T TR, used. This results in
Gel Geivt Z —Tdi = ——=—— ((1— ﬂ)Qdi + ﬂqc-) (18)
} } } > : ) , d,i |
. L I dt PdCd(Ta,)d Sq Sq
Gsi with the heat capacityy(Tq4,;) and the mass density. The heat
5i+1 O3 QOgi-1 Qgi-2 - K c .
L K } ; ) > £ fluxesdq; anddg; are determined by the heat transfer mech
\  Za 3 %1 3., Vs nisms radiation with the furnace interior (cf. Sec. 2.5) and-
Strip duction with the strip, respectively. Ts denotes the local tem-

perature of the strip that is in contact with the deflectiolh rg

Figure 7: Mapping of temperatures and heat fluxes betweeerignoland La- the conductive heat flux into the respective roll reads as

grangian coordinates.
. ) . ) . . C Ts - Td’|
The net radiation method, which is used for the calculation Qg = R (19)

of the radiative heat transfer in the furnace, yields thallbeat

fluxesdgs j into the spatially fixed strip sectiorjs= 1,...,Nsde-  with the thermal contact resistanBg. Values ofR; are tabu-
fined in the Eulerian reference system. It suggests thatehe h lated for various steel grades and contact pressures 9if.If1
fluxesdsj = Qs(2lz[z_,.z) iNto the strip sections are piecewise a compact notation, Eq. (19) resultstf = 1/R. (It Ts— Tq)

Eopstant anng.the strip. Equqtlon (16) is evaluated atti®@®  with as = [qg’i]izlm Ny’ Ta = [Tailizy. N, @nd @ sparse map;
Z,i=1,...,Ngin the Lagrangian reference system. Hence, th(—‘%j iy
heat fluxds is required at these points and the heat flux value rom the strip temperature vectdi in the Eulerian reference

computed in the Eulerian reference system have to be tran%&/stem. Furthermore, the heat flux into the strip elemerit t

formed back to the Lagrangian coordinate frame. This is don% in contact with the deflection roll isqg,i. Thus,~T'4G with

ing matrixI't € RN<Ns which selects the associated entri¢

by means of . .
y the sparse mapping matiiy, € RN=N¢, whereI'tT'q = E, gives
1 % the vector of heat fluxes into the strip in the Eulerian refese
Osi= == f 4s@+ [ v(r)dr, dZ Vi=1,...Ns, system.
41— 4 . N 0 _
=z 2.5. Radiative heat transfer

The local heat fluxes into the surfaces in the furnace in
rior, i.e., the wall, the radiant tubes, the strip, and thiéede
,,,,, tion roll, are mainly caused by radiative heat transfer. €&en

ally, radiative heat transfer induces heat exchange betate
participating surfaces and is therefore a global phenomer
2.4. Deflection roll To model the radiative heat transfer in the furnace, riee

The processed strip is conveyed through the furnace byadiation-method16] is employed, where a multi-surface er|
means ofNy deflection rolls, cf. Fig. 1. There is heat exchangeclosure filled with non-participating gas is considered.
between the rolls and the strip by means of heat conduction.

Since the thermal inertia of the rolls cannot be neglected ir2.5.1. Assumptions

terms of the dynamic behavior of the strip temperature, they The most basic assumptions about radiation inside the |
are modeled as lumped parameter systems with a homogenemae are listed in the following. These assumptions may
temperature. glect some of the peculiarities of radiative heat trangfethe

which can be written in the forngs = MgQs with §s =

RNgXNS
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; ; i 1200 ‘ )
furnace. Howe_ver, they y|e_ld a mathema_ltlgal model thatiis su B 006 OA/y, /
able for an éicient calculation of the radiative heat flows. 1150 r//o'o. 003 oo i
.. . .. . . 33 S
e The temperature distribution of each participating swfac 11000 3)// o® S |

is uniform. This assumption seems to be adequate for the '/°'° o /

deflection roll and a single pipe of a W-shaped radiant < 1050 ' N a
tube. For the strip and the furnace wall, the assumption is 1000 / o® © i
tenable if the chosen surface sections afgaantly small. &

¢ All participating surfaces behave like gray bodies. For the 950 / > —
temperature range characterizing the normal operation of 900] / 1
an indirect-fired furnace, this assumption seems to be ac-
ceptable. 00 éoo s;oo iooo ‘1100 ‘1200

¢ All participating surfaces are opaque and ided#lutie re-
flectors, which means that the reflected fraction of the radi- Thn (K)
ation energy thatis incident on the surface does not deperﬁgure 9: Contour plot of the ratigis°™/|gs| of the heat flux densities due to
on the direction of incidence. convection and radiation.

e The inert gas, which flows through the furnace to protect
the processed strip from oxidation, is assumed to be non- _ . .
participating. Since inert gas is usually composed of di-2-5-2. Radiative heat transfer in a multi-surface enclesur

atomic molecules liké\, andHs, this is a reasonable pos- Consider a multi-surface enclosure bf discrete surface
tulate [21]. zones as shown in Fig. 10. The objective is to analyze the r¢

ation exchange between thd$surfaces, given that the surfac

temperatures, the surface areas, and the emissivitienannk
Remark: The influence of convection, especially forced con-A convenient means of analyzing this problem is te¢ radia-
vection for the moving strip, is neglected due to the high surtion methodwhich was first devised by Hottel [16]. It shoul

face temperatures inside the furnace. To show the tenabflit €& mentioned that the net radiation method is a speciaiza
this assumption, the ratio of the zone methoavhich also takes into account participatin

gaseous media between the surface zones [17, 18, 30, 41].
6™ = la(Vs, THnx) (THnx — Ts) |
(o8] |o-—Esbr_ ('Fr4 _ Tg) |

ErtEs—EsEr

of the heat flux densities due to convectgfi™ and radiation

(s is considered for an idealized furnace section.H&igyy

is the temperature of the inert gak, is a mean temperature

of the radiant tubesTs is the temperature of the strip angd

the velocity of the strip. The average heat transferffocent

a(Vs, Tunx) can be estimated by means of a flat plate [19] and

a parallel flow and by using dimensionless humbers. For this

estimation, the length of the strip between two deflectidis ro

Is used as (char.ac-terlstlc) length of .the p!ate. The maga'.m . Figure 10: a) Multi-surface enclosure, b) Geometric refatbetween two in-

effect of the radiative heat transfer is estimated by consideri fnitesimal surface sections.

two infinitely extended parallel surfaces with the tempened

Tr andTs and the emissivities; andes. Moreover,c denotes For setting up the radiative energy balance of a discrete ¢

the Stefan-Boltzmann constant. face section, consider theh surface of the enclosure show|
For this analysis, an average temperafiire= 1250K of in Fig. 10 a). Here, the so-calledadiance H is the incident

the radiant tubes is assumed. Furthermore, it is known fronfiadiative energy per unit area of the surf&&e Moreover, the

measurements that the temperature of the inert gas always exmitted power of this surfaceisoT;". Fore; = 1 (black body),

ceeds 700K, i.eThnx € [700,1250] K, and that the processed the well known Stefan-Boltzmann law is obtained. The rad

strip enters the indirect-fired furnace with approximag8@ K tion emitted and reflected by the surfegecan be combined to

and leaves the furnace with a maximum temperature of 1200 Kheradiosity B in the form

i.e.,, Ts € [850,1200]K. The strip velocity is in the range

Vs € [1,3]m/s. Since the heat transfer ¢beient increases Bi = '9i(TTi4 +(1-&)Hi. (20)

s , .

. . o o com e | s
for higher strip velocities, the ratigi™l/Iq is evaluated for The factor 1- &; is due toKirchhoff’s law of thermal radiation

Vs = 3m/s. Figure 9 shows that théfect of forced convection . L
isS only minor%nd that the neglect of this heat transfer mecha[z’ 15, 41] and is calleceflectivity. Therefore, the net heat flux
nism is thus justified into the surface is defined by

a) Si,Ti

G = Hi - Bi. (21)

10
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To describe the exchange of radiative energy within the enfluxesq.
closure, the geometry of the involvétsurfaces has to be taken  Conservation of energy yields some algebraic constrdiats |
into account [2, 18, 30, 41]. Therefore, consider the twe surare useful for calculating the exchange areas. These egntstr
facesS; andSj, which are part of the enclosure. L8tB; be  are also known asummation rulesFor their derivation, let the
the total radiative power leaving the surfége The portion of  enclosure be in a state of thermal equilibrium. For thissait

SiB; that strikes the surfac®; is given bySs;B;, where face temperatures are equal and the net heat flows into the
face zones are zero, i.€,= 0. The specialization of Eq. (24)

f f coséi) COSGJ)dS_dSi (22) for this state shows th& = H = o"T*1 with the common tem-

i JS; ﬂf2 : peraturel. Here,1 represents a vector with unity componen

) ] o ~only. Next, insertion into Eq. (23) yields the summatiorerul
is called thedirect exchange are@dl1, 30]. As indicated in

Fig. 10 b),rj; is the distance between two infinitesimal sections S=7ssl

on the interacting surface% andS;. Moreover,; andé; de-

note the angles of incidence. Note ti&a represents a purely Moreover, the specialization of Eq. (25) for the state of e
geometric relation between the surfaces. Due to the synenetrequilibrium yields

occurrence of andj in Eq. (22), thereciprocity rule 0-pPL

S5 =575

is obtained. Note tha&s;/S; is the so-calledtonfiguration fac-  2.5.3. Results for the furnace

tor [2, 41]. The results of the previous section are now utilized for co|
puting the net heat fluxes within the whole furnace. The mq

intricate part of this computation is to determine the diec
change area matrigs cf. Eq. (22). In addition to the sophis;
ticated 3-dimensional geometry, this computation is cémy
S5— 59 = [S_Sj]izl NiLne ES [en,e2,...,en]T, cated by thg fact that the strip widthy c_:hanges during f_ur-
----- hJ= L nace operation. For this paper, the direct-exchange &®a
H=[HyuHz...,HN]", B=[ByB....BN]", for the full 3-dimensional geometry of the considered fuma
S=[S1,Ss....S\", q=[0nb....an]", was numerically calculated for a number of representatiie s
T widthsbg by means of the software ANSYS. The resulting m
T=[Ty,To... ., Th] trix P = P(bs) was then stored in a look-up table for these ve
ueshs. If P(bg) is required for some other strip widths, lineg
interpolation of the stored values may be used.
The net radiation method requires the participating seday
diagS}H = SSB (23) tobediscretized and the temperature and the emissiviy toay
be specified for each surface zone. For the strip, theseitjaant
Moreover, the counterparts of Egs. (20) and (21) in matrix noare only known in the Lagrangian reference frame. For this

In the next step, the balance of radiation energy in the multi:
surface enclosure is derived. For that purpose, some restric
and vectors are introduced:

Summing up all incident fraction§s;B; for each surface sec-
tion yields

tation read as son, the desired temperatures must be transformed to &ule
coordinates using Eq. (17). Next, some vectors that surzena
B = diage}oT* + (I — diags})H (24a)  the temperatures of all participating surfaces are intcedu
g=H-B. (24b)

T T 7 T
i To= [T T Tw=[Tws o Tan]™
The 4" power in (24a) is applied to each component of the re-
P (24 Is app b Ta=[Tan - Tan]™s Ts=[Tew....Ten]"-

spective vector. Elimination @ andH in (23) and (24) yields

the vector Here, the indices € 7 = {r,w, d, s} refer to the radiant tubes,
4= pT (25) the furnace wall, the deflection rolls, and the strip, retipely.
By analogy, the areas and the emissivities of the respestive
face zones are summarized in the vec®randeg; with i € 7,
respectively. Furthermoré; with i € I are the net heat fluxes
P = odiag e} (diag S} 541 —diags))) " saliage)—odiage).  into the surfaces;.
(26) Finally, the heat exchange by radiation inside the ent
indirect-fired furnace reads as, see also Eq. (25),

of net heat fluxes into the surface zones with the abbreviatio

The matrixP depends only on the emissivitiesand the ge-
4

ometry of the enclosure. Therefore, Eq. (26) can be caledlat A Tr
in advance without any knowledge of the surface temperature Ow _p(b Tw o7
T. For the real-time implementation, a computationally unde Qa|~ ( 5) : (27)
manding evaluation of Eq. (25) Sices to calculate the heat s TS
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2.6. Assembled system
In this section, the building blocks of the mathematical elod

of the indirect-fired furnace are assembled to obtain a cetapl
dynamic simulation model of the furnace.

2.6.1. Continuous-time state space system

Using the heat transfer relations (19) and (27), the orglinar
differential equations (6), (15), (16), and (18) can be written i
the form

T, fr(Tr, Tw, Td, Ts, Um, Ug, Us)
E Tw — fw(Tr, Tw, Ta, Ts, Ug) (28)
dt|Ta fa(Tr, Tw, Ta, Ts, Ug)

Ts f&(t, Tr, Tw, Ta, Ts, Ug)

The vectorTs = [..., Tsj, Tsis1, . . .] SUMmarizes the tempera-
tures of the strip sections that are currently in the furn&oece
the strip is described in Lagrangian coordinates, the daioen

c
3

Combustior

c
«Q

\4

(o)* P(bs)

VVVY vy

Y1

\/

A\

1/Re

T —

Figure 11: Structure of the mathematical model.

of Ty varies and, therefore, Eq. (28) is a switched system. On

the right-hand side of Eq. (28}, corresponds to Eq. (6},
to Eq. (15),fy to Eq. (18), and's to Eq. (16). The explicit

system, the time domain has to be discretized. For this [sa;p

time-dependence df refers to the dferent processed strips. lett, Yk € N, be the sampling points of the discretized time d
Furthermore, the system inputs are the mass fiew, of fuel ~ main, which do not need to be equidistant. The correspong
to the N, control zones, the (measured) exhaust gas temper&ampling period is\x = tx;1 — t. Since the continuous-time
turesT, after the recuperator of each radiant tube as well as thgéystem does not allow an analytical solution of Eq. (28),
strip temperature at the entry of the furnace (air lock). Hwit discrete-time representation can for instance be obtdipeg-
ey, and T, the heat input into the furnace chamber can beplying Euler’s explicit method. Further possibilities tbtain a
determined according to Eq. (10).Tf is not available, i.e., in  discrete-time representation of Eq. (28) are multi-stagede-
optimization or in df-line studies, the heat input can be approx-Kutta methods, e.g., thdeunmethod or theclassicalRunge-

imated by means of Eq. (12). Letbe the number of all radiant
tubes in a control zoni.e., 3% n = Ny must hold. As all ra-
diant tubes of a single control zone are uniformly suppliéth w

. T
fuel, the control inputi reads asim = [Uy,,, ... uf,y, | with
Uni = 1r'ﬁbH4/ni € R"%, i =1,...,N,. Moreover, the exhaust
. . T
gas temperatures can be combined igo= [uf.....ul |

with ug; = [Tc,l,...,Tc,nl]T, i =1,...,N;. The inputus is the
temperature of the strip section that currently entersuheeice.

Kutta method. Euler’s explicit method is a 1-stage method
first order and is the simplest one-step method from the fg
ily of explicit Runge-Kutta methods. Generally, multi-g&a
Runge-Kutta methods are of higher accuracy order and c(
pared to Euler’s explicit method their stability region ésder.

However, multi-stage methods require the repeated evaiua
of the right-hand side of Eq. (28) and therefore significan
increase the computational costs. In view of the envisagald r
time implementation of the model, Euler’s explicit methad

The interaction of the dynamical submodels describing tha!sed. Thus, the discrete-time model is given by

wall, the radiant tubes, the strip, and the deflection raissed
by the heat transfer mechanisms radiation and conduction

outlined in Fig. 11. The inputs of these submodels are the hea

fluxesdw, gc + r, 4z = Mg(diagw}qs — 1/2I'4q3), andgq and

denotes the heat fluxes on the inner surfaces of the radiant

tube walls. Moreoverw € RMs is a vector with components
W € {3,1}, wherei = 1,...,Ns. As for the second term of
gz, the value% refers to strip sections that are in contact with
deflection rolls. The most significant nonlinearity in Ec8Y%

Tier = T+ Aticfic (T, U) (29)

is
with T = [TrT,TVTV, TLTE T, u=|ul, u;, ug]T, andf represent-
ing the right-hand side of Eq. (28). The inequality

min(zj — zj-1)
i

Aty < (30)

S

should be satisfied for fficiently high accuracy. Hereqin(z; -
i

the 4"-power stemming from the radiative heat transfer. Fur-zj_;) denotes the smallest spatial discretization of the strip

ther nonlinearities are due to the material parameters, tag

the Eulerian reference system. The restriction (30) essihad

specific heat capacity of the strip or the specific enthalgy peeach material point in the Lagrangian framework captures

mol of the components of the exhaust gas.

2.6.2. Time discretization

influence (heat flux) of each strip section in the Euleriamiea
work at least once. Generally, the sampling peiagdis crit-
ical for the numerical stability of Euler’s explicit methodf

The state space system (28) is defined in the continuous-tinteg. (30) is satisfied, stability problems have not been olegkr
domain. However, for implementing the model on a computemith the considered system.
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1200

2.7. Numerical analysis

To analyze the numerical uncertainty of the developed fur- 1150
nace model (29), the grid convergence index (GCI) [40] is em- £ 1100
ployed. Itis based on the generalized theory of the Ricluards
extrapolation [38, 39] and is commonly used in grid refinetnen
studies. 1000

In order to compute the grid convergence index, at leasethre
different simulations with three fiiérent grids with step sizes
hy, hy, andhg are required. These step sizes represent a fine,
a medium, and a coarse mesh resolution of the spatial and th&
temporal discretization, i.ehy < h, < hs. Let¢s, ¢, andgs be g

1050

150

1.00 k1

I
the solutions of a quantity from the discretized models. The %ﬁ 050 Hed
grid convergence index provides an error band for the swiuti  ©
¢1 and is defined as 0
€12
GClyp = 3——,

T 0.75
wheree; = (¢2 — ¢1)/¢1 is the relative errory = hy/h; = 9 050
hs/h; is the grid refinement ratio, anglis the formal order of E’ ’
accuracy which can be computed using E:L_D)H 025

_ log((¢3 = ¢2) /(¢2 = ¢1))
log(r) '

The mostimportant output of the numerical model is the tem-

perature_ profile of the St”P' FO!’ thl_s quantity, the Inﬂuem Figure 12: Simulated strip temperature of the fine grid and gonvergence
the spatial and temporal discretization on the model acgusa  indices for two strip elements at the end of the furnace @estRTH and RTS.
studied by means of the grid convergence indicesfG¢and

GCIF]® for two representative strip elements at the end of the
two furnace sections RTH and RTS. Inside the furnace, the spdurnace (just after the air lock), and its reading is an irgfuhe
tial discretization is more or less predefined by the stmectd ~ furnace model. The two other pyrometésry and Prrs are
the furnace. Both the radiant tubes and the deflection rodis a located at the transition between the two furnace sectidm$ R
modeled as discrete elements. A further refinement is thus nand RTS, and at the end of the furnace, see Fig. 1. Furtl
useful, i.e., a fixed spatial discretization is used for gdiant more, temperatures of some radiant tubes and wall segm
tubes and rolls. For determining the grid convergence egjic are measured by means of thermocouples. The remaining
the spatial and the temporal discretization of the furnacdeh tem inputs, i.e., the mass flow of fuel to the control zones &
is refined with a refinement ratio = 2. The required simu- the exhaust gas temperatures of some radiant tubes, are
lations are performed with fierent strip parameters and input known from measurements.
data from the real furnace. In Fig. 12, both the simulatedtem An important output of the model is the temperature of t|
perature trajectories and the calculated grid converged@®es  strip at the pyrometer positions. Its temperature evolut®
for the considered strip elements are shown. The scattefing also determined by the material parameters, i.e., the fipei
the results is due to the mapping between the Lagrangian antkat capacity and the emissivity. In a radiation pyromeher,
the Eulerian coordinate framework, cf. Sec. 2.3. Thesdtsesu radiative energylp, = oesT2 incident on its detector is mea
confirm that the temperature error of the considered step el sured. Generally, the emissivity of the strip must be known
ments due to the discretization does not excedéolfor the  and stored in the pyrometer for a correct measurement of
considered strip elements of the fine grid. Thus, the chosen d strip temperatur@s. However, unknown radiative propertie
cretization seems to be adequate for the proposed applicaiti  of the strip could cause measurement errors [10, 42]. Si
the furnace model. the emissivityes is both uncertain and flicult to determine, it
is a good choice for parameter identification, in particller
cause the remaining physical parameters in Eq. (28) arasit |
roughly known from design drawings or material handbooks.
For verification of the model with measurement data, a meathis work, an average strip emissivity is identified and used
surement campaign was conducted at the real plant. For thfer all products. The values'was identified to achieve an op
purpose, the measurement equipment already installedtivas utimum match between the temperatlig = +/lp/0&s and its
lized. In normal furnace operation, the strip temperatwhéch ~ Simulated counterpaits.
is of major interest, is measured by means of three radiation During the considered measurement campaign, #2rdnt
pyrometers. The first pyrometer is located at the entry of theroducts were processed. Within this campaign, the strip
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locity varies in the ranges € [1.4, 2.8] m/s, the width is in the
rangebs € [0.9,1.6] m, and the thicknesds € [0.5,1.1] mm.

Figure 13 shows the measured and simulated strip tempesaturacts as a radiation shield. Hence, tifeet of surrounding walls

at the two pyrometer position8zty and Prrs. As it can be
inferred from Fig. 13, the temperature evolution of thepstsi

captured in a very good way by the furnace model and the erralso depicts the error range + AT of the calculated strip tem-

between measurements and simulated results is wathOK.

The accuracy may be furtherimproved by a more detailed spe¢he simulated strip temperatures. It can be deduced that
ification of the specific heat capacity of the strip and by ansimulated strip temperatures are within the error rangdef

online-identification of the emissivitys of the strip. In the con-
sidered scenario, the heat capacity of the strip plays aorimp
tant role since the strip is annealed in a temperature rdrage t
contains a phase transition of the material, which sigmifiga
influences the temperature evolution of the strip.

1200 ! ! ! ! !
1150} -
3
T 1100} -
=
14
e
= 1050
1000
1200
1150 -
3
2 1100
o
e
=
1050
1000' H H H H H
0 3 6 9 12 15 18
t (h)
—_— SimulationTg —— Measurement g

Error Rangéf's + AT

Figure 13: Temperature of the strip at the pyrometer postRkrrH andPrrs.

To further illustrate the accuracy of the numerical resofts
the strip temperature, an error analysis is performed ®ett
perimental results measured by the pyrometers. If the @émiss
ity of the strip is exactly known, the manufacturer guarasate
that the temperature measurement error is lessAfigrn= 4 K.
As mentioned before, the emissivity of the strip is fairly-un
certain. When measuring the strip temperature, this caarses
additional measurement errafl .. By introducing the relative
emissivity errord = (€s — &s)/&s, the measurement erraT,
reads ad\T, = 'fs(l — 1/+/1 - 6). Because of the uncertainties
of the emissivity and the wide range offéirent processed prod-
ucts, a relative emissivity errér= +0.05 is realistic [27, 46].
The pyrometer measurement can also fiecéed by the sur-

rounding walls. However, the pyrometer is mounted inside
gas cooled pipe that is directed onto the strip surface. gipis

on the measurement can be neglected. Thus, the total temy
ture measurement error readsA6 = AT, + AT,. Figure 13

perature from the measurement readings of the pyrometdrs

pyrometers, which demonstrates once again the high agcu
of the developed furnace model.

In Fig. 14, the temperature trajectory of a strip point issgho
as it moves through the furnace. The figure reveals the es!
tial purposes of the furnace sections RTH and RTS. In the f
section, the preheated strip is further heated, whereasithe
perature is just kept on a desired level in the second sedtion
addition, the figure indicates the influence of the defleatidis
in the form of short temperature plateaus.

1050 ! ! ! ! !
1000 ] g
< ﬁ
= 950 : 'S
= E :
900 : :
850 : .
0 30 60 90 120 150 180
z (m)

Figure 14: Simulated temperature profile of a processegl s¢gtion.

The temperatures of a radiant tubeand a wall segmerit,,
are shown in Fig. 15. Again the simulated results match w
with the measurements.

The mathematical model was implemented and simulated
a standard desktop PC.635Hz, 4 GB RAM) with an equidis-
tant sampling rataty = 100 ms. On this computer, 1 h furnac
operation needs approximately 160 s CPU-time for simutati
This result makes sure that the derived model is suitable
real-time applications in control and optimization. If ariva
able sampling rate which always satisfies condition (303&
the simulation time can be further reduced without a sigaific
loss of accuracy. The furnace model is currently used as
add-on device for permanent online monitoring of process vi
ables that cannot be measured. This application of the peab¢
model provides the furnace operators with new insight iheo 1
annealing process and thus helps to further increase tideigtrg
quality and the throughput.

4, Conclusions

A mathematical model of an indirect-fired strip annealir
furnace was derived. The focus of research was to obtai
first-principles model that includes the essential nomliites
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