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ARTICLE INFO ABSTRACT

Keywords: Numerical simulation of industrial reheating furnaces belongs to important procedures for an
F“méce optimization of their design and processing parameters. A 3D numerical model of a continuous
Walking-beam furnace gas burners heated walking-beam furnace is introduced in this paper. The main benefit of the

Radiation heat transfer

X model is a compromise between its complexity and computing speed. The model connects nu-
Numerical model

Hottel zonal method merical procedures and empirical knowledge. It is based on a Hottel zonal method and a

Thermal box-barrier compartment based solution of heat transfer process in solids. It allows specifying charge, heating

Temperature measurement system and furnace parameters. The solution includes convective and radiative heat transfer in
the furnace including a participation of a semi-transparent gaseous furnace atmosphere. A direct
measurement of charge temperature course in a walking-beam furnace using thermocouples and
thermal box-barrier are introduced. Comparisons of the measurement results with results of
numerical simulations are presented. Connection between direct measurement in the furnace and
the numerical simulation parameters is discussed. A good agreement between the theoretical and
measured data shows, that the model includes the most important physical process.

1. Introduction

Heat treatment of products or their heating before subsequent technological operations is a commonly used technological operation
in many kinds of industry. Periodical, continuous or carrousel type furnaces [1] are often used for example in steel or ceramics
processing industry as a part of production lines. The processing temperatures in such furnaces significantly exceed 1000 °C [2] in
many cases and the industrial continuous furnaces operators are very large energy consumers. An optimization of an operation of the
furnaces can therefore bring charge heating process technological improvements as well as significant fuel consumption savings,
financial savings and a reduction of a production of environmentally harmful substances.

The optimization of the furnace operation is mostly based on a numerical modeling of thermal processes during charge heating [3].
Complex numerical models are developed for a detailed description and understanding of the processes inside the furnace. These
models are mostly based on continuum fluid mechanics methods and are focused on maximum mathematical description of all the
important processes. This approach is important for an understanding of the processes and their interaction. The models are mostly
very extensive, have huge demands on computing resources and a calculation takes a long time. Thus, this approach is not too suitable
for an on-line optimization or processing parameters correction. The complex walking-beam continuous furnace 3D numerical
modelling is presented for example in Ref. [4] or [5]. A 3D unsteady numerical simulation of a reheating furnace was performed to
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List of symbols

Ak heat transfer coefficient to j-th surface of a zone by convection (W m2K™")
Csplil specific heat of combustion product in i-th zone (J kg'K')

i zone number index

j surface number index

k surface number index

Micofi] mass flow of combustion products to chimney (kg s

Mghrig mass flow of combustion products from burners (kg sH

Mgy i mass flow of combustion products between zones (kg s™)

Mys charge mass (kg) - a shift given by walking beam mechanism
Mg mass of combustion products in the i-th zone (kg)

N a number of isothermal surfaces in a zone

a5 specific radiation heat flow outgoing from j-th surface (W m2)
Ak heat flow into j-th surface of a zone by convection (W)

Qkori] heat flow of combustion products into a chimney (W)

qshri] heat flow from burners (W)

Qspri] heat flow of combustion products between zones (W)

Qysfi] heat transferred by charge (J) - a shift given by walking beam mechanism
Quzi] heat flow of combustion air (W)

Qi a sum of all additional dissipation heat fluxes (W)

Qspriy heat content of combustion products in the i-th zone (J)

Sz area of the j-th surface of a zone (m?)

t time (s)

tii temperature of the j-th surface of a zone (°C)

T absolute temperature of the j-th surface of a zone (K)

g7 combustion products temperature in the i-th zone (°C)

Tz combustion products absolute temperature in a zone (K)

a1 absorption of an environment between the k-th and j-th surface
i1 Kronecker symbol (—)

£ relative emissivity of the j-th surface

D1 angular coefficient of radiation from the k-th surface to the j-th surface
c Stefan-Boltzmann constant (W m2 K*%)

Tk transparency of an environment between the k-th and j-th surface

obtain the optimal slab residence time for a walking beam type reheating furnace in Ref. [6]. A complex model of three-dimensional
simulation of walking beam furnace was developed in Ref. [7], where the modeling results were compared with measured results. Two
3D heat transfer models based on finite volumes method for predicting the transient heat transfer characteristics of slabs in a walking
beam reheating furnace were introduced in Ref. [8].

Simplified numerical models are developed for furnace operation process parameters optimization. These models are mostly based
on various simplifications, for example, geometric simplifications or a reduction of processes solved. A lot of empirical knowledge are
mostly required for these models, which should be determined using the complex numerical models or by direct measurements on real
furnaces. However, these models are fast enough and can be used for an on-line optimization of a furnace operation, often as a part of a
furnace control system. Such a model developed for a continuous furnace optimal heating control system is introduced for example in
Ref. [9].

Rigorous numerical models are mostly too extensive and time consuming, on the other hand, simplified models are mostly adapted
to a particular furnace and do not offer required variability and parameters adaptation possibilities. Thus, compromise numerical
procedures are developed, which offer an acceptable variability, solution accuracy and computing speed. These solutions could be
based on computational fluid dynamics [10], however, one of the favorite approaches are zonal models. Adaptations of zonal models
for furnaces numerical modelling is presented, for example, in Refs. [11,12] or [13]. These models are based on dividing of the furnace
volume to several zones. The combined radiative and convection heat transfer problem in individual zones and a heat transfer ex-
change between zones are solved separately. A hybrid zone-CFD model, which combines some advantages of the zone method and
Computational Fluid Dynamics, is introduced in Ref. [14].

A numerical modelling of industrial furnaces should be supported by a direct measurement, which should be used for a numerical
model design, parameters improvement, and results verification. The temperature measurement of the furnace or charge can be
performed using both contact and non-contact methods. Temperature measurement in continuous furnaces are described for example
in Refs. [2,15]. Basic measurement equipment is mostly a part of industrial furnaces and consists of on-furnace installed thermocouples
and pyrometers. Such a measurement system gives permanent information about furnace zones temperature (thermocouples) and
charge temperature at given positions (pyrometers). Three different temperature measurement methods were compared and validated
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by computational fluid dynamics in Ref. [16]. More sophisticated charge temperature measurement during its movement throughout
the furnace can be carried out using a special thermal box-barrier device, as described in Ref. [17]. A similar thermal protection device
was also used in Ref. [18]. This measurement technique gives the best information of a charge temperature progress. However, it is far
too complicated, and not applicable for a permanent charge temperature monitoring.

Numerical solutions of the processes in a walking-beam furnace presented in publications [5-8] were based on discretization and a
full CFD analysis. These models included most of the relevant processes (turbulent flow, combustion, radiation etc.), and were solved
using a commercial computational software. However, these models used a huge number of elements and a computation so took a very
long time (1.2 mil. elements and 34 h reported in Ref. [6], 11.4 mil. cells reported in Ref. [7]). These models are therefore not suitable
for an investigation of an influence of different parameters of heating characteristics or for a design of a furnace and/or a heating
process. In contrast, a cost-effective zone model was presented in Ref. [11]. In the research presented in Ref. [11], a conservation of
energy for each zone was computed based on directed flux areas (DFA), the wall emissivity was assumed independent on temperature
and an empirical correlation was used for a calculation of convective coefficients. Heat flux and temperature in billets were solved in
3D by their dividing into uniform elements. Numerical computation results were compared with thermocouple based measurement;
however, a measurement procedure was not described in detail. A contribution of a convection and an influence of furnace wall
emissivity was analyzed using the described model.

A zonal model based 3D solution is adapted in this work for a walking beam type furnace numerical modelling. In contrast to
Ref. [11], the approach in this work is based on a computation of radiation view factors and mean geometric lengths, which is per-
formed by dividing of surfaces to small elements. Analytical procedures of a computation of the radiation view factors and mean
geometric lengths is then combined with a numerical solution of a heat transfer problem. The solution includes radiation and con-
vection problem inside the furnace, participating of a semi-transparent gaseous media inside the furnace, charge movement and heat
transfer in charge and furnace parts (furnace walls for example). A conductive heat transfer in billets is made using a division to
compartments. It provides a less detailed spatial analysis than division to element used in Ref. [11]; however, much fewer elements are
needed. The used approach can bring improvements in a computing time. It also allows a development of a good adaptable model,
which can fully be configured parametrically. Results of numerical analyses are verified by a direct measurement of a billet tem-
perature during its passage through a furnace. The measurement procedure is described and an influence of a correct setting of
experimentally determined temperature in a zone of the furnace is demonstrated by the comparison of the experimental and numerical
results.

2. Walking beam furnace processes overview

Walking beam furnace [5,19,20] is a continuous type furnace. A charge is often in a shape of beams, rods, tubes or sheets, which
move through the furnace from one end to the other. The movement of the charge provides a mechanism, which shifts or transfers
individual pieces of the charge to a next position in defined intervals using fixed and moving supports. The movement is performed by a
hydraulic system, which is often used also for other moving parts of the furnace (e.g. input and output gates). A specific feature of the
walking beam furnaces is that individual charge pieces are separated [11,21]. Charge pieces in a pusher type furnace, for example, are
often in a direct contact and it is sometimes possible to simplify a series of charge pieces as a one continuous part. Compared to that,
each piece of the charge in walking beam furnaces has to be assumed individually and geometrical definitions for a heat transfer
computational model, especially for a radiation heat transfer model, are then more complicated.

The main parts of walking beam furnaces are outer casing (a steel construction), movement mechanism, hydraulic system, heating
system, combustion products outlet system, refractory brickwork and a moving parts lubrication system. Some components inside the
furnace are cooled, thus, a water cooling system is also a part of the furnace. Gas burners based heating system is mostly used for steel
charge heating, where the maximum service temperature can reach up to 1300 °C. The furnaces can be several tens meters long and
they are often divided into several zones.

The charge heating process is mostly defined by a heating curve, which prescribes a required temperature of the charge in each
position and time in the furnace. The most of furnace control systems correlate the charge temperature to a furnace temperature, which
is defined for each zone in the furnace. The furnace temperature is, in the simplest case, represented by temperature measured by
furnace thermocouples located in the zones. A relationship between the charge temperature during its passage through the furnace and
the furnace zone temperatures is mostly defined by a heating function. The heating function can be obtained by a numerical model
accompanied by an experimental calibration. The control system of the furnace then uses information about the charge (material, size,
time in furnace etc.), furnace temperature provided by the thermocouples and the heating function for an optimization of a heating
process. The optimization is mostly performed in such a way that the estimated charge temperature approaches the temperature
specified by the heating curve.

3. Heating proces numerical model

A gas-burner type continuous reheating furnace operation is a very complex process, which includes convection, conduction and
radiation heat transfer, combustion products turbulent flow, chemical reactions (combustion) and interactions with the furnace
surroundings [5]. The process is non-linear and most of material properties entering the process are dependent on temperature. The
process is unsteady and should be solved as three-dimensional because of radiation geometrical dependencies. The main parts of the
process are:
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Heat input into the furnace due to burners. Flames and burning products distribute the heat inside the furnace space by radiation
and convection.

Heat exchange inside the furnace. It includes an exchange between burning products and furnace walls, furnace inner components
and charge; and radiation heat transfer between surfaces inside the furnace (charge, walls etc.). Furnace atmosphere (combustion
products) limited transmissivity has to be taken into account. Specific spectral range of the combustion products were not assumed
in this model.

Internal heat transfer processes. The internal heat transfer includes heating up (or cooling) and conduction in charge, furnace walls
and other bodies in the furnace. Temperature dependence of thermal properties of materials is taken into account.

Heat losses. A part of the heat removed by combustion products through a chimney, by cooling of the furnace by surroundings or by
cooling water in cooled parts of the furnace.

The radiation heat transfer becomes dominant at high temperatures, therefore, a special attention should be given to this process
[12,20]. The radiation heat flux is defined by the radiating surfaces temperatures (a proportionality to the 4th power difference), their
geometrical configuration and their optical properties (emissivity). The geometrical configuration is defined by a radiation view factor,
which describes a mutual visibility of the radiating surfaces. The emissivity [15] of the surfaces is the radiometric dimensionless
quantity, which describes their thermal radiation properties. Combustion products between surfaces can influence the thermal process
by absorption and emission of a radiation heat. Combustion products in gas-burner furnaces are mostly partially transparent. Their
emissivity, absorptivity and transmissivity are dependent on their chemical composition, chemical reactions, wavelengths, thermo-
dynamic state of the gas (pressure, temperature) and a thickness of their layer (a characteristic length). Burning gas combustion
products typically emit and absorb radiation on specific wavelengths only. A more detailed description of radiation heat transfer can be
found also for example in book [22].

The model developed and applied in this work was based on a connection of numerical procedures and empirical knowledge. It
allows a definition of following variables:

e Charge-beams parameters: dimensions, material properties in dependence on temperature, surface properties and discretization.

e Furnace parameters: number of beams in the furnace, initial temperature of beams, movement frequency (performance of the
furnace), surroundings temperature and convection coefficient, combustion air temperature (including recuperation), combustion
air humidity, burning gas parameters (properties, temperature, humidity), overpressure in the furnace and number of zones.

e Computational time step length and final time at which the process is assumed stable.

e Individual zones parameters: dimensions of the zone, furnace hearth position, beams step length, number of beams in the zone,
number and thickness of layers forming walls, material properties of the walls, discretization parameters of the walls, number of
burners, type of burners (high-speed, whirling, radiant), definition of cooled parts, definition of water ducts, definition of heat loses
due cooled rollers, definition of furnace openings (dimensions and relative time at which are opened).

A geometry of a walking-beam furnace is divided into a several computational zones based on geometry of the furnace and required
heating-curve gradient. Combustion products temperature distribution is assumed constant in one zone. A mutual radiation heat
transfer between combustion products, furnace walls and individual beams (charge) is solved according to the Hottel zonal method in
each zone and in each time step. Emissivity and/or absorptivity of surfaces and combustion products as well as other material
properties are assumed temperature dependent. The properties are updated in each time step according to a current temperature. A
classical Newton’s law is used for a convective heat transfer definition. The convective heat transfer coefficients are estimated based on
empirical knowledge end experimental calibrations according to types of burners in each zone. Such simplification is sufficient
considering that radiation plays a crucial role. Thus, combustion products flow does not need to be calculated numerically. The in-
dividual beams as well as furnace walls are divided into compartments. A conduction heat transfer is assumed between the
compartments.

The results of heat transfer process are included into heat and mass exchange computation for each zone. Energy balance between
entering (burners, combustion products, heat flux, moving charge beams) and leaving (combustion products, moving charge beams,
heat flux, heat losses) heat/mass flow is solved in each time step. Interaction between individual zones is limited to a transfer of the
combustion products and beams. Radiation between zones is not assumed. A resultant differential equation system is solved by a
Merson’s modification of Runge-Kutta 4th order method, which allows an automatic change of a time step length. A complete solution
of the model including all computational procedures was implemented in an own software developed within the research. The
principal result is a simulation of heating of the beams during their passage throughout the furnace. Additionally, other thermal in-
formation are obtained by the computation, for example, combustion products temperature, required amount of cooling water, heat
and mass fluxes in the furnace etc.

A generally required result correspond to a steady state. However, the introduced simulation model is transient and a time to
process steadiness is one of the determined parameters. This approach is more flexible compared to a standard steady-state solving
procedure.

3.1. Energy balance in zones

Schematic representation of furnace dividing to zones including heat and mass fluxes between the zones is in Fig. 1. As follows from
the figure, the energy balance of combustion products in a zone is
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Gusli-1] — Gusli) — Gali] T Gsnli] T Gspli+1] — Gspli] — Groli) T Gueli) = 1)

d Qi
dt
where Qg is heat content of combustion products in the zone, gy is heat transferred by billets, gy is sum of all additional
dissipation heat fluxes, qs/i7 is heat flow from burners, g7 heat flow of combustion products between zones, gk, is heat flow of
combustion products into a chimney and ¢y, is heat flow of combustion air. As a time variation of mass M,; and specific heat cgy; of

combustion products is negligible, it is possible to state eq. (1) to the form:

dtz i
Gusli—1] = Gusli] — Garli] + Gsnli] + Dspli-+1] — Dopli) — Droli) + oeli) = Mippi) - € . 2)

il
where tz is combustion products temperature in the zone, cgy is specific heat of combustion product, Mgy is mass of combustion
products.

The heat, which is transferred by the billets (q,s; and g,;_1)), is realized every time a walking mechanism of the furnace sifts the
billets. It is determined as the sum of heats in individual compartments, which is defined by their temperature, mass and specific heat.
The dissipation heat flux in the individual zones g, is a sum of all additional outgoing heat fluxes. It includes losses due to front and
rare walls of the furnace and due to a cooled steel frame of the walking beam mechanism. It was computed iteratively as a passage of
heat through a wall. Further, it includes heat losses due to a radiation through technological openings and due to a radiation to water
channels of the furnace mechanism. It was computed by Stefan-Boltzmann constant, area of the openings, coefficient of shielding and
combustion products temperature 4th power. Heat flux from burners ggi7 is computed accordingly to the requirement to maintain the
defined/prescribed temperature in a heated zone (see below). The heat flux by combustion products flow between zones (qspij, Gspfi+17)
is given by temperature, mass and specific heat of the combustion products. The same quantities define heat flow of combustion
products into a chimney gy, Finally, the heat flow of combustion air gy, is given by its temperature, mass and specific heat.

The temperature is set as the control parameter if there is a burner in the zone (heated/controlled zone). In this case, the tem-
ddtzt»” in eq. (2) is equal to
zero. It makes possible to determine the required heat flux from the burners in the zone at each time step, which is necessary to
maintain the required temperature in this zone:

perature is maintained at a required value by an adjustment of burners heat flux into the zone and the term

qsn[i] = = Gusli—1] + Gusli] T Gt} — Gspli+1] T Gspli] T Groli] — Gzl 3
On the other hand, combustion products temperature in a zone without burners (non-heated/uncontrolled zone) is defined by

solving of the equation

drzy 1

— 37 .\ Yvsi— vsli] = Yzli] = Yshli] spli 7si7'ﬂ[+vz[ 4
o Mxp[i]'cxpm( Gusti=) + Gosll — Gati] — onll + Dipli+1] — Dopli) — Gl + ocl) )

Accordingly, the energy balance for a heated zone (with burners) is given by Eq. (2), which contains all incoming and outgoing heat
fluxes. An unknown variable is a burners heat flux g, which maintains a prescribed temperature in the zone. The energy balance in a
non-heated zone (without burners) is given by eq. (4), where a heat flux from burners is equal to zero (g = 0) and an unknown
variable, which is a result of a solution, is a temperature in this zone. Based on the zonal model approach, the combustion products
temperature is the same in one zone, regardless whether it is a heated or non-heated zone. The temperatures in the zones are defined by
a temperature curve along a whole furnace length. However, temperature step changes at boundaries of the zones (a piecewise
constant curve) bring problems in a solving of a radiation heat transfer between the zones. Thus, the temperature curve is adjusted by
such a way that a zone temperature is defined for points representing a center of the zone and linearly interpolated between these
points. This adjustment is however made for purposes of radiation heat transfer modelling only and the combustion products

Mior1] Gkoft]  Gat(1)

Miofi-1] Akofi-1] Yztfi-1] Miofi] Gkoli] Gzt[i]

zope
1
tzp
qsp[i+1]

CIsp[z] qsp[i-l]
e—

Mgy 2]

Qvzi1]  Gsh[1] Mshr1] Quzfi-1] Gshi-1] Mshfi-1] Avzfi]  Gshfi] Msh(i]

Fig. 1. Zones and schematic representation of heat and mass fluxes into and out of the zones.
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temperature in a zone is still assumed homogeneous in accordance with the zonal model.
3.2. Heat transfer in a zone

Heat transfer between combustion products, furnace internal surfaces and beams surfaces inside a zone is the result of convection
and radiation between each other. The radiation is solved in accordance with the Hottel zonal method [23,24]. The zone with pzk
beams (pzk is the number of beams) consists of isothermal sub-zones. One sub-zone is an internal space of the zone, which is filled with
a grey gas (combustion products). The space is surrounded by a set of N grey isothermal sub-zones, which represent internal surfaces
(furnace walls and the beams) in the zone. It is necessary to point out, that one sub-zone can contain more surfaces. A geometrical
representation of the 3D zonal model is in Fig. 2A. The picture shows one furnace zone, which contains one isothermal volume
sub-zone (combustion products) and several isothermal surface sub-zones (furnace walls and billets surfaces).

Sub-zone S| represents furnace hearth, Sjy represents furnace ceiling and Sp3) represents furnace side-walls. The beams have a
rectangular cross-section. Each beam is divided to sub-zone Sj(...S[3.pks+1]) representing its sides (front and back surfaces, which are
against each other; side surfaces, which are against the furnace side-walls), a sub-zone Sj5|(...S[3. pk;12)) representing its upper surface
(against the furnace ceiling) and a sub-zone S (...S[3. pkz+3)) T€presenting its bottom surface (against the furnace hearth).

The considered rectangular cross-section is a simplification, which makes possible a generic building of the model and which
reduces a number of solved equations. Other shapes of a cross-section of the beams could be included, but it would increase a
complexity of a solution of the radiation heat transfer. For example, a general polygonal cross-section could better approximate a very
common circular cross-section. However, it would be more complicated for a determination of radiation geometrical relations as well
as for a practical implementation. It would also bring longer computing times without a major effect on an accuracy of results. The
approach used in this model was therefore based on a substitution of any cross-section shape with a corresponding rectangle.

Each sub-zone is divided to triangular elements and radiation view factors (RVFs) d¢ are solved for any pair of the elements. These
partial RVFs are used for a numerical determination of integral RVFs ¢i,j; (see eq. (5)), which defines radiation geometrical relations
between entire sub-zones Sy and Sj).

1
i =5, / / C°S¢ COS% dSy.dSy )

S Sin

The RVFs ¢ ; are computed for each two surfaces in every zone by a numerical integration, where ¢ jx = i’—;‘]‘ ®y;- The same

procedure is used for a computation of a mean geometrical length Ly ; for the each two surfaces

cos ¢y cos¢
Lwi =550 // U d Sy -dSj ©

S Sw

where Ljx = L. It is assumed that combustion products are ideally mixed in each zone (i.e. temperature and chemical composition
are homogeneous). A transmissivity 7j;;) and an absorptivity ajj of the combustion products between each two surfaces (j and k) in a
zone are then found in a material database based on the computed mean geometrical lengths Ly, chemical composition of the
combustion products (CO,, Ny and Hy0) and their temperature. The radiation heat transfer is then solved for each pair of the
considered sub-zones Sjy; ... Sj3.pkz+ 3 including combustion products between surfaces and multiple reflections from the furnace walls.
The relationship between temperature of the isothermal surfaces and radiation heat flux into/from the surfaces can be then described
by a system of N equations:

TN
N =

AW

Fig. 2. Geometrical representation of the 3D model - a furnace zone (A) and a billet divided to compartments (B).
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A solution of the equation system (7) provides a vector of radiation heat fluxes to individual surfaces in each zone.

Determination of geometrical relationships for radiation heat transfer according to Egs. (5) and (6) can be inaccurate if two surfaces
radiating to each other are too near, as it is reported, for example, in Ref. [12] or [25]. Based on intended purposes of the developed
model, a direct solution of this issue is not included. However, a checking mechanism is implemented into programmed procedures,
which warns if a distance between two radiating surfaces is too close and an accuracy of their radiation view factor and/or mean
geometrical length could be insufficient. If a billet is placed on a ceramics hearth, than a heat flux from combustion products to a
surface on the hearth or between the surface and the hearth (with regard to low temperature difference and low thermal conductivity
of the hearth) is set to zero.

Emissivity of the surfaces contributing in the process and atmosphere between the surfaces are temperature dependent. The
emissivity of the surfaces is therefore defined by a user database for each material and their temperature. Emissivity and/or trans-
missivity of the furnace atmosphere is defined by a user database for combustion products composition, their temperature and a
computed mean geometric length between a solved surfaces pair. A geometrical configuration in the furnace does not change during a
computation, because each beam moves to a position of a beam before it. Thus, a determination of the geometrical relations are made
once only at a start of the computation.

The use of integral RVFs can be made based on the assumption of isothermal sub-zones. This assumption significantly reduces a
number of solved equations compared to an element-to-element heat transfer computation used in many CFD (or FEM) numerical
models. The results of a solution of the equations system (7) are the radiation heat fluxes qj; into or from the individual sub-zones.

The convective heat flux in the zone is computed by the Newton relation

au = awg - Sy (12— 177) @®

A value of the convection coefficients a;;; depends on positions of surfaces in the zone, type of burners and position of burners. The
convection is mostly not as important as radiation — an estimated ratio of a convective heat transfer is about 5% at temperatures above
1000 °C. Thus, an average heat transfer coefficients for individual zones were used and local variations in some parts of the furnace, for
example inlets, burners or chimney, were omitted. A general relation for heat transfer coefficient is given by a dependency of Nusselt
number (Nu) on Reynolds (Re) and Prandtl (Pr) numbers Nu = f(Re; Pr). The Michejev’s relation Nu = 0.032 - Re®® was used in this
work due to its simplicity. Then, a final relation for the convection coefficient can be derived in the form

0.8
Asp .WSI’
08 102
vsp dh

a;, =0.032- 9

where Ag, Vs, Wy are thermal conductivity, kinematic viscosity and velocity of combustion products and dj, is hydraulic diameter. It is
quite complicated to specify all the parameters of Eq. (9) exactly. Thus, taking into account the small influence of the convection, a
convective heat transfer coefficient in a zone is defined empirically based on a configuration of burners in the zone. The values of ay for
different burners were 35 W-m~2.K~! for high-speed burners, 10 W-m~2.K~! for whirling burners, 5 W-m~2.K~! for radiation
burners and if there was not a burner in a zone. A type of burners is defined individually for upper and lower part of a zone. A heat
transfer coefficient for side surfaces in the zone is determined as an average of the heat transfer coefficient of the upper and lower part.

Some parts of the beams can be shielded by a beam-moving mechanism (walking mechanism). Amount of beams bottom surface,
which is shielded, is entered in percent for each zone. If the beams lie directly on a ceramic hearth (the distance is zero), the heat flux
between the charge bottom surface and the hearth is assumed zero.

The geometrical model does not include any additional construction parts, which can occur in a furnace. These parts therefore does
not appear in the heat transfer model, however, these parts can be assumed in the energy balance equations.

3.3. Compartment models of charge and furnace walls

Individual isothermal layers (compartments) are formed as volumes between equidistant surfaces towards the beam center, which
distances are thicknesses of the layers. A geometrical representation of the 3D compartment model is shown in Fig. 2B. A temperature
of each compartment is homogeneous and a conduction heat transfer is assumed between adjacent compartments. The conduction is
defined by a distance of their central surfaces, by their areas, by temperature differences between the adjacent compartments and by
their thermal conductivity coefficients. Each compartment (i.e. layer) represents one energy differential equation, which defines its
temperature

ﬂ: Z;’:lqj
dt My Cy
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where t; is temperature of the compartment, g; is heat flux to or from the compartment, my is mass of the compartment and cy is specific
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heat of the compartment. Material properties of the beams are considered temperature dependent and are updated at each time step
based on an actual compartments temperature.

It is advantageous to set the first layer very thin, for example 1-2 mm for a beam cross-section dimensions ~400 mm. The tem-
perature of this layer is also the surface temperature. Distances of other layers can be generated as a geometrical sequence based on a
selected characteristic length, number of layers and a coefficient of the geometric series. Heat transfer process in furnace walls is solved
in a similar way as in the beams. The walls are divided into compartments, which (unlike the beams) can be of different materials. The
heat transfer is then solved as conduction between the individual compartments with temperature dependent material properties.
Convection heat transfer to surface surroundings is considered at outer surface of the furnaces.

3.4. Simulation model outputs

The model solves a transient problem, so it brings results of the thermal process in every time step of the solution. The basic results
of the simulation are temperature of the furnace atmosphere, temperature of the individual compartments of the furnace walls and
temperature of individual compartments of the beams in all positions. However, it also makes possible to obtain heat and mass fluxes in
the furnace, which brings information about heat losses in the individual furnace zones or about required power of burners.

4. Simulation inputs and temperature measurement

Experimental temperature measurement and numerical computation for the suggested model verification were performed for a gas
heated continuous walking-beam furnace for steel beams reheating. The furnace length and width was 43 m and 9 m, respectively. The
furnace had a capacity of 65 beams and the computational time step was 418 s. The length of a step of a movement of the beams was
660 mm and it was assumed constant along the entire furnace.

The beams had a circular cross section of diameter 410 mm and their length was 5500 mm. The beam passed through the furnace
about 450 min and its maximum temperature in the soaking part of the furnace was about 1300 °C. The beams were moved by a water-
cooled walking mechanism.

4.1. Thermal box-barrier temperature measurement on the furnace

Temperature of an experimental beam during its passage through the furnace was measured using a thermocouples and thermal
box-barrier (TBB) in the same manner as described in Ref. [17]. A part of the measured beam was cut so that a platform was created at
its end. The TBB with a temperature data logger inside was placed on the platform and the thermocouples measuring ends were
installed at selected positions on the beam. The beam then moved throughout the furnace together with other beams as in a usual
operation mode of the furnace. After the beam was removed from the furnace at its end, the TBB was opened and the stored tem-
peratures in the data logger were transferred to a computer.

The temperature was measured using 7 K-type thermocouples (3 mm diameter, ceramic insulated leads with an outer Inconel coat).
6 thermocouples were located in two longitudinal positions inside the billet: at 100 mm from the end of the beam and in the center of
beam; in 3 depths: its axis - 55 mm under the upper surfaces and 55 mm under the lower surface. One thermocouple was in the furnace
atmosphere - about 100 mm above the top surface of the billet at its center. One thermocouple was used for a temperature monitoring
in the TBB. The scheme of the placement of the thermocouples on the measured beam is shown in Fig. 3.

A declared maximum temperature usability of K-type thermocouples is 1100-1300 °C, based on a structure and a producer of the
thermocouples. However, an accuracy of a thermocouple measurement decreases at temperature over about 1200 °C. This issue was
partially solved by a laboratory calibration of the thermocouples. However, the most critical source of measurement errors is con-
nected with leads of thermocouples, which are exposed to high temperature inside the furnace. An electrical-insulation layer between
wires inside the thermocouples loses its properties at a high temperature. It is not a complication if a measuring end of a thermocouple
is at the highest temperature. However, it can cause significant errors if the measuring end is at lower temperature than the lead of the

the thermocouple in
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Fig. 3. Scheme of the positioning of thermocouples in the measured steel beam.
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thermocouple. The error increases with an increase of a surrounding temperature (the error occurs from about 1000 °C for 3 mm
diameter thermocouples and subsequently grows exponentially), of a length of the lead exposed to high temperature and of a dif-
ference between the surrounding temperature and the measured temperature at the measuring end. The error can be reduced by
increasing of a diameter of the thermocouple. Thus, a number of calibration experiments was performed, including analyses of an
influence of an exposure of leads of the thermocouples to high temperatures. Based on results of the experiments, thermocouples of the
diameter 3 mm were selected for the measurement and the leads of thermocouples were additionally covered by high-temperature
insulation mats to protect them against temperature peaks in the furnace during their passage through the furnace. Based on these
steps and based on the results of the analyses performed, a measurement uncertainty at the furnace output is estimated to be about 20
°C.

4.2. Numerical model parameters

The numerical simulation inputs were in an accordance with the experimental furnace. A steady state of the furnace operation
process was the required result. Thus, the total time of furnace operation simulated was 15 h. It was assumed that this time should be
enough for reaching of a steady state. An initial condition for the charge and all furnace parts was 20 °C.

The furnace simulation model was divided into 11 zones. Temperature of the furnace atmosphere for each zone was defined by a
temperature curve according to a technological instructions provided by the furnace operator. The required temperatures at individual
zones (a heating curve) were 850, 930, 980, 930, 950, 1050, 1155, 1260, 1290, 1290 and 1275 °C. All zones were driven, that means
the defined (required) temperature of the zones was controlled and maintained by burners. The defined zones temperature corre-
sponded to temperature measured by furnace thermocouples, which were a part a heating process control system in this furnace. The
definition of the temperature curve was made based on a standard production setting of the furnace and it should result to a required
temperature of the heated beams at their output from the furnace.

The circular cross-section of the real beams was in accordance with above described simplifications replaced by square cross-
section of dimensions 363 x 363 mm. The beams were divided into 8 compartment layers. The thickness of individual layers
increased geometrically from a surface of the beam to its center. Material properties of the beams, which were made from a ferritic
steel, as well as material properties of all furnace components (i.e. walls) was set in an accordance with the measured beam and real
experimental furnace.

5. Results and discusion
5.1. Measurement results

Measured temperature time profiles of the furnace atmosphere and in the beam axis are shown in Fig. 4. The furnace temperature
measured by a thermocouple near a top surface of the beam at its center increased up to about 700 °C immediately after the beam

entered the furnace. Then it increased slowly up to about 900 °C in next 250 min of the process. A rapid temperature increase up to
1300 °C followed in next 100 min (250-350 min of the process). The furnace temperature then remained stable at the level about 1300

TBB measurement along beam
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Fig. 4. Measured temperature of the beam at its center (Center-axis) and edge (Edge-axis) in its axis and measured furnace atmosphere temperature
close the beam center (Furnace).
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°C up to an output of the beam from the furnace. Beam temperatures followed the furnace temperature. The temperature at the beam
axis at its center increased from the initial temperature (2-10 °C) to about 700 °C in 200 min (1st heating phase) and then it increased
very slowly to about 750 °C in next 70 min (1st soaking phase). A second rapid increase up to temperature about 1270 °C followed from
270 to 400 min (2nd heating phase). Then, in a soaking part of the furnace (2nd soaking phase), the beam temperature was ho-
mogenized and increased slightly up to the furnace atmosphere temperature at the end of the furnace (1300 °C).

Temperature at the edges of the beam was higher than the temperature at its center by more than 100 °C during the 1st heating
phase. The biggest differences were observed at heating phases. The temperature equalized in soaking phases and became homoge-
neous at the end of the furnace. Published results of a 3D CFD modelling, for example in Ref. [7] or [26], showed that the temperature
differences decreased quickly toward a center of heated beams and might not be considered at a distance greater than approximately 1
m from the edges. However, temperature inhomogeneity along a beam length can occur due to other sources. It can occur due to beams
supports, slide shoes or stepping mechanism, as it was presented for example in Ref. [2] for a pusher type furnaces with water cooled
slide shoes.

As expected, the highest temperature was at the top surface of the beam and the lowest temperature was in the axis of the beam. The
differences between the axis and top surface were about 50-70 °C in the 1st heating phase, then it got almost homogenized in the 1st
soaking phase, the temperature differences increased again in the 2nd heating phase up to about 100 °C and, finally, the temperature
homogenized at the 2nd soaking phase. The differences of the temperature between the top surface, the bottom surface and the axis of
the beam were not so high in course of a passage of the beam throughout the furnace. This is an important information from the point of
view of unwanted deformations of the beams.

The temperature time profile measured by the thermocouple in the furnace was scattered and there was a number of local fluc-
tuations. These fluctuations were mostly caused by local temperature changes due to a variable flow of combustion products and
geometrical arrangement of an interior of the furnace (position of burners, temperature regulation by switching burners on/off etc.).
The used thermocouple was relatively thin and, therefore, sensitive to these local short-term temperature changes. On the other hand,
the time-temperature curves measured by thermocouples inside the beam were smooth because of a mass of the steel beam.

5.2. Numerical model results and verification

A comparison of modelled and measured temperatures is shown in Fig. 5. The measured temperatures were obtained at the center
of the beam. The modelled temperatures were taken from the 5th compartment layer, which position corresponded to the placement of
the thermocouples. The simulated temperature courses followed a shape of the measured time-temperature curves. However, the
simulated temperatures were notably higher than the measured values. This disagreement was most significant in the 1st heating phase
(0-150 min), where the differences were up to about 100-200 °C.

The discrepancy between modelled and measured temperature showed a very important fact regarding the zonal model approach.
Two connected reasons of this disagreement were found. The first reason is connected with a temperature averaging in the zones. The
zonal model is based on an assumption of an average temperature in a zone. The zones temperatures were defined by a temperature
curve based on a required heating of the beams. The zones temperatures are determined by furnace thermocouples, which were used
for a control of a furnace operation. A desired temperature of the first zone of the furnace was 850 °C and the simulated temperature at

Measured and simulated temperature
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Fig. 5. Comparison of measured (lines) and simulated (points) temperature of the furnace atmosphere (Furnace) and of the beam in its axis (-axis),
at its top surface (-top), at its bottom surface (-bottom).
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the start of the furnace was about 810 °C.

The second reason is connected with a method of a measurement of the temperature in the zones. The thermocouples were heated
by both convection and radiation processes. The measured values were therefore a combination of a combustion products temperature
at a position of the thermocouples and a radiative heating from sources around the thermocouples (furnace atmosphere, beams, walls
etc.). The experimental thermocouple in the furnace atmosphere was thinner and thus more sensitive for local temperature fluctua-
tions. The furnace thermocouples were in a ceramics casing which made them more stable and less sensitive to short-term furnace
temperature fluctuations. A material and optical properties of the casings were also different. The most significant differences were
however in a placement of the thermocouples. The experimental one was near the measured beam and it moved together with the
beam along the furnace. The furnace thermocouples were near a roof of the furnace. All these facts caused differences in measured
temperatures between the experimental thermocouple and the furnace thermocouples.

The comparison of the experimental and numerical results implied that the data obtained near the investigated beam were more
relevant for a definition of the heating curve. Thus, a new temperature curve of the furnace atmosphere was defined for the numerical
simulation based on the experimental results. The modified required temperatures at individual zones were 710, 790, 855, 870, 895,
970, 1070, 1160, 1250, 1325 and 1350 °C. Numerical simulation results obtained using the modified heating curve together with the
measured temperatures are in Fig. 6.

The furnace atmosphere temperatures obtained by the experiment and numerical simulation were in a better accordance after the
modification of the heating curve. The simulated beam temperatures were still higher than the measured of about 100 °C in the 1st
heating phase. However, the simulated and measured results came together in the 1st soaking phase and were very similar in the rest of
the heating process. Especially the temperatures in the beam axis were in a very good agreement — the differences between measured
and simulated temperatures were from 10 to 20 °C. These results were considered satisfactory with respect to an expected mea-
surement accuracy and simplifications of the used numerical model approach.

The numerical model presented in this work is not intended for solving of processes related to any local temperature differences.
Thus, it is not able to compute differences between an axis of the beam and edges of the beam. However, the model used a dividing of
the beam geometrical model to an upper, bottom and side zones, which were composed of individual isothermal layers/compartments.
The model made therefore possible to solve temperature differences between upper and bottom surfaces of the beams. The numerical
computation results showed, in accordance with the experiment, that the lowest temperature was in the beam axis. A temperature
difference between the axis and top surface was about 100 °C. It partly equalized in the 1st soaking phase and the differences increased
again in the 2nd heating phase. Differences between the axis and top/bottom surface temperatures decreased to about 10 °C in the 2nd
soaking phase.

6. Conclusions

A numerical simulation model was introduced, which was developed for a simulation of a steel beams heating procedure in a
continuous walking-beam furnace. The model was transient and it was based on a dividing of the furnace to isothermal zones and
dividing of the charge and furnace parts into isothermal compartment layers. It was shown that it was possible to make a computation
of a heating process leading to a steady state solution. The model allowed determination of beams temperature at different positions in
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Fig. 6. Simulation results with the modified heating curve. Comparison of measured (lines) and simulated (points) temperature of the furnace
atmosphere (Furnace) and of the beam in its axis (-axis), at its top surface (-top), at its bottom surface (-bottom).
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the furnace. Despite used simplifications, the model included definitions of all important parameters regarding the furnace, beams and
heating process. Even if some knowledge regarding furnace operation generally was necessary, the results showed that the model was a
general enough tool for an analysis of a heating procedure in a walking-beam furnace.

An experiment of a tested beam temperature measurement was performed. The measurement procedure using a thermal box-
barrier made possible a continuous temperature measurement of the tested beam and of a furnace atmosphere near the beam dur-
ing its passage throughout the furnace. This measurement therefore appeared as a suitable tool for a verification of the numerical
model.

A comparison of simulated and measured temperatures of the tested beam showed a discrepancy between measured and simulated
data if a heating curve was specified based on furnace thermocouples, which were used for a control of an operation of the furnace. The
differences about 200 °C between the simulated and measured temperature profiles were caused by temperature averaging made by
the zonal model and different locations of the thermocouples in the furnace — the experimental thermocouple was near the tested beam
while the furnace thermocouples were near a roof of the furnace. It was demonstrated that the temperatures obtained near the tested
beam were in this case more relevant for a definition of required temperature in individual zones of the zonal model than the furnace
thermocouples data provided by a furnace operator.

A very good agreement was achieved between the experiment and simulation after a modification of the heating curve was made in
accordance to the temperature measured during the experiment. The differences between the measured and experimental beam
temperatures were about 100 °C at the start of the heating process and from 10 to 20 °C at the end of the furnace. The simulation and
the experiment were also in a good agreement in relation to a temperature distribution in a beam cross section. It was shown that the
differences between the beam axis and top/bottom surfaces temperatures were about 100 °C at the start of the heating process. The
temperature of the beam equalized during its passage through the furnace and the temperature differences were about 10 °C at the
furnace output.

The used approach allowed to perform the computation using a standard personal computer (2.40 GHz, 8 GB RAM) in about 25
min. This result is significantly better than full-featured CFD models (e.g. 34 h reported in Ref. [6]). The CFD models based on finite
volumes or finite elements discretization are of course more general and allow more exact implementation of physical processes in a
furnace. On the other hand, the simulation time is too long for on-line control simulation models, where a real-time computing is
mostly required. However, simulation models for an on-line control should often be significantly simplified to achieve a sufficient
computation speed. That is demonstrated for example in Ref. [9], where a 1D model with inputs obtained by calibration measurement
of a specific furnace is used. Thus, the approach presented in this contribution could be a good compromise between a versatility
allowing flexible changes of process parameters, computation time allowing repeated calculations and accuracy, which was verified by
the measurement. The suggested approach could be, for example, a good tool for an initial furnace parameters design or for a design of
a heating process for different charge characteristics or processing requirements.
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