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Abstract

A computational methodology to predict the transient heat transfer to the load in a continuous steet reheating
furnace is presented. The procedure couples a numerica solution of the fluid flow and the thermal radiation
indde the furnace, obtained using conventional Computational Fluid Dynamics techniques, to a numerica
solution for the temperatureinsde the sted charge.

The conduction module solves for the transient heat transfer to the sted dabs, dlowing for movement inside the
furnace during the reheating operation, using a fine grid embedded in the fluid domain. The full transient
problem is amplified by assuming a steady State furnace amosphere through which a continuous series of
Identicd stock are moving. This procedure dlows for an economic solution for the flow field and thermal
radiation without losing details of the conduction within the dab.

The resulting model has been applied to a three dimensiond sed I-Beam moving through a furnace with a
predefined gas temperature, uncoupled from the CFD prediction of the flow field. The fully coupled procedure
gegjtshm been usad to study a sted rehesting operation for a two dimensonad model furnace with rectangular
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Introduction

Sted rehesting represents a critical step within the steelmaking mill process. Sted rehesting furnaces are used to
heat dabs and hillets to a suitable temperature for the following rolling operation. The amount of energy
required to raise the temperature of the load a few hundred degrees is congderable, therefore economic
pressures have directed a significant effort towards maximising furnace capacity whilst minimising energy
usage.

The god of areheating furnaceis to heat the gedl charge to the minimum temperature consistent with achieving
the correct temperature and metalurgicd properties a the finishing stands of the mill. Uniformity of the
temperature within the load, minimisation of locd temperature gradients, avoidance of surface defects such as
skid marks, overheating marks and oxidation scae represent the characterigtics of the ided product of the
rehegting operation.

In the last two decades the principa lines of research in the sted rehegting industry have been developments of
innovative furnaces, such as inductive and resstance furnaces and the improvement of traditional designs
together with the massive introduction of automatic control. In al of these processes a primary role has been
played by mathematical modelling which represents, together with physicd modelling, a fundamental tool to
as3g every development in this field. Due to the complexities of the physics that occurs ingde traditiona sted
reheating furnaces many mathematica models have been proposed over the past years. The complexity of the
models has roughly pardleled the then available computing power.

Early models of ded reheating furnaces only solved for heat conduction within the load by employing
amplifying assumptions about the gas temperature within the furnace and heat transfer coefficients derived
from known furnaces, [1,2}. These methods have been used for evauaing the effect of modifications on
exigting furnaces.

A number of models have been developed which make use of the zone method for the solution of the thermal

radiative heat transfer ingde furnaces, [3,4,51. Computationa model based on the “zone assumption” vary in
complexity depending on the number and arrangement of zones that subdivide the furnace (smple gas zone,
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long-furnace model, multidimensional zone modd). In dl of these models the effect of the furnace atmosphere,
for example flow field and combustion have been aimost neglected. Whenever required, data concerning the
flow field and combustion have been provided from other sources, typicaly experimenta results or less
commonly results from Computational Fluid Dynamics calculations.

More recent udies have investigated the flow and heat transfer within furnaces by solving conservation
equations using Computationa Fuid Dynamics techniques, [6,7,8]. Due to the complex physics insde the
furnace such as turbulence, combustion and thermal radiation, a different set of approximations must be mede.
Typica studies have been concerned with the solution of only the isothermd flow field showing, therefore, the
effect of the gas path on the performance of individual furnaces. Computer memory demand, large run times
and difficulty of use have redtricted the application of traditiona CFD in full furnace modelling. Moreover the
wide range of characterigtic dimensions in a furnace renders a conventional CFD gpproach amost impossible to
resolve the fine details of the conduction process smultaneoudy with the flow field.

Method

The heating operation for an individua dab usualy takes between two and three hours during which lime the
dab is moved ingde the furnace in a prescribed manner dependent upon the type of furnace and operation
procedure, for example walking beam or pusher furnace.

Within the furnace the dab experiences different heat transfer conditions dependent upon the surrounding
amogphere. The externad conditions directly modify the heat flux to the stock via the gas temperature and the
convective heat transfer coefficients, hence they are fundamental in determining sted properties and
phenomenasuch as scde formation.

The physicad problem of a continuous reheat furnace has been approached from the generic viewpoint of
coupled heet transfer between afluid phase and a solid phase. The fluid phase is modeled using the commerical
CFD package, FLUENT [9], and is coupled to a specificdly written transient conduction solver. The CFD code
s0lves the moddlled three dimensional Navier-Stokes equations over aboundary fitted grid using a finite volume
pressure correction procedure. For turbulent reacting flows the k-g turbulence mode is employed in conjunction
with an eddy-bresk combustion modd, thermal radiation is modelled using the Discrete Transfer Radiation
Modd, aray tracing methodology. The present work is solely concerned with the development of the coupled,
embedded grid, conduction sotver, for further details of the CFD techniques employed see for example [10].

For the solid phase (sted charge) acontrol volume technique is employed to discretise and solve the differential
heat conduction eguation, which may be expressed in generd non-orthogona curvilinear coordinates as,
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where g represent the contravariant metric tensor components and J is the jacobian determinant for the
coordinate transformation. Spatia and tempord discretisation have been achieved using a second order and a
fully implicit first order accurate scheme respectively. The solution procedure to solve this sygem is based on a
combingtion of a line by line tri-diagonal matrix agorithm (TDMA) and a block correction scheme. Genera
Dirichlet and non-Dirichlet boundary conditions are allowed for. The solutions for the fluid flow and the solid
temperature are coupled at their common boundaries by the incident radiative heat flux and smilarly by
convective heat transfer.

A full smulaion of an operationd furnace would have to dlow for both the movement of the load within the
furnace and for the trandient nature of the furnace atmosphere, both in terms of the fluid dynamics and the hest
transfer. A full smuldtion is possible, but since typica trangent time steps for the fluid phase would be of the
order of seconds, for a least token accuaracy, and the residence time for asingle dab is of the order of three
hours, the computation would be very expensve and time consuming to obtain.

The approach adopted in the present work is to assume that the furnace is operating in a pseudo Steady date,
where the fluid flow is & Steady state and a continuous stream of dabs or billets pass through the furnace. When
a single dab is the point of reference then a transent smulation is necessary to smulae the heat transfer
process This amplification is deemed justifiable by the condderable thermd inertia of a furnace, such that for



suitably long periods of continuous operation, minor fluctuations in the fluid phase due to burner control and the
movement of the load itself may beignored.

For awalking beam furnace the dab reheating operation conssts of a repeated sequence of movement and then
delay in a prescribed postion and of prescribed duration. In the present model movement from one position to
the next has been consdered instantaneous, The reheat operdion for the charge is then moddlled as one of
transient heat conduction with important step variations at the boundaries occurring at each dab move. During
the flow field solution the furnace load is represented by fixed blockage regions with Dirichlet temperature
boundary conditions.

The procedure to obtain the overal solution can be represented as an aternate sequence of cdls to the flow
field solver and the conduction solver, see figure 1 Within the cdl to the conduction solver a single dab is
followed during its sequence of movements and delays insde the furnace from the initia postion to the exit
position. The transient heat transfer to the dab during the reheating operation is calculated consdering afixed
heat flux boundary condition obtained from the previous CFD flow field calculaion. On termingtion of the dab
cdculation a new loop of fluid flow caculations are performed considering for every blockage region a fixed
boundary temperature obtained from the last predicted skin temperature of the dabs.
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Figure 1: Coupled FHow and Slab Calculation Scheme.

A particularly novel feature of this work is that the program adlows computational meshes of different Szes to
be used for the fluid and solid regions. The procedure may be described as an embedded grid solution with
diding block meshes. The furnace gpace and the load are discretized using separae grids a which nodes the
solutions of the respective equations are obtained. The two meshes are cregted independently of each other and
are only related by the region of the furnace on which they overlgp and the degree of accuracy required for the
solution. Typicaly the mesh for the furnace is much coarser than that of the solid, consequently interpolation
and extrapolation is required to transfer information between the two grids.

The solution for the load temperature is obtained utilisng boundary conditions derived from the flow field
solution, convective heat flux from the fluid flow caculation and radiative heat flux from the radiation mode.
These data are not directly used as fixed superimposed boundary conditions. Consider the convective hegt flux,
whilst the dab is wanning up the changing surface temperature produces a consequent change in the net heat
flux from the surrounding furnace atmosphere. A fixed value of heat flux would be unredlistic and could cause
convergence problems.

This problem, which is aresult of assuming a Seady Sate flow field, has been circumvented by utilisng the
fluxes to determine local instantaneous correlated properties of the heat transfer process. From the convective



heat flux data an estimation of the convective heat transfer coefficient is worked out. The heat transfer
coefficient and the temperature of the flow are then used as fixed vaues during the conduction caculation to
compute the red heat flux to the boundary cdls of the slab. Anaogoudy the radiative heat flux alows an
apparent external radiative temperature to be estimated for each cdl of the dab surface. The apparent radiative
temperature and convective heat transfer coefficients are determined prior to the transient conduction solution.

At the end of the conduction caculation, when the dab has been marched through the length of the furnace, the
surface temperature of the dab at each pogtion within the furnace is used to update, by interpolation, the
prescribed temperature of the blockages within the fluid flow cdculation. The following CFD iterations,
typicaly ten or twenty before the next cdl to the conduction routines, assume the blockage temperatures to be
Dirichlet values. The fluid flow solver calculates new convective and radiative fluxes which will be used as the
new boundary conditions for the next cal to the conduction routines. The whole process is repested iteratively
until the solution converges. Convergence is defined within the flow solver in terms of the absolute mass error
within the solution and in the solid as the net change in temperature.

Applications and Results

Validation ofthe Conduction Solver

The conduction solver was first validated against an analytical solution, [11,12]. The principd am of the
comparison was to eva uate the dependency of the error upon the time discretization. The results of this exerdse
are show inin figures 2 and 3 for the one dimensiona problem of a solid with Dirichlet boundary conditions, of
T=0, imposed at x=0 and x=L. The solid is initidised with a congtant temperature profile, fix)=T5, and the
resultant relaxation to the steady state solution is observed.

Figure 2 presents a comparison of the temperature distribution msde the dab for different ingtants in time,
represented in non-dimensiona form by the Fourier number, F, = av/Z2.

Figure 3 presents an andysis of the relative error for different vaues of the time step (Fourier number). The
relative error is defined &, (T - Texac)/(Tmax - Taim) Where Trey aNd T @€ the maximum and the minimum
temperatures in the temperature field. As expected, it can be observed that the relative error has the maximum
vaue a low Fourier numbers where it is sendtive to the effect of the initid temperature step, after that it
decreases quickly.
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Fig.2: The Test Case. The Thermal Transient Fig.3: TheTest Case. The Error Evaluation

Application to an I-beam

As afirst gpplication a 2 hour 45 minute reheating process for an “I” beam has been smulated. The aopllcatlon
demongtrates the coupling procedure between the heat conduction routine and dab movement routine [111.

The furnace load was moddled as a sed “I” beam, moving through the furnace in five minute sages. The
solution grid for the- beam was calculated usng a Smple agebraic procedure and consists of approximately
7700 node points.



The furnace was modelled as arectangular section duct, 30m by 12m by 8m, subdivided into three distinct heat
transfer zones (8m, 12m, 10m), each with aconstant gas temperature of 600K, 1500K and 1200K respectively.
In the final zone the actual heat flux to the beam was prescribed to be zero to simulate the effect of a soek zone.
Adiabatic boundary conditions were prescribed for the two surfaces of the beam assumed to be in dose
proximity to each other in the furnace.The externd convective heat transfer coefficient was prescribed to be 30
Wim’k and the surface emissivity to be 08 W/m*K®.

The surface oxidation of the sed and and the formation of scde is taken in to account by a Smple Arthenius
based moddl. An expression for the rate of growth is considered dependent on an activation temperature, B, and
apre-coefficient, A, whereL is the scae thickness.
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Typica vaues for the Arrhenius coefficients were 14410 k and 7.1x10"® m?¥sfor the activation temperature and
the pre-coefficient regpectivdy. These vaues are optimised vaues obtained by numericd tuning of the
parameters. The conduction program was run on a DECStation 5000/200, the typical CPU time was about 260
seconds for the | beam smulation. Full details of the Smulation are available in Venturino [11].

Figures 4 and 5 present the sted temperature and net heat flux to the beam respectively as a function of time
within the furnace. The temperature profile of the beam is seen to follow a typica heat profile for a reheat
furnace. Figures 6 and 7 show the temperature distribution within the sted during the middle of the rehesting
operation. This cdculation is a demondtration only, no andyticd or experimentd data is avalable for

comparison.
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Application to a two dimensional furnace

The fully coupled procedure has been applied, as a first demondiration, to the Smple application of a two
dimensional furnace reheating arectangular dab. Sabs of dimensions 1.2m by 0.4m enter a 125m long furnace
zone as shown in figure 8. The dabs are assumed to beat an initia temperature of 350K. The rehesting process
for each dab lasts one hour and the stabs Stop Sx times dong the furnace for a duration of 12 minutes each
time. The furnace zone is heated by hot combugtion products being exhausted from a sngle burner a a
temperature of 1500K and avelocity of 3 m/s. The hot gases pass through the furnace and exit from an outlet on
the floor of the furnace. The walls of the furnace are considered adiabatic and a value of emissivity of 0.8 is
prescribed.

The fluid domain was discretised using a cartesian mesh of 4635 nodes and for the dab 11x21 grid points were
used. This grid resolution dlowed the slab to be modelled with four times as many grid nodes as the
correponding fluid flow grid would have alowed. The radiative heat transfer indde the furnace was modelled
using the Discrete Transfer radiation model with 16 rays for each radiating surface,

Figures 9 and 10 illustrate the predicted flow field and furnace gas temperature respectively. Points to note are
the low velocity region at the discharge Sde (left) of the furnace and an dmost uniform gas temperature in the
lower section of the furnace. Figures 11 and 12 illudtrate the Sed temperature and the net heat flux to the sed
respectively throughout its duration within the furnace. The temperature-time history for the dab again shows
the typica profile expected for areheating furnace, the soak zone a the end of the furnace is this time smulated
by the absence of aburner. Thetrangent variation of the heet flux to the siabisin accord with the predicted ges
temperatures, peaking in aregionjust downstream of the burner exit.
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Fig. 13 The Variation of the Sab Temperature
Conclusion

The above examples have demonstrated the accuracy and application of a coupled fluid flow and conduction
olver combining embedded grids and diding blocks The accuracy of the conduction solver has been
demonstrated by comparison with an analytical solution. The utility of the general curvilinear coordinates have
been demonstrated for the conduction solver by the application to an I-Beam. The fully coupled procedure has
been demongtrated by gpplication to an example furnace zone. One of the principa advantages of the present
work is that an application gpecific module has been coupled to a commercid CFD package, this significantly
reduces the development time of the full coupled procedure.

The next stage in the development of the coupled modelling procedure is the extenson to three dimensions.
Once complete afull vaidation can commence by comparison with data obtained from operationd furnaces and
from existing, empirically based, furnace moddling programs. At this stage the true furnace geometry and
boundary conditions must be accounted for, including, for example, the charge and discharge doors, skids and
skid supports and redlitic non-adiabatic furnace wals.

Once vdidated, the- full utility of a coupled CFD and therma andyss program can be applied to the
investigation of physical phenomena of significant practicad importance, for example the the minimisation of
skid marks, temperature non-uniformities and surface oxidisation.
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