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Abstract. Slabs are preheated before hot rolling to achieve the required metal plasticity. Walking beam furnace is the most efficient form of equipment since
it heats the slab from all sides. Nevertheless, the bottom surfaces in contact with the water-cooled support beams are shielded from the heat radiated
by the lower part of the furnace, and their heat is transferred to the beams. We developed and implemented by means of software a simulation model
to study the non-uniformity of the temperature distribution across the slab and how the slab transportation system design affects it. Thesimulation
model includes a numerical solution of a 3D thermal conductivity problem with piecewise defined boundary conditions on the slab bottom surface.
Identical boundary conditions were applied to both the top surface and the open areas of the slab bottom surface. For the areas of contact with the
beams, we applied modified boundary conditions to account for the duration of the contact. We numerically solved the system of difference equations
with the layer-by-layer method, in order to obtain a system defined by a tridiagonal matrix. The slab-to-beam contact heat transfer was assumed
to be adiabatic during the entire contact period. The calculations produced the temperature fields at different cross-sections of the slab. As a result,
we discovered a significant non-uniformity of the temperature field on the lower surface of the slab leading to the entire temperature field non-
uniformity of the slab. We developed simulation and visualization software to study the slab temperature field under various heating conditions.
The simulation model is refined from the experimental data available.
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AHHomayus. Harpes cis00B mieper| Topsiueii pOKaTKoi HEOOXOUM JUisl TIPUJIAHHsT METaLTy TpeOyeMbIX IUIacTHYecKux cBoicTB. Hanbomee sddexrnBHbI
JUTSL 9TOTO MEYH ¢ IIArarolMMy OalkaMH, 00SCIeUHBAIOLIIE 04y TEIUIOTHI CO BCEX CTOPOH ciisiba. OaHaKko 00NacT! HIDKHHX IOBEPXHOCTEH 11008,
KOHTAKTHPYFOLIIHE C BOTOOXIAKIAeMBIMI OATTKaMH, SKPaHHPOBAHBI OT M3ITYUCHHS HIDKHIX 30H 000TPEeBa IIeUH 1 OTAAI0T TEIUIOTY Gankam. Jist iecieToBaHust
HEOJHOPOAHOCTH TEMITEPAaTyPHOTO MOJIS CIISI00B U €€ 3aBUCHMOCTH OT 0COOCHHOCTEH KOHCTPYKLIMK CHCTEMbI TPAHCIIOPTHPOBKH pa3paboTaHa U IIPOrpaMMHO
pean3oBaHa MaTeMaTHIecKasi MOJIeNb HarpeBa Cisioa B IeuH ¢ IararonmmMu Gamkamu. Mojienb OCHOBaHa Ha YHCICHHOM PEIICHHN TPEXMEPHON 3a/1a4
TEIUIONPOBOIHOCTH C KyCOYHO-OIPE/IEICHHBIMU IPAHUIHBIMU YCIIOBUSIMU Ha HIDKHEH MOBEPXHOCTH CIist0a. [Ij1st OTKPBITBIX 00MacTeil HIKHEH MOBEPXHOCTH
crsba 3a/1aBAIHCH TAKHe JKe TPaHIIHBIC YCIIOBHS, Kak Ha BEPXHEH MOBEPXHOCTH, a [UTst 00IacTeil KOHTaKTa ¢ GaakamMi — MOIMU(HIPOBAHHbIC TPaHITIHBIC
YCIIOBHISI, YUUTBIBAIOLIHE [POIO/DKUTEIILHOCTD TON0 KOHTAKTA. J{JIsi YMCIIEHHOTO PELICHHS CUCTEMBI PA3HOCTHBIX YPaBHEHHiT IIPUMEHEH MOCIIONHbIN METO]I,
TMO3BOJISIFOLIMI MOJTYYHTh CHCTEMY C TPEXIMaroHajIbHOIM Marpuieit koddduimentos. [IpoBeneHHbIe pacdyeTsl B PUOMIKEHUH aIMa0aTHOCTH Y4acTKOB
KOHTaKTa cIisiba ¢ OayikaMi B MIEPHOJ] KOHTAKTa MO3BOJIMIIM MOMYYUTh TEMIIEPATypHbIE TOJIs [T Pa3fIMuHbIX CeYeHui cisiba. B pesyssrare BbIsiBICHA
CyIIECTBEHHAsI HEOTHOPOAHOCTh TEMITEPATYPHOTO TIOJISI HIKHEH MOBEPXHOCTH CIIs10a, BIMSFOIIAS Ha HEOTHOPOIHOCTh TEMITEPATYPHOTO TIOJISI BCETO CIsida.
PazpaboranHasi porpaMma pacueTa 1 BU3yaJH3allii Pe3y/IbTaToB MOXKET ObITh UCIIONBb30BaHA TSl H3YUEHHsI TEMIIEPATYPHOTO OIS CJIs10a MPH Pa3iHIHbIX
PEKMMaxX ero HarpeBa B CIIydae HaTHUHs SKCIIEPUMEHTAIBHOM HH()OPMAIIHH, TO3BOJIIFOLICH YTOYHITH HACTPOCUHBIC [TApaMETPBI MOICIH.
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- INTRODUCTION

The walking beam furnace providing slab heating from
four sides is a state-of-the-art piece of equipment. It pre-
heats slabs before hot rolling [1]. The slab movement sys-
tem in such furnaces contains fixed and movable beams
which partially shield the contact areas of the bottom
surface of the slab from the thermal radiation of the com-
bustion products coming from the lower heating area.
It leads to partial heat outflow through heat conduction in
the contact areas. The experimental study of heat transfer
in industrial conditions is challenging, so we used simu-
lation instead. The models simulating metal heating in
furnaces [2, 3] can be divided into statistical [4, 5], ana-
lytical [6], and numerical [7 — 10]. Both direct and in-
verse heat conduction problems are considered in some
articles [6, 11]. Simulation of in-furnace processes is ex-
tensively used to solve optimization problems [11 — 15] or
to employ the capabilities of with advanced CFD soft-
ware [16, 17].

The purpose of this study is to build a simulation model
of slab heating in a walking beam furnace that accounts for
the effect of these beams on the heating and apply the mo-
del to analyze the temperature field of the slab.

] METHODS AND MATERIALS

The simulation model addresses a 3D unsteady heat
conduction problem in the Cartesian coordinate system.
The computational domain is a parallelepiped without
any internal heat sources. Its thermophysical properties
are temperature-dependent. The model uses asymmetric
boundary conditions of the third kind. These conditions
are piecewise on the bottom surface of the computational
domain.

With the above assumptions, the heat conduction equa-
tion is nonlinear:

or 1(o0(,0Ty o(,o0or) of,oT

—=—|—|A— |+—| A— |+ —| A— ||,

ot pclox\ ox) oy\ dy) 0z\' oz
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The initial temperature field is homogeneous
I, y,2)=T,. ()

Then the boundary conditions can be expressed as:
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Eq. (1) — (5) is a complete formulation of the differen-
tial heat conduction problem. The notations are defined
as follows: T(x, y, z, ) is the slab temperature, K; 5 _, Sy, 9,
are the slab dimensions (width, thickness, length), m; p is
the slab material density, kg/m?; ¢ is slab material specific
heat capacity, J/(kg-K); A is the slab material thermal con-
ductivity, W/(m-K); al and ai are the heat transfer coef-
ficients on the rear and front vertical surfaces of the slab,
respectively, W/(m?-K); al and ai are the heat transfer
coefficients on the bottom and top surfaces of the slab,
respectively, W/(m?-K); U.I and o are the heat transfer
coefficients on the left and right end surfaces of the slab,
respectively, W/(m*K); T’ . 1s the heating medium tempe-
rature, K; T, is initial slab temerature, K.

The equations are expressed in the coordinate system
attached to the slab. For this reason, the design features
of a specific furnace affect the boundary conditions.
First, in order to account for different heating conditions
in various furnace areas, the heat transfer coefficients
and the temperature of the heating medium are described
as a piecewise function of time. Secondly, the properties
are specified individually for each slab surface to take into
account the furnace geometry in the simulation model. For
example, if the furnace hearth is solid (which is common
in walking hearth and pusher furnaces), the respective
heat transfer coefficient al is set to zero. In this way, we
expressed the adiabatic condition on the slab bottom sur-
face. For walking beam furnaces, the boundary conditions
at the slab top and bottom surfaces must be consistent with
the different heat input rates in the lower and upper areas
of the furnace chamber. Although the combustion occurs
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in both lower and upper areas, the slab bottom surface is
significantly shielded by the slab transport components.
Moreover, the slab bottom surface has contact arecas with
riders on the movable and fixed beams. For this reason,
the boundary conditions should be different for the three
types of bottom surface areas:

— areas between the beams (type 0);

—areas that periodically come into contact with the
movable beams (type 1);

—areas in permanent contact with the fixed beams
(type 2).

This means that al(z) and T;(z) — members of the
boundary conditions on the slab bottom surface — are
piecewise functions of the coordinate along the slab’s
length. They are piecewise functions of time in the same
way as the other boundary conditions. We also should
remember that as the slab is walked (moved) through
the furnace, both the contact conditions with the beams
and the intensity of the slab bottom surface shielding
vary. The simulation model describes the heat transfer
on the slab bottom surface as it comes into contact with the
cooled beam by the conditional heat transfer coefficients
a anda, , W/ (mz;K). The heat is transferred to the medium
at a temperature 7' or 7 , K, which circulates in the beam
cooling system. In most cases, the coolant is water or
steam. For open-flame furnaces (they also include walk-
ing beam furnaces), the heat transfer coefficients describe
both convective and radiative heat transfer (linearization
of the (3) — (5) boundary conditions is beneficial to acce-
lerate the numerical solution convergence).

The walking cycle consists of individual stages.
We used the stage names and approximate durations speci-
fied in the datasheet of a furnace operated in Casthouse
No. 2, Severstal. The walk beam system specifications are
listed in Table 1.

Note that the information in Table 1 is insufficient
to estimate the slab-to-beam contact time. We need
to know the slab feed cycle time 1, s (its minimum value
is equal to the total duration of walking, but in real-life
applications, the value is usually several times greater),
and the spacing between the slabs in the furnace L, m (sum
of the slab width and the slab-to-slab gap). Then during
the feed cycle 1, the time of contact with the movable
beams is [7]:

L
T, :7(TT +1 +r¢), (6)
and the time of contact with the stationary beams is
L
rszt—7(rT+r%+r¢). (7)

For heating simulation, modifying the boundary condi-
tions at each walking stage is impractical, because it would
require extremely small time steps (At <1 ¢). It is advi-
sable to specify the boundary conditions for the areas
in contact with the beams as a weighted average result
to account for the share of total contact time. This app-
roach does not require the time steps to be multiples
of the walking stage durations. Then the effective heat
transfer coefficient, specified as a boundary condition on
an area of the lower surface of an i type, is estimated as

o s i=0
al(z)=1a"(1-8)+&a,, i=1, (8)
y\=i m
ale+a,(1-¢8), i=2

the effective temperature of the medium in contact with
the lower surface area of the i™ type is

T, i=0
g, T, +(1-8)d'T, -

)= &, +(1-&a’ | )
(1-&)a, 7, +&0'T, s
(1-8)a, +&a’

the auxiliary coefficient £ characterizes the share of time
when the slab is in contact with the movable beams:
T L TT + T_> + T¢

E=-1n

T T

(10)

The non-linear problem (1) — (5) has no analytical
solution, so we had to resolve it by the finite difference
method [7, 18, 19].

This method introduces a discrete time variable
t,=kAt (k=1,2,..) with the constant step As and dis-

Table 1

Example of the walking mechanism characteristics

Tabnuya 1. Tipumep XapaKkTePUCTHK PadOTHI MeXaHU3MAa AT AHUSA

Stage Lifting | Move forward | Lowering | Reverse | Push rod stroke, mm
Designation T, T T, T_ /
Duration, s 16 12 19 9 480
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crete coordinates x,=iAx (i=0,1,2,.,n), Y, =jAy
(G=0,1,2,.., ny), z,=IAz (1=0,1,2,.,n). For the
simple geometry under consideration, the coordinate also
changes with the constant steps Ax, Ay and Az. The n_,
n, and n_values are the numbers of partitions along each
coordinate axis.

As a result, the computational domain is partitioned
into elementary volumes. Their number is equal to (n_+ 1)
(ny + 1)(n_+ 1). Each of these elementary volumes con-
tains one node of the 3D grid. Each node is denoted with
three indices (i, /, /). At each time step increment, the heat
balance equations are formulated for each elementary
volume. They form a quasi-linear system of equations
where the temperatures at the nodes at the end of each
time step are unknown quantities. Solving the system with
general methods is not advisable [19, 20].

- RESULTS

We implemented the simulation model as a Builder
C++ ver. 6.0 application. The software supports three
algorithms for solving the system of difference equations:

— the split method (applicable to linear problems only);

—the simple iteration method (low memory require-
ments, but slow to converge);

— the layer-by-layer method (direct solution for heat
propagation along the slab thickness with an iterative re-
finement of its propagation along the length and width).

rCnat
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Thea ,a , T . and T ., values can be found only from
test data using a model of heat transfer between the slab
bottom surface and the slab transport components. For our
software implementation, these values are input data.
So far we proposed to take into account only the shielding
effect of the slab transport components by setting & _and &
to zero. Fig. 1 shows the initial data for the simulation,
and Table 2 lists the slab heating conditions in a five zone
heating furnace.

The heat balance of the slab is verified at each time
step and globally (max error does not exceed 0.001). Fig. 2
shows the final temperature profiles for the bottom (a) and
top (b) surfaces (temperature variation along the longitu-
dinal axis of the surface) of a 250x500x6000 mm slab hea-
ted in a furnace with four fixed and two movable beams.
For comparison, Fig. 2, ¢ shows the temperature profile
along the axis of the bottom surface heated under uniform
boundary conditions obtained by averaging of conditions
at this surface.

[ Discussion

The results indicate that at the slab end faces, the tem-
perature on the axis of the top and bottom surfaces increa-
ses by about 20 — 25 °C regardless of the type of bound-
ary conditions. This can be explained by the effect of heat
supply to the slab ends. In terms of the uniform boundary
conditions on the bottom surface, the temperature profile
in the rest of the bottom surface axis of the slab is vir-
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Fig. 1. Input data for simulation

Puc. 1. CHUMOK 5KpaHa NpOrpaMMbl ¢ UCXOIHBIMHU JaHHBIMH JUIsl MOAEIUPOBAHUS
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Table 2
Simulated heating conditions
Tabauya 2. ITapamMeTpsl peskuMa HArpeBa IPH MO/IeJTUPOBAHUU
Heating Duration, | Medium temperature, °C Heat transfer coefficient at the slab face, W/(m?*-K)
zone number min start end bottom top left right rear front
1 40 700 1000 30 40 30 30 35 45
2 35 1000 1100 40 50 30 30 45 55
3 35 1100 1200 50 60 60 60 55 65
4 35 1200 1250 90 100 100 100 95 105
5 35 1250 1250 110 120 110 110 105 115
1225 5 p
1215
P 1205 -
g 1195 - -
S
§ 1185 = L
§.. 1175 o o
& 1165 - -
1155 - -
1145 | | | | | | | | | |
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Slab coordinate, m

Slab coordinate, m

Slab coordinate, m

Fig. 2. Temperature profile along the axis of the top (a) and bottom (6) slab surfaces
for piecewise-defined and averaged (6) boundary conditions at the bottom surface

Puc. 2. TemneparypHblii TpoQuIIb BIOIb OCH HIKHEH (a) M BepXHei (0) noBepXHOCTeH cisioa
IIPH KyCOYHOM 3aJaHHU TPAaHUYHBIX YCIIOBHI Ha HIDKHEH MOBEPXHOCTH U HX YCPEIHEHUH (8)

tually uniform (Fig. 2, ¢), while for piecewise boundary
conditions, the temperature field non-uniformity in this
area reaches 48 °C (Fig. 2, a@). The non-uniformity of the
temperature field can also be seen at the slab top face, but
it is significantly lower (about 15 °C away from the slab
ends, refer to Fig. 2, b). It should also be noted that for sta-
tionary beams, the “impact spot” is deeper and wider than
for movable beams (Fig. 2, a). This is because the contact
time of the slab bottom surface with the stationary beams
is longer than with the movable beams.

The software can be used to study the slab tempera-
ture field in various heating conditions from available ex-
perimental data used to specify the model tuning parame-
tersa , a , T . and fm. The results of analysis when only
the shielding effect of the beams is accounted for should
be considered as a lower-bound estimate of the slab tem-
perature field non-uniformity.

[ ConcLusIONS

We developed and implemented a simulation model of
the slab heating in a walking beam furnace which accounts
for the effect of the beams on the slab bottom surface.

116

The model is a 3D unsteady thermal conductivity prob-
lem with boundary conditions of the third kind. These
conditions are piecewise on the slab bottom surface.

For a furnace with four fixed and two movable beams,
we simulated the heating of a 250%x500%x6000 mm slab
under standard conditions and accounting for only the
shielding effect of the beams on the slab bottom surface.
The temperature non-uniformity on the slab bottom sur-
face away from its ends was about 48 °C, while on the top
surface — about 15 °C.
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