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Аннотация. Нагрев слябов перед горячей прокаткой необходим для придания металлу требуемых пластических свойств. Наиболее эффективны 

для этого печи с шагающими балками, обеспечивающие подачу теплоты со всех сторон сляба. Однако области нижних поверхностей слябов, 
контактирующие с водоохлаждаемыми балками, экранированы от излучения нижних зон обогрева печи и отдают теплоту балкам. Для исследования 
неоднородности температурного поля слябов и ее зависимости от особенностей конструкции системы транспортировки разработана и программно 
реализована математическая модель нагрева сляба в печи с шагающими балками. Модель основана на численном решении трехмерной задачи 
теплопроводности с кусочно-определенными граничными условиями на нижней поверхности сляба. Для открытых областей нижней поверхности 
сляба задавались такие же граничные условия, как на верхней поверхности, а для областей контакта с балками – модифицированные граничные 
условия, учитывающие продолжительность этого контакта. Для численного решения системы разностных уравнений применен послойный метод, 
позволяющий получить систему с трехдиагональной матрицей коэффициентов. Проведенные расчеты в приближении адиабатности участков 
контакта сляба с балками в период контакта позволили получить температурные поля для различных сечений сляба. В результате выявлена 
существенная неоднородность температурного поля нижней поверхности сляба, влияющая на неоднородность температурного поля всего сляба. 
Разработанная программа расчета и визуализации результатов может быть использована для изучения температурного поля сляба при различных 
режимах его нагрева в случае наличия экспериментальной информации, позволяющей уточнить настроечные параметры модели. 
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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. 

Keywords: mathematical simulation, slab heating, walking-beam furnace, 3D heat transfer problem, boundary conditions, finite difference method, heat 
transfer coefficient
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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:

     (1)

The initial temperature field is homogeneous

		           T(x, y, z) = Tb .	 (2)

Then the boundary conditions can be expressed as:

	           	 (3)

	      	 (4)

	             	 (5)

Eq. (1) – (5) is a complete formulation of the differen-
tial heat conduction problem.  The notations are defined 
as follows: T(x, y, z, t) is the slab temperature, K; δx , δy , δz 
are the slab dimensions (width, thickness, length), m; ρ is 
the slab material density, kg/m3; с is slab material specific 
heat capacity, J/(kg∙K); λ is the slab material thermal con-
ductivity, W/(m·K);  and   are the heat transfer coef-
ficients on the rear and front vertical surfaces of the slab, 
respectively, W/(m2∙K);  and  are the heat transfer 
coefficients on the bottom and top surfaces of  the  slab, 
respectively, W/(m2∙K);  and  are the heat transfer 
coefficients on the left and right end surfaces of the slab, 
respectively, W/(m2∙K); Tg is the heating medium tempe
rature, K; Tb 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  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 areas 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  (z) and  (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  

s and m , W/(m2∙K). The heat is transferred to the medium 
at a temperature s or m , 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 τ, 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 τ, the time of contact with the movable 
beams is [7]:

 		    	 (6)

and the time of contact with the stationary beams is

	              	 (7)

For heating simulation, modifying the boundary condi-
tions at each walking stage is impractical, because it would 
require extremely small time steps (Δt ≤ 1 с). 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 th type, is estimated as

	         	 (8)

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

	     	 (9)

the auxiliary coefficient ξ characterizes the share of time 
when the slab is in contact with the movable beams:

		  	 (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 
tk = kΔt (k = 1, 2, ...) with the constant step Δt and dis-

T a b l e  1

Example of the walking mechanism characteristics
 

Таблица 1. Пример характеристик работы механизма шагания

Stage Lifting Move forward Lowering Reverse Push rod stroke, mm
Designation τ↑ τ→ τ↓ τ← l
Duration, s 16 12 19 9 480
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crete coordinates xi = iΔx (i = 0, 1, 2, .., nx ), yj = jΔy 
(j = 0, 1, 2, .., ny ), zl = lΔz (l = 0, 1, 2, .., nz ). For the 
simple geometry under consideration, the coordinate also 
changes with the constant steps Δx, Δy and Δz. The nx , 
ny and nz 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 (nx + 1)
(ny + 1)(nz + 1). Each of these elementary volumes con-
tains one node of the 3D grid. Each node is denoted with 
three indices (i, j, l). 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).

The s , m , s and m  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 s and m  
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 250×500×6000 mm slab hea
ted in a furnace with four fixed and two movable beams. 
For comparison, Fig.  2, c 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-

Fig. 1. Input data for simulation 

Рис. 1. Снимок экрана программы с исходными данными для моделирования
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tually uniform (Fig. 2, c), 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
ters s , m , s and m . 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.

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 250×500×6000 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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