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THERMOMECHANICAL ANALYSIS OF THE CHARGE HEATING IN A ROTARY FURNACE 

This paper presents the methodology for determining thermal strains and stresses during heating the charge in a rotary fur-
nace. The calculations were made with the original software, which uses the finite element method. The heat transfer boundary 
conditions used for computing were verified on the basis of industrial tests. Good compatibility between the experimental data and 
numerical calculations was obtained. The possibility of the material cracking occurrence was checked for a set exhaust gas tempera-
ture distribution on the furnace length. As a result, it was possible to develop steel heating curves characterized by short process 
times.
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1. Introduction

The primary objective of the charge heating process in heat-
ing furnaces is to obtain an appropriate temperature distribution 
in the material cross-section. However, excessively fast heating 
of the material can lead to its high susceptibility to cracking. 
The number of factors which can contribute to the formation of 
thermal stresses is very high and, therefore, the determination 
of thermal stresses is a very complicated task. During charge 
heating, the formation of thermal stresses is primarily caused by 
a non-uniform charge temperature field and the steel phase transi-
tions occurring in the solid state. To be able to determine thermal 
stresses, first the temperature field of the heated charge must be 
established. The temperature distribution in the charge during the 
heating process is influenced by the boundary conditions of the 
heating process and the thermo-physical properties of the charge, 
which in turn depend on the steel grade of the heated material [1].

The boundary conditions are determined with direct and in-
direct methods. For direct methods, classic equations describing 
basic heat transfer mechanisms are solved. For indirect methods, 
we measure a characteristic parameter, e.g. the temperature 
distribution during an actual process (in industrial or laboratory 
conditions), and we use it as the basis for determining the amount 
of heat reaching the surface [2]. 

The Heiligenstaedt [3] model is often used to describe the 
heat exchange in heating furnace chambers, assuming that we 
know the temperatures of exhaust gas, furnace wall surfaces and 
the charge. Based upon the furnace measurement systems, the 
resultant heat fluxes reaching the charge surface are determined 
with more or less simplified methods. This methodology was 

applied in the paper [4] in order to build a model of the pusher 
furnace thermal operation control. The temperature of the exhaust 
gas from the combustion of natural gas, resulting from a simpli-
fied furnace model, was the control parameter. This model is an 
effect of the earlier studies of the Authors on the heat exchange 
in continuous furnaces [5-6]. In addition, models based on 
balance equations describing the heat exchange in individual 
furnace zones are widely used [7-8]. The brightness method is 
also commonly used due to its simplicity in connection with the  
zone method [9]. In this method, the radiation energy stream 
is determined by relating the furnace wall temperature to the 
furnace atmosphere temperature, which leads to a significant 
simplification of calculations and, consequently, a very effective 
numerical model is obtained, allowing the charge heating curves 
to be developed. However, this model needs to be verified on 
a one-off basis by measuring the charge and furnace atmosphere 
temperature. The methods presented hereinabove are more or 
less simplified. To obtain an accurate solution, methods for 
describing the radiation energy flow in the furnace chamber 
need to be applied and coupled with the solution of the thermal 
conductivity equation in the material heated, and the exhaust 
gas velocity distribution and exhaust gas composition must be 
known. A detailed description of methods for describing the 
radiation heat transfer can be found in [10]. Unfortunately, they 
usually feature a prolonged computing time.

During heating steel in rotary furnaces, a non-uniform 
temperature field forms within the material, contributing to the 
formation of thermal stresses. In addition, changes in the steel 
volume caused by allotropic transformations in the solid state 
affect the formation of stresses in the material heated. 
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During heating, a small dimension charge, the probability of 
the occurrence of stresses, which could lead to charge cracking, 
is low. However, an unequivocal certainty as regards the applied 
heating rate, and whether it is correct or not, can be acquired by 
the analysis of information concerning the maximum thermal 
strains and the mean stress. Fracture mechanics [11] offers 
a number of possibilities for determining the boundary condi-
tions leading to a material failure. In particular, cast materials 
having a non-uniform structure, voids, porosities, inclusions 
and other phase particles, have a limited resistance to cracking. 
The authors of the paper [12] indicate that the fracture criterion 
based upon boundary strain taking into account the influence of 
mean stress must be applied to assess the possibility for crack 
occurrence.

2. The heat transfer model

The determination of the temperature field of the bloom 
heated requires solving a heat transfer problem between the 
exhaust gas – the furnace chamber and the charge heated. Due to 
the position of the charge on the refractory bottom, it is assumed 
that there is no heating and no heat losses between the charge 
and the refractory bottom. The temperature field of the bloom 
heated will be determined from the heat conduction equation, 
which in Cartesian coordinates assumes the form [13]:
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where:
 λ – thermal conductivity, W/(m×K);
 x1,x2,x3 – Cartesian coordinates, m;
 ρ – density, kg/m3;
 cp – specific heat, J/(k×gK);
 qv – capacity of the external heat source, W/m3;
 τ – time, s.

The temperature field T(x,y,z,τ) resulting from the solution 
of the equation (1) should satisfy the boundary conditions on the 
surface of the material heated:

  , ,  ,w w e w w w gq S S T S T   (2)

where:
 αe – effective heat transfer coefficient, W/(m2×K);
 Tw – temperature of the charge surface Sw fanned by exhaust 

gas, K;
 Tg – exhaust gas temperature, K.

The finite element method was applied to solve the heat 
conduction equation, in accordance with the methodology 
described in detail in [1]. The Galerkin integration scheme and 
linear shape functions were used.

To determine the temperature field of the bloom heated in 
the rotary furnace, the boundary conditions of heat transfer on the 
surface of the charge heated need to be established. A simplified 
model was applied to describe the heat transfer within the furnace 
chamber, in which the furnace chamber, at a specific time τ, is 

treated as a closed system consisting of two isothermal surfaces 
and an isothermal gas body, Fig. 1.

a)

b)

Fig. 1. Rotary furnace: a) chamber cross-section; b) diagram: 1 – Fur-
nace walls and roof (F1); 2 – Slab heated (F2); 3 – Flue gas; 4 – Rotary 
bottom; 5 – Inlet

Isothermal surfaces are the charge surface F2 and the fur-
nace chamber surface F1. The model assumes that the density 
of the gas emissions reaching both surfaces is the same and the 
transparency of the gas body 3 on the slab surface is the same. 
The mean density of heat flux absorbed by the bloom surface 
was determined as the sum of the gas body radiation flux, the 
heat convection flux resulting from the exhaust gas movement 
and the flux of furnace chamber radiation on the bloom surface.
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where:
 εg – gas body emissivity;
 εw – bloom surface emissivity;
 εsw – substitute emissivity of the wall-charge system;
 Pg – gas body transparency for radiation on the bloom 

surface;
 αgw – coefficient of convective heat transfer on the bloom 

surface;
 Tg – gas body temperature, K;
 T1 – furnace chamber surface temperature, K;
 Tw – bloom surface temperature, K.

In equation (3), the density of exhaust gas body radiation 
was computed using the Hottel’s gas model [10]. The forced 
convection conditions were taken into account for determining 
the Nusselt number and the convective heat transfer coefficient. 
The furnace wall temperature T1 was determined on the basis of 
the exhaust gas temperature [9].
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3. Thermal stress model

Thermal stresses can be established after determining the 
temperature field. Thermal strains were computed with the 
finite element method using the methodology described in the 
paper [1]. As plastic deformations can occur within the material, 
especially when thermal expansion, which is caused by phase 
transitions, is taken into account, the stress field is determined 
with the incremental method. Relationships between the incre-
ments of stresses and strains were determined on the basis of 
the Prandtl-Reuss equations:
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where:
 E – Young’s modulus, Pa
 ν – Poisson’s  ration
 σp – flow stress, Pa
 Hp – plastic modulus, Pa
 G – shear modulus, Pa
 δij – Kronecker delta.

In equation (4) for the plastic state variable φ = 1. However, 
in the elastic loading or unloading range φ = 0, and the equation 
is reduced to the equations of the linear theory of elasticity. In the 
thermal stress model, it is necessary to limit the values of stresses 
calculated from the equations of the theory of elasti city to the 
yield point. After reaching the yield point, the further increase 
in the stress is proportional to the plastic modulus Hp, and not to 
the Young’s modulus E. Therefore, it is necessary to determine 
the approximate value of the yield point and the value of plastic 
modulus Hp. The yield stress and the value of plastic modulus 
were determined from the Shida formulas [14] on the basis of 
carbon content and the temperature. The method of structure 
changes resulting from the charge heating and their influence 
on the state of strains and stresses is taken into consideration by 
changes in the Young’s modulus, Poisson’s coefficient and the 
coefficient of thermal expansion (Fig. 5). The method of transfer-
ring the impact of structural changes through these parameters 
is described in the paper [1].

The fracture criterion based upon the boundary strain taking 
into account the influence of the mean stress was applied [12] 
to assess the possibility of crack occurrence.
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The criterion (5) anticipates the material failure at the time 
when the sum of increments of thermal effective strain Δei ex-
ceeds the value of effective strain φ–f determined in the bloom 
material uniaxial tensile test. For blooms from the continuous 
casting, the parameter φ–f  should not exceed the value of 0.04 at 
the spots where the mean stress is positive.

4. Charge heating model validation

The formulated heat transfer model of charge heating in 
a rotary furnace was verified by comparing the temperature 
measurements acquired during heating a test bloom with the 
cross-section 270×320 mm and the measurement part length 
of 1500 mm by using the Datapaq Slab Reheat system. While 
heating the bloom, the furnace atmosphere temperature was 
measured, and the bloom temperature at a depth of 30 mm from 
the bottom face and 30 mm from the top face and on the bloom 
axis. Fig. 2 shows a comparison of the computing results with 
the data acquired from the measurements for the bloom axis. 
The differences are insignificant and confirm the satisfactory 
compatibility of the charge heating model with the measure-
ments. For a set furnace temperature and rotation time, the bloom 
temperature changes are correctly reflected. The equalising of 
the bloom temperature on the solid bottom enabled an almost 
identical temperature to be achieved in the whole cross-section 
of the bloom, and this temperature was about 1258oC upon the 
completion of heating, Fig. 3.

Fig. 2. Comparison of the computing results of the temperature on the 
test bloom axis with the measurement data

5. Numerical computing

Computing the temperature distribution and the stress and 
strain fields was carried out for the heating process of steel 
1.7174 in a rotary furnace. The heating time was 235 minutes 
and the maximum exhaust gas temperature in the heating zone 
was 1210oC, whereas in the equalising zone it was 1200oC. This 
is the time to obtain a charge temperature distribution suitable 
for rolling. Steel properties are shown in Figs. 4 and 5.

Figs. 6 and 8 present the distribution of logarithmic strain 
caused by thermal stresses in the axis and on the surface of the 
charge, after 30 minutes and 235 minutes, respectively, or on 
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Fig. 3. The temperature distribution in the cross-section of the test bloom 
after the completion of the heating

a)

b)

c)

Fig. 4. Thermal properties of the steel analysed: a) heat conduction 
coefficient; b) specific heat; c) density

completion of the heating process. The logarithmic strain 
achieves its highest values on the bloom surface, where the ef-
fective strain after 30 minutes heating is about 0.004. However, 
after the completion of the heating process, the maximum value 
of logarithmic effective strain on the charge surface does not ex-
ceed 0.02. The intensity of the logarithmic strain on the bloom 
axis is even lower, although its growth during heating can be 
observed. After 30 minutes of the heating process, the value 
of logarithmic effective strain does not exceed 0.001, and on 
completion of the heating process it is about 0.005. Figs. 7 and 
9 show a change in the stress triaxiality factor in the axis and on 
the bloom surface, after 30 minutes and on completion of the 
heating process. The obtained computing results indicate that 
during the whole heating process, the ratio of the mean stress 
to the effective stress along the whole length of the charge, on 
the bloom surface and on its axis is negative. This fact, along 
with the information on the value of logarithmic effective 
strain, which during the whole heating process is below the 
critical value of 0.04, indicates that compression stresses prevail 
in the bloom heated, and the probability of crack develop-
ment is low.

Figs. 10a and b present the temperature field within the 
charge after 30 minutes and on the completion of heating. The 
obtained calculation results present a symmetrical temperature 
distribution in the bloom heated, which results from adopting 
symmetrical boundary conditions for heat transfer on the surface 
of the charge heated applied to describe the heat conduction dur-
ing the bloom heating process. On the completion of heating, 
we can find that the temperature field in the material heated is 
almost even (Fig. 10b). The maximum temperature difference 
occurring in the charge on the completion of heating is small 
and it is approx. 7°C.

The calculation results presenting the mean stress dis-
tribution in the charge after 30 minutes of heating (Fig. 11a) 
show a negative value of the mean stress in the whole bloom 
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a)

c)

b)

d)

Fig. 5. Mechanical properties of the steel analysed: a) Young’s modulus; b) Poisson’s ratio, c) linear expansion; d) yield stress

Fig. 6. Distribution of logarithmic strain in the axis and on the charge 
surface after 30 minutes of heating

Fig. 7. Ratio of mean stress to effective stress in the axis and on the 
charge surface after 30 minutes of heating
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cross-section, which is on average –100 MPa, and indicates the 
existence of compression stress. However, on the completion of 
heating (Fig. 11b), one can observe the small positive values of 
the mean stress, below 5 MPa, which appear around the charge 
corners.

The distribution of effective strain in the charge cross-
section after 30 minutes of heating confirms that the maximum 
value of effective strain does not exceed 0.004, both in the bloom 
axis, and on its surface, only at the charge corners a small increase 
in the value of this parameter up to approx. 0.005 can be observed 
(Fig. 12a). Upon the completion of heating, the effective strain in 

the whole bloom cross-section is approx. 0.004, whereas in the 
corners one can observe its increase to approx. 0.02 (Fig. 12b).

6. Conclusion

The numerical calculations, carried out to optimize the 
time of charge heating, allow us to determine the heating curve 
that insures the specified quality of the material without thermal 
cracks. This is confirmed by very low values of logarithmic ef-
fective strain, which for none of the steels considered, during 

b)a)

Fig. 10. The charge temperature distribution after 30 minutes (a) and on the completion (b) of heating

Fig. 8. Distribution of logarithmic strain in the axis and on the charge 
surface on the completion of heating

Fig. 9. Ratio of mean stress to the effective stress in the axis and on the 
charge surface on the completion of heating
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b)a)

Fig. 11. Mean stress distribution in the charge after 30 minutes (a) and on the completion (b) of heating

b)a)

Fig. 12. Distribution of effective logarithmic strain in the charge after 30 minutes (a) and on the completion (b) of heating

the whole heating process, exceeded their critical value, which 
for continuously cast blooms is approx. 0.04. 

The temperature distribution in the charge heated upon the 
completion of the heating process is almost uniform, and the 
smallest difference between the minimum and maximum tem-
perature inside the charge heated on the completion of heating 
is 7°C. The methodology of the determination of thermal strains 
and stresses presented in this paper can be successfully applied 
for developing new heating curves. When it is applied, it will 
be possible to check the possibilities for material cracking even 
at the most intensive process of charge heating.

Final remark

Scientific study financed from the regular activity of the Faculty of Metals 
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and Technology, Work no. 16.16.110.663.
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