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OPTIMIZATION OF LONG CHARGE HEATING IN A ROTARY FURNACE

Heat consumption and steel loss for scale determine the costs of a heating process. The heating rate influences both. This paper
evaluates the heating rate of a long charge made of three various materials, depending on the changes of the furnace atmosphere
on the rotary furnace circumference. Numerical computing was performed based on a formulated heat transfer model in the rotary
furnace chamber, while considering the growth of the scale layer. One heating curve was selected, which has allowed the heating
time to be reduced by 36% while limiting the scale loss by 40%. It was also shown that the thermal stresses and strains should not

lead to fractures of the charge heated.
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Nomenclature

absorptivity of gas

charge width

specific heat

constant

oxidized layer thickness, mm
coefficient

characteristic length

average thickness of the combustion gas layer
charge length

Nusselt number

transparency of the gas body

partial pressure of water vapor
partial pressure of steam or carbon dioxide in flue
gas

Prandtl number

convection heat flux

radiation heat flux

latent heat

Reynolds number

charge temperature, °C

gas body temperature, K

furnace wall surface temperature, K
charge surface temperature, K
Cartesian coordinates
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convective heat transfer coefficient on the charge
surface

effective heat transfer coefficient

equivalent heat transfer coefficient

stress intensity

average stress

equivalent emissivity of flue gas

equivalent emissivity of walls-charge system
emissivity of steel

emissivity of carbon dioxide

emissivity of water vapor

thermal conductivity

flue gas thermal conductivity coefficient
scale thermal conductivity

density

scale density

time

view factor

effective logarithmic strain

1. Introduction

The heat consumption during the operation of heating

furnaces can simultaneously be substantially reduced and their
performance improved by applying a proper heating practice.
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The appropriate distribution of the thermal energy supplied to
the charge in the furnace chamber is one of potential solutions.
It involves designing a heating curve.

Rotary heating furnaces are used for heating the charge sup-
plied to rolling mills. The furnaces usually operate in a counter-
current system. The charge is delivered to the furnace through
a charging door. Blooms are placed radially on the rotary hearth,
and the hearth is shifted with a particular angle, at a particular
time interval. The heated charge is discharged from the furnace
through a discharge door. The furnace is divided into three
zones: | preheating zone, 11 heating zone, and III holding zone
in order to enable the charge heating rate to be controlled, and
the required temperature to be obtained throughout the volume
of the charge after heating. Heating blooms in furnaces at an
excessively high heating rate may lead to stresses that can cause
internal and external cracks, thereby hindering the downstream
manufacturing process.

Heating should be carried out in as short time as possible,
which restricts the grain growth, reduces decarburization, and
limits a steel loss resulting from oxidation. In the furnace,
wherein oxidation cannot be avoided, the furnace atmosphere
impacts the heated material, which leads to scale formation
and decarburization. The mass of the forming scale depends on
the temperature and time of heating, furnace atmosphere, steel
chemical composition, and gas velocity in the furnace chamber.
Scale is a harmful effect as it causes steel loss, and during rolling,
it can be pressed into the material surface, thereby lowering the
quality of rolled products. In addition, scale reduces heat transfer,
which causes a decrease in the heating rate and an increase in
the heat consumption, or it leads to a decrease of temperatures
in the charge cross-section [1] when maintaining a constant
heating time. Determination of the optimal times of keeping
the charge in individual heating zones of the furnace allows the
scale thickness to be reduced, while heating the charge to the
required temperature.

Based on the available literature describing the steel charge
heating processes in industrial furnaces, we can distinguish
a few methods applied for its optimization. The simplest mod-
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els describing heat transfer in industrial furnaces use the zonal
method [2-6]. These models apply constant wall temperatures
and consider heat transfer by radiation between the furnace and
the charge heated. More advanced models consider the flow
of flue gas through the furnace chamber and heat transfer by
convection [7]. Analyses of charge heating in a rotary hearth
furnace using numerical packages, such as Matlab or CFD, can
be found in the papers [8-11]. However, that models do not al-
low for thermal stress determination. It is important in the case
of blooms obtained form the continuous casting process, which
have a limited ductility. Moreover, that models do not consider
the scale formation on the charge surface during heating. For that
reasons have a limited applicability in the metallurgical industry.

In the paper the finite element method described in [13]
was applied for modeling the charge heating process in a rotary
hearth furnace.

2. Model of charge heating in a rotary furnace

Heat transfer in a rotary heart furnace with an outer di-
ameter of 10.5 m, fired with natural gas, was analyzed. The
furnace atmosphere temperature varied from 470°C to 1250°C.
It is assumed that the furnace has a control system to enable
the required flue gas temperature distribution to be maintained
as well as the heating time to be controlled with the frequency
of the furnace hearth shift time and the shift angle. The furnace
bottom is made of ceramic materials and the walls and roof of
the furnace are lined with refractory and insulation materials.

Charge heating was computed with a computer program
using the finite element method [13] to solve a three-dimensional
equation of heat conduction [14]:
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Fig. 1. (a) diagram of the rotary furnace chamber, (b) heat transfer model



In furnaces fired with natural gas, wall and gas body radia-
tion is the prevailing mechanism of heat transfer. Convection
arising from the flue gas movement has a smaller share in the
thermal energy transfer. A simplified model was applied to
describe the heat transfer within the furnace chamber, in which
the furnace chamber, at a specific time 7, is considered a closed
system consisting of two isothermal surfaces and an isothermal
gas body at a specific time 7. Isothermal surfaces are the charge
surface F, and the furnace wall surface F'|. However, the total
chamber surface is divided by the number of blooms charged to
the furnace. It has allowed to obtain the F'; surface specific for
a one bloom only. The model assumes that the density of the gas
emissions reaching both surfaces is the same and the transparency
of the gas body on the charge surface P, is the same.

The heat flux absorbed by the charge surface (Figure 1b)
was calculated from the equation:

‘?2 (T) = qcon (T) + qrad g-2 (T) + qrad 1-2 (T) =
8 (4 4
=ty (T, ~T)+2,5,5.67:10° (1} -1 )+
+2,,P,5.67:10° (1 - 13') )
The emissivity of the steel charge surface ¢,, was established
from the formula [15]:
)
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The equivalent emissivity &, of the walls-charge system
was computed with the formula:
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The average furnace wall temperature 7; was calculated
based on the flue gas temperature using the equation [16]:
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T, =T,-5.67-10° —22

£16, [(T)4 (T )4}
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& +0p6 (1-¢)
view factor ¢, was calculated using the equation [14]:
)
=—= 6

Pr2 F (6)
The heat flux resulting from the flue gas body radiation was
computed using the Hottel’s model [17]. Under this theory, the
transparency of a gas body with an absolute temperature 7, for ra-
diation onto the charge surface was determined from the equation:

P, = 1- Ag2 (7
where:

Agr = (Acoz )2 +(AH20 )2 _(ACOZ )2 ‘(AHZO )2 ®)

( . T, 0.65 ;
Aco, )2 = &co, I, )
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T, 0.45
(AHZO )2 = én,0 T (10)
2

The symbol éco,, £n,0 denotes the equivalent emissivity of
carbon dioxide and steam. The equivalent emissivity of carbon
dioxide and steam for 800 < ¢, < 1400°C was computed from
the Kostowski's equations [18]:

g = l—exp[—ki (pil)”"] (11)

The average thickness / of the combustion gases layer has
been calculated from:
1=1.8(HB/(H +B)) (12)

where, H — furnace height, m, B — furnace width, m.
Coefficients k; are described by equations:
for steam partial pressure from py,o 10 to 80 kPa

k; =0.03729-0.02375 ((Tg - 273) /1000)
n;=0.53 (13)

+  for carbon dioxide partial pressure: pco, from 10 to 80 kPa
k; =0.07791-0.02573 ((Tg - 273) /1000)

n;=0314 (14)

Equivalent emissivity of flue gas ¢, was established from
the formula:

£g = &co, T Péno (15)
Pu,0
p=1+(076-0.0328 [y 0 1) 7o (16)

Heat flux resulting from the flue gas flow over the charge
surface was determined from the Nusselt number:

S

deon = I T_Tz)

g

(a7

The value of the Nusselt number was determined from the
relationship [14]:

Pr 0.25
Nu =0.037RePry® [—gj (18)
P

s

The Reynolds number Re = (w - L)/v and the Prandtl number
Pry were determined for the average temperature of the gas body
T,, the average flue gas velocity w and the average kinematic
viscosity v. However, the value of the Prandtl number Pr, was
determined for the flue gas temperature equal to the charge
surface temperature 75.

The heat transfer coefficient at the furnace wall was calcu-
lated from the formula [14]:

5671075,
a —_—

4= (19)
4 Tg _Ti

() -()"]

Using the derived relationships, the effective heat transfer
coefficient a,, was computed on the charge surface considering
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the radiation of the walls, radiation of the flue gas body, and the
flue gas movement around the charge:

a,=—1— (20)
ty =t
The average temperature of the charge was computed from

the formula:
L

H(xy, x5 )dx,dx;

21

t2:

(=3 '-.gm

1 J-
L,B,

The obtained heat transfer coefficient does not take account
of the formation of an iron oxide layer on the charge surface.
The calculations of the scale layer growth were conducted with
oxidation kinetics equations developed based on the experimen-
tal research by R. Kuziak et al. [19]. In the boundary condition
model for charge heating, equations allowing the oxidized layer
thickness g, (in millimeters) to be established as a function of
heating time 7. This equation has the form [19]:

84.4 ( 9983J 05
g, =——|exp| - z
P T,

where: p. = 5800 kg/m? [20].

Based on the established scale layer thickness, at each
computing step, the adjustment of the effective heat transfer
coefficient is made a,, and the equivalent heat transfer coeffi-
cient a, occurring in the boundary condition of charge heating
is calculated:

(22)

a, = (23)

1 &
a A

w zZ

In the case of charge hated in the vertical position, adi-
abatic conditions have been assumed at the bottom surface of
the charge. In the case of a round charge hated in the horizontal
position at the charge surface facing the furnace hearth, radia-
tion of the furnace walls as well as the gasses radiation have
been neglected.

Validation of the boundary condition models has been given
in [12]. A good agreement between the experimental data and
numerical calculations was obtained during heating the charge
in a rotary furnace. The temperature measurements of the charge
heated in the industrial furnace have been conducted at selected
points near the bottom as well as near the upper surface of the
charge.

3. Model of stresses occurring during heating

In the charge heating process, the occurrence of stress is
primarily related to the uneven charge temperature field and
phase transformations in the solid state. 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 [15]. The temperature field

in the material heated over time changes and it is necessary to use
the incremental method to determine stresses. The formation and
development of cracks in the steel charge heated is a complex
issue and it is difficult to define theoretically. However, there
are approximate methods allowing the possibilities for crack
occurrence to be assessed. For this purpose, the Ricea and Tracy
criterion was applied:

(24)
Op

@r =Cer eXp[—ia—m]
: 2
The paper [21] shows the suitability of this criterion for
predicting the ductile crack formation in materials. The criterion
anticipates the crack occurrence when the right-hand side of
the criterion (24) has a value higher than the logarithmic strain
¢y established in the uniaxial tensile test. The constant Cpy is
determined based on the stress and strain state in the uniaxial
tensile test. As, during heating, the material can also deform
when loaded with compressive strains, which does not lead to
crack development, it is necessary to determine the limit strain
in accordance with the formula:

20

P = exp(O.S)exp(—ia—m] for o, >0
P

¢, =0 for o, <0 (25)
To determine thermal stresses and strains, a method was

applied, which has the following primary stages [15]:

e Determination of the displacement field as a function of
element node displacements caused by the uneven tempera-
ture field and phase transformations in accordance with the
course of the thermal expansion coefficient.

e The transfer of displacements from the nodes to the area of
an element is obtained with linear shape functions.

e The displacement field is determined as a function of de-
rivative node displacements.

«  Stresses arising from the node displacements are determined
based on the Prandtl-Reuss elastic-plastic deformation
theory.

4. Numerical computing

Changes in the temperature of the material that was heated
were computed for charges with dimensions featuring a con-
siderable length in relation to the diameter. Three steels with
different chemical compositions were tested, as shown in Table
1. Stainless steel 1.4307 belongs to the group of steels resistant
to oxidation. Based on the data from the paper [22], the models
of thermal conductivity, specific heat, and density as functions
of temperature were developed. Steel properties are shown in
Figure 2-4.

The numerical calculations of the heating process were per-
formed assuming 4 heating curves, differing with the temperature
range within individual heating zones (Fig. 5). The heating curves
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TABLE 1
Chemical composition of steels — percentage share of alloying elements
Element percentage share, %

Steel C Mn Si P S Cr Ni Mo Cu Al
1.7225 0.38-0.45 | 0.60-0.90 | max 0.40 | max 0.025 | max 0.035 | 0.90-1.20 — 0.15-0.30 — —
1.7380 0.08-0.15 | 0.40-0.60 | 0.15-0.40 | max 0.030 | max 0.030 | 2.00-2.50 | max 0.30 | max 0.30 | max 0.25 | max 0.02
1.4307 max 0.07 | max2.00 | max 1.0 | max0.045 | max0.03 | 17.5-19.5 | 8.0-10.5 — — -
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Fig. 2. Heat conduction coefficient as function of temperature for of
the steels analyzed
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Fig. 4. Density as function of temperature for of the steels analyzed

have been proposed using a trial-and-error method as well as the
knowledge resulting from the cooperation with the industry. The
initial round bloom temperature was assumed of 20°C. Heating
was performed until the temperature of 1200°C was obtained at
the charge axis. The number of the furnace hearth shifts was 65.
It is limited by the number of ingots charged into the furnace.

Temperature, °C

Fig. 3. Specific heat as function of temperature for of the steels analyzed
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Fig. 5. The furnace temperature variation

However, the shift time has been determined due to numerical
simulations of the charge temperature. The selected heating
curves allowed the impact of temperature and time of staying in
each heating zone on the scale growth, heating rate, and thermal
stress to be analyzed. The analysis has resulted in selecting the
heating process with the highest efficiency. The division of
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the furnace chamber into zones with appropriate lengths and the
correct flue gas temperature distribution in the furnace, compliant
with the specificity of heating furnace operation, contributes to
reducing the energy consumption of the heating process. How-
ever, it may be advantageous only for a single group of steels.
Therefore, for furnaces executing the heating process with a large
variability of steel grades, it is important to know the possibilities
of managing the furnace to enable furnace operating parameters
to be changed, advantageously for individual types of materials.

Numerical computing for the charge of steel 1.7225 was
made for the horizontal and vertical charge arrangements. The
other analyses were made for the charge placed laying on the
furnace bottom. The dimensions of the charge tested were
0813 x 2189 mm. The results of numerical computing were pre-

s
=
(=2
o

Height, mm

- 406.5

Width, mm

sented in the form of temperature change in 6 selected points, as
shown in Figure 5, and in the form of a temperature field on the
longitudinal section. In addition, a change in the thermal power
absorbed by the charge from the flue gas and furnace walls, the
thickness of the oxidized layer, change in the heat transfer coef-
ficient during the process, and the charge temperature growth
rate were determined.

The charge arrangement influences the amount of the
heat transferred and the heating time. Results of calculations
for the charge of steel 1.7225, heated according to curve no. 1,
and placed in the horizontal and vertical position are shown
in Figures 6-12. The heat transfer coefficient changes as the
heating zone changes. In the preheating zone, it achieves low
values due to the weak radiation of the gas body and furnace
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Fig. 6. The temperature field in the cross-section of the steel 1.7225 at the end of process for the furnace temperature variation no. 1
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Fig. 7. Temperature change of the charge of steel 1.7225, heated ac-
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walls, and in the heating zone, it reaches the maximum value of
425 W/(m*K). In the holding zone, the heat transfer declines due
to an increase in the scale thickness and a high temperature of
the charge surface. For the vertical charge, heating is uniform on
the charge circumference. For the horizontal charge, the slowest
temperature increase is at the half of the length of the charge, at
a contact place of the charge with the bottom, and on the axis.
The fastest increase is observed at the surface from the roof side
(Fig. 7). In the case of a charge placed in the vertical position,
the lowest temperatures are observed on the axis (Figs 6, 8).
The heating time in the vertical position until the required tem-
perature has been obtained is approx. 3.5 h shorter than for the
horizontal charge (Table 2). In both cases, the fastest scale growth
is observed after exceeding the temperature of approx. 700°C
(Fig. 10). For steel heating, parameters determining the steel loss
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Fig. 9. Change in energy absorbed by the charge of steel 1.7225 placed
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Fig. 11. Heating rate of the charge of steel 1.7225 placed in the hori-
zontal position
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for scale include time, temperature, and the furnace chamber
atmosphere [23,24]. The obtained thickness of scale is in a good
agreement with the experimental data [24]. The maximum heat-
ing rates are achieved in the heating and preheating zones, and
they are not exceeding 4 K/min. for the charge in the horizontal
position (Fig. 11) and 40 K/min. for the vertical charge. Heating
of blooms in the vertical position requires an adequately high
furnace, fitted with dedicated loading and unloading facilities and
the mounting ensuring a stable position during hearth rotation.
The charge heating in the vertical position is recommended only
for a short blooms. In other cases, a system stabilizing the charge
in the furnace is required [25]. In such a case only a small part
of'the charge surface is under the adiabatic boundary conditions.
Charge heated in the horizontal position, laying on the furnace

47

w
o
\

+¢-¢ vertical
4-4-4 horizontal

w
|

Scale thickness, mm
“ W B b
| | | |

o
o
|

0 =T T T T T T T 1
0 100 200 300 400 500 600 700 800 900
Time, min

Fig. 10. Comparison of scale thickness growth during the heating
process of charge of steel 1.7225 placed in the horizontal and vertical
positions
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bottom, has considerably lower heat transfer at a larger part of
the surface facing the furnace hearth.

Results for the other analyzed variants for the horizontal
position are summarized in Table 2. The results refer to the values
obtained at the end of the process. The recommended strategy
of the charge heating has been obtained as a result of a several
simulations. A trial-and-error method has been employed to meet
the desired temperature at the charge axis. The shortest heating
time for the steels analyzed was obtained for the charges heated
according to heating curve no. 1. The lowest scale thickness was
also obtained for this curve. In the case of change of the furnace
temperature according to curve no. 2, an insignificantly longer
heating time was obtained for steel 1.7380, but the scale thick-
ness at the process end increased by 0.3 mm. The temperature
increase in the heating and preheating zones by 50°C did not
affect the heating rate for steel 1.7225. For both mentioned

steels, the shift time was 800 s. A low heating rate in this case
was due to the scale thickness increase resulted from the high
furnace temperature. As a result of that the insulation effect of
the scale was essential.

A round bloom of steel 1.4307 required extending the
heating time by 1 h, and the shift time was 900 s. It was due to
a low conductivity of this grade of steel and a higher specific
heat of 1.7225 steel, (Figs 2-4). Heating the charge according to
curve no. 3 and 4 extended the time of heating by approx. 2-3 h.
The proposed heating curves has resulted form the knowledge
gained from the cooperation with the steel industry and numeri-
cal simulations. Only the heating curves applicable in the rotary
hearth furnace have been analyzed.

The thermo-physical properties of a material influence
the rate of heat transferred and the material thermal capacity
of the system. For the steels tested, steel 1.7225 was the one

TABLE 2
Heating parameters
The furnace temperature Heating time, | Minimum temp. | Maximum temp. | Scale thickness, | Indexing time,
Steel grade o .
variation min. °C °C mm S
no. 1 866 1181 1248 3.7 800
1.7225 no. 2 866 1180 1238 3.9 800
horizon no. 3 1029 1190 1228 4.2 950
no. 4 1029 1187 1229 4.0 950
1'72.25 no. 1 650 1204 1248 2.9 600
vertical
no. 1 845 1189 1248 3.7 780
17380 no. 2 866 1192 1238 4.0 800
no. 3 975 1191 1228 4.1 900
no. 4 975 1188 1229 3.8 900
no. 1 920 1178 1248 — 850
no. 2 975 1189 1238 — 900
14307 no. 3 1083 1188 1229 — 1000
no. 4 1083 1184 1229 — 1000
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Fig. 13. Effective strain at the axes and surface for the charge of steel
1.7225 placed in the horizontal position at the half time of the heating
process
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Fig. 14. Effective strain for at the axes and surface for the charge of
steel 1.7225 placed in the vertical position at the half time of the heat-
ing process
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that absorbed heat most intensively (Fig. 11), and steel 1.4307
was the one that absorbed heat at the slowest rate. To obtain the
same temperature, a bloom of steel 1.7225 required by 45-107kJ
more heat to be supplied than a bloom of steel 1.4307. The rate
of energy absorbed by the charge also depended on the assumed
heating curve. These differences caused an increase in the heating
time between the charge tested by approx. 1 h for heating curve
no. 1 to approx. 2 h for curve nos. 3 and 4.

Numerical computing of the stress field was conducted for
the charge made of steel 1.7225 in the horizontal arrangement
and for the vertically arranged charge for heating curve no. 1
shown in Fig. 5. The thermal stress model required the following
parameters to be established: Young modulus £, Poisson ratio v,
linear expansion coefficient f, and yield stress o, as a function
of temperature.

The completed calculations and their analysis have showed
a maximum value of the parameter ¢, of 0.014 (Figs 13-16).
Distributions of strain intensities allow us to find that dangerous
tensile stresses do not occur in the heating process. However,
it is necessary to compare the computed maximum strain to the
one determined by a cold tensile test. The critical value of the
¢ factor for a steel charge varies from 0.05 to 0.1. Thus, the
probability of the charge fracture is low for the proposed heating
strategy.

5. Conclusions

The numerical computations have been performed to
optimize the charge heating process. A trial-and-error method
has been employed to optimize the charge heating in the rotary
furnace. The heat transfer boundary conditions employed in
the numerical model has been validated based on the charge
temperature measurements in the industrial furnace.
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Fig. 16. Effective strain at the axes and surface of the charge of
steel 1.7225 placed in the vertical position at the end of the heating
process

The proposed heating curves have resulted from the knowl-
edge gained during the cooperation with the steel industry. Only
heating curves possible for the implementation in the rotary
furnace have been analyzed.

The numerical computations of the charge temperature and
the scale thickness have allowed to determine the lowest heating
time for a particular grade of steel and the charge dimensions.
Moreover, it has been shown that the possibility of the charge
fracture is low.

It has been shown that the charge heating in the vertical
position is the best choice. However, it is limited by the charge
shape and dimensions.
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