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Abstract

The aim of the paper is to establish the basics of a model in order to help the
evaluation of the parameters of the heat transfer and energy consumption in the
case of the walking beam furnaces for rolling mills. The heating process of
alloyed and high-alloyed steel billets in view of processing by rolling is
analyzed. The temperature gradients, producing internal thermal stresses in the
heated material, are a problem that influences the design of the aggregate. If the
values of the thermal stresses exceed the tensile strength they can lead to the
destruction of the finished product. The thermal stresses are mostly due to the
poor correlation of heating process of the billets in typical furnaces for rolling
mills with mechanical and thermal characteristics of the heated material and with
the dynamic of the gases. Using physical and mathematical modelling, there are
established correlations between the thermal process, the dynamic of the gases
and the particularities of the furnace in order to obtain the conditions for
modelling a variable geometry of the aggregate. The particularities of the steels
and of the furnace are analyzed in order to reach an optimum of the geometrical
model for the thermal space. Physical and mathematical models are used to
establish a new variable geometry. Saving energy and metal, due to the chemical,
thermal and dynamic processes, means having a cleaner environment. A new
disposal system of the burners inside the furnace and a new variable geometry of
the thermal space can lead to energy and metal savings. The conclusions of the
study are applied for a new design of the furnace, including dynamic aspects of
the geometry of thermal space.
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1 Temperature and thermal stresses in steel billets

A study of the mechanism of thermal stresses and the establishing of the critical
thermal values was imposed in order to include its influence on the mathematical
remodelling of the thermal space [1-3].

1.1 The case of the cylindrical billets

Using the Bessel functions, and having the notes:

6.: furnace temperature

O.;: temperature in the centre of the billet

Omo: initial temperature of the billet

Ons: temperature at the surface of the billet (its value is determined subject to
upper or lower surface).

O¢: final temperature of the billet

It was deduced for a cylindrical billet:
- temperature for the surface:

Hms _00 = (HmO _ec)[vl 2 'Jo(an)] (D

- average final temperature
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(9”11- —96 :(9m0_90)|:]/1 -q)] Mi| (2)

mR

Temperature’s equation in the section of the cylinder may be expressed by:

r R
6 =60 —(6 -6 )-J,|—.2t—— (3)
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Only the first component of the series was used, so, it is necessary to put the
condition: @ '%32 > 0,3, (a: thermal diffusivity, 7: time).

Examples of the application of the model for the temperatures are presented
in figures 1-4.

For information about the values of the thermal stresses in the round section
billet it is used the Bessel function Jy(n;R) [4, 5]. If “R” is the cylinder radius and
“r” the current radius, for r = R the stresses 6,5 and 6, at the surface of the billet
are:

C,=0 :—-AH[VI-(DI-JO(an)] (5)
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Figure 3: Detail for the Figure 4: Detail for the
temperature at the temperature in the
surface (r/R=1) centre (r/R=0) (tyo in
(tm in figure2). figure 2).

For r=0, in the axis Gigax and G,y are:
B-E
Oy =0, o = AG[v,-9,] (6)

rax 1g ax 1

-V
For whole section of the cylinder, if the heating is symmetrical (A0;=A0,):

. 2J,(nR
:MAH Vl.(olﬂ
l1-v mR

s, =0, %)

B: coefficient of dilatation
E: Young module
v: Poisson coefficient
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vy, @1: series of Bessel function
AO: temperature gradient

1.2 The case of the rectangular section billets

In the case of billets with rectangular section with the dimension “X”, the
admitted thermal stresses reported to the variable (x) axis, equations (8) and (9)
[6] are proposed:

- axial and tangential stress in the axis of the billet, 6y,x and Gy,y:

-E -E 0 -6.

O, o=0, :L.Ag.[v] ]zﬂi.Ag. c “m

1-v 0.-0,
- axial and tangential stress at the surface of the billet, oy, and oy,:

®)

__BE BE 6.-0. 9
o —aﬂ,—ﬁ/A«§{1/1~(pl~<>os(rz1 ] VAQ 00, &)
The values of the thermal stresses in whole section of the rectangular billet are:
o, :ﬂEA V1'¢1'Sln(n1X) :ﬂ.EAg'gc_gm/ (10)
1-v mX 1-v 0.-06,,

1.3 Influence of the thermal regime on the furnaces’ design

In figure 5 is explained the relation between the heating conditions necessary for
a specific category of steels and the geometry of the vault.

The model that connects the thermal stress and the thermal field of the
aggregate is obtained by simulation on the computer.
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Figure 5: Maximum admitted temperature of the aggregate (Oc,qmis) In

concordance with the maximum admitted temperature gradient
AB,4mits (billet radius 300mm; if the temperature of the aggregate is
1300°C the values are 05 eq1, 0; real, ABreal)-
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Figure 6: Basic profile of the vault (beginning temperature: 750° C).

The results concerning the modelling of thermal fields in the furnace are used
as a component included to the re-modelling of the thermal space of the
aggregate.

Starting from the diagrams that show the thermal regime for the aggregate, it
was proposed to use computer modelling, see the design of the vault of a furnace
(figure 6) [7].

2 The problem of energy and mass transfer

In order to efficiently manage the mathematical model that describes the
geometry of the thermal space of the aggregate, it is necessary to know the
relations between the temperature of the steel, the temperature of the thermal
isolation and the temperature of the flue gases.

The thermal output n,, gives the energetic efficiency. It is strongly connected
to the energy transfer problems. Equation (11) [7] was established

. 0
p=lid, vy, G oG e Cﬂ ),

Q H
where are used the notations:
Voa: theoretical volume of air combustion related to the thermal unit of the fuel
[m’\/10° kJ]
Aq: air combustion excess coefficient
0,: air combustion temperature, °C

(11)

Qb

¢.: thermal capacity of the air, kI'm>y K
c,: thermal capacity of the flue gases

H;: thermal energy of the fuel, kJ'm™y
6., -c, .
e

i

Defining “the factor of the fuel” [7] as: K,=1+
n=K,+— o (/10 Voo 0, ¢, =V, -0y, -, —(/10 —1)-v00 -0, -ca) (12)
cb

The connection between the temperature of the gases, the temperature of the
thermal isolation and the temperature of the billets is described by the equation:
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Ol 6 +a)=0. 10, 6+t 7 82 i 0\ B it 4 (13)
Ogpm: heat exchange coefficient from the gases to the metallic material, if it is
considerate that the temperature of the gases is the same with the temperature of
the thermal isolation, kJ'm™>h""K!

Olpm: heat exchange coefficient by radiation between the thermal isolation and the
metal, kIm*h" K"
Ogp: radiation heat exchange coefficient between the gases and the thermal
isolation, kI m>h" K"
o, : convection heat exchange coefficient between the gases and the thermal
isolation, kJm*h K"
0,: temperature of the flue gases, °C
0,: temperature of the thermal isolation, inside the furnace, °C
€: thermal emissivity coefficients

x=Y%,

2

where

s: heated surface of the billets, m*

S: surface of the thermal isolation, m
Jex: the conduction thermal flow

Referring to equation (13) the complex heat exchange in the furnace is
characterized by:
- the heat exchange coefficient between the thermal isolation and the billets
a &+, q,
gn “m (&
o =-{agn-gp+ac+a-am-g -oa,, Sp-l—} (14)
Q, &,+a, 0 -0,
- the heat exchange coefficient between the flue gases and the billets
G & ™ " 5

Yex
o= la, & +a—=—|+a, ¢ +a (15)
a,-&,+0 +0'(0( £ agm-gp) [ v 0 —H,J o

. Zpm g

For particular cases, more friendly forms of the equations may be established.
For example, if the fuel is the natural gas, the temperature of the flue gases is:

q
0 =a -0 +a -0 +—T= (16)
4 P P m m O,S'Qgp +ac

where
i _0,8.[agp+ac+0'(0€pm_0‘gpm)] (17)
P 03-a,+a,
a =aw {19

m

08-a, +ta,

Equation (16) can also have different forms according to the model of the
furnace.

WIT Transactions on Modelling and Simulation, Vol 48, © 2009 WIT Press
www.witpress.com, ISSN 1743-355X (on-line)



Computational Methods and Experimental Measurements XIV 479

3 Dynamic of the gases in the aggregate

In order to obtain the most adequate thermal regime, it is necessary to assure an
advanced circulation and recirculation of the gases and to have permanently
under control the parameters of their dynamic.

Certainly, a study using a physical model is also necessary. In order to
accomplish this study and to use the obtained results for the real case it is needed
to establish some non-dimensional criteria. The theory of similitude was applied.

In figure 7 the physical model for the walking beams furnace and an
experimental result concerning the dynamic of the gases is presented.

Figure 7: The experimental physical model for the recirculation of the flue
gases in the case of the walking beam furnace.

The recirculation of the gases has some particular characteristics explained by
the geometrical limits of the thermal space. In figure 8 (senses 2 and 2), the
circulation is at the superior surface of the billets and produces a secondary
degree recirculation.

The debit recycled in the “primary heating zone” and “secondary heating
zone” can be calculating using equation (19).

m = (022 1) (19)
%
m,: mass of recycled gases
my: masse of the gases at the exit from the burner
Io: burner’s radius

As results of experiments and mathematical modelling it was remarked the
influence of the temperature on the general dynamic of the gases in the
continuous linear furnace (walking type furnace, figure 8).

It is also to remark that, the abstraction of the flue gases do not have an
uniform distribution; the maximum value of the speed is reached in the central
tap holes, simultaneously with low values of the speed thru the lateral tap holes

(figure 9).
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Figure 8: Influence of the temperature and of ~ Figure 9: Speed distribution
the jet of the gases on the dynamic in the tap holes of
in the furnace depending on the the furnace.

heating zone.

If the temperature has a higher value at the superior levels of the furnace,
comparing to the hearth level, it will influence differently the dynamic regime in
the two zones (figure 8)

Introducing and applying some hypothesis about the very closed values for
the thermal capacity at the level of the primary and recycled jets, the recycling
coefficient can be expressed.

The dependence of the dynamic recycling coefficient K on the temperatures is
presented in figure 10.

4 Design of the thermal space of the furnace

The dynamic design of the furnace obtained when applying the mathematical
model may assure a 41% to 55% decrease of heating time, (from 153minutes to
90minutes), corresponding to a similar decrease of energy consumption [8].
It is also possible to reduce the oxidation of the steel till 0.8+1.4%.
Practically, it means to propose a variable geometry of the thermal space.
The basic schema corresponding to the thermal diagram is presented in figure 11.
The model includes some particularities for the geometry of the furnace:
o there are three groups of burners:
- group A, using air from the heat recovery R1 which can assure a higher
temperature at the superior level of the furnace
- group A,: burners using air from R2 in order to assure a lower temperature
at the inferior levels of the furnace
- group of special AFRP burners
- group Aj: are in function only in special conditions, in connection with the
geometry of the thermal space in the first heating zone
e groups A; and A, are connected to the tap holes system in order to control the
dynamic regime of the gases
o the exit of the flue gases is at the level of the vault
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Figure 11: A basic schema for modelling the geometry of the continuous
furnace (walking beam furnace).

o the evacuation system of the gases assure the condition 6,<6, in the first zone
of the furnace

e in order to assure the dynamic and thermal regime, the geometry of the vault
(especially in the first zone) is decisive

o the low oxidation level of the steel is also highly influenced by the profile of
the vault in the first zone

5 Discussion

The results of the studies about the thermal stresses are the base of the re-
modelling of the geometry of the thermal space of the furnace. From this, the
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aspects regarding the design of the vault are essential in determining the dynamic
and the thermal solutions.

If a various range of steel with different thermal properties is heated in the
furnace, a variable geometry of the thermal space will bring important economies
of energy and metal.

Starting from the diagrams of the variation of maximum admitted temperature
of the furnace it is possible to model the vault of the continuous working furnace.

Using the proposed general solutions for the remodelling of the thermal
regime it can be obtained a better control of the temperatures in each heating
zone of the furnace and to correlate it with the necessary temperatures of the
billets. It is also possible to control the temperature of the thermal isolation, and
by this to save thermal energy.

Using the results of the modelling, it is possible to control the flue gases
temperature in each heating zone of the furnace in connection with the
temperature of the steel.

The basics of the general solution of the model allowed to establishing the
disposal mode of the burners in connection with the design of the furnace and the
necessary output. The design of the furnace can be also changed having in view
the thermal and the dynamic particularities of the flow gases.
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