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a b s t r a c t

Transient radiative heating characteristics of slabs in a walking beam type reheating furnace is predicted
by the finite-volume method (FVM) for radiation. The FVM can calculate the radiative intensity absorbed
and emitted by hot gas as well as emitted by the wall with curvilinear geometry. The non-gray weighted
sum of gray gas model (WSGGM) which is more realistic than the gray gas model is used for better accu-
rate prediction of gas radiation. The block-off procedure is applied to the treatment of the slabs inside
which intensity has no meaning. Entire domain is divided into eight sub-zones to specify temperature
distribution, and each sub-zone has different temperatures and the same species composition. Temper-
ature field of a slab is acquired by solving the transient 3D heat conduction equation. Incident radiation
flux into a slab is used for the boundary condition of the heat conduction equation governing the slab
temperature. The movement of the slabs is taken into account and calculation is performed during the
residence time of a slab in the furnace. The slab heating characteristics is also investigated for the various
slab residence times. Main interest of this study is the transient variation of the average temperature and
temperature non-uniformity of the slabs.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

One of major concerns regarding a reheating furnace is heating
characteristics of slabs. There are two requirements for a slab to
satisfy before its exit to the rolling mill. While the temperature
of a slab should be elevated up to intended temperature, the tem-
perature gradient inside the slab should remain below 50 K/m be-
fore its exit. The second largest energy is consumed to reheat slabs
before rolling process in hot strip mill while the largest energy is
consumed in the process of melting ore. A great deal of attention
is thus needed to reduce some parts of unnecessary energy con-
sumption to increase the performance of a furnace. Since a de-
crease in energy consumption can directly reduce the generation
of carbon dioxide, the performance of a reheating furnace is very
important. In view of performance, the shorter residence time of
slabs is highly desirable while maintaining uniform temperature
inside slabs.

It is well known that radiative heat transfer is a major heat
transfer mode to heat up slabs inside a reheating furnace. Over
90% heat transfer is via radiation [1,2]. Radiation emitted by hot
gas and hot furnace walls reaches to slabs and is then absorbed
into slabs. The absorbed radiation is converted into heat and the
heat further penetrates into slabs by means of conduction. Impor-
ll rights reserved.

: +82 42 869 3710.
tance of radiative heat transfer in heating slabs is well reflected by
the previous study of a reheating furnace. Li et al. [3] calculated
radiative heating of a slab in a pusher type furnace chamber using
zone method. They used simplified furnace chamber and calcu-
lated the slab temperature in two dimension. Anton et al. [4] pre-
dicted the influence of the space between billets on the
productivity of a walking beam type furnace by using Monte Carlo
method.

The present work is to simulate the transient radiative heating
characteristics of slabs in a POSCO furnace. The finite-volume
method (FVM) is used for treating radiation emitted by the walls
and gas. The weighted sum of gray gas model (WSGGM) is adopted
to take into account the hot gas radiation effect. And the effect of
variation of residence time is pursued in this research. The FVM
for radiation which is the same family of the DOM [5–7] was de-
rived by Chui and Chai [8–10] to study thermal radiation in a irreg-
ular or curvilinear grid. It has been successfully applied to a
problem of two-dimensional curvilinear cavity. Kim and Baek
[11] also applied it for analyzing combined conduction, convection
and radiation in a gradually expanding channel. They also
extended the method to 3D geometry [12]. The FVM can be easily
applied to body-fitted coordinates and unstructured mesh [13],
since the conservation constraint resulting from integrating the
RTE over a control volume and a control angle is satisfied. In this
method, the inflow and outflow of radiant energy across control
volume faces are balanced with attenuation and augmentation of
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Nomenclature

C specific heat capacity of slab
Dm

ci directional weights
fe,k weighting factor used in WSGGM
I actual radiation intensity (W/(m2 sr))
Ib blackbody radiation intensity, =rT4/p (W/(m2 sr))
M total number of radiation direction
~ni unit normal vector at i surface
qR

w wall radiation flux (W/m2)
~r position vector (m)
~s unit direction vector
T temperature (K)
t time (s)
x, y, z axes of Cartesian coordinate (m)

Greek symbols
b0 extinction coefficient, =ja + rs (m�1)
DAi, DV surface area and volume of the control volume, respec-

tively
DXm discrete control angle (sr)
ew wall emissivity
q density of slab (kg/m3)
h polar angle measured from the z-axis (rad)
ja absorption coefficient (m�1)

k thermal conductivity of a slab (W/(m K))
r Stefan–Boltzmann constant, =5.67 � 10�8 (W/(m2 K4))
rs scattering coefficient (m�1)
U phase function of scattering
/ azimuthal angle measured from the x-axis (rad)
W scattering angle between~s0 and~s
x0 scattering albedo, =rs/b0

Superscripts
m, n radiation direction
o previous time step
old previous iteration step
R radiation

Subscripts
E, W, N, S, T, B east, west, north, south, top and bottom neighbors

of P
e, w, n, s, t, b east, west, north, south, top and bottom control vol-

ume faces
k kth gray gas
P nodal point in which intensities are located
slab slab
w wall

1006 S.H. Han et al. / International Journal of Heat and Mass Transfer 52 (2009) 1005–1011
radiant energy within a control volume and a control angle. Total
solid angle, 4p, is discretized into a finite number of discrete solid
(control) angle in any convenient manner.

2. Mathematical formulation

2.1. Treatment of slabs

Temperature field of a slab is governed by the following tran-
sient heat conduction equation:

qC
oT
ot
¼ o

ox
k

oT
ox

� �
þ o

oy
k
oT
oy

� �
þ o

oz
k
oT
oz

� �
ð1Þ

Here q, C, k are mass density, specific heat capacity, and thermal
conductivity of a slab, respectively. The incident radiation flux to
the slab is used for the boundary condition of Eq. (1):

qR
slab ¼

Z
X¼4p

I ~rw;~sð Þ ~s �~nwð ÞdX ð2Þ

Integration of Eq. (1) on a cell control volume gives a discretized
equation which relates temperature of the cell with the tempera-
tures of the neighboring cells:

aPTP ¼ aETE þ aWTW þ aNTN þ aSTS þ aTTT þ aBTB þ SP ð3aÞ

where

aI ¼
kiAi

ðdxÞi
; I ¼ E;W;N; S; T;B; i ¼ e;w;n; s; t;b ð3bÞ

aP ¼
X

I¼E;W;N;S;T;B

aI þ
qCDV

Dt
ð3cÞ

SP ¼
qCDV

Dt
To

P ð3dÞ

In the above equation, subscript I denotes a neighboring cell while i
denotes the interfacial surface between the current cell and a neigh-
boring cell. (dx)i is the distance between the current cell and a
neighboring cell.
It is assumed that slabs move quick and quiet. On this assump-
tion, it takes no time for slabs to move next positions. So move-
ment of a slab is processed by just transferring temperature data
of previous location to those of next location during calculation.

2.2. Finite-volume method for radiation

The radiation intensity for gray medium at any position,~r, along
a path,~s through an absorbing, emitting and scattering medium is
given by

1
b0

dI ~r;~sð Þ
ds

¼ �I ~r;~sð Þ þ ð1�x0ÞIbð~rÞ þ
x0

4p

�
Z

X0¼4p
I ~r;~s0ð ÞU ~s0 !~sð ÞdX0 ð4Þ

where b0 = ja + rs is the extinction coefficient, and x0 = rs/b0 is the
scattering albedo. U ~s0 !~sð Þ is the scattering phase function for radi-
ation from incoming direction~s0 to scattered direction~s. This equa-
tion, if temperature of the medium, Ibð~rÞ and boundary conditions
for intensity are given, provides a distribution of the radiation
intensity in medium. The boundary condition for a diffusely emit-
ting and reflecting wall can be denoted by

I ~rw;~sð Þ ¼ ewIb ~rwð Þ þ
1� ew

p

Z
~s0 �~nw<0

I ~rw;~s0ð Þ~s0 �~nwj jdX0 ð5Þ

where ew is the wall emissivity and ~nw is the unit normal vector at
the wall. The above equation illustrates that the leaving intensity
from the wall is a summation of emitted and reflected intensities.

The final discretized equation for a general control volume and
control angle in three-dimensional geometry can be written as

amn
P Imn

P ¼
X

I¼E;W;N;S;T;B

amn
I Imn

I þ bmn
P ð6aÞ

where

amn
I ¼ �DAiD

mn
ci;in ð6bÞ

amn
P ¼

X
i¼e;w;n;s;t;b

DAiD
mn
ci;out þ bo;PDVDXmn ð6cÞ



Fig. 1. Schematics of control volume and control angle.
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Fig. 2. Schematic of blocked-off regions.
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bmn
P ¼ ðboSmn

R ÞPDVDXmn ð6dÞ

Smn
R ¼ ð1�xoÞIb þ

xo

4p

Z
X0¼4p

Im0n0Um0n0!mn dX0 ð6eÞ

Dmn
ci ¼

Z /nþ

/n�

Z hmþ

hm�
~s �~nið ÞdX ð6fÞ

Dmn
ci;in ¼

Z
DXmn

~s �~nið ÞdX ~s �~ni < 0 ð6gÞ

Dmn
ci;out ¼

Z
DXmn

~s �~nið ÞdX ~s �~ni > 0 ð6hÞ

where DAi and~ni are the surface area and outward unit normal vec-
tor at the surface i, respectively. Here is adopted a step scheme in
which a downstream face intensity is set to equal to the upstream
nodal value. The discretization procedure and related quantities
are easily found in Baek et al. [12].

In this study, the block-off method suggested by Chai et al. [14]
is adopted to treat radiatively inactive regions such as slabs and
dead zones. Fig. 2 shows a schematic of blocked-off regions. The
point A is in a radiatively fully active cell, whereas D and S are in
radiatively fully inactive cells. Although calculation is done over
the whole domain, only solutions in the active region are meaning-
ful. It must be noted that an additional source term is introduced
into Eq. (6a) for block-off treatment as follows:

SA ¼ SA
C þ SA

P Imn
P ð7Þ

It becomes SA
C ¼ 0 and SA

P ¼ �LN (where LN is a large number) in
inactive cells, whereas both SA

C and SA
P are equal to zero in active

cells. The coefficients of Eqs. (6c) and (6d) are changed such that

amn
P ¼

X
i¼e;w;n;s;t;b

DAiD
mn
ci;out þ bo;P � SA

P

� �
DVDXmn ð8Þ

bmn
P ¼ boSmn

R þ SA
C

� �
P
DVDXmn ð9Þ

The following conditions are imposed on an active cell, which is
in direct contact with an inactive cell, as represented by point B in
Fig. 2:

SA
C ¼ �

DAwDmn
cw

DVDXmn ewIb;w þ
1� ew

p
X

Im0n0

w Dm0n0

cw

��� ���DXm0n0
� �

ð10Þ

SA
P ¼ 0 ð11Þ

where Dmn
cw is the directional weight at the bounding wall composed

of~s and ~nw.
The whole domain is discretized into (Nx � Ny � Nz) control

volumes. Note that ~ni, DAi and DV have to be calculated carefully
according to grid skewness or curvature. Total solid angle, 4p
steradians is divided into (Nh � N/) = M directions, where h is po-
lar angle and / is azimuthal angle, ranging from 0 to p and from
0 to 2p as shown in Fig. 1(b), respectively. Boundary condition in
Eq. (5) for a diffusely emitting and reflecting wall can be discret-
ized as

Imn
w ¼ ewIb;w þ

1� ew

p
X

�s�~nw<0

Im0n0

w Dm0n0

cw;in

��� ��� ~s �~nw > 0 ð12Þ

Besides the wall boundary condition, intensity at symmetry planes
is also required, for example, at z = zs planes:

Iðx; y; zs; h;/Þ ¼ Iðx; y; zs;p� h;/Þ ð13Þ

The iterative solution is terminated when the following conver-
gence is attained:
max Imn
P � Imn;old

P

��� ���.Imn
P

h i
< 10�6 ð14Þ

Here Imn;old
P is the previous iteration value of Imn

P .
Once the intensity field is obtained, the radiative heat flux into

wall including a slab surface can be estimated as follows:
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qR
w ¼

Z
X¼4p

I ~rw;~sð Þ ~s �~nwð ÞdX ¼
X

Imn
w Dmn

cw ð15Þ
2.3. Weighted sum of gray gas model (WSGGM)

Modest [15] has shown that the WSGGM can be used with any
solution method after replacing the non-gray medium by an equiv-
alent small number of gray medium with constant absorption
coefficients:

I ¼
X

k

Ik ð16Þ

1
b0;k

dIk

ds
¼ �Ik þ ð1�x0;kÞfe;kIb þ

x0;k

4p

Z
X0¼4p

Ikð~s0ÞU ~s0 !~sð ÞdX0

ð17Þ

fe;k ¼ 1�
XJ

j¼1

be;k;jT
j�1 ð18Þ

where be,k,j are referred to as the emissivity gas temperature poly-
nomial coefficients as found in Smith et al. [16]. The total intensity
I can be found by just summing up all the kth gray gas intensities.
Eq. (17) is the radiative transfer equation for the kth gray gas with
constant absorption coefficient, with blackbody intensity Ib re-
placed by a weighted intensity fe,kIb. This weighted sum of gray
gases model takes account of radiative effects by non-gray gases
such as CO2 and H2O in gas mixture. More detailed descriptions of
WSGGM are easily found in Modest [15].

3. Results and discussion

3.1. Configuration of the furnace

The furnace is very big in its scale and there exist lots of slabs
inside the furnace, so it is inevitable to use large size of grid. More-
over, a slab should have appropriate grid spacing, otherwise the
solution changes with grid. It is necessary to take relevant grid
preheatingzone (15.0m)

slab

insertion

X

Y

Z

Fig. 3. Shape of

Z22Z21

Z12Z11

Fig. 4. Sub-zones of th
spacing for a slab. In addition to geometrical grid, solid angle is also
discretized, so actual computational array size is increased as
much as multiplied by discretization number of solid angle. This
is why the radiation code developed here was parallelized to be
run on clustered PCs by using MPI library. The parallelization
makes it possible to overcome deficiency of physical memory as
well as to save computing time.

Fig. 3 shows the half section of the reheating furnace. The fur-
nace is symmetric along the y = 0 plane, so calculation is performed
on the half section of the furnace. The coordinates system is set to
increase the performance of parallelization. The furnace has the
dimension of 5.4 m � 10.7 m � 36.0 m. A furnace is divided into
three zones – preheating, heating, and soaking zones. Slabs are
mostly heated in the preheating and heating zone. The role of soak-
ing zone is to reduce the slabs’ temperature distribution in the
slabs. Twenty-nine slabs are heating in the furnace and they expe-
rience about 2 h heating. The slabs have the dimension of
0.23 m � 4.8 m � 1.0 m and they are located at the elevation of
0.21 m from the furnace bottom.

3.2. Simulation of the furnace

The entire computational domain is divided into eight sub-
zones to specify temperature distribution as shown in Fig. 4.
Usually upper region – above slabs – has higher temperature than
lower region. Vertically, the entire domain is divided into two
sections with respect to slabs. Horizontally, it is divided into four
sections. Horizontal four sections are formed by spliting preheating
zone into two sections, while the other two zones remain unsplit-
ed. Each sub-zone has constant wall and gas temperatures as
shown in Table 1. The gas temperature is set to the value which
is 200 K higher than the wall temperature. The composition of
gas is set to be uniform throughout the entire sub-zones – H2O:
0.173, CO2: 0.113, O2: 0.015, N2: 0.699 in mass fraction.

Fig. 5 shows the computational grid of the furnace. The size of
grid is 67 � 70 � 415 and 1,946,350 cells are formed. Slabs have
the grid size of 8 � 48 � 14. Grid is clustered inside the slabs along
the thickness direction. Nh and N/ – solid angle split number – have
the value of 4 and 12, respectively. Slabs move every 256 s and
heatingzone (10.5m)
soakingzone (9.3m)

the furnace.

Z23 Z24

Z14Z13

e entire domain.



Table 1
Temperature distribution of eight sub-zones (K)

Preheating zone Heating zone Soaking zone

Former Later

Upper Wall 1023 1273 1323 1233
Gas 1223 1473 1523 1433

Lower Wall 973 1223 1253 1143
Gas 1173 1423 1453 1343

Table 2
Properties of slab

Temperature (K) Conductivity (W/m K) Specific heat (J/kg K) Emissivity

T < 473 60.57 504.0 0.5
473 < T < 673 51.17 577.9 0.5
673 < T < 873 41.74 712.3 0.5
873 < T < 1073 34.04 892.1 0.5
1073 < T < 1273 28.08 730.8 0.6
1273 < T 29.81 672.0 0.6
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they reside in the furnace for 7424 s. Total computational time is
equal to slab residence time and the physical time step for calcula-
tion is 32 s. Computation is performed on a 16 clustered PCs (3 GHz
CPU). The emissivity of furnace walls is set to be 0.75. The density
of slab is 7854 kg/m3 while the other properties of slab are listed in
Table 2. Slabs are introduced into the furnace at 293 K, i.e., clod
charging of slabs.

Fig. 6 depicts radiation flux vector on J = 40 slice. Radiation
emitted by hot gas impinges on the furnace wall and the slabs.
Temperature difference is a potential for driving radiation flux.
So large radiation flux is produced between hot gas and slabs
and large heat flux vector is formed around the slabs. Because
the temperature difference between slabs and hot gas is bigger
than that of between the furnace walls and hot gas, most of the
radiation flux from hot gas flows into the slabs. Fig. 7 shows three
integrated incident radiation fluxes into the slabs – on all the sur-
faces, on the top surface, and on the bottom surface of each slab.
The slabs in the preheating and heating zones receive large portion
of radiation flux. Among the slabs, eighth slab receives largest radi-
ation flux. Radiation flux becomes weak in soaking zone. It is be-
cause slabs already have experienced enough heating in previous
zones and the temperature difference becomes very small. More-
over, radiation flux is coming out from bottom of the slabs in the
soaking zone.

When a slab is heated up, its corners are heated faster than any
other region. Three surfaces adjoin on each corner of the slab,
where heat penetrates into the slab in three directions. This is com-
pared to the only one direction into the plain surface region. Fig. 8
confirms this phenomenon. Highest temperature spots are located
on the corners of the slab and lower temperature zones are formed
in the inner area of all the surfaces. Large temperature difference
inside a slab is mainly caused by this fast heating of corners. An-
other main cause of temperature distribution is a skid system
but it is not considered in this study. Skid system keeps tempera-
ture low in the contact area between a slab and a skid system by
shielding radiation flux.

Fig. 9 shows the volume averaged temperature, the area aver-
aged temperature on the bottom and top surfaces, and maximum
temperature difference inside a slab. The slabs are emitted to roll-
ing mill at about 1273 K. In the soaking zone, slabs stay at almost
same temperature but the temperature difference continuously
decreases until a slab reaches 26th position. From the 26th
X

Z
Y

Fig. 5. Computa
position, the decreasing rate of temperature difference reduces to
small quantity. Top surface temperature always stays higher than
the bottom surface temperature. But a reversion occurs between
bottom surface and volume mean temperatures at 22nd slab. Since
then, lowest temperature is located on the bottom surface and
conductive heat flux directs downward, while conductive heat flux
directs inward before then. Mean temperature of a slab should stay
at target temperature and temperature difference should stay
below 50 K/m. This requirement is satisfied from 26th slab.

3.3. Variation of residence time

Calculation is performed to investigate the appropriateness of
the heating time. Three more cases of residence time – 5670,
6496, and 6960 s are tried for the inspection. In previous section,
a slab satisfies the requirement from 26th position, so there is a
possibility to increase the performance. Target temperature is to
be 1273 K because slab temperature converges to it under the
given furnace wall and gas temperature. It is turned out that the
residence times of 5568 and 6496 s are not appropriate. Fig. 10
shows that temperature difference remains over 50 K all the
heating time for the cases of 5568 and 6496 s. The case of 6960 s
satisfies the temperature difference requirement from the 28th
slab and reaches close to the target temperature.

Further a slab moves into the hot gas field, the higher the radi-
ation flux to the slab grows. Fig. 11 shows that the radiation flux
increases after insertion. But radiation flux does not continue to in-
crease because the temperature rise of a slab derives the radiation
flux to decrease. So there exists a location at which maximum radi-
ation flux occurs. It occurs at the ninth slab for the residence times
of 5568 and 6496 s. The cases of 6960 and 7424 s have the maxi-
mum at the eighth slab. The radiation flux turns to decreases right
after reaching maximum due to rapid temperature rise of slabs in
case of 7424 s. But relatively wide peak is formed in case of 5568 s.
The result shows that the increased potential by slab’s further en-
trance into hot gas field enough compensates for the temperature
rise of a slab for the case of 5568 s. The radiation fluxes of all the
cases are almost equal to each other before reaching their maxi-
mum value. This means that the temperature of a slab is not a
deterministic factor of the radiation flux in the initial stage of heat-
ing for cold charging of slabs.
tional grid.
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4. Conclusion

A numerical simulation was performed to investigate the radi-
ative heating characteristics of the slabs in a reheating furnace of
POSCO incorporation. The radiation flux to each slab inside the fur-
nace is calculated by using parallelized FVM radiation code and it is
used for the boundary condition of the heat conduction equation
governing slab temperature. Precise observation of heating charac-
teristics was carried for the given slab residence time and the ef-
fects of slab residence time on heating slabs were investigated.

It is observed that most radiation flux occurs at preheating zone
and heating zone. In soaking zone, slabs receive little radiation flux
from the environment, so slab temperature is hardly raised but de-
gree of temperature uniformity is further developed. The eighth
slab receives largest radiation flux for the given residence time
(7424 s).

Of the four cases of residence time, the residence times of 6960
and 7424 s satisfy the temperature uniformity requirement. The
temperature uniformity requirement is satisfied from the 26th slab
in case of 7424 s and from the 28th slab in case of 6960 s. Their
emission temperatures reach close to the target temperature of
1273 K.
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