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ABSTRACT 

Optimal heating for slabs in a reheating furnace is investi-
gated numerically to aid in managing energy consumption of 
the reheating furnace in a hot strip mill, where an arctangent 
function is applied as the heating curve.  Particular attention is 
paid to the relationship among the temperature uniformity, 
discharging target temperature and retention time of the slabs.  
The results indicate that the temperature difference between 
the slab surface and the core increases rapidly in the initial 
period and the maximum value of the temperature difference is 
close to the inflection point of the heating curve.  After that, 
the internal temperature tends to be uniform.  For a given 
retention time of slabs, it is difficult to simultaneously reach 
the requirements of discharging target temperature and desired 
temperature uniformity.  A method to evaluate the optimal 
heating time is thus developed, using the Newton scheme.  
Some correlations linking the desired temperature uniformity 
and optimal heating time are established.  They suggest that 
heating thinner slabs in the reheating furnace can facilitate 
employing energy more efficiently in contrast to heating 
thicker slabs. 

I. INTRODUCTION 

Hot strip mill is an important process in the iron and steel 
industry.  The function of the hot strip mill is to roll slabs into 
hot rolled bands or coils by use of some specific facilities such 
as reheating furnaces, scalebreakers, roughing stands, coiler 
boxes, crop shears, finishing stands, run-out tables and down-
coilers [3].  In order to achieve the goal of manufacturing coils, 
some important parameters such as slab temperatures, injec-
tion pressure of scalebreakers, rolling forces of roughing and 

finishing stands, etc., have to be controlled precisely [2, 7, 10, 
12, 22].  In these parameters, slab temperatures, including 
discharging temperature of a slab and its internal temperature 
distribution, play a crucial role in determining the quality of 
coils.  This is because that the material deformation during 
rolling process, the forces and rolling loads of mills, as well as 
the performance of downcoilers are highly dependent on the 
slab temperatures which further determine energy consump-
tion [17]. 

It is known that the material strength of a slab tends to de-
crease as the discharging temperature of the slab increases.  In 
other words, the higher the discharging temperature of the slab 
leaves from the reheating furnace, the easier the roughing and 
finishing stands roll the slab [12].  Alternatively, when the 
temperature distribution inside a slab is regarded, a decrease in 
temperature difference in the slab is conducive to the rolling 
control of the mills.  From the viewpoint of energy conserva-
tion, however, increasing discharging temperature of a slab 
means that more fuel is required to be burned for heating the 
slab.  In addition, an improvement in temperature uniformity 
inside a slab implies that the retention time for the slab in a 
reheating furnace has to be elongated, thereby increasing 
energy consumption.  This will emit more carbon dioxide and 
therefore enhance the atmospheric greenhouse effect [4, 8].  
Other drawbacks accompanying with higher discharging tem- 
perature or longer slab retention time include more scale 
produced [20], more cooling water required and higher risk of 
damaging rolling mills stemming from thermal stress and 
scale [16].  Consequently, a well-controlled slab temperature 
is closely relevant to energy utilization, rolling process and 
facilities maintenance. 

It should be addressed that, despite wide use of hot strip 
mills in industry, most of the attention of the past studies 
concerning the hot strip mills were paid to the rolling force [2, 
3, 21], scale formation [16, 19, 20] and material deformation 
[10, 18, 22].  In contrast, relatively little research was focused 
on the energy management of the reheating furnace.  In the 
predictions of Chen et al. [7] relating fuel consumption in a 
reheating furnace, their results indicated that, with the condi-
tions of fixed slab size and varying heating curve, increasing 
production rate of the furnace is conducive to utilizing fuel 
more efficiently.  On the other hand, the study of Tsai and 
Chang [20] suggested that the parameters of view factor, 
emission factor, furnace temperature and the retention time of  
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Fig. 1.  Typical structure of a reheating furnace and coordinate system used in a slab. 

 

slabs play an important role on the formation of scale and 
maintenance of the furnace, thereby influencing energy effi-
ciency. 

In order to recognize detailed heat transfer processes for 
slabs in a reheating furnace and to evaluate energy consump-
tion situation of the reheating furnace, the present study is 
intended to evaluate temperature distribution in the slabs.  
Instead of the studies of varying heating pattern [7] or view 
factor [20], a typical heating curve of arctangent function will 
be considered.  Furthermore, by varying slabs’ width and 
gauge, a better operational process of the reheating furnace 
will be suggested to reduce fuel depletion. 

II. REHEATING FURNACE 

As far as a reheating furnace is concerned, as a whole, the 
structure of the furnace system can be divided into four dif-
ferent sections, consisting of recuperating zone, preheating 
zone, heating zone and soaking zone, as shown in Fig. 1.  The 
functions of the four zones are described as follows: 

 
(1) It is known that fuel consumption can be effectively re-

duced if waste heat is recovered to a great extent [5, 6].  In 
a reheating furnace, in general, heat contained in hot flue 
gas is captured and absorbed by cold air in the recuper-
ating zone, by means of heat exchange.  That is to say, air 
used for fuel combustion in the furnace is preheated herein 
to reduce oil or natural gas depletion. 

(2) After slabs are charged into the furnace, they are preheated 
in the preheating zone.  The role of the preheating zone is 
to increase slabs temperature progressively.  Therefore, 
with slabs marching the increment in the slabs surface 

temperature is controlled to be relatively slow. 
(3) The slabs surface temperature rises rapidly after leaving 

the preheating zone.  Accordingly, the majority of heat 
absorption by slabs is accomplished in the heating zone. 

(4) When slabs stay in the soaking zone, the internal tem-
peratures of the slabs are controlled as uniform as possible.  
Because of this, the temperature of this zone is progres-
sively increased to the target or desired discharging tem-
perature, similar to that of the preheating zone.  Moreover, 
it is worthy of note that the staggered skids in the soaking 
zone are designed, which permit to largely decrease the 
skid marks and make the temperature in slabs more uni-
form. 

 
Once a slab is sent into the reheating furnace, it will pro-

ceed from entrance, preheating zone, heating zone, soaking 
zone and to exit, sequentially.  In the course of the slab’s trav-
eling, the slab surface temperature, which is controlled by the 
heating curve, with time and the retention time of the slab in 
the furnace determine the temperature uniformity.  Further-
more, the heating curve and retention time will affect energy 
depletion or oil consumption.  The surface temperature dis-
tribution is mainly governed by radiation and partially by 
convective and conductive heat transfer [11].  With the as-
sumption of thermal equilibrium at the slab surface, the typical 
heating curve (or the slab’s surface temperature) can be rep-
resented by an arctangent function.  The surface temperature 
distribution (Ts) with slab’s location (z) is plotted in Fig. 2.  in 
which the curve has been nondimensionalized and normalized 
in terms of charging temperature (Tc), discharging temperature 
(Td) and furnace length (L). 
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Fig. 2. Typical arctangent curve used for heating slabs in a reheating 

furnace. 
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III. MATHEMATICAL FORMULATION 

Typically, for a slab in a reheating furnace, the slab’s length 
is large compared with its width and gauge.  This implies, in 
turn, that heat transfer along the length direction almost plays 
no part in contributing temperature uniformity inside the slab.  
Therefore, it is proper to assume that heat transfer in the slab 
essentially pertains to two-dimensional behavior.  Meanwhile, 
the effect of water cooled skids on the slab temperature is 
ignored in that the skid area is small when compared with the 
slab surface.  Accordingly, the heat conduction or heat flow 
inside a slab can be described by a transient, two-dimensional 
diffusion equation. [9] 

 
2 2

2 2

T T T

t x y
α
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 (1) 

where T, t and α are temperature, time and thermal diffusivity, 
respectively.  The aforementioned equation is subject to the 
following initial and boundary conditions 

Initial condition 

 ( , ,0) cT x y T=  (2) 

Boundary conditions 
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where a and b stand for the width and gauge of the slab, re-
spectively.  The adopted coordinate system and slab size are 
also illustrated in Fig. 1 in which the origin is set at the slab 
center.  It is assumed that temperature distribution in the slab is 
symmetric with respect to x- and y-axis, no heat-flux boundary 
conditions are thus utilized along x = 0 and y = 0, as shown 
in (4).  Subsequently, similar to the definition of the heating 
curve mentioned in Fig. 2, defining the following nondimen-
sional parameters 
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and substituting them into (1) to (4) gives 
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An examination of the preceding equations indicates that 
the surface temperature of the slab is the function of time.  
Consequently, a numerical method was developed to predict 
heat transfer behavior in slabs and to analyze energy con-
sumption characteristics of the reheating furnace.  In the de-
veloped numerical method, in brief, the second order central 
difference and fully implicit schemes [13, 15] were adopted to 
discretize the diffusion equation.  As a result, the discretized 
diffusion equation could be cast as 
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where Rx = ∆t′/∆x′2 and Ry = ∆t′/∆y′2.  In the transient heating 
process, the entire period was divided into 50 time steps.  
When solving the discretization equations, on account of a 
large matrix encountered, an iterative procedure incorporating 
tridiagonal matrix algorithm was applied.  Validation of the 
numerical method has been achieved previously [7] where it 
was revealed that the simulated result agreed well with the 
theoretical prediction.  Moreover, three different grid systems 
of 21 × 6, 26 × 10 and 31 × 12 corresponding to x-direction 
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and y-direction were tested.  Because the predicted results 
based on the grid systems were almost the same, the first grid 
system was adopted.  Accordingly, the adopted grid system 
and time step could satisfy the requirements of grid inde-
pendence and computational accuracy. 

When an optimal heating time is evaluated, it should be 
mentioned that, for a fixed-size slab with desired temperature 
uniformity, one extra boundary condition will be involved.  
The Newton scheme [1] is employed to solve the problem.  
That is, for the first two guessed heating times th,1 and th,2, the 
obtained discharging temperatures will be Td,1 and Td,2, re-
spectively.  Defining an error e = Td,1 – Td,2 and assuming it is a 
monotonic function of heating time th, then a series of expan-
sion of e(th) from the obtained results gives 
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If e → 0, it yields 
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The new obtained heating time th is then used as a new 
guessed heating time.  The same procedure is reiterated until 
the convergence criterion is satisfied. 

IV. RESULTS AND DISCUSSION 

In the present study, a low carbon steel with 0.05% carbon 
serves as the basis of investigation because this specific steel is 
frequently used in hot strip mills.  With the low carbon steel, 
the thermal conductivity (k), specific heat (c), density (ρ) and 
thermal diffusivity (α = k/ρc) are 70.8 W/m°C, 0.4533 kJ/kg°C, 
7891 kg/m3 and 1.978 × 10-5 m2/s, respectively [14].  In the 
following discussion, the heat transfer characteristics inside 
slabs and energy consumption behavior of the reheating fur-
nace will be investigated. 

1. Heat Transfer Inside a Slab 

Figure 3 first demonstrates the isothermal contours in a slab 
at three different heating times where the slab’s width, gauge 
and retention time are 1250 mm, 250 mm and 200 min, re-
spectively.  Moreover, the charging and discharging tem-
peratures are set at 25°C and 1250°C, respectively.  When the 
time is 50 min, Fig. 3(a) indicates that the slab surface tem-
perature (or the maximum temperature) is around 219°C, 
whereas the slab core temperature is about 185°C.  Physically, 
this difference represents the temperature gradient or driving 
force of heat transfer between the surface and the core.  When 
the heating time reaches 100 min, as shown in Fig. 3(b), the 
temperatures of the surface and the core are approximately  

(a) Time = 50 min

(b) Time = 100 min

(c) Time = 200 min

Temperature (°C)
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Fig. 3. Isothermal contours inside a slab at the heating times (a) 50 min, 
(b) 150 min and (c) 250 min. 
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637°C and 572°C, respectively, revealing that the temperature 
gradient has been increased markedly.  With the heating time 
marching to 200 min, Fig. 3(c) depicts that the temperature 
difference has been decreased in a significant way, resulting 
from the maximum and the minimum temperatures being 
1250°C and 1231°C, respectively.  On the other hand, Fig. 3 
also suggests that the distances between the isothermal lines 
along y-direction are much shorter than that along x-direction 
(see Fig. 2); this illustrates that the majority of heat transferred 
into the core is carried out by the former. 

The transient distributions of the maximum and the mini-
mum temperatures as well as their difference ∆T (or tem-
perature uniformity) versus the heating time are plotted in  
Fig. 4.  It can be seen that as soon as the slab is charged into the  
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Fig. 5. Time variations of temperature uniformity in the slabs with 

various widths. 

 

furnace, the temperature difference rises rapidly.  This arises 
from the fact that the temperature increase on the slab surface 
is faster than in the core.  The increasing tendency in ∆T per-
sists until the time reaches 108 min.  It should be mentioned 
that the maximum point (∆T = 66°C) is close to the infection 
point of the heating curve (i.e., time = 100 min).  Mathe-
matically, once the time passes through the inflection point of 
the heating curve, the increasing speed in the surface tem-
perature tends to slow down, whereas the core temperature 
keeps growing.  For this reason, the temperature difference 
turns to decline from the maximum point.  The longer the 
heating time, the better the temperature uniformity in the slab, 
as observed in Fig. 4.  When the slab arrives the exit, ∆T has 
decayed to 18.68°C. 

2. Temperature Uniformity Inside Slabs 

It has been illustrated that the discharging temperature and 
temperature uniformity of a slab plays a vital role in the sub-
sequent rolling processes.  In Fig. 5, transient variations of 
temperature difference of the slabs at various widths are dis-
played.  The slabs gauge is fixed at 250 mm and the retention 
time of the slabs in the furnace is 200 min.  It is evident that 
decreasing width will suppress the temperature difference.  In 
other words, a narrower slab is conducive to promoting tem-
perature uniformity, thereby facilitating the subsequent rolling 
processes.  However, Fig. 5 also indicates that when the slab 
width is as wide as 1000 mm, ∆T is almost independent of the 
variation of width, implying that heat transfer along x-direction 
nearly plays no part in contributing the core temperature.  
Though decreasing slab width enables a slab to reach the de-
sired temperature uniformity earlier, it may lead to insufficient 
discharging temperature.  Based on Fig. 5, Fig. 6 further pre-
sents the profiles of the heating time and discharging tem-
perature of the preceding studied slabs under the condition of 
∆T = 25°C (i.e., the horizontal line shown in Fig. 5).  For the 
lab width of 500 mm, the target of ∆T = 25°C is reached when  
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Fig. 6.  Profiles of heating time and slab surface temperature under the 

condition of  ∆T = 25°C. 
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the heating time is 174 min.  However, the surface temperature 
at this moment is 1168°C.  In other words, if the slab is dis-
charged at this instance, the entire temperature of the slab is 
too low to be rolled in a hot strip mill or more loading forces 
are needed to roll the slab.  The same results also occur in the 
other slabs shown in Fig. 6. 

Next, the influence of slab gauge on the variation of ∆T is 
examined in Fig. 7 where the slab width is specified at 1250 
mm and the retention time is 250 min.  Unlike the effect of 
width shown in Fig. 5, varying gauge has a pronounced effect 
on the distribution of ∆T, as a result of heat transfer controlled 
along y-direction.  If we draw a horizontal line along ∆T = 
25°C, the heating times for the slabs reach this specified con-
dition and their corresponding surface temperatures are pro-
vided in Fig. 8.  For the slab gauge of 200 mm, it is noted that 
only 172 min is needed if the desired temperature uniformity is 
satisfied.  Unfortunately, the slab surface temperature is 979°C  
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Fig. 8.  Profiles of heating time and slab surface temperature under the 

condition of ∆T = 25°C. 
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which is by far lower than the discharging target temperature 
1250°C.  With increasing the slab gauge, both the heating time 
and surface temperature rise as well.  But the surface tem-
peratures are still much lower than the discharging target 
temperature, even though the slab gauge of 250 mm is en-
countered. 

3. Optimal Heating Time 

From the foregoing results, it illustrates that if the heating 
time is long enough, the demanded ∆T can be reached; how-
ever, the instantaneous surface temperature is much lower than 
the desired discharging temperature.  Alternatively, if the dis- 
charging target temperature is satisfied when slabs arrive at the 
exit, the obtained temperature difference will be much lower 
than the desired one, rendering that the energy is not used 
efficiently.  Consequently, an optimal heating time (or reten-
tion time) which simultaneously satisfies the requirements of  
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discharging target temperature and desired temperature uni-
formity should be applied.  Figure 9 shows the distributions of 
the optimal heating time versus slab gauge at four desired 
temperature uniformities where the slabs’ width is 1250 mm.  
As mentioned previously, the Newton scheme will be used to 
overcome the numerical difficulty encountered.  In the figure, 
a near linear relationship between the slab gauge and optimal 
heating time is obviously exhibited, whatever the desired tem- 
perature uniformity is.  This arises from the fact that the heat 
transfer inside a slab is mainly determined along the gauge 
direction and the heat flux from the gas phase to the solid 
phase is inversely proportional to the slab gauge.  With atten-
tion placed on the case of ∆T = 25°C, when the slab gauge is 
increased from 180 mm to 250 mm where the slab length and 
width are fixed, the production rate of the furnace will be 
increased by a factor of 1.39 (=250/180).  Nevertheless, time 
required to reach the specified uniformity will be elongated 
from 82.65 min to 159.25 min.  Because energy depletion for 
heating slabs is proportional to the slab’s retention time, the 
preceding result implies that fuel consumption rate will be 
raised by a factor of 1.93 (=159.25/82.65).  For the case of  
∆T = 10°C, the results are almost the same as that of ∆T = 
25°C.  The increasing ratio in energy consumption rate is 
higher than that in furnace’s production rate; it is recognized 
that heating thinner slabs in the reheating furnace is conducive 
to managing energy more effectively compared to heating 
thicker slabs. 

Furthermore, a distribution of the optimal heating time with 
respect to the desired temperature uniformity is sketched in 
Fig. 10 where the slab’s width and gauge are 1250 mm and 
250 mm, respectively.  It reflects that the optimal heating time 
grows exponentially with decreasing the temperature differ-
ence.  For instance, corresponding to ∆T = 25°C, 15°C and 
5°C the optimal heating times are 159 min, 253 min and 720 
min, respectively.  Above the curve it represents that extra 
energy is wasted, whereas under the curve it stands for the 
energy used for heating the slab is insufficient.  The analysis  
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Fig. 11. Correlations of optimal heating time and desired temperature 

uniformity at various slab gauges. 

 

elucidates that the relationship between ∆T and the optimal 
heating time toht can be expressed by ∆T 0.9344 × toht = 3206 
where R2 is 0.9997 and the units of ∆T and toht are °C and 
minute, respectively.  As a consequence, the smaller the de-
sired temperature uniformity, much more energy will be 
needed for heating slabs.  Theoretically, toht will approach 
infinity when the desired temperature uniformity is close to 0.  
This is because that ∆T = 0 is a singular point mathematically.  
In other words, it is impossible for slabs reaching the absolute 
uniformity in the reheating furnace.  Similarly, for the slabs 
with gauges of 200 mm and 180 mm, as shown in Fig. 11, 
the correlations can be written as ∆T 0.9367 × toht = 2070 and 
∆T 0.9366 × toht = 1676, respectively.  According to the afore-
mentioned results, if a slab with gauge 250 mm are replaced by 
180 mm, though the production rate of the reheating furnace 

will be reduced approximately by 28%
250 180

,
250

− = 
 

 near 

48%
3206 1676

3206

− = 
 

 of energy or fuel can be saved.  It is 

thus concluded that rolling thinner slabs in a hot strip mill is a 
better energy management from the viewpoint of reheating 
furnace operation. 

V. CONCLUSIONS 

Slab heating in a reheating furnace has been investigated 
numerically to recognize the energy consumption characteris-
tics of the furnace.  When slabs are charged into the furnace, 
the temperature difference between the slab surface and the 
core climbs rapidly because of the nature of arctangent heating 
curve.  After the heating time passes through the inflection 
point, the internal temperature in the slabs tends to be uniform.  
The current study indicates that, without using the optimal heat- 
ing time, the desired temperature uniformity can be reached if 

the heating time is long enough.  However, it may results in the 
insufficient discharging temperature.  Alternatively, once the 
discharging target temperature is reached, the slabs internal 
temperature is too uniform so as to waste energy.  Because 
both the discharging target temperature and desired tempera-
ture uniformity have a significant effect in the subsequently 
rolling processes, the optimal heating time (or retention time) 
for saving the energy of the furnace has been evaluated by 
employing the Newton scheme.  Some correlations to link 
temperature uniformity and optimal heating time were estab-
lished.  Within the investigated range of slab gauge (180-250 
mm), it suggested that heating thinner slabs in the reheating 
furnace can use energy more efficiently in contrast to heating 
thicker slabs. 

NOMENCLATURE 

a Slab width 
b Slab gauge 
c Specific heat 
k Thermal conductivity 
l Slab length 
L Furnace length 
t Time 
T Temperature 
W Furnace width 
x Abscissa in slab 
y Ordinate in slab 
z Distance from furnace entrance 

Greek Symbols 
α Thermal diffusivity 
ρ Slab density 
△ Difference 

Superscripts 
‘ Dimensionless scale 

Subscripts 
c Charging 
d Discharging 
h Heating 
oht Optimal heating time 
s Slab surface 
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