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The degree of non-uniformity of the billet temperature subjected to the radiative
heat loss to the discharge door with different insulation thicknesses is investigated
in this present study. The 2-D steady-state heat conduction for the billet subjected to
different heat fluxes is solved by being transformed into a dimensionless form. The
Gauss-Seidel iterative method for a finite volume discretization of the billet is em-
ployed to obtain the temperature distribution of the billet. The numerical result is
validated by comparing with the field measurement data. A qualitative agreement
between these two is observed. An effect of different insulation thicknesses on the
heat-transfer characteristics and the degree of non-uniformity of the billet tempera-
ture is examined. In case of the replaced 50 mm thick insulation of the discharge
door, the radiative heat loss to the discharge door is reduced by 49% with the re-
placed insulation, and the degree of non-uniformity of the billet temperature is de-
creased by 23 °C.

Key words: reheating furnace, radiative heat loss, finite volume method,
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Introduction

In an iron and steel industry, a continuous reheating furnace is used for re-heating bil-

lets before being rolled to a finished product, such as steel bars, rods, or wires. It is basically di-

vided into three zones: preheating, heating, and soaking zones. After a billet is preheated by hot

exhaust gas, it is heated up by directed-fire burners to a desired temperature in the heating zone.

Thereafter, the billet temperature uniformity between the surface and the core can be achieved

in the soaking zone. The temperature uniformity is necessary to prevent any damage to the billet

when being sent through the rolling process.

In order to estimate the billet temperature uniformity, numerous mathematical models

have been proposed. A finite element model with an alternative direction implicit (ADI) method

was used to predict the temperature profile of a slab in a pusher-type re-heating furnace with the

maximum temperature deviation of 50 K at the middle cross-sectional plane [1]. In a study of

Chen et al. [2], various heating rates of the furnaces were simulated by using a 2-D finite differ-
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ence model. The result indicated that the temperature uniformity could be achieved faster in

case of a higher heating rate. Hans et al. [3] indicated that the maximum temperature deviation

inside a slab should be below 50 K before exiting the furnace. In their study, a finite volume

method was employed to predict the heating characteristics of a slab with the maximum temper-

ature deviation inside a slab of 400 K in the beginning of the heating zone whereas the degree of

temperature uniformity was highly developed in the soaking zone. The maximum temperature

deviation of the final slab was found to be 27 K. In a study of Kim [4], a 2-D transient heat con-

duction model of steel slabs in the five-zone walking beam furnace was developed. His result

showed that the maximum temperature difference within a slab gradually decreases from ap-

proximately 340 K in the charging zone to 46 K in the soaking zone. It can be seen that these

models have been developed for a furnace operated under a normal condition. However, be-

cause the discharged door of the furnace is regularly open, heat loss from thermal radiation

through the discharged door may increase the degree of non-uniformity of the billet tempera-

ture.

Heat loss from thermal radiation through an opening has been extensively investigated

by many researchers. It was estimated by Trinks et al. [5] by introducing the total radiative fac-

tor which is a function of the wall thickness and the opening shape. In the work of Ward and

Probert [6], a heat diagram of the five-zone pusher-type furnaces was presented after the im-

provement of the insulation of the slab-support structure. The result showed that the radiation

loss through the openings was up to 2.5%. Lyman [7] founded that the reduction of energy con-

sumption by 41% of the reheating furnace could be achieved by the combination of several im-

provements, including the opening loss reduction and the insulation improvement. Both

Vereshchagin et al. [8] and Si et al. [9] performed a heat balance on a furnace and indicated that

heat loss through the furnace openings was approximately less than 1%.

Various numerical models based on the heat conduction equation to predict the bil-

let/slab temperature distribution have been proposed. Since the heat transfer mechanism in the

furnace is quite complicated, the 2-D heat conduction equation subjected to the radiative flux at

the surfaces [10, 11] or the prescribed surface temperature with the spatial variation [2] is used

to simplify the complexity. More complicated models such as a 3-D heat conduction equation

coupled with the radiative transfer equation [4] or the 3-D heat conduction equation subjected to

the gaseous radiation [1, 3] were presented. Since the heat loss through the openings does not

have a significant effect on the heat transfer mechanism in the furnace, it is not necessary to use a

complicated numerical model in this present study. Thus, the 2-D heat conduction equation sub-

jected to the boundary conditions related to different heat losses is chosen to predict the effect of

the heat loss through the open discharge door on the degree of non-uniformity of the billet tem-

perature. The finite volume discretization is employed to obtain the numerical solution. A com-

parison between the billet temperature distributions obtained from the numerical prediction and

that obtained from the field measurement is made. A replacement of the original door material

with a thermal insulation with different thicknesses is considered to improve the degree of

non-uniformity of the billet temperature. The variations of the non-uniformity with different

values of the insulation thickness are investigated.

Problem formulation

In this study, the reheating furnace is an oil-fired pusher-type one as shown in fig.1.

The study is focused on a billet located at the furnace exit on the x-y plane as shown in the end

view of fig. 1.
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The billet considered as a sys-

tem under consideration is sub-

jected to different heat fluxes as

depicted in fig. 2. The dimensions

of the billet are the length (L) of

2.42 m and the cross-sectional

area (W � H) of 0.1 � 0.1 m2.

To formulate the mathematical

model, the major assumptions are

made as follows: (1) the system is

under a steady-state condition

since the temperature profile of

the billet at the furnace exit

slightly changes with time [4,12].

(2) The problem can be assumed

2-D. (3) The problem can be con-

sidered axis symmetric on y- axis.

(4) For the gas radiation, the

grey-gas assumption is employed.

(5) For the surface radiation, the surfaces of the refractory wall and the billet are assumed grey.

(6) The thermal properties of the billet are constants. From these assumptions, the 2-D

steady-state heat conduction equation with associated boundary conditions can be written as:
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Since the thermal conductivity of the billet (k) is a constant of 30 W/mK, eq. (1) is sim-

plified to the 2-D Laplace equation. The boundary condition (4) represents the constant surface

temperature on the furnace floor (Tf) of 1,060 °C. The right-hand side of eqs. (3) and (5) is the to-

tal heat transfer to the billet upper and end surfaces exposed to different heat fluxes, respec-

tively. The detailed equations for these exposed heat fluxes are as follows.

The equation for gas radiation ( 

q rad,g ) has been developed by Hottel and Sarofim [13]:
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This equation is limited to a small temperature difference between the gas temperature

(Tg) and the billet surface temperature (Ts). The value of Tg set to 1,250 °C. The exhaust gas

emissivity (eg), which is a function of the emissivity of water and carbon dioxide, serving as ma-

jor radiative components of the exhaust gas. The values of a, b, c, and eg,av appearing in eq. (6)

can be determined from [13]. The emissivity of the billet (eb) is set to 0.9.
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Figure 1. Schematic of a pusher-type re-heating furnace

Figure 2. Billet under consideration subjected to different heat
fluxes



The refractory wall radiation to the billet ( 

q rad, w ) can be determined by assuming the

radiation exchange within the two-surface enclosure between the wall and the billet surfaces:
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The view factor from the billet to the refractory wall is equal to unity. The surface
emissivity of the refractory wall (ew) is set to 0.8. From the furnace geometry, the billet-to-wall
area ratio (Ab/Aw) is 0.4525. The temperature of the refractory wall (Tw) in the re-heating fur-
nace is generally less than Tg by approximately 100 °C [12]. Therefore, Tw is set to 1,150 °C.

The relation of the exhaust gas convection ( 

qconv,g ) can be determined by employing
the basic Newton law of cooling. First, the mass flow rate of the exhaust gas is calculated by
combining the fuel consumption rate and the combustion air mass flow rate. Then, the average
exhaust gas velocity flowing above the upper surface of the billet is estimated. Finally, the cor-
relation of the external flow over a flat plate is utilized to determine the average convective heat
transfer coefficient of the exhaust gas (hg). As a result, hg can be estimated to be 25.7 W/m2K.

Since the discharge door is not well insulated, this results in the radiative heat loss
from the end surface of the billet to the discharge door ( 

q rad,d ). When the discharge door is
closed, the radiative heat loss to the discharge door can be written as:



 	 � �q C F T Trad,d bd b d s( ) ( )1 4 4e s (8)

The C represents the open time frac-

tion of the discharge door. Fbd is the av-

erage view factor of the billet to the

door, which is considered as a view fac-

tor of parallel rectangular plates [14].

The values of C and Fbd are 0.275 and

0.691, respectively. A schematic dia-

gram of the discharge door made of the

original materials and replaced ceramic

fiber insulation is depicted in fig. 3. The

detailed explanation of the discharge

door improvement will be described in

the next section. In order to utilizing eq.

(8), the value of the average inner surface temperature of the discharge door (Td) as shown in fig.

3 must be determined. Because the outer surface temperature of the discharge door and the sur-

rounding temperature can be obtained from the field measurement, Td can be estimated by calcu-

lating the heat flux through the discharge door using the 1-D steady-state heat conduction equa-

tion. As a result, Td in case of the discharge door with original materials is 998 K whereas that in

case of the discharge door with replaced ceramic fiber insulation varies from 998 to 1,204 K as

the insulation thickness increases from 0 to 50 mm.

When the discharge door is open, the radiative heat loss to the surrounding ( 

q rad,� )

through the openings can be written as:



 	 �q CF T Tsrad b b, ( )
� � �

e s 4 4 (9)

Fb is the average view factor of the billet to the surroundings, which is identical to Fbd.
The average surrounding temperature (T

�

) is measured to be 34.4 °C.
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Figure 3. Discharge door: (a) with original materials,
(b) with ceramic fiber insulation



Leak air convection ( 

qconv,a is caused by the leak air flowing into the furnace due to the

negative furnace pressure. The amount of the leak air can be measured by comparing the per-

centage of oxygen in the exhaust gas when the discharge door is open with that when the dis-

charge door is closed. Once the mass flow rate of the leak air has been determined, the leak air

convection can be estimated by calculating the leak air convective heat transfer coefficient (ha)

using the basic Newton law of cooling. Consequently, the calculated value of ha is 4.7 W/m2K.

Numerical solution procedure

To facilitate the numerical solution procedure, the co-ordinate transformation is per-

formed by introducing the dimensionless variables as follows:
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Substituting the eq. (10) into eqs. (1) to (5) yields:
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The radiative and convective Biot numbers (Birad and Biconv) are defined as:
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The dimensionless governing eq. (11) with associated boundary conditions (12) to

(15) is solved numerically by the finite volume method. A schematic diagram of a uniform grid

arrangement is shown in fig. 4. A common discretization technique by performing the local heat

balance on each finite volume cell is employed [15]. The proper grid size of Dx and Dh will be

discussed later. After a system of linear equations is constructed, the Gauss-Seidel method is

used to solve these linear equations [16]. The linearized coefficients, which include the radiative

heat transfer coefficient term, are updated by a simple iterative algorithm. When the conver-

gence criteria of the billet tempera-

ture profile and the linearized coef-

ficients of 10–10 are met, the

numerical solution is obtained.

To improve the degree of uni-

formity of the billet temperature,

some part of the discharge-door

original material made of high-tem-

perature cement must be replaced
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Figure 4. Grid arrangement for the finite volume
discretization



by ceramic fiber insulation with much lower value of the thermal conductivity as given in fig. 3.

In this study, the insulation thickness is viewed as a parameter varies from 0 to 50 mm. To pro-

tect the ceramic fiber insulation from the direct flame radiation from the burners, the high-tem-

perature cement is still used to cover the insulation surface with the overall thickness remaining

at 116 mm. It should be noted that in practice, only one thickness value will be chosen by the

manufacturer. The improvement of the degree of the billet temperature uniformity will reduce

the chance of roll breakage leading to the reduction of the waste product. The compensation be-

tween the cost of the waste reduction and the investment cost of the insulation is not included in

the scope of this study and should be further investigated.

Grid independence of the numerical results is examined for difference values of Dx

and Dh. The values of Dx and Dh is set to be equal for simplicity. By comparing to the smallest

grid sizes of Dx = Dh = 0.025, it is found that for Dx = Dh = 0.05, 0.1, 0.2, the relative errors of

the temperature distribution in the billet are less than 0.08, 0.18, and 1.38% with the computa-

tional time of 960, 120, and 7 second, respectively. Thus, the grid size of Dx = Dh = 0.1 is cho-

sen to perform the numerical computation with sufficient accuracy.

Results and discussion

To verify the numerical prediction, the actual billet temperatures are obtained from the

field measurement by a thermal imaging camera located at the furnace exit. The thermal images

with a resolution of 384 × 288 pixels are captured immediately after the billet is discharged from

the furnace. The surface temperature of the billet measured by the camera has an uncertainty of

±2%. Comparison between the temperature distributions predicted by the numerical model and

that obtained by the field measurement is depicted in fig. 5.

It can be seen that the numerical result and

the field data are in qualitative agreement.

However, the result obtained by the field mea-

surement indicates the temperature fluctuation,

especially at the upper surface of the billet, i. e.,

at y = 0.1 m. The hot spot is caused by a loca-

tion of the burners that provide non-uniform

heat fluxes to the billet upper surface. It is no-

ticed that the magnitude of the fluctuation is

lower as y is decreased further away from the

upper surface. The maximum relative error of

the temperature obtained from these two meth-

ods is 4.7%. At a given value of y, the numeri-

cal results indicates the uniform temperature

starting from x = 0 until the appearance of the

temperature drop beyond x = 1, resulting in a

higher degree of non-uniformity of the billet

temperature. The similar behavior of the temperature drop at the vicinity near the billet tip is also

observed from the field measurement. Therefore, the minimum temperature of the entire billet is

located at its end surface, which is exposed to the radiative heat loss to the discharge door and to

the environment.

To understand the heat-transfer characteristics of the entire billet, the heat balance dia-

grams of the billet in case of the discharge door with original materials and with 50-mm-thick

ceramic fiber insulation are illustrated and compared in fig. 6. In case of the discharge door with
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Figure 5. Comparison between the
temperature distributions obtained from the
numerical prediction and the field



original materials shown in fig. 6(a), the amount of combined gas and refractory wall radiation is

approximately 88% whereas the amount of gas convection is the remaining 12%. The agreement

of this result can be found in references [4, 17] where the radiation dominates the heat-transfer

mechanism within the furnace. The majority of heat loss, the floor conduction, is approximately

74% of the total heat input. The radiative heat loss to the discharge door and the surrounding is

approximately 15 and 9%, respectively. From eqs. (7) and (8), although T
�

is much less than Td,

the open time fraction (C) of 27.5% leads to the lower value of 

q rad ,� compared to that of 

q rad d, .

It is noted that the effect of the leak air convection on the total heat output is negligible. On the

other hands, by comparing the heat balance diagrams shown in fig. 6(a) and fig. 6(b), all parts of

the input heat, i. e., the gas radiation, the wall radiation, and the exhaust gas convection, do not

have much change. In contrast, the significant effect of the replaced insulation on the radiative

heat loss to the discharge door is observed: it is reduced by 49%. However, since the contribu-

tion of the radiation to the discharge door to the total heat is less than 20%, the total amount of

heat transferred into and out of the billet marginally is decreased by 2.9%.

To investigate the degree of non-uniformity of the billet temperature, the temperature

deviation is defined as the magnitude of the temperature difference between the maximum and

minimum values of the entire billet [3, 18]. It can be seen from fig. 5 that the maximum billet

temperature is located on the upper surface of

y = 0.10 m. Since the change of the insulation

thickness does not have significant effect on the

input heat, the maximum billet temperature in

any case of all insulation thicknesses remains

almost the same at 1,134 °C. On the other hand,

the minimum billet temperature is located at the

billet end surface of x = 1.21 m. To determine

the exact location of the minimum billet tem-

perature, the temperature profiles at the billet

end surface for different insulation thicknesses

are illustrated in fig. 7.

It can be seen that the minimum billet tem-

perature is located in the middle along the

y-axis. For given insulation thicknesses of 0,

25, and 50 mm, the minimum temperature is ap-
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Figure 6. Heat balance diagram of the billet in case of the discharge door with (a) original materials, (b)
50-mm-thick ceramic fiber insulation

Figure 7. Temperature profile at the billet end
surface for different insulation thicknesses



proximately 1,016, 1,029, and 1,039 °C located

at x = 0.4, 0.35, and 0.3 m, respectively. Once

the maximum and minimum billet temperatures

are obtained, the temperature deviation with

different insulation thicknesses can be calcu-

lated and depicted in fig. 8. It is noticed that the

temperature deviation is decreased from 118 to

95 °C with increasing insulation thickness from

0 to 50 mm. The reduction of the temperature

deviation caused by the temperature drop at the

billet end is one of the factors that reduces the

chance of roll breakage due to end splitting. In

practice, it is recommended as a guideline for

the manufacturer to keep the temperature devia-

tion below 50 °C [3, 19]. This requirement can

be achieved in case of a reheating furnace with

top and bottom firing, in which the heat can be distributed more evenly [1, 3, 4]. However, since

the furnace under consideration is equipped with two top firing burners only, it is rather difficult

to fulfill this requirement.

Conclusions

A numerical prediction to investigate the effect of the insulation thickness on the de-

gree of non-uniformity of the billet temperature has been proposed in this study. The 2-D

steady-state heat conduction equation for the billet subjected to different heat fluxes at the billet

surfaces is presented and transformed into a dimensionless form. It is numerically solved by em-

ploying the finite volume method with the Gauss-Seidel iterative technique. To reduce the de-

gree of non-uniformity of the billet temperature, the replacement of the original materials with

ceramic fiber insulation is proposed. To verify the validity of the numerical results, a compari-

son between the numerical prediction and field data results in a qualitative agreement. The

heat-transfer characteristics of the billet are investigated by performing the heat balance over the

entire billet. When 50-mm-thick ceramic fiber insulation is used instead of the original materials

of the discharge door, the radiative heat loss to the discharge door is reduced by 49% whereas

the total amount of heat transferred into and out of the billet is decreased by 2.9%. The tempera-

ture deviation, representing the degree of non-uniformity of the billet temperature, is decreased

from 118 to 95 °C. The benefit of the reduction of the temperature deviation is to reduce the

chance of roll breakage due to end splitting.
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Figure 8. Variation of the temperature deviation
with different insulation thicknesses

Nomenclature

A – area, [m2]
Bi – Biot number (= hH/k), [–]
F – view factor, [–]
H – billet height, [m]
h – convective heat transfer coefficient,

– [Wm–2K–1]
k – thermal conductivity of the billet,

– [Wm–1K–1]
L – billet length, [m]
q – heat flux, [Wm–2]

T – temperature, [°C] or [K]
W – billet width, [m]
x, y – Cartesian co-ordinate, [m]

Greek symbols

e – emissivity, [–]
x, h – dimensionless co-ordinate in x- and

– y- axes, [–]
q – dimensionless temperature, [–]
s – Stefan-Boltzmann constant, [Wm–2K–4]
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Subscripts

a – leak air
av – average
b – billet
conv – convection
d – discharge door
f – floor

g – gas
rad – radiation
s – surface
w – refractory wall
� – surrounding


