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Abstract. An investigation of the effect of the insulation thickness and the emissivity of
the stainless steel reflector of the covering material during the billet transport on the
amount of saving energy is presented. A mathematical model of the heat transfer from the
billet through the covering material to the environment is developed. The fully implicit
scheme of finite difference equations is employed. The numerical solution is obtained by
using the linearization technique. The results are presented in terms of a parametric study
of the average temperature of the billet and the amount of saving energy. The data from
field measurement is used to verify the numerical result in case of the billet transport
without the covering material. A good agreement is observed between those two. As the
insulation thickness increases, the temperature drop of the billet during the transport
decreases due to the lower heat loss to the environment. This result leads to increasing of
the amount of saving energy increases from 219.7 to 272.5 MJ as the insulation thickness
increases from 12.5 to 50 mm. As the emissivity of the stainless steel reflector increases,
the temperature drop of the billet during the transport increases, corresponding to the
decreasing amount of saving energy. In case of the 12.5-mm insulation thickness, the
effect of the emissivity on both temperature drop and the amount of saving energy is
observed when the emissivity is lower than 0.3. The effect of the emissivity on those two
is less significant when the insulation thickness reaches 50 mm. The amount of energy
saving is approximately 273 M]J regatrdless of the emissivity of the stainless steel reflector.
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Nomenclature

A area, m?

B: Biot number

C constant

¢ specific heat, J/kg K

D diameter, m

E energy, | or MJ

F view factor

g gravitational acceleration, m/s?
Fo Fourier number

b heat transfer coefficient, W/m?2 K
J radiosity, W/m?

& thermal conductivity, W/m K
L thickness, m

m, n finite difference indices

Nu Nusselt number

Pr Prandtl number

0o heat transfer rate, W

Ra Rayleigh number

Re Reynold number

T temperature, K

t time, s

| 4 volume, m3

v velocity, m/s

%, 9 Cartesian coordinates

a thermal diffusivity, m2/s

B thermal expansion coefficient, 1/K
& emissivity

1% kinematic viscosity, m2/s

P density, kg/m?

o Stefan-Boltzmann constant, W/m?2 K4
Subscripts

a air

b billet

on ceramic fiber

cond conduction

cony forced convection
frree free convection

» e

i element

in inner surface

rad radiation

§ covering material

5t stainless steel

tot total

o0 ambient

1. Introduction

The 20-year energy efficiency developed plan from
2011 to 2030 has been developed to provide the national
framework on the long-term energy conservation
implementation. The national target is to reduce the final

energy consumption by 20 percent or approximately
30,000 ktoe by 2030 [1]. The industrial sector

contributes by approximately one third of this amount.
Base on the energy demand prediction, the basic metal
industry is ranked in sixth of the highest energy
consumption industries in Thailand with the energy
saving potential of 300 ktoe by 2030 [2]. Thus, the
energy saving program will be extensively implemented
to the iron and steel industry to achieve the target of this
energy consumption reduction. In the iron and streel
industry, the energy saving program can be categorized
by the production processes such as steel making process,
casting process, shaping process. This study focuses on
the transport between the casting and shaping processes.
After the molten steel has been casted through the
continuous casting machine, it is solidified and cast into a
semi-finished product, namely a billet. It is conveyed to
the reheating furnace before being sent to the rolling mill
for shaping as shown in Fig. 1. If heat loss during the
billet transport is prevented, the energy saving can be
achieved by reducing the thermal energy consumption of
the reheating furnace. This energy efficiency
improvement is usually referred to as the hot charging
process [3-4].  Therefore, the prediction of the
temperature profile of the billet during the transport is
the key for the assessment of this energy saving program.
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Fig. 1. A diagram of a conveyed billet from the
continuous casting machine to the reheating furnace.

In order to predict the billet temperature distribution,
the heat conduction models for different processes from
the continuous casting process to the rolling mill have
been studied. The solidification models for the molten
steel during the casting process were developed [5-7].
The heat transfer characteristics including billet
conduction, flue gas convection, flue gas radiation,
radiation between wall surfaces, and flame combustion,
for different types of the reheating furnace, such as
pusher-type [8], walking-hearth [9-10], and walking-beam
[11-12] one were investigated. The heat conduction
models during the billet transport between the reheating
furnace and the rolling mill were presented [13-14].
Once the billet temperature distribution was estimated,
the amount of the saving energy could be determined.
The potential of the energy saving [15] and the
economical aspect from the hot charging process were
presented [16].

In general, the billet is conveyed without a covering
insulation material if the casting machine is located near
the reheating furnace. However, the distance between
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these two is quite far in many cases, leading to the
implementation of the covering material. In addition, the
effect of some parameters of the covering material
should be further investigated. The aim of this present
study is to investigate the energy saving opportunity by
applying the insulation box during the biller transport
from the continuous casting machine to the reheating
furnace. A numerical model of the billet heat conduction
and the radiation exchange between surfaces is
developed and solved wusing the finite difference
technique. Parametric studies of the insulation thickness
and the emissivity of the reflector are performed. The
amount of energy saving from the insulation based on
these parametric studies is predicted.

2. Problem Formulation

A mathematical model of a billet under consideration
is developed first. The billet is made of steel with a
square cross-sectional area (A4;) of 130 mm x 130 mm
and a length (I;) of 6 m. In this study, two cases are
considered: case (a) the billet transport without the
covering material and case (b) the billet transport with
the covering material as shown in Fig 2. To simplify the
complexity of the billet bottom surface where it is placed
on the roller with intermittent gaps, it is assumed that the
covering material covers all four billet surfaces. The
covering material consists of a layer of ceramic fiber
inserted between two stainless steel sheets served as
reflectors as illustrated in Fig. 3.

Biflet Biflet

Case (a) Case (b)

Covering!material

Fig. 2. Two cases under consideration (a) without the
covering material and (b) with the covering material.
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Fig. 3. Component and heat transfer characteristics
of the covering material.
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The two-dimensional transient heat conduction
equation or Eq. (1) for the billet as a system under
consideration can be written as

)

T (aQT aij
A +
ot

[—:/é —_—
Ao ax?’ 5)/2

The associated boundary conditions are given by the
total heat loss at the billet surfaces (QUs), which is a
combination of the convective heat losses (Qww) and
radiative heat losses (O as shown in Eq. (2).

Qfot = onm‘ + Qrad (2)

The convective heat loss originated from the motion of
the billet in the longitudinal direction through the
conveyor at the average conveying speed (2;) of 1.5 m/s
can be expressed as Eq. (3). The average convective heat
transfer coefficient (h..) can be written as Eq. (4) [17].

onmJ = b[om' Ai (’I; - TCC ) (3)

by :
Nuy, === L =0.664 Re;” Pr'”’

a

05 113 Q)
=0.664 p/iLb pava[zz
v £

a a

The radiative heat loss from the billet surface from each
case is different as follows:

(i) Case (a): without the covering material

With the absence of the covering material, the
radiative heat loss from the billet directly to the
environment can be linearized and written in terms of
the radiative heat transfer coefficient (b.4) as shown in

Egs. (5) and (6).

‘de = go—A/f (’1:4 - ch ) = bmdAi (’I; - TOO ) (5)

by =e0(T,+T,)(T +T}) ©)

rad

(i) Case (b): with the covering material

The radiation exchange between the billet surfaces
and the inner surface of the covering material made of
stainless steel can be assumed to be the radiation
exchange between two diffused, grey surfaces. For
simplicity, the temperature of the covering material is
uniform throughout its perimeter. Because the finite
different discretization will later be employed to solve the
temperature distribution of the billet, the covering
material will be served as an enclosure for each element
of the billet surface. Under this configuration, the view
factor of each billet element to the enclosure (Fj) is unity.
The net rate of total radiation transfer from all elements
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of the billet surface (Qudinw) to the inner surface of the
covering material is given by Eq. (7) [18].

0’1:'4 - ].r ]5 — 0-’114
Qrad,z’ﬂ,/ol = z 1—¢. 1 - 1-¢ (7)
i L4+ =
gz'Ai Az' I:Z'J 85 A‘

To utilize the radiative heat transfer coefficient concept
similar to Eq. (5), the radiosity of the covering material
surface (J;) shown in Eq. (7) is eliminated. The net rate
of radiation transfer from each element of the billet
surface (Qniin) can be expressed in terms of Jugi as
shown in Eq. (8). This radiative heat transfer concept
will be beneficial for the number solution procedure
described later in Section 4.

o(1'-T/)
ond,m = 1 1- = braa A (Tz - T;z) ®)

1—¢ rad in™ i
+
81' Ai g;rAJi

S

Heat conduction (U from the inner surface of the
covering material through insulation layers to the
environment is assumed one dimensional and quasi
steady. Heat is conducted through the covering material,
and transferred out to the environment by the free
convection and radiation as shown in Fig. 3. Both can be
described by Egs. (9) and (10).

Q ’I_jf,l‘ﬂ - ’1—;,011/ (9)
cond L L
2 st + on
/é.r/ A‘r /émf A.f

O+ Qg =b, (T, ~T.)+eo(T!, =T} (10

In case of the free convection at the outer surface of the
covering material to the environment, the convective
heat transfer coefficient (bs) for a long horizontal
cylinder can be determined by the correlation of Morgan
or Eq. (11) with € = 0.125 and #» = 0.333 [19]. The
diameter of the cylinder is replaced by the hydraulic
diameter (Dj) of the covering material.

b,.D, AT D}Y
Nu, =22 =CRa), :C(—‘gﬁ” ”j 11
! £ ! v a,

a

3. Finite Difference Approximation

The physical system governed by the heat
conduction equation or Eq. (1) is discretized into

orthogonal grids with the grid size of Ax and Ay.
Because of the billet with a square cross section, Ax and
Ay is identical. The finite difference approximation for
each node T} | in both x and y directions is related to the

adjacent nodes as shown in Fig. 4.

Fig. 4. A schematic of grid arrangement.

In addition, the fully implicit scheme is employed to
ensure the unconditional stability for any size of a time
step [20]. As a result, the finite different approximations
for the time and spatial derivatives in Eq. (1) can be
expressed as Eqgs. (12) to (14).

aT TP+] _ TP

— — 12
¢ At (12
T _ TN, =2, +T,",
Ax’ - (Ax)2 &
d 2T T;,;}fl - ZT;f,;l + T;:L

By substituting Eqgs. (12) to (14) into Eq. (1) with further
simplification, the finite different equations for an
interior node, an edge node, and a corner node can be
expressed as Eqgs. (15) to (17), respectively.

(1+4Fo)T, ! —Fo T, —Fo T,

o nn . m+1n R m=1,n (15>
—FO I}/,;Hl - FO Tm,nfl = jﬂw,ﬂ

(142Bi Fo+4 Fo)T, " —Fo T,

’ ’ (16)

—FoT)" —2FoT,", = T, +2BiFoT,
(144 Bi Fo+4 Fo)T, "' =2 Fo T,

, - ’ a7

—2Fo T, T, +4BiFoT,

The Biot number (B/) and Fourier number (Io) ate
defined by Eq. (18).

A
_ DB and  Fo=-227

£, (Ax)’

4. Numerical Solution Procedure

Bi

(18)

In order to initiate the numerical procedure, the
initial condition of the billet is set to be 950°C,
corresponding to its approximate temperature after the
cutoff point shown in Fig. 1 [21]. The ambient

temperature (1) is 32°C. For simplicity, the properties
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of air appearing in the convective parts are assumed
constant and evaluated at the film temperature of 491°C
as shown in Table 1 [22]. The thermal expansion
coefficient (f) is determined based on the ideal gas
assumption for air.

Table 1. Properties of air.
No. Symbol  Value
1 ka 0.05558 W/m-K
2 Du 0.4561 kg/m?
3 Ca 1090 J/kg-K
4 v, 7.879x107 m?2/s
5 B 1.309x1073 1/K

The properties of the billet made of low-carbon steel are
provided in Table 2 [23].

Table 2. Dimensions and properties of the steel billet.

No. Symbol  Value

1 Ay 0.13mx0.13 m
2 L;, 6 m

3 ki 29.4 W/m-K

4 o) 7600 kg/m3

5 o 670 J/keg-K

The emissivity of the steel billet is assumed to be a linear
function of its temperature from 380°C to 520°C as
shown in Eq. (19) [24].

0.28 . T<380°C
£, ={0.00304T —0.888 ; 380<T <520°C  (19)
0.69 . T2520C

The dimensions and properties of the covering material
made of ceramic fiber and stainless steel sheets are given
in Table 3.

Table 3. Dimensions and properties of the covering
material.

No. Symbol Value

1 Fon 0.11 W/m-K
2 Rt 20 W/m-K
3 Ly 1 mm

4 Ly 25 mm

5 A 4.32 m?

In this study, the thickness of ceramic fiber and the
emissivity of the stainless steel sheet are two of the
varying parameters for the energy saving analysis. The
thickness of ceramic fiber varies from 12.5 to 50 mm
whereas the emissivity of the stainless steel sheet varies
from 0.1 to 0.9. The increasing emissivity of the stainless
steel sheet originates from the oxidation of the stainless
steel surface in case of operating at a high temperature
for a long time.

DOI:10.4186/¢j.2022.26.7.13

In order to solve for the solution, the MATLAB™
software is applied for numerical computation. Because
the system of finite difference equations developed from
Egs. (15) to (17) can be linearized in terms of the
radiative heat transfer coefficient, the lagging coefficient
technique is employed to overcome the nonlinearity [25-
26]. In case of no covering material, 4.4 can be simply
linearized by Eq. (6). On the other hand, in case with the
coving material, Ty, from Eq. (9) can be determined
based on the billet surface temperature or T; at the
previous time step. The input heat to the covering
material from Eq. (7) must be identical to the output heat
from the covering material to the environment from Egs.
) and (10) according to the heat balance, resulting in
the value of T,;. Itis noted that the successive iteration
method is employed to seeck for the solution of Ti.
Thereafter, the value of T; from the next time step will be
determined by solving the system of Egs. (15) to (17)
with the lagging coefficient technique to linearize Arain
from Eq. (8), similar to the case without the covering
material.

The grid dependence is first examined by using the
different values of uniform grid of sizes 5x5, 10x10, and
20x20. By setting the result from the 20x20 grid as a
reference case, the relative errors of the average billet
temperature obtained from the 5x5 grid and the 10x10
grid are 0.179 and 0.0229 percent, respectively.
Therefore, the uniform grid of size 10x10 with the
identical values of Ax and Ay of 13 mm is chosen in this
study to keep the relative error less than 0.1 percent. The
numerical computation is run on the time step of 1
second until it reaches 3,600 second.

5. Results and Discussion

The numerical result in case of no covering material
is verified by the data obtained from the field
measurement using a thermal imaging camera. After the
billet has been cut to a proper length at the cutoff point,
the thermal images with a resolution of 384x288 pixels
are captured. The surface temperature obtained by the
camera has a range between -40°C to 2000°C with the
accuracy of 2 percent of reading. The field data is
recorded in every one minute for the record period of
one hour. The data from the captured image will be
processed through the manufacturer software to obtain
the average surface temperature of the billet. It is
compared with the result obtained by the numerical
prediction as shown in Fig. 5. It can be seen that the
average surface temperatures obtained from both
numerical prediction and field measurement are in a
good agreement. By comparing the results obtained
from two approaches, those from the field data are
slightly higher than those from the numerical prediction
by approximately 9.83 percent.

ENGINEERING JOURNAL Volume 26 Issue 7, ISSN 0125-8281 (https://engj.otg/) 17



DOI:10.4186/¢j.2022.26.7.13

1400

=
=]
=3
S

1000

—Numerical
prediction

@
=1
=]

o
=]
=

& Field
measurement

S
2
=1

[*]
=]
=]

Average surface temperature of the billet (K)

=

0 600 1200 1800 2400 3000 3600
Time (s)

Fig. 5. Comparison of the billet surface temperatures
between the numerical prediction and field measurement.

The temperature profiles of the billet from the
numerical prediction at different times in case without
the covering material are illustrated in Fig. 6. Due to the
symmetry along both x and y axes, the temperature starts
decreasing from the billet center at x=0 to the minimum
value at the billet edge at x=65 mm. After leaving the
billet to cool down from the initial temperature of
1223.15 K (950°C), the temperature at the billet center
drops rapidly to 1137 K whereas the temperature at the
billet edge drops further to 1066 K in 300 s. As the time
goes by, the reduction rate of the billet temperature starts
declining and the temperature uniformity increases. At
the end of the simulation of 3600 s, the temperature at
the billet center is 650.6 K whereas the temperature at
the billet edge is 641.3 K. This indicates the higher
temperature uniformity of the billet compared to that at
the early cooling stage.
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Fig. 6. The temperature profile of the billet in case

without the covering material at different times.

In order to determine the amount of the saving
energy, the amount of required energy for the billet to
reheat back to 1,250°C (Touers) should be considered first.
This energy can be directly calculated from the average

billet temperature (1) as shown in Eq. (20).

E,=pV, (Tm/m - T) (20)

The difference between FE., from a case under
consideration and Erq from a reference case represents
the amount of the saving energy of that one. In this
study, a reference case is the one without the covering
material. Then, the parametric study of the insulation
thickness and the emissivity of the stainless steel sheet
with respect to the average temperature of the billet and
the amount of the saving energy will be performed and
investigated.

Figures 7 and 8 illustrate the variations of the
average temperature of the billet and the amount of
saving energy with different insulation thicknesses.
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2
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E- 700 —No covering
3 | | material
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Fig. 7. Variations of the average temperature of the billet
with different insulation thicknesses.
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Fig. 8. Variations of the amount of saving energy with
different insulation thicknesses.

The emissivity of the stainless steel sheet served as a
reflector is set to 0.6 as a baseline case. After an hour of
simulation, it can be seen that the final temperature of
the billet drops from the initial temperature of 1223.15 K
(950°C) to the lowest value of 644.3 K in case of no
covering material. On the other hand, when the thermal
insulation is used, the final temperatures of the billet do
not decrease as much as the case without covering
material. The final temperatures of the billet in case of
the insulation thickness of 12.5, 25 and 50 mm are
1069.8, 1132.2, and 1172.1 K respectively. This result
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indicates that implementation of the covering material
leads to the prevention of the significant amount of heat
loss. The amount of saving energy is potentially higher
in the case with thicker insulation thickness as expected.
At the final time, it reaches the highest values of 219.7,
251.9, and 272.5 MJ for the insulation thickness of 12.5,
25 and 50 mm, respectively. It is noticed that the
increasing rate of the saving energy slows down as the
insulation gets thicker. This may limit the insulation
thickness due to the economical reason.

Figures 9 and 10 depict the variations of the average
temperature of the billet and the amount of saving
energy with different values of the emissivity of the
stainless steel sheet for 12.5-mm insulation thickness.

1250

1200

1150

1100

Average temperature of the billet (K)

1050

1000

0 600 1200 1800
Time (s)

2400 3000 3600

Fig. 9. Variations of the average temperature of the billet
with different values of the emissivity of the stainless
steel sheet for 12.5-mm insulation thickness.
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Fig. 10. Variations of the amount of saving energy with
different values of the emissivity of the stainless steel
sheet for 12.5-mm insulation thickness.

The result indicates that the average billet temperatures
at the final time are 1093.2, 1072.7, and 1069.9 K for the
emissivity of 0.1, 0.3, and 0.9, respectively, leading to the
amount of saving energy of 231.8, 221.2, and 219.8 M]J.
As the emissivity increases, the ability to reflect the
radiation of the stainless steel reflector deceases causing
the higher amount of heat loss through the cover
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material. As a result, the average billet temperature at the
final time will drop further in the case with higher
emissivity. However, it is noticed that the changes of the
average billet temperature and the amount of saving
energy start declining when the emissivity increases
above 0.3.

Figures 11 and 12 illustrate the variations of the
average temperature of the billet and the amount of
saving energy with different values of the emissivity of
the stainless steel sheet for 25-mm insulation thickness.
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1200
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Average temperature of the billet (K)

1100
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2400 3000 3600

Fig. 11. Variations of the average temperature of the
billet with different values of the emissivity of the
stainless steel sheet for 25-mm insulation thickness.
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Fig. 12. Variations of the amount of saving energy with
different values of the emissivity of the stainless steel
sheet for 25-mm insulation thickness.

The average billet temperatures at the final time ate
1139.7, 1133.1, and 1132.0 K for the emissivity of 0.1,
0.3, and 0.9, respectively. On the other hand, the
amount of saving energy for those three cases is 255.8,
252.3, and 251.8 MJ, respectively. It is noticed that the
difference of the saving energy by increasing emissivity
from 0.1 to 0.9 is lower comparing to the case of 12.5-
mm insulation thickness. When the insulation gets
thicker, the heat loss to the environment is mainly
controlled by heat conduction through the ceramic fiber.
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As a result, the effect of the emissivity of the reflector on
the heat loss significantly diminishes.

Figures 13 and 14 depict the variations of the
average temperature of the billet and the amount of
saving energy with different values of the emissivity of
the stainless steel sheet for 50-mm insulation thickness.
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Fig. 13. Variations of the average temperature of the
billet with different values of the emissivity of the
stainless steel sheet for 50-mm insulation thickness.

300

%)
o
=]

%)
2
=

—-
o
S

-
2
=
|
|

The amount of saving energy (M])

50

0 600 1200 1800 2400 3000 3600
Time (s)

Fig. 14. Variations of the amount of saving energy with
different values of the emissivity of the stainless steel
sheet for 50-mm insulation thickness.

The results show that the average billet temperatures at
the final time are 1174.6, 1172.5, and 1172.1 K for the
emissivity of 0.1, 0.3, and 0.9, respectively, leading to the
amount of saving energy of 273.8, 272.7, and 272.5 MJ.
In this case, the difference of the saving energy by
increasing emissivity from 0.1 to 0.9 is very marginal. By
comparing with the previous cases, this amount
corresponds to 12.0, 4.0, and 1.3 M] for the insulation
thickness of 12.5, 25, and 50 mm, respectively.

6. Conclusion
An investigation of the parametric study of the insulation

thickness and the emissivity of the stainless steel reflector
of the covering material during the billet transport has

been presented in this study. A mathematical model of
the billet heat conduction and the radiation exchange
between the billet surface and the inner surface of the
covering material was developed. The finite difference
approximation was employed to solve for the numerical
solutions. The average temperature of the billet and the
amount of saving energy were the main result for this
investigation. The numerical result in case of the billet
transport without the covering material was verified by
the data from field measurement. A good agreement was
observed between those two. The numerical result
indicated that as the insulation thickness increases, the
amount of heat loss decreases significantly. By
comparing to the case without the covering material, the
final temperature increased from 1069.8 to 1172.1 K and
the amount of saving energy increased from 219.7 to
272.5 M]J as increasing insulation thickness from 12.5 to
50 mm. As the emissivity of the stainless steel reflector
increased from 0.1 to 0.9 in case of the 12.5-mm thick
insulation, the temperature drop of the billet during the
transport increased, corresponding to the decreasing
amount of saving energy from 231.8 to 219.8 MJ. In this
case, it was also observed that the effect of the emissivity
on those two was significant when the emissivity was
lower than 0.3. On the other hand, the effect of the
emissivity on those two was less significant as the
insulation gets thicker. When the insulation thickness
was 50 mm, the amount of energy saving was
approximately 273 M] regardless of the emissivity of the
reflector. It is suggested that the economical aspect of
the proper insulation thickness relevant to the conveying
distance should be further studied.
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