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Abstract: We established and simulated finite element
solidification models of ingots with 180, 380, 800, 1,300,
and 1,880mm diameters, and the solidification process
temperature distributions for the five ingot sizes were
assessed by Fluent. On this basis, we established a mathe-
matical model for the interfacial heat transfer coefficient
between the ingot and the ingot mold, as well as the ingot
diameter and solidification time, using the regression ana-
lysis method. The results showed that the change law for
the interfacial heat transfer coefficients of the ingots with
different sizes and times conformed to the change law of
the exponential function, and the interfacial heat transfer
coefficient and the ingot diameter had a linear relation-
ship. The interfacial heat transfer coefficient, based on a
measured temperature of about 36 tons of ingot with an
average diameter of 1,500mm and about 8.5 tons of ingot
with an average diameter of 820 mm, was compared to
the interfacial heat transfer coefficient calculated by the
model. We found that the variation law of the two was
essentially the same, indicating that this model could
correctly reflect the interfacial heat transfer coefficient
between the ingot and the ingot mold in the literature.

Keywords: ingots, interfacial heat transfer coefficient,
numerical simulation, prediction model

1 Introduction

The solidification process of steel ingots has several
issues, including complex heat transfer and flow, and
visualizing the high-temperature casting process using
existing physical methods is difficult. In recent years,
with improved computer technology, numerical simula-
tions of the casting process have become an important
way to optimize the design of steel ingots for casting. The
interfacial heat transfer coefficient is a boundary condi-
tion that must be set for numerical simulations, and its
accuracy significantly affects the accuracy of the simula-
tion results. Therefore, many researchers have conducted
a significant amount of research on the heat transfer coef-
ficient of the ingot–mold interface.

Li et al. [1] used a new experimental system to mea-
sure simultaneously displacement and temperature in a
23 kg steel ingot and ingot mold during solidification, and
inversed the interfacial heat transfer coefficients from the
measuring results by using an inverse heat conduction
model. The results showed that the heat conduction of
the air gap accounts for about 70% of effectiveness when
the gap is large. Muojekw et al. [2] studied the effects of
mold materials on the interfacial heat transfer coefficient,
and the results showed that the interfacial heat transfer
coefficient increased with increasing thermal diffusivity
of the mold materials. Kumar and Prabhu [3] studied the
influence of different material coatings on the interfacial
heat transfer coefficient, and the results indicated that the
coating reduced the interfacial heat transfer coefficient.
The researchers found that the interfacial heat transfer
coefficient of the aluminum-based coating was larger
than that of a refractory coating with the same thick-
ness. Lan and Zhang [4] from the University of Science
and Technology Beijing simulated and analyzed the var-
iations in air gap widths and the interfacial heat transfer
coefficients at different positions during the pouring pro-
cess of 8.5 tons of ingot [5]. The results showed that the
maximum heat flux and heat transfer coefficient values
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were located at 1/4 width during the beginning of solidifi-
cation, and the heat transfer coefficient of the wide surface
was slightly larger than that of the narrow surface. Zeng
et al. [6] studied the effects of the width of the air gap and
the duration of gap formation on interfacial heat transfer
coefficient by experiment and inverse calculation. The
results showed that the interfacial heat transfer coefficient
decreased as gap width increased and the duration of gap
formation increased. Guo et al. [7] studied the effects of
molds with different thicknesses on the interfacial heat
transfer coefficient, and the results showed that the thicker
the mold, the smaller the interfacial heat transfer coef-
ficient. Li et al. [8], Shen et al. [9], and Liu et al. [10]
selected interfacial heat transfer coefficients ranging from
150 to 1,500W/(m2·°C) for pouring and solidification simu-
lations of large steel ingots. This simplified treatment sig-
nificantly improved the calculation efficiency but greatly
affected the accuracy of the results [11].

In the literature, the variation law of interfacial heat
transfer coefficient of ingots with different sizes is quite
different. Therefore, it is difficult to use the variation of
heat transfer coefficient from other reports in the litera-
ture, for solidification temperature field simulations. In
this study, the three-dimensional models of ingots with
different sizes are established, the variation law of inter-
facial heat transfer coefficient between ingots and ingot
molds with different sizes is analyzed by fluent finite ele-
ment analysis software, and the mathematical model
between interfacial heat transfer coefficient and ingot
diameter and solidification time is established by math-
ematical regression method.

2 Interfacial heat transfer
coefficient model

2.1 Heat transfer mode of solidification

The heat transfer process between the ingot and the ingot
mold after the completion of ingot casting is very com-
plex. In addition, there are three heat transfer modes:
heat conduction between the ingot and the ingot mold,
heat convection between the molten steel and the ingot
mold, and heat radiation from the ingot to the ingot
mold [12]. The expression of the thermal resistance is
as follows:
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where Rtotal, Rλ, Rα, and Rh are the thermal resistance
parameters (°C/W), λ, α, and αh denote the air thermal
conductivity, convective heat transfer coefficient between
the molten steel and the ingot mold, and the radiation
heat transfer coefficient from the ingot to the ingot mold,
respectively (in W/(m2·°C)), λ can be obtained by referen-
cing the physical properties of dry air under atmospheric
pressure, s is the air gap thickness (mm), and A is the
heat transfer area (m2).

The expression of the thermal resistance per unit area
is as follows:

= + + = + +
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where rtotal, rλ, rα, and rh are the thermal resistance para-
meters per unit area ((m2·°C)/W).

The interfacial heat transfer coefficient can be obtained
by adding the heat transfer coefficient contribution of the
air gap, the convection heat transfer coefficient, and the
radiation heat transfer coefficient parameters as follows:
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where h is the comprehensive interfacial heat transfer
coefficient (W/(m2·°C)).

After pouring the molten steel, the ingot temperature
gradually declines and the ingot will begin to solidify and
shrink. As a result, an air gap between the ingot and the
ingot mold will form; thus, the ingot and ingot mold will
no longer be in direct contact. Also, heat transfer between
the ingot and the ingot mold can occur in two main ways:
thermal radiation and heat conduction of the air in the
air gap. The interfacial heat transfer coefficient can be
obtained by adding the heat transfer coefficient contribu-
tion of the air gap and the radiation heat transfer coeffi-
cient as follows:

= = +h
r

λ
s

α1 .
total

h (4)

2.2 Determination of the interfacial heat
transfer coefficient

2.2.1 Coefficient of convective heat transfer

The convective heat transfer coefficient can be deter-
mined as follows:

≡α λ
L
Nu ,l (5)
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where λl is the thermal conductivity of the molten steel
(W/(m2·°C)), L is the characteristic length (m), and Nu is
the Nusselt number.

The Nusselt number can be determined as follows:

( )= ⋅CNu Gr Pr ,n (6)

where Gr is the Grashof number, Pr is the Prandtl number,
C is 0.59, and n is 1/4.

The Grashof number can be determined as follows:

=

gβ TL
ν

Gr Δ ,
3

2
(7)

where g is the acceleration of gravity (9.81 m/s2), β is the
volume expansion coefficient, ν is the kinematic viscosity
(m2/s), and TΔ is the temperature difference between
ingot and ingot mold.

The Prandtl number can be determined as follows:

=

μc
λ
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l
(8)

where μ is the dynamic viscosity (Pa/s) and cp is the
specific heat capacity.

2.2.2 Radiation heat transfer coefficient

The expression of the heat flux qh and heat transfer coef-
ficient αh for radiation heat transfer at the ingot mold-
ingot interface is as follows:

( )
=

−

+ −

q σ T T
1

,
ε ε

h
1
4

2
4

1 1
1 2

(9)

=

−

α q
T T

.h
h

1 2
(10)

The expression of that radiation heat transfer coeffi-
cient of the mold–ingot interface by transforming equa-
tions (9) and (10) is as follows:
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where σ is the Stephen–Boltzmann constant of
5.67 × 10−8 W⁄(m2·K4), and ε1 ε2 are the surface emissivity
of the ingot and the mold, respectively (ε1 = 0.9, ε2 = 0.85).

2.2.3 Heat transfer coefficient of air gap contribution

The expression of the heat flux generated by the gas heat
conduction of the air gap at the ingot–die interface is as
follows:

=

−q λ T T
s

A,c
1 2 (12)

where A is the heat transfer area (m2), λ is the gas thermal
conductivity (W/(m2·°C)), and s is the air gap thick-
ness (mm).

The interfacial heat transfer coefficient λ
s
of the air

gap contribution could then be derived as follows:
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Mustafa et al. [13] measured the thickness of the air
gap between the ingot and the ingot mold during the
solidification of 10 tons of ingot, which solidified in a
762 mm × 889 mm × 2,565 mm mold. The measurement
results showed that the air gap thickness s in the
middle of the wide surface was approximately linear
with time t, as shown in equation (14). The variation
in air gap thickness in this work was calculated as
follows:

= +s t0.000388101 0.020741, (14)

where t is the solidification time (s).

2.3 Analog calculations

Based on the abovementioned theoretical methods, and
using the initial ingot and ingot mold conditions, we
calculated the three heat transfer coefficients for heat
conduction, convection, and radiation. The sum of these
three heat transfer coefficients was used as the initial
interfacial heat transfer coefficient, which was then input
to Fluent software as the initial boundary condition. After
the calculation starts, the temperature of the ingot and
the ingot mold is recorded every fixed time period, and
the heat transfer coefficient at this moment is calculated
and input to the software as the boundary condition for
the next time period.

2.3.1 Geometric model

The 3D modeling software DesignModeler in Workbench
is used to create three-dimensional (3D) ingot models,
with diameters of 180, 380, 800, 1,300, and 1,880mm
and a height of 1,000 mm. The mesh grid division tool
was used to mesh the model. Figure 1 shows the 800mm
diameter model of the ingot and the corresponding
ingot mold.
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2.3.2 Basic model assumptions

Because the ingot solidification process is very complex
with many influencing factors, it was necessary to make
some reasonable simplifications to the model for the
actual simulation process, as well as to ignore some fac-
tors that had minimal influence on the simulation results.
Using this approach, the simulation results were still
close to the actual results in the simulation, the model
was simplified as follows [14]:
1. The liquid metal instantaneously filled with ingot mold,

and the initial temperature of the liquid metal was the
pouring temperature.

2. The thermal properties of the molten steel and ingot
mold were set as constants.

3. Without considering the solute migration and under-
cooling phenomenon, the liquid steel started to solid-
ify when it cooled to the liquid temperature [15].

2.3.3 Heat-transport equation

The heat-transport equation is given by
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The latent heat of solidification in the model is
treated as follows:

( )∫= + −HT c T L fd 1 ,
T

p s

0

(16)

and derivation of equation (16) gives

= −c c L f
T

d
d

,p (17)

where c is the effective specific heat capacity, L is the
latent heat of solidification, and fs is the solid fraction.

2.3.4 Material parameters

(Table 1).

2.3.5 Initial conditions

1. The ambient temperature was 27°C (300 K).
2. The pouring temperature of the molten steel was 1,560°C

(1,833 K).

2.3.6 Boundary conditions

1. The adiabatic surface between the molten steel and the
slag was set, assuming that the molten steel surface
was covered by a layer of slag.

2. The heat transfer coefficient at the bottom of the ingot
mold was set to 20W/(m2·°C).

3. The heat transfer coefficient between the sidewall of
the ingot mold and the air was set to 50W/(m2·°C).

4. The interfacial heat transfer coefficient is calculated
from the temperature of the ingot and ingot mold in
the previous time period.

2.4 Simulated results

The positions of points 1 and 2 at one-half of the ingot
height were the temperature measurement points, as
shown in Figure 2.

Figure 1: Model of the 800mm diameter ingot and the ingot mold.

Table 1: Thermophysical parameters of molten steel [16]

Physical quantity Unit Parameter value

Density of the ingots kg/m3 7,800
Density of the molten steel kg/m3 7,500
Specific heat capacity J/(kg−1·K−1) 720
Thermal conductivity W/(m·K) 33
Latent heat of fusion J/kg 270,000
Liquidus temperature TL (K) 1,773
Solidus temperature TS (K) 1,722
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2.4.1 Heat transfer coefficient and time

Figure 3 shows the fitting curves of the heat transfer
coefficient–time variations of the ingot interfaces with
180, 380, 800, 1,300, and 1,880mm diameters. As shown
in the figure, the change trends of the heat transfer coef-
ficients at the interfaces of the ingots with five different
sizes were essentially the same. Because the initial con-
ditions for the five ingot sizes were the same, the initial
heat transfer coefficient values were relatively close and
were maintained at about 4,000W/(m2·°C), despite the
different diameters. When the interfacial heat transfer
coefficient was above 1,000W/(m2·°C), the rate of decrease
was very sharp with increasing heat transfer time. This
was because when the molten steel and the ingot mold
were in contact, the molten steel heated the ingot mold,
and due to expansion, the molten steel was subjected
to rapid cooling of the ingot mold. As the temperature
decreased rapidly, it shrank rapidly, forming a solidified
shell, and as a result, an air gap formed between the ingot
mold and ingot, which significantly reduced the heat
transferability of the molten steel to the ingot mold.
When the interfacial heat transfer coefficient was below
1,000W/(m2·°C), the molten steel on the outer layer of
the ingot was solidified, and its ability to shrink inward
was much lower than that during the initial stage of
solidification. At this time, the air gap between the ingot
and the mold had completely formed, and the influence
of the air gap on the interfacial heat transfer coefficient
was no longer as obvious as during the initial stage of

solidification. The ingot to ingot mold heat transfer
capacity was also far lower than that during the initial
stage of solidification, and the interfacial heat transfer
coefficient gradually decreased and ultimately stabilized
at about 100W/(m2·°C). As shown in Figure 3, with
increasing ingot diameter, the rate of decrease in the
interfacial heat transfer coefficient slowed. At about
2,000 s, the heat transfer coefficients of the 180 and
380 mm diameter ingots decreased to a steady state.
Also, the heat transfer coefficient of the ingot interface
with 800mm diameter dropped to a stable state at about
4,000 s, the interface heat transfer coefficient of the
1,300 mm diameter ingot dropped to a steady state after
about 6,000 s, and the heat transfer coefficient of the
ingot interface with a diameter of 1,880 mm dropped
to a stable state at about 8,000 s. This was because
with an increase in ingot size, the heat dissipation rate
of the ingot became slower, and the temperature drop
rate slowed.

2.4.2 Interfacial heat transfer coefficient model

By observing the data in Figure 3, we found that the
increases in interfacial heat transfer coefficient and heat
transfer time of the ingot gradually decreased, and the
variation law was close to the exponential function. The
relationship between the interfacial heat transfer coeffi-
cient and the heat transfer time, corresponding to the
abovementioned five ingots with different diameters, was
fitted by the exponential function using data analysis soft-
ware. The model of the function used for the fitting process
is given by

= + +

− −h A e A e B .
t
t

t
t1 2 01 2 (18)

The fitting results are shown by the red curve in
Figure 3. Figure 3 also shows that for different diameters,
the data points essentially fell near the fitting curve. By
comparing the fitted interface heat transfer coefficient
value with the original interface heat transfer coefficient
value, it is found that the error is less than 5%, indicating
that the selected function model could correctly reflect
the change law of the interfacial heat transfer coefficient
with time.

Taking the five time points of 500, 1,000, 2,000,
3,000, and 5,000 s, the variation law of the interfacial
heat transfer coefficients corresponding to different dia-
meters at fixed time points could be obtained, as shown
in Figure 4.

Figure 2: Locations of the temperature measuring points of the
ingot.
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Figure 4 shows that at a fixed time, the interfacial
heat transfer coefficient and the ingot diameter had a
linear relationship, according to the following equation:

= +h kd b. (19)

Because the heat transfer coefficient of the interface
conformed to equations (18) and (19), the relationship

Figure 3: (a–e) The relationship between the interfacial heat transfer coefficient and time for different ingot diameters.
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between the heat transfer coefficient of the interface,
time, and the ingot diameter had to satisfy the following
equation:

( ) ⎛
⎝

⎞
⎠

= + × + +

− −h kd b A e A e B .
t
t

t
t1 2 01 2 (20)

Equation (20) was used for data regression analysis,
and the relationship between the interfacial heat transfer
coefficient of the ingot, the heat transfer time, and the
diameter of the ingot satisfied the following equation:

( )
( )

= + × + +

− −h d e e0.197 926.3 1.832 1.59 0.09 .
t t

73 1099 (21)

3 Model verification

Lan and Zhang [4] from the University of Science and
Technology Beijing established a 3D finite element model
of heat-fluid-force coupling during the solidification of
an 8.5 tons ingot. The cross-sectional area of the middle
height of the ingot is 0.7825 × 0.6825 m2, and the pouring
temperature is 1,520°C [5]. The author used Procast to
inversely calculate the interface heat transfer coefficient
between the ingot and the ingot mold, and the tempera-
ture change of the ingot and the ingot mold calculated by
using the result was basically consistent with the mea-
sured value. Since the cross-sectional area of the steel
ingot in this article is square, when the diameter of the
steel ingot is 820mm, the cross-sectional area is consis-
tent with the model in the literature. Entering d = 820mm
into equation (21) could obtain the interface heat transfer
coefficient curve of the 820mm diameter steel ingot as a
function of time, as shown in Figure 5.

As shown in Figure 5, the trend of the model value of
the interface heat transfer coefficient calculated by equa-
tion (21) is basically consistent with the value in the lit-
erature. When the interface heat transfer coefficient is
reduced to 1,000W/(m2·°C), the decline rate of the model
value is slightly slower than the literature value. By about
3,000 s, the model value and the literature value are
reduced to about 150W/(m2·°C), and the law of change
between the two is basically the same.

Tu [17] from Tsinghua University inversed the changes
in interfacial heat transfer coefficient between the ingot
and the ingot mold with time by actually measuring the
temperature changes during the cooling process of ingot
pouring. The weight of the ingot was about 36 tons, the
average diameter of the ingot body was 1,500mm, the
pouring temperature was 1,560°C, and the surface of
the molten steel was covered with a layer of insulation
agent after pouring. After inputting d = 1,500 mm into
equation (21), the interfacial heat transfer coefficient
curve for the 1,500 mm diameter steel ingot as a function
of time could be obtained, as shown in Figure 6.

As shown in Figure 6, at the beginning of heat
transfer, the model value was very close to the literature
value, with both at about 4,000W/(m2·°C). Between 0
and 1,000 s, both the literature andmodel values decreased
very rapidly, corresponding to the formation of an air gap
between the ingot and the ingot mold. At 1,000 s, the lit-
erature value decreased to 1,000W/(m2·°C), and the model
value decreased to 892W/(m2·°C). When the interfacial heat
transfer coefficient was below 1,000W/(m2·°C), the decline
rate for the model was slightly slower than that for the
literature values. By about 5,000 s, the air gap between
the ingot and the ingot mold reached a stable stage, and

Figure 4: Changes in the interfacial heat transfer coefficient as a
function of steel ingot diameter.

Figure 5: Interfacial heat transfer coefficient of an 820mm diameter
ingot.
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at this time, the model and literature values decreased to
100–110W/(m2·°C). With an increase in heat transfer
time, these values essentially did not change. Between
20,000 and 35,000 s, the literature values started to
decline slowly, but throughout the entire solidification
stage, the change trends of the model values were essen-
tially consistent with those of the literature values.

Considering that the heat transfer coefficient for the
ingot solidification interface can be affected by many
factors, such as the pouring temperature, ingot mold
thickness, molten steel composition, and the surface
roughness of the ingot mold, errors between the model
and literature values were within a reasonable range.
Therefore, equation (21) could correctly express the
interfacial heat transfer coefficient between the ingot
and ingot mold.

4 Conclusions

1. In this study, we established 3D models of ingots with
different sizes, and the change laws of the interfacial
heat transfer coefficients between the ingots and ingot
molds with different sizes were analyzed using Fluent
finite element analysis software. We found that the
change law for the interfacial heat transfer coefficient
of ingots with all sizes as a function of time conformed
to the change law of the exponential function. Further-
more, the interfacial heat transfer coefficient and the
ingot diameter had a linear relationship

2. This proved that the relationship between the heat
transfer coefficient at the ingot interface, the heat

transfer time, and the ingot diameter was satisfied

( )
( )

= + × + +

− −h d e e0.197 926.3 1.832 1.59 0.09t t
73 1099 .

In the initial stage of solidification, the interfacial heat
transfer coefficient decreased rapidly. When it decreased
below 1,000W/(m2·°C), the rate of decrease became
slightly slower. When the interfacial heat transfer
coefficient decreased to 100–150W/(m2·°C), and with
an increase in heat transfer time, essentially no changes
were observed.
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