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Introduction
Large steel ingots are the basic raw materials for the equip-
ment manufacturing industry. Its production capacity is di-
rectly related to the national industrial development level 
and economic lifeline. The steel ingot solidification pro-
cess has an important influence on its quality and the pro-
perty of final product. The solidification rate of steel ingot 
depends on the heat transfer from molten steel to external 
environment. As is known to all, it is difficult to measure 
heat transfer parameters directly during solidification of a 
steel ingot. However, with the rapid development of 
computer technology, numerical simulation is being in-
creasingly applied to study of solidification of steel ingot 
[1]-[4].The author [5] developed a two-dimensional nu-
merical model of ingot solidification, and temperature 
distribution, distribution solid and liquid phase were cal-
culated. Zhang et al. [6] studied the effect of casting pro-

In order to investigate the heat transfer characteristics during solidification of steel ingot with large ratio of height to 
diameter, numerical simulations of solidification process of 18-ton steel ingot were carried out. The simulated results 
were verified by the temperatures measurement during solidification of steel ingot. In addition, in order to further 
certify the mathematical model, the solidification process of 5.3-ton ingot has been investigated, the simulated shape 
and length of the shrinkage pipe of steel ingot agree well with the experimental result observed by the sectioning. 
It is found that the heat of molten steel is mainly transferred to the external environment through ingot body. With 
this context, the analytical method using the concept of thermal resistance is proposed to explore the heat transfer 
resistances of outer wall of mold, mold, ingot/mold interface and solidified shell. Consequently, the transient thermal 
resistances at different stages of steel ingot solidification were dug out. Based on the analyses of the heat transfer resi-
stances at different stages of steel ingot solidification with different casting parameters, it is obtained that heat transfer 
of solidified shell is the main restrictive step of heat transfer in the whole solidification process for 18-ton steel ingot 
with large ratio of height to diameter.
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cess parameters on the shrinkage of ingot by numerical 
method. Wang [7] et al. studied that the best criterion has 

been found to be the condition under

(G and Rs are the temperature gradient and solidification 
rate, respectively),with this criterion, the distribution and 
size of the simulated centerline shrinkage porosity agree 
well with the experimental results observed by the sectio-
ning and ultrasonic testing. Since Flemings and co-wor-
kers published their pioneer papers on macrosegrega-
tion[8]-[11], the mathematical model of macrosegregation 
has been developed continuously. Li et al.[12]13] develo-
ped various models to study the formation of macrosegre-
gation in ingots. Tu et al.[14] used a multicomponent mul-
tiphase model to study macrosegregation of 36-ton steel 
ingot. M.Wu et al.[15] introduced a four-phase mixed co-
lumnar-equiaxed solidification model to calculate the for-
mation of shrinkage cavity and macrosegregation during 
solidification of steel ingot. So far, scholars have focused 
their research efforts on the formation of defects in ingots, 
such as shrinkage and macrosegregation. However, there 
are few reports on heat transfer control during solidifica-
tion of ingots with large ratio of height to diameter.
In this paper, through FEM (Finite Element Method) simu-
lation in combination with the temperature measurement 
and experimental sectioning investigation, the solidifi-
cation process of 18-ton steel ingot with a large ratio of 
height to diameter were carried out. An important result is 
obtained from the analysis of heat transfer characteristics 
of ingot solidification, the heat of molten steel is mainly 
transferred to the external environment through ingot 
body. With this context, the heat transfer restriction steps 
of 18-ton ingot at different solidification stages were inve-

stigated. In addition, the effects of increasing the cooling 
intensity of the outer wall of the mold and the variation of 
pouring temperature on the thermal resistances in diffe-
rent stages of solidification process of steel ingot were 
further dug out.

Numerical Simulation of Solidification of 18-ton Steel 
Ingot
Establishment of Mathematical Model
Governing equation and geometry model
The solidification process of steel ingot was investigated 
by finite element method in ProCAST package. Assump-
tions were made: (1) the temperature and velocity of the 
molten steel poured into the mold from the top have an 
even distribution; (2) the liquid metal was incompressible 
Newton fluid; (3) the convection was driven by thermal 
buoyancy; (4) the solutal convection was ignored; (5) the 
heat transfer was coupled with the mold filling. A three-di-
mensional model is established based on the governing 
equation, including the Navier–Stokes equation, the con-
tinuity equation, energy equation,  κ-ε equation, and VOF 
function. 
The geometries and finite element mesh of the steel ingot, 
the mold, the insulation brick and bottom pad are shown 
in Figure 1. The finite element mesh of the mold, the ingot, 
the insulation brick and bottom pad consisted of 71512 
nodes and 334535 tetrahedral elements, which were se-
lected based on several mesh refinements. 

Fig.1 - Geometric models and finite element mesh of the mold, steel ingot, insulation brick and bottom pad, (a) Geo-
metric models, (b)finite element mesh

(0)
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Thermophysical parameters
The thermophysical parameters of the Bottom Pad and 

Insulation Brick are provided by the manufacturer, the va-
lues are shown in Table 1. 

The compositions of the steel ingot and mold are shown 
in Table 2. The thermophysical parameters of steel ingot 

and mold are calculated via database system in ProCAST 
software, as shown in Figure 2.

Tab.1 - The thermophysical parameters of Bottom Pad and Insulation Brick

Tab.2 - Composition of the ingot and mold(wt.%)

Material Density(kg/m3) Specific heat(J/gK) Conductivity(W/(mK))

Bottom Pad 2900 1.5 4

Insulation Brick 500 1.08 0.78

Material C Si Mn P S Cr Ni

Ingot 0.38-0.41 1.59-1.63 1.69-1.71 <0.005 <0.002 0.82-0.84 1.84-1.86

Mold (Ductile 
iron) 3.2-3.5 — 0.8-1.2 <0.005 <0.005 — —
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Fig.2 - Physical parameters of the ingot and mold:(a) density of the ingot;(b) thermal conductivity of the ingot;(c) en-
thalpy of the ingot;(d) density of the mold;(e) thermal conductivity of the mold;(f) enthalpy of the mold.

Boundary and initial conditions
Because of the gap between ingot and mold, the heat 

transfer coefficient of metal-mold interface changes with 
time[16][17].It is shown in equation 1.

where Tme  is the temperature around mold wall; T∞ is the 
equivalent temperature of surroundings; εme is emissivity 
of outer wall of the mold,0.85; and σ is the Boltzmann con-
stant.

The heat transfer between the top of the ingot and the ex-
ternal environment is also treated according to equation 2.
The initial values for each material are shown in Table 3.

where hc = 800(1-t/tgap), and tgap  is average formation time of 
the gap between the ingot and mold; εeff is effective emissi-
vity in ingot/mold interface,0.7;σ is Stefan–Boltzman con-
stant, 5.67x10-8 W·m-2·K-4;Ti is temperature of the mold in 
ingot/mold interface,Tmi is temperature of the ingot in in-
got/mold interface ; tgap of 18 and 5.3 ton steel ingots were 
assigned as 1200s and 80s[18].
The heat transfer coefficients of both mold-insulation bri-
ck and steel-insulation brick interfaces were assigned as 

20W·m-2·K-1. The heat transfer coefficient between steel and 
bottom pad was assigned as 100W·m-2·K-1.The heat transfer 
coefficient between mold and bottom pad was assigned as 
200 ;The heat transfer coefficient between base and bottom 
pad was assigned as 100 . 
The heat transfer coefficient of the outer wall of mold wall 
was assigned according to the following Equation 2 in whi-
ch both radiation and convection heat transfer were taken 
into consideration[19].

(1)

(2)

Tab.3 - Initial temperature values for each material

Material Steel Mold Insulation brick Bottom pad

Initial value/°C 1560 80 40 200
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Fig.3 - Position of measured point and comparison of calculated temperature with measured ones,(a) position of mea-
sured point,1#, 2# and 3# are the number of measuring points

Verification of Mathematical Model 
Verification of temperature
In order to verify the accuracy of numerical simulation of 
ingot solidification, industrial experiments were carried out 
in a steel plant. The temperature change of the outer wall of 

the mold during solidification of ingot was measured. Com-
parison between calculated results and measured values 
are shown in Figure 3. As can be seen that the calculated 
values agree well with the measured ones.

Verification of shrinkage pipe 
In order to further certify the mathematical model, the soli-
dification process of 5.3-ton ingot with a height of 2820 mm 
and a diameter of 590 mm has been investigated. Figure 4 
compiles the sectioned surface at top of the ingot (panel 

(A)), photo of the 5.3-ton ingot (panel(B)), calculated result 
(panel(C)), respectively. Figure 4 (A) and (C) confirmed that 
the simulated shape and length of the shrinkage pipe of the 
ingot are in good agreement with the experimental result 
observed by the sectioning.
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Fig.4 - The sectioned surface at top of the ingot (A), photo of the 5.3-ton ingot (B),
calculated result (C)

Fig.5- Fraction solid distribution at different time during ingot solidification

Consequently, through FEM (Finite Element Method) simu-
lation in combination with the temperature measurement 
and experimental sectioning investigation of the ingot, it is 
concluded that the mathematical model of solidification pro-
cess of ingot with large ratio of height to diameter in this pa-
per is quite accurate.

Results and Discussion
Heat Transfer Characteristics of Steel Ingot Solidification
Fraction solid distribution at different time during ingot so-
lidification is shown in Figure 5. As can be seen from figure 
that after the mold is filled with molten steel, the solidifica-

tion front moves to the center of the ingot in a "deep U" sha-
pe. The reason for this phenomenon is that the solidification 
rate of ingot body is faster than that of top and bottom of in-
got. In the final stage of solidification of the steel ingot, the 
liquid steel in the center of ingot can solidify simultaneously 
and can’t be supplemented by the surrounding liquid metal, 
which easily leads to the defect formation of the shrinkage 
porosity. At the end of ingot solidification, a deep shrinkage 
pipe was formed at the top of the ingot, which is one of the 
characteristics of solidification of steel ingot with large ratio 
of height to diameter.
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Fig.6 - Evolution of heat storage of the mold during solidification

Fig.7 - Proportion of total heat transfer quantity at different parts of ingot at the end of solidification

Figure 6 shows evolution of heat storage of the mold during 
solidification, as can be seen from figure that in the early sta-
ge of solidification, the heat storage of mold is almost equal 
to the heat through the inner wall of mold. With the develop-
ment of solidification, the temperature on the outer wall of 
the mold is much higher, which accelerates the efficiency of 
heat transfer from the outer wall of the mold to the environ-

ment, which leads to that the heat storage of mold increases 
slowly in the middle and late stages of solidification. Conse-
quently, the mold is always in the state of heat storage during 
the whole solidification process of ingot, which is another 
characteristic of solidification of steel ingot with large ratio of 
height to diameter.

During the ingot solidification, the superheat and latent heat 
of molten steel are transferred to the external environment 
through those paths: 1) top of the ingot; 2) the side of the in-
sulation brick; 3) ingot body; 4) bottom of the ingot, as shown 
in Figure 7 (A). Proportion of total heat transfer quantity at dif-

ferent parts of ingot at the end of solidification is shown in 
Figure 7(B). As can be seen that the heat of molten steel is 
mainly transferred to the external environment through in-
got body.
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Fig.8 - Schematic of heat transfer of steel ingot in the middle height during solidification,  RM-0,thermal resistance of 
outer wall of mold;  RM-1-0, thermal resistance of mold; 

 RAIR, thermal resistance of ingot/mold interface;  RSHELL, thermal resistance of solidified shell

Fig.9 - Evolutions of the transient thermal resistances of different heat transfer steps when the outer surface of the mold 
is cooled by air during ingot solidification

Thermal Resistance
The result is obtained from Figure 7 (B), during the solidifica-
tion process of ingot, the superheat and latent heat of mol-
ten steel are mainly transferred to the external environment 
through solidified shell, ingot/mold interface and mold in 
turn, as shown in Figure 8.
The heat transfer resistance of each section changes conti-
nuously with time. In different stages of the steel ingot solidi-
fication process, the restrictive step of heat transfer changes 

with time. In order to control the solidification process of in-
gots, it is extremely important to identify the restrictive steps 
at different stages of steel ingot solidification with different 
casting parameters. In the section, the heat transfer during 
solidification of 18-ton ingot with a large ratio of height to 
diameter was studied.  Then, the thermal resistance of each 
heat transfer section in different solidification stages was 
found out.

In order to compare the heat transfer resistances of different 
heat transfer steps during solidification process, the cha-
racteristics of heat transfer in the middle height of 18-ton ste-

el ingot with large ratio of height to diameter were studied. 
Based on the concept of thermal resistance [ ], the thermal 
resistance of each heat transfer section was found out. 
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Figure 9 shows evolutions of the transient thermal resi-
stances of different heat transfer steps when the outer wall 
of the mold is cooled by air during solidification of ingot. 
As can be seen from the figure that the thermal resistances 
of both the ingot/mold interface and the mold are relati-
vely small in the whole solidification process.
Although thermal resistance of the outer wall of the mold 
is larger than that of other heat transfer section in the early 
stage of solidification, the heat transfer of the outer wall of 
the mold is not the restrictive step of heat transfer. At the 
initial stage of solidification, the heat transfer rate of the in-
got is determined by both the heat transfer of ingot/mold 
interface and the heat storage of the mold. After the mold is 
filled with molten steel, the molten steel close to the mold 
begins to form solidified shell of a certain thickness, heat is 
transferred to the mold through the ingot/mold interface, 
which is the heat storage stage of the mold, as shown in 
Figure 6. At the time, the heat transfer efficiency from the 
outer wall of the mold to the external environment is slow, 
therefore, the thermal resistance of the outer wall of the 
mold is greater than that of other heat transfer sections. In 
the middle and later stages of solidification, the tempera-
ture on the outer wall of the mold is much higher, which 
accelerates the efficiency of heat transfer from the outer 
wall of the mold to the environment, the thermal resistan-
ce of the outer wall of the mold decreases gradually.
At the initial stage of solidification, the thermal resistance 
of solidified shell is small. With the development of soli-
dification, then solidified shell is getting thick, which re-
sults in the increase of corresponding thermal resistance. 
In the middle and late stages of solidification, the thermal 
resistance of the solidified shell is larger than that of other 
heat transfer sections, especially near the final stage of so-
lidification, the thermal resistance of solidified shell is very 
large, therefore the heat transfer section of the solidified 
shell is the restrictive step of heat transfer. 

Based on the analysis of the thermal resistances of diffe-
rent heat transfer steps under the above condition, heat 
transfer of solidified shell is the main restrictive step of 
heat transfer in the whole solidification process for 18-ton 
steel ingot with large ratio of height to diameter.

Effect of Pouring Temperature on the Thermal Resi-
stances
The pouring temperature is a significant parameter in the 
solidification process of ingot, because it has a great in-
fluence on the defect formation of ingot such as cracks, 
shrinkage porosity and macrosegregation. 
In order to explore the influence of different pouring tem-
peratures on heat transfer resistances of steel ingot soli-
dification, numerical simulations of solidification process 
of the 18-ton steel ingot with different pouring tempera-
tures were carried out. Evolutions of the transient thermal 
resistances of different heat transfer steps with different 
pouring temperatures are shown in Figure 10. As can be 
seen from figure that at the initial stage of solidification, the 
change of pouring temperature has no effect on the ther-
mal resistances of different heat transfer sections. Howe-
ver, in the middle and later stages of solidification, in-
fluence of variation of pouring temperature on the thermal 
resistance of solidified shell is obvious. Steel ingot with a 
high pouring temperature can lead to a small thermal re-
sistance of solidified shell compared with that with a low 
pouring temperature.
It can also be seen from the Figure 10 that at early stage 
of solidification, the thermal resistance of the outer wall 
of the mold is the largest among all heat transfer sections. 
In the middle and late stages of solidification, the thermal 
resistance of the solidified shell is larger than that of other 
heat transfer section. In other words, the variation of pou-
ring temperature does not change the restrictive step of 
heat transfer in the process of steel ingot solidification.
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Fig.10 - The transient thermal resistances of different heat transfer sections during steel ingot solidification with diffe-
rent pouring temperatures 

Fig.11 - Evolutions of the transient thermal resistances of different heat transfer steps when the cooling strength of the 
outer surface of the mold is forced air cooling during solidification of ingot

Conclusions
In the process of ingot solidification, the heat of molten ste-
el is mainly transferred to the external environment through 
solidified shell, ingot/mold interface and mold in turn. The 
heat transfer step that can be controlled artificially is the heat 
transfer from the outer wall of the mold to the environment. 
Therefore, when the cooling mode of the outer wall of the 
mold is forced air cooling, evolutions of the transient thermal 
resistances of different heat transfer steps were investigated.
When the outer wall of the mold is cooled by forced air, the 
heat transfer coefficient between the outer wall of mold and 
the environment is 800W·m-2·K-1 [21].

When the cooling mode of the outer wall of the mold is for-
ced air cooling during solidification of ingot, evolutions of 
the transient thermal resistances of different heat transfer 
steps are shown in Figure 11. It can be seen from the figure 
that the thermal resistance of the solidified shell is larger than 
that of other heat transfer section in the whole solidification 
process except in the initial stage of solidification.
The thermal resistance of the solidified shell is the inherent 
characteristic of the ingot, which is not affected by external 
factors. Therefore, the solidification rate of the steel ingot is 
difficult to control.
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Based on the analyses of the thermal resistances of different 
heat transfer steps with different casting parameters, the 
thermal resistances of solidified shell are still dominant in the 
whole solidification process for 18-ton steel ingot with large 
ratio of height to diameter.

Effect of Cooling Intensity on the Thermal Resistance 
Numerical simulations of solidification process of 18-ton ste-
el ingot with a large ratio of height to diameter were investi-
gated and the simulated results were verified by the measu-
red temperatures and experimental sectioning investigation. 
The heat transfer characteristics during solidification of steel 
ingot with large ratio of height to diameter were dug out. The 
obtained results are summarized as follows:

(1) The heat of molten steel is mainly transferred to the 
external environment through ingot body. 
(2) In the early stage of solidification, the thermal resi-
stance of outer wall of mold is the largest among all heat 

transfer sections. In the middle and late stages of solidi-
fication, the thermal resistance of the solidified shell is 
larger than that of other heat transfer sections, therefore, 
the heat transfer section of the solidified shell is the restri-
ctive step of heat transfer.
(3) The variation of pouring temperature does not change 
the restricted heat transfer section in the process of steel 
ingot solidification.
(4) The outer surface of the mold is cooled by forced air 
can lead to that the thermal resistance of the solidified 
shell is larger than that of other heat transfer section in the 
whole solidification process except in the initial stage of 
solidification.
(5) The heat transfer of solidified shell is the main restricti-
ve step of heat transfer in the whole solidification process 
for 18-ton steel ingot with large ratio of height to diame-
ter.
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