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1 Introduction
The wheel and belt continuous casting process, 
represented by the continuous Properzi technology [1] 
and the Southwire Continuous Rod (SCR) technology [2],
is an important method for producing copper cast ingot 
and aluminum cast ingot. The flexible spray water 
system makes the molten metal in the casting wheel 
solidify faster, so this process is more energy-saving 
and efficient. The casting wheel made of copper alloy 
is the key component of the wheel and belt continuous 
casting machine, which is important for the production 
continuity. However, considering the poor working 
conditions and mechanical damage, the casting wheel, as 
the mold of the wheel and belt continuous caster, needs 
to be repaired frequently.

A large number of studies have analyzed the thermal 
and mechanical behavior of the molds during the 
continuous casting process by various mathematical 
models. The complex physical phenomena in the 
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molds, such as the movement of the slag layers [3-5] 
and the evolution of air gap [6-8], were often simplified 
to ensure the stability of the calculation process. 
Samarasekera et al. [9-10] calculated the thermal deformation 
behavior of the mold through a heat transfer model 
coupled with a three-dimensional (3-D) elastic-plastic 
model. They found that the main factors that cause 
permanent deformation of the mold wall were wall 
thickness, cooling water velocity, and the position of 
the mold tube constraint relative to the meniscus level. 
O`Connor et al. [11] developed a two dimensional (2-D) 
elastic-plastic model of thin-slab mold which included 
the effect of creep, the model predicted locations and 
time to failure of the mold. Thomas et al. [12] thought 
that the detrimental residual stress and strain of mold 
can be reduced by optimizing the locations of water 
slots and small bolt holes based on the 3-D thermo-
elastic-plastic creep model. Park et al. [13-14] applied the 
above mathematical model to study the heat flux and 
the effects of mold shape on distortion and cracking 
of the thin-slab mold, their calculations match the 
plant observations. Xu et al. [15] and Luo et al. [16] 
analyzed the temperature, stress, distortion of beam 
blank mold through 2-D thermo-elastic-plastic creep 
finite element models, a new water slot design for the 
mold was provided. Moro et al. [17] adopted different 
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non-linear material models to simulate the thermo-mechanical 
behavior of the mold under alternating hot and cold cycles. 
Chakraborty et al. [18] considered the effect of turbulent flow 
in the thermo-mechanical model, the most appropriate taper 
value of the mold was determined. Zeng et al. [19] compared 
the distortion trend of bloom tube mold under different water 
pressures in the continuous casting process.

The above studies have focused on vertical molds with 
water slot cooling in conventional continuous casting process. 
So far, relatively little effort has been invested to understand 
the wheel and belt continuous casting process, especially the 
thermo-mechanical behavior of the casting wheel. Li et al. [20] and 
Cheung et al. [21] investigated the transient thermal resistance 
at the metal/casting wheel interface. Åberg et al. [22-23] used 
the temperature data collected at different positions of the 
industrial casting wheel as the boundary conditions to simulate 
the solidification process of the cast ingot. However, previous 
works have ignored the heat transfer and distortion behavior 
of the casting wheel. To improve the quality of the cast ingot 
and extend the service life of the casting wheel, it is necessary 
to clarify the heat transfer and distortion behavior of the casting 
wheel.

In the current study, the material of the casting wheel was 
Cu-Cr-Zr copper alloy, which is widely used in different 
molds due to its excellent thermal conductivity and corrosion 
resistance. A 2-D thermo-elastic-plastic model was used 
to calculate the temperature, stress, and distortion of the 
casting wheel during the wheel and belt continuous casting 
process. The boundary conditions of the heat transfer model 
in different spray zones were emphasized. This work provides 
theoretical guidance for process design by analyzing the 
effects of grinding thickness and casting speed on the hot face 
center. 

2 Model description

2.1 Process description and main assumptions
Figure 1 shows the schematic of the wheel and belt casting 
process. The molten metal was poured from tundish into a 
mold consisting of a grooved wheel and an endless steel belt, 
and the casting wheel rotates continuously on its axis. The 
outer walls of the casting wheel and steel belt were cooled with 
spray water. The water cooling system consists of four spray 
zones in order to ensure flexibility in the adjustment of the 
water flow. Spray zones I and II play an important role in the 
successful solidification of the cast ingot. The function of spray 
zones III and IV is to ensure the initial rolling temperature of 
the cast ingot before it enters the rolling mill and to prevent the 
abnormal local temperature in the casting wheel. Finally, the 
fully solidified cast ingot with a trapezoidal transverse section 
was pulled out as the casting wheel rotated to a certain angle.

A typical casting wheel and the key dimensions of the cross-
section are shown in Fig. 2. The diameter of the casting wheel 
was about 2.5 m, and it took about 45 s for each rotation. 
The material of the casting wheel was Cu-Cr-Zr copper alloy, 
which contains 0.65% Cr and 0.1% Zr, and balance copper. 
After a period of service, the inner surface of the casting wheel 
needs to be ground for further use to prevent material wastage. 
The grinding thickness was 0, 5, 10, 15 mm. The arrangement 
of the nozzles in different spray zones is illustrated in Fig. 3. 
There was no spray water on the operation side and machine 
side in the spray zone I and spray zone II. All walls of the 
casting wheel were cooled by spray water in the spray zone 
III and spray zone IV. The water flow of each spray zone is 
controlled by different cooling water branch pipes, and the water 
flow increases continuously from spray zone I to spray zone IV.

Fig. 1: Schematic of wheel and belt casting process (a) and industrial process (b)

Fig. 2: A typical casting wheel (a) and schematic of casting wheel cross-section (b)
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Fig. 3: Arrangement of spray nozzles in spray zones I 
and II (a), spray zones III and IV (b)

(1)

(2)

Fig. 4: Material properties of Cu-Cr-Zr copper alloy related to temperature: (a) density; (b) thermal conductivity; 
(c) specific heat capacity; (d) thermal expansion coefficient

(a) (b)

(c) (d)

capacity of copper alloy, J·kg-1·°C-1, kM is the thermal conductivity
of copper alloy, W·m-1·°C-1, TM is the temperature of the 
casting wheel, °C. The density, thermal conductivity, specific 
heat capacity, and thermal expansion coefficient of the material 
are related to the temperature, as shown in Fig. 4.

To avoid damage of the casting wheel by the high-temperature 
molten metal, the casting wheel needed to be preheated and 
the initial temperature was set to 120 °C. The heat flux at the 
hot face in the spray cooling zone could be determined from 
the following empirical expression [22]:

where t=z/vc, z represents the distance from the inlet, m, vc is 
the casting speed, m·s-1.

Spray cooling is a type of forced convection, which offers 
the advantages of high cooling efficiency. For calculating the 
convective heat transfer coefficient, hw, Eq. (3) is obtained 
from Wendelstorf 's [25] experimental data:

where ΔT=Ts-Tw, Tw is the temperature of spray cooling water, °C; 
Ts is the temperature of the outer wall of the casting wheel, °C; 
Vs is the spray water mass flux, kg·m-2·s-1.

Beyond the spray zones, the heat is mainly taken away by 
air convection and heat radiation. Based on Newton's law of 
cooling, the convection boundary condition can be given as:where ρM is the density of copper alloy, kg·m-3, cM is the heat

To improve the computational efficiency, the following 
assumptions were made during the calculation: (1) the heat 
transfer process in the casting direction was ignored; (2) the 
friction and tangential forces generated by the metal fluid 
were not considered; (3) the material of the casting wheel was 
isotropic, the physical properties of each tiny unit of the object 
were the same, the elastic constants, Poisson's ratio did not 
change with location; (4) the effects of creep of mold were 
negligible.

2.2 Heat flow model
A 2-D transient heat transfer model was used to describe the 
thermal behavior of the casting wheel in the spray zone. Based 
on the law of conservation of energy [24], the heat transfer 
model in a rectangular Cartesian coordinate system can be 
described as:

(3)

s
s

s
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Fig. 5: Mechanical boundary conditions

Table 1: Yield stress of Cu-Cr-Zr copper alloy [26]

Temperature (°C) 0 20 200 350 500 600

Yield stress (MPa) 300 300 280 240 165 130

(12)ux = 0,    uy = 0

Table 2: Operating conditions and thermal properties of materials

Parameter Value Parameter Value

Temperature of spray cooling water, Tw (°C) 20 Air heat capacity, ca (J·kg-1·°C-1) 1,004

Ambient temperature, Ta (°C) 25 Emissivity of casting wheel, ε 0.4

Air thermal conductivity, ka (W·m-1·°C-1) 0.026 Water heat capacity, cw (J·kg-1·°C-1) 4,200

Air viscosity, µa (kg·m-1·s-1) 1.8×10-5 Water density, ρw (kg·m-3) 1,000

(6)

with

where Ta is the ambient temperature, °C; the natural convection 
heat transfer coefficient, ha, and radiation heat transfer 
coefficient, hrad, are calculated by Eqs. (6) and (7), respectively.

where ka is the air thermal conductivity, W·m-1·°C-1; l is the 
feature size, m; Ra is the Rayleigh number; µa is the air viscosity, 
kg·m-1·s-1; ca is the air heat capacity, J·kg-1·°C-1; σ is the Stefan-
Boltzman constant; ε is the emissivity of the casting wheel.

2.3 Stress model
Displacement, strain, and stress are calculated by solving the 
standard equilibrium equation [Eq. (8)] [12]:

exceeds the initial yield stress, and the yield stress is related 
to temperature, as shown in Table 1 [26]. The casting wheel is 
more prone to plastic deformation when serving in a high-
temperature environment. Therefore, plasticity needs to be 
considered during the calculation of thermal stress. The total 
strain tensor is computed by Eq. (9):

where εel is the elastic strain tensor, εpl is the plastic strain 
tensor, and εth is the thermal strain tensor. In the elastic region, 
the elastic strain tensor and the stress tensor are related through 
Hook's law. In the plastic region, the Von Mises yield criterion 
is used to describe the relationship between the plastic strain 
tensor and the stress tensor [18]. The thermal strain is calculated 
by Eq. (10). The displacement and strain are correlated by the 
compatibility equation [Eq. (11)].

not change with the rotation position of the casting wheel; the 
uniform pressure is 3,000 Pa. The bottom walls of the casting 
wheel are constrained by the support equipment and do not 
move, the displacement boundary condition of this part is set 
as fixed constraint, and boundary conditions are:

The load and displacement conditions of the casting wheel 
were set, as shown in Fig. 5, the hot face is mainly affected 
by the hydrostatic pressure. The calculated expression for 
hydrostatic pressure is given by P =ρcgh, where ρc is the density 
of the cast ingot, kg·m-3; g is the acceleration of gravity, m·s-2;  
h is the vertical distance from the inlet, m.

The top walls of the casting wheel are mainly subjected 
to the pressure generated by the steel belt. The pressure 
distribution in this part is assumed to be uniform and does 

The operating conditions and thermal properties of materials 
are listed in Table 2.

(4)

(5)

where S is the stress tensor, F is the mass force. The temperature 
field can be used as the thermal load for stress model.

Plastic deformation occurs when the equivalent stress 

where α is the thermal expansion coefficient, as shown in Fig. 4(d), 
ΔTr is the difference between the temperature at each position 
of the casting wheel and the reference temperature, I is the 
identity matrix, and u is the displacement vector.

(8)S F

(9)ε εεε

(11)ε uu

(10)ε I

(7)hrad =
 σε[(Ts+273)+(Ta+273)][(Ts+273)2+(Ta+273)2]
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Fig. 6: Comparison of measured and calculated average 
heat flux of different spray zones

3 Results and discussion
3.1 Validation of model
To verify the correctness of the model, the measured and 
calculated values ​​of the average heat flux were compared. The 
measured value is calculated by Eq. (13):

where cw is the water heat capacity, J·kg-1·°C-1; ρw is the water 
density, kg·m-3; W is water flow rate, m3·s-1; Tow is the output 
temperature of spray water, °C; A is the exposed mold face 
area, m2.

The temperature of the spray water in each spray zone needs 
to be counted before and after cooling. The same verification 
method was also applied by Park [13] and Du [27], and they found 
that the average error between their calculated and measured 
values is less than 10%, which is considered acceptable. In this 
study, the calculated value is very close to the measured value 
with an average error of 6.9%, as shown in Fig. 6. This error is 
caused by the instability of the collection temperature process, 
thus the model can be considered reasonable.

(13)

3.2 Temperature, stress and distortion 
distributions of cross-section

In order to describe the development of temperature, stress, 
and distortion of the casting wheel during the cooling process, 
a cross-section is extracted in each spray zone, and the 
calculation results are shown in Figs. 7-9.

In Fig. 7, the temperature distribution trend of each section 
is almost similar, temperature decreases with increasing the 
distance from the hot face. Since the hot face of the casting 
wheel is in direct with the surface of the cast ingot, the 
temperature of the hot face is significantly higher than in other 
positions. The temperature in the corner area of the casting 
wheel is much lower than that at other locations. The main 
factor contributing to the faster dissipation of heat in the corner 
area is the fact that the heat transfer occurs in two directions. 
The non-uniform distribution of temperature tends prone to 
cause cracks on the surface of the casting wheel.

In the spray zone I and spray zone II, the bottom of the 
casting wheel is cooled by the spray water, while the operation 
side and the machine side were only affected by heat radiation 
and natural convection generated by the air, resulting in lower 
heat dissipation efficiency and higher temperature. The sharp 
increase of the spray water flow in the spray zone III makes the 
cast ingot solidify rapidly and release a large amount of latent 
heat of solidification [28]. Therefore, the temperature of the 
cross-section of the casting wheel will briefly reach the peak in 
the spray zone III. The temperature gradually decreases in the 
spray zone IV.

Figure 8 shows computed stress on each cross-section of the 
spray zone. The distribution of stress roughly corresponds to 
the temperature gradient. In the initial stage of cooling, due to 
the large temperature gradient in the area near the hot face and 
the hydrostatic pressure of the metal, the stress is relatively 
high.

Fig. 7: Temperature fields of casting wheel in spray zone I (a), spray zone II (b), spray zone III (c), and spray zone IV (d) 

(a) (b)

(c) (d)
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Fig. 9: Distortion fields of casting wheel in spray zone I (a), spray zone II (b), spray zone III (c), and spray zone IV (d)

Fig. 8: Stress fields of casting wheel in the spray zone I (a), spray zone II (b), spray zone III (c), and spray zone IV (d) 

(a) (b)

(c) (d)

(a) (b)

(c) (d)

As the cooling time increases, the heat released from the cast 
ingot is greatly reduced, the temperature gradient of the hot 
face is constantly decreased. The hot face is no longer affected 
by the hydrostatic pressure due to the complete solidification 
of the cast ingot, and the stress on the hot face is constantly 
decreased. Moreover, in spray zones III and IV, the stresses on 
the operation side and machine side are lower due to the lower 
temperature gradient.

Due to the restraint of the support equipment, the corner 
attachments of the casting wheel have fixed constraints. The 
angle of the chamfer is relatively small, stress concentration 
occurs, and the highest stress is approximately 520 MPa. The 
stress in this area is greater than the yield stress of the copper 
alloy, resulting in permanent distortion.

Figure 9 shows the distorted geometries of the cross-

section of the casting wheel. Due to the increase in the thermal 
expansion coefficient with temperature, locations at higher 
temperatures exhibit more pronounced thermal distortion. 
Therefore, the large distortion occurs at the hot face of the 
casting wheel with the highest temperature. Compared with 
the location with larger wall thickness, the distortion is more 
serious at the location with smaller wall thickness, and there 
is a tendency of outward bending. The bottom of the casting 
wheel is almost not distorted owing to the restraining effect of 
the support equipment. When the distortion reaches a certain 
level, there will be an air gap between the steel belt and the 
casting wheel, resulting in a decrease in cooling efficiency. 
At the same time, when the steel belt and the casting wheel 
cannot be closely attached, the danger of molten metal leakage 
is likely to occur.
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3.3 Temperature, stress and distortion 
distributions of hot face

The state of the hot face of the casting wheel is closely related 
to the uniformity of the solidification shell of the cast ingot. 
Meanwhile, the service life of the casting wheel depends 
on the wear resistance of its hot face. Thus, it is extremely 
important to analyze the thermo-mechanical behavior of the 
hot face in different spray zones.

In Fig. 10(a), the temperature of the hot face increases 
continuously until it reaches a maximum at the end of the spray 
zone III, and then gradually decreases in the spray zone IV. 
The highest temperature appears at the center of the hot face, 
and the temperature at the fillet and edge is relatively low. 
The temperature at the center of the hot face reaches a peak 
of about 583 °C at a distance of 3.78 m from the inlet, and the 
temperature difference between the fillet and the center is 104 °C.
In a word, the higher the overall temperature of the hot face, the 
greater the temperature difference between the fillet and the 
other locations. The non-uniform cooling of the hot face can 
be prevented by reasonably optimizing the cooling process 
parameters of the spray zone. For example, gradually increase 
the water flow, change the installation position and angle of 
the nozzle.

In Fig. 10(b), the distribution of equivalent stress on the 
hot face is similar to the development of temperature. The 
rapid increase of temperature on the hot face brings a larger 
temperature gradient, and the stress increases continuously, 
with a maximum value of 358.2 MPa. The stress around 
the fillet is kept at a low level, and the radius of the fillet 
plays a very important role. After the cast ingot is solidified 
and formed, the latent heat is no longer released, and the 
temperature gradient near the hot face decreases rapidly as 
the temperature decreases, thus the thermal stress shows a 
decreasing trend. Then, there is a significant temperature 
difference between the hot face and other locations with 
further cooling, the thermal stress increases again with the 
increase of temperature gradient.

It is observed in Fig. 10(c) that the degree of distortion of the 
hot face is also temperature dependent. The center of the hot 
face is restricted by the pressure of the cast ingot and cannot 
expand freely to produce large distortion. Since the edges of the 
hot face are not constrained, the distortion is much larger than 
in other locations, and the maximum value can reach 1.82 mm. 

Although the distortion at the fillet is the lowest, the 
distortion at other locations and the solidification shrinkage of 
the cast ingot will cause a large air gap, which could lead to 
fatal defects in fragile cast ingot corners, as shown in Fig. 11.

Fig. 10: Temperature (a), stress (b), distortion (c) distribution of the hot face along casting direction

3.4 Effect of grinding thickness on thermal 
and mechanical behavior of the center of 
hot face

Some factors can damage the hot face of the casting wheel 
and produce permanent distortion and cracks, for example, 
alternately affected by rapid cooling and rapid heating loads 
during one rotation of the casting wheel, the friction force 
generated by dragging the ingot will also damage the hot face [29-30]. 
At the same time, the impact of molten metal on the hot face 
will aggravate distortion and crack propagation. In addition to 
reducing the service life of the casting wheel, these cracks also 

scratch the surface of the cast ingot and destroy its continuity. 
The adverse effects of distortion and cracks on the quality of cast 
ingot can be effectively reduced by grinding the hot face of the 
casting wheel. However, the bottom wall thickness of the casting 
wheel is required to be greater than 25 mm to prevent local 
overheating and burn-throug [23]. 

The thermal behavior of the casting wheel with different 
grinding thicknesses at a casting speed of 9.7 m·min-1 was 
investigated. Figure 12 shows the profiles of temperature, 
stress, and distortion at the center of the hot face with 
different grinding thicknesses. In Fig. 12(a), the trends of the 
temperature profiles for different grinding thicknesses are 
similar to each other. With the increase of grinding thickness, 
the temperature of the hot face decreases continuously, and 
the temperature difference between the highest temperature 
without grinding and with the grinding amount of 15 mm is 
27 °C. This is mainly because the thinner the thickness of the 
casting wheel, the lower the thermal resistance, and the heat 

Fig. 11: Defects at fillet of cast ingot

(a) (b) (c)
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Fig. 12: Profiles of temperature (a), stress (b) and distortion (c) in the center of hot face with different grinding 
thicknesses during operation

Fig. 13: Profiles of temperature (a), stress (b) and distortion (c) in the center of hot face with different casting speeds 
during operation

is more easily transferred. In addition, owing to the change in 
temperature gradient, it can be found that the stress increases 
slightly as the grinding thickness increases, and the peak stress 
is still located at the end of the spray zone III. The variation 
of the distortion is shown in Fig. 12(c), since the thin wall 
thickness reduces the temperature difference between the hot 
face and the outer wall, the larger the grinding thickness, the 
smaller the distortion.

3.5 Effect of casting speed on thermal and 
mechanical behavior of the center of hot 
face

In order to discuss the influence of the casting speed, the 
calculation conditions are exactly the same except for the 
casting speed. Figure 13(a) compares the temperature at the 
center of the hot face with different casting speeds. It indicates 
the higher casting speed leads to higher temperature. The 
maximum temperature increases from 550 °C to 600 °C as 
the casting speed improves from 9.1 m·min-1 to 10.3 m·min-1. 

The reason for this trend is that the increase of casting speed 
shortens the residence time of cast ingot in the casting wheel 
and lengthens the length of liquid core. The thinner shells 
make the cast ingot to be more susceptible to expansion and 
distortion by static pressure, reducing the air gap between the 
cast ingot and the casting wheel, and increasing heat exchange [31]. 

In Figs. 13(b) and (c), the stress and distortion in the center 
of the hot face increase with the increase of casting speed. 
The maximum stress and maximum distortion are 360.77 MPa 
and 0.65 mm, 362.89 MPa and 0.70 mm, and 365.32 MPa and 
0.72 mm at the casting speeds of 9.1 m·min-1, 9.7 m·min-1 and 
10.3 m·min-1, respectively. The thermal stress and distortion 
of the casting wheel arise from the difference in thermal 
expansion of internal nodes. Permanent distortion of the 
casting wheel tends to occur in the high temperature region 
due to the decrease in yield strength. In general, the stress and 
the distortion are very sensitive to temperature distribution, 
and are characterized by obvious non-uniformity.

(a)

(a)

(b)

(b)

(c)

(c)

4 Conclusions
The thermal and mechanical behavior of the casting wheel in 
different spray zones were analyzed based on a 2-D thermo-
elastic-plastic model. The effects of different grinding 
thicknesses and casting speeds on the temperature, stress and 
distortion of the center of the hot face were compared. The 
main conclusions are as follows:

(1) The temperature distribution of the casting wheel is not 
uniform, and the overall temperature of the casting wheel will 

reach the peak in the spray zone III. The maximum stress is in 
the corner of the operation side and the machine side due to 
the restraint of the support equipment. Under the influence of 
temperature, the distortion of the hot face is the most severe.

(2) The highest temperature of the hot face is concentrated 
at the center. Because of the two-dimensional heat transfer, the 
temperature of the fillet and edge is relatively low, and the air 
gap is easily generated at the fillet.

(3) The wall thickness of the casting wheel becomes thinner 
and the heat is more easily removed by the spray water, thus 
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the temperature will keep decreasing with the increase of 
grinding thickness. The distortion has the same tendency as the 
temperature.

(4) The increase of the casting speed shortens the cooling 
time of the cast ingot, the excess heat leads to an increase in 
the temperature of the casting wheel. The thermal expansion 
causes the stress and distortion to increase with the increase of 
temperature.
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