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Abstract
Defects and discontinuities generated in continuous casting are directly related to heat transfer during the process and the stress-
es to which the material is subjected. Knowledge of these phenomena is essential for both process safety and the quality of the 
final product. The aim of this work is to analyze the thermo-mechanical behavior of blooms and beam blanks during continuous 
casting. The continuous casting machine considered in this study is used to cast both blooms and beam blanks. The secondary 
cooling can be divided into cooling zone z0, cooling zone z1, cooling zone z2, and cooling zone z3. For each geometry, there 
are specific molds, z0, z1, z2 (sprays and support rollers), which need to be replaced when there is a geometry shift. The chang-
ing of the cooling segments brings security risks for the operators and reduces the continuous casting availability. Therefore, it 
is desired to have a common z2 for both blooms and beam blanks to reduce operational risk exposure and increase the machine 
production rate. For this to be possible, it is necessary to assess the temperature and resistance of the solidified skin, the effects 
of thermal stresses, ferrostatic pressure, and contact stresses. This work is the first step in this study. A thermo-mechanical mod-
el was developed for both geometries. The thermal model was verified by temperature measurement and shell measurements of 
blackouts. Finally, the results were analyzed and compared.
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1. Introduction

The continuous casting process is the most frequent-
ly used method to obtain as-cast products in the steel 
industry. The high productivity and potential to obtain 
different shapes are some of the advantages of this tech-
nique (Bobadilla et al., 1993; Thomas, 2002; Vynnycky, 
2018). During this process, liquid steel is poured from 
a ladle to a tundish and then flows from the tundish to 
a copper mold which is cooled by water running in the 
interior of its walls. 

The material starts to solidify in the mold and, as 
it moves forward, the semi-solid as-cast enters the sec-
ondary cooling zone. There, a set of sprays sprinkles 
water onto its skin, creating a forced convection flow 
that accelerates the cooling process. By the time the 
material reaches the end of the machine, the solidifi-
cation is complete, and the as-cast can be cut by the 
oxygen cutting machine. 

During this process, the steel is supported by rolls 
that guide its trajectory until the transportation table. 
The position and size of the rolls are chosen to balance 
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the mechanical forces and avoid geometry distortions 
that might lead to defects later in the process. 

To model this process, many aspects need to be 
taken into consideration (Lee et al., 2000; Mahapa-
tra et al., 1991; Schmidt & Josefsson, 1974). The heat 
transfer, the phase change (liquid to solid) and the 
mechanical deformations due to the thermal tensions, 
ferrostatic pressure, contact between solid layer and 
foot rolls, and distortions in the as-cast because of the 
machine radius.

The relevant process parameters for these phe-
nomena are steel superheat, water flow and pressure 
around the mold and in the spray nozzles, the casting 
powder, the casting speed, and the machine set up. The 
use of inappropriate process parameter values can cause 
breakouts, shape defects, and the formation of cracks. 

The continuous casting machine considered in 
this study is used to cast both blooms and beam blanks. 
For each geometry, there are specific mold and second-
ary cooling setups (sprays and support rollers) which 
need to be replaced when there is a geometry shift. The 
changing of the cooling segments brings security risks 
for the operators and reduces the continuous casting 
availability. Therefore, it is desirable to reduce the 
need to exchange at least one of the segments. For this 
to be possible, it is necessary to know the phenomena 
involved and verify the interferences in the quality of 
the as-cast products.

This paper describes the development of an inte-
grated mathematical model of the heat transfer, solidifi-
cation and, thermal tensions for the continuous casting 
process of blooms and beam blanks. The results of the 
computational simulations are discussed, and the par-
ticularities of each geometry analyzed.

2. Methodology

In this section a brief description of the casting machine 
will be presented, along with the numerical procedure, 
considerations made in the development of the models, 
boundary conditions, physical equations, steel physical 
properties, and the experiments for temperature mea-
surement of the strand. Commercial software ANSYS 
CFX 17.1 and ANSYS 17.1 Mechanical were used to 
solve the thermal and mechanical equations.

2.1. Description of the machine

The present work was developed considering a contin-
uous casting machine of blooms and beam blanks. This 
machine has four strands, and it can produce blooms of 

300 mm × 450 mm and 300 mm × 350 mm and beam 
blanks of 400 mm × 480 mm × 120 mm. 

The primary cooling takes place in the mold, and 
secondary cooling takes place in the spray chamber 
which has four control zones (z0 to z3). Zones z0 to 
z2 are different for blooms and beam blanks and are 
changeable. Zone z0 is part of the mold set and contains 
the first set of sprays and rollers, Zone z3 is a common 
set up. In zones z0 and z3 there are water sprays, in 
zones z1 and z2, there are air mist sprays. Currently, 
Zone z3 remains inactive. After the spray chamber, 
blooms or beam blanks are straightened and cut. A rep-
resentation of the machine, with the length of each con-
trol zone, can be seen in Figure 1.

Fig 1. Continuous casting machine schematic

2.2. Heat transfer  
and the solidification model

A two-dimensional mathematical model of heat trans-
fer, solidification, and thermal tensions of the blooms 
and beam blanks was developed. The main assump-
tions are listed below:

 – heat transfer in the casting direction was neglected 
due to the high Peclet number;

 – the latent heat of steel solidification was convert-
ed into an equivalent specific heat capacity in the 
mushy zone; 

 – the density and emissivity of the steel was consid-
ered constant whereas the heat capacity, thermal 
conductivity, were considered temperature-depen-
dent;

 – the effects of strand shrinkage were neglected; 

the convective heat flow in the liquid pool and the 
mushy zone was accounted for the effective thermal 
conductivity (Ma et al., 2008).
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The thermal model was based on the general en-
ergy equation during the unsteady state, as described in 
Equation (1):
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where: t – the time of simulation [s]; T – the tempera-
ture [°C]; kef  – the thermal conductivity [W∙m−1∙°C−1]; 
cp

eq – the equivalent heat capacity of steel [J∙kg−1∙K−1]; 
ρ – the density of steel [kg∙m−3]; x, y – the direction of 
the coordinate system, along the transversal section [m].

2.3. Mechanical model

The structural mechanical model was developed in 
three dimensions for a one meter long as-cast piece. 
The simulations presented in this work were carried 
out for the zone z2 region, which is the zone where 
there is an interest in using a common segment for 
blooms and beam blanks. The main assumptions are 
listed below:

 – the as-cast bloom and beam blank were consid-
ered flexible and the rollers rigid as it was interest-
ed in evaluating the deformations and stresses in 
those continuous casting geometries;

 – unsteady state phenomena;
 – friction contact between the rollers and the as-cast 

pieces;
 – free rotation rollers.

The thermo-elastic-plastic material model, with 
bilinear isotropic hardening, was used to calculate the 
strain and stress distributions, which are important to 
provide information about the as-cast product quality, es-
pecially the occurrence of cracks. The total value of the 
deformation vector was calculated using Equation (2), 
according to the Von Misses criteria as used by (Chen 
et al., 2009; Liu et al., 2017; Zeng et al., 2020). The in-
fluence of the ferrostatic pressure was also be taken into 
consideration.

{ε} = {εel} + {εpl} + {εth} (2)

where: ε – total deformation [%]; εel – incremental 
elastic strain component [%]; εpl – incremental plastic 
strain component [%]; εth  – incremental thermal strain 
component [%]. 

The stress is related to the elastic strain by:

{σ} = [D]{εel} (3)

where: {σ} – the stress vector; [D] – the elasticity or 
elastic stiffness matrix or stress-strain matrix.

{εel} = {ε} – {εth} – {εpl} (4)
{ε} = {εth} + {εpl} + [D–1]{σ} (5)

where: {ε} – the total strain vector; {εpl} – plas-
tic strain vector; {εth} – the thermal strain vector;  
{εth} = ∆T [αx

se αy
se αz

se 0 0 0]T .

[ ]D

E
v
E

v
E

v
E E

v
E

v
E

v
E E

x

xy

x

xz

x

yx

y y

yz

y

zx

z

zy

z z� �

� �

� �

� �
1

1
0 0 0

1
0 0 0

1
0 00 0

0 0 0
1

0 0

0 0 0 0
1

0

0 0 0 0 0
1

G

G

G

xy

yz

xz

�

�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
��
�
�
�
�
�
�
�
�
�
�
�  

(6)

where: αx
se is the secant coefficient of thermal expan-

sion in the x direction.

∆T = T – Tref  (7)

where: T – the temperature in the point in question;  
Tref  – reference (strain-free) temperature (input).

2.4. Initial and boundary conditions 

To obtain the solution for the differential equations, it is 
necessary to define the initial and boundary conditions. 
The temperature value in the mold was adopted as the 
initial condition.

T = T0 (8)

T0 is the temperature of the liquid steel entering the 
mold. This temperature was assumed to be 1560°C. 
The heat flux is specified in the mold region. The heat 
flux in primary cooling can be calculated using Equa-
tion (9), described by Ji et al. (2016), Lee et al. (1998), 
X. Qin et al. (2019), and Assunção et al. (2014). 

q
L
v
m� �268000 227

 
(9)

where: Lm – effective length of mold [m]; v – casting 
speed [m∙min–1]; q – heat flux at the surface of the mold 
[W∙m–2].
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In the secondary cooling zone, heat is transferred 
mostly due to convection and radiation, due to the high 
temperature values of the strand. The heat flow in the 
spray region was be calculated using equations (10) 
and (11):

q = hspray(Ts – Tw) (10)

hspray = aW b (11)

where: hspray – heat transfer coefficient in the spray cooling 
[W∙m−2∙°C−1]; Ts – temperature in the as-cast surface [°C];  
W – water flow rate [L∙m−2∙min−1]; a, b – empirical con-
stants dependent on the type of the spray nozzles. For 
air mist spray nozzle: a = 0.336, b = 0.724. For the wa-
ter spray nozzle: a = 0.25, b = 0.64. Those values were 
provided by the spray fabricant SMS group. Each spray 
was considered as an individual heat extraction source 
in the model developed.

The radiation heat flow zone was be calculated by 
Equation (12):

q = σε(Ts
4 – Te

4) (12)

where: σ – Stefan–Boltzmann constant; ε – emissivity; 
Te – temperature of the environment [°C].

The ferrostatic pressure exerted by the liquid por-
tion inside the geometry is one of the forces that gen-
erate tension in the walls and can cause deformations. 
This pressure was calculated using the Equation (13):

Pf = ρsteel gH (13)

where: Pf – the ferrostatic pressure [Pa]; ρsteel – the 
steel density [kg∙m−3]; g – the acceleration due to gra-
vity [m∙s−2];  H – the distance from the meniscus [m].

To calculate this pressure, the as-cast geometry 
was considered as a solidified shell with a thickness 

equal to that calculated by the thermal model. The tem-
perature profile was also imported from the thermal 
model. The interior is filled with liquid steel but to sim-
ulate the phenomenon of liquid pressure on the walls, 
this interior was considered as a void where the inner 
walls suffer a force in the axial direction. The strain free 
temperature is considered equal to solidus temperature.

Tref = Tsolidus = 1481°C (14)

Both thermal and mechanical calculations are 
made by the Ansys software using the FEM method.

2.5. Physical properties of steel

The physical properties of the steel have a great influ-
ence on the predictions of the model and therefore must 
be carefully chosen to guarantee the accuracy of the 
solution. The properties considered in the simulations 
are shown in Table 1.

2.6. Experimental procedures

To verify the predictions of the models, experiments 
were carried out in the industrial plant to verify the sur-
face temperature and the thickness of the solidified layer.

The surface temperatures of the blocks and beam 
blanks were measured using a FLIR model FLIR E75 
thermographic camera. The same method was used by 
(Ji et al., 2014) to validate a thermomechanical model 
for the soft reduction of a bloom. As the spray chamber 
is closed, measurements were taken after the straight-
ener, where there are no sprays or water steam, and im-
ages can be taken with good resolution.

Table 1. Physical properties

Parameter Value
Density [kg∙m−3] (Lee et al., 2000) 7020
Latent heat of the solidification [J∙kg−1] (Lee et al., 2000) 272,000
Solidus temperature [°C] 1481
Liquidus temperature [°C] 1513
Specific heat [J∙kg−1] (Wang et al., 2005) 481.48 · 0.19 · Tsteel

Thermal conductivity [W∙m−1∙K−1] (Thomas, 1995) 15.9 + 0.11 · Tsteel

Emissivity (Lee et al., 2000) 0.8 
Young Modulus [GPa] (Kozlowski et al., 1992) 968 – 2.33 · Tsteel + 1.9 · 10−3 · Tsteel

2 – 5.18 · 10−7 · Tsteel
3 

Poisson ratio 0.3
Friction coefficient (Q. Qin et al., 2014) 0.01
Yield strength limit [Pa] 6.62 · 106

Shear modulus [Pa] 4.6154 · 109
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The shell thickness was obtained by analyzing 
breakouts shells that occurred during operational prob-
lems in the casting of blooms and beam blanks. Fig-
ure 2 shows the occurrences of such incidents.

Fig. 2: Solid shell off a bloom and beam blank

The thickness of the solidified layer was measured 
using a caliper. The measurements were made both down 
the mold narrow face and around the perimeter. The 
plant’s supervisory system allows the collection of pro-
cess parameters at the time of the occurrence of blackouts. 
Thus, to compare the measured data with the results of 
the models, the same parameters from the moment of the 
blackout were used. Skin breakages occur due to situa-
tions where the skin loses strength and which are not the 
ideal process, however the remaining skin can be used to 
validate heat transfer models (Meng & Thomas, 2003).

3. Results and discussion

In this chapter, the results of surface temperature, solid 
shell thickness, and stress due to the ferrostatic pressure, 
calculated by the computational model, will be presented.

In the simulations shown, ASTM A502 steel 
(structural steel) was considered. This is the most fre-
quently produced product and allows the collection of 
a considerable amount of experimental data. The cast-
ing conditions used in the simulations in this section are 
shown in Table 3.

Table 3. Casting conditions

Variable Bloom Beam 
blank

Casting speed [m∙min−1] 0.9 0.9
Mold wide face water flow [L∙min−1] 1260.0 1620.0
Mold narrow face water flow 
[L∙min−1] 720.0 820.0

Superheat temperature [°C] 30.0 35.0
Z0 total water flow [L∙min−1] 85.0 143.0
Z1 total water flow [L∙min−1] 420.0 649.0
Z2 total water flow [L∙min−1] 168.0 255.0

3.1. Temperature profiles

Figure 3 shows the locations and values of the 
temperatures of the bloom as a function of the distance 
to the meniscus. The results of the experimental mea-
surements are also included in the figure and demon-
strate the good agreement of the predictions and the 
experimental data. Figure 4 depicts similar results for 
the simulation of the casting of the beam blank. 

Fig. 3. Bloom temperature profiles

The temperatures profiles are very similar to those 
found in the literature (Assunção et al., 2014; Ohba et al., 
2008). The model was able to predict the temperature 
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values in the wide face (B) and the narrow face (C), 
with an error of 1.5% and 3.3%, respectively. In the 
case of the wide face, the model predicts a lower tem-
perature than the measurement with the thermographic 
camera. The measurement in this position has difficul-
ties because it is not possible to be positioned exactly 
on the side of the as-cast ingot. This factor may have 
contributed to this difference. An improved analysis of 
radiation in the case of the beam blank will be imple-
mented in the future.

.

Fig. 4. Beam blank temperature profiles

Due to the more complex geometry of the beam 
blank, the temperature profiles are shown in a higher 
number of positions to improve the analysis. Similar to 
the bloom, the temperature profiles are similar results 
identified in the literature (Hibbeler et al., 2009; Lee et al., 
1998; Xu et al., 2010). The model predicted temperatures 
in positions C, D, and E with errors of 11.6%, 6.9%, and 
4.5%, respectively. The beam blank model was less accu-
rate than the bloom model, especially for the C point.

In addition to the measurement difficulties, some 
considerations made in the present work regarding 
the casting of blooms are not entirely valid for a more 
complex geometry such as beam blanks, particularly 
the uniform distribution of water sprays and radiation 
between the curved region of the beam blank.

3.2. Solid shell

Figure 5 shows the solid shell thickness calculated by 
the computational model at the wide and narrow faces 
of the bloom and in the flange and web of the beam 
blank. The shell thickness calculated by the model 
was compared to the values obtained by measuring the 
pieces remaining from breakouts. Breakouts occurred 
at the beginning of the casting when conditions are dif-
ferent from the continuous process. However, there was 
a good concordance between the order of magnitude of 
the measured and calculated shell thickness. 

Fig. 5. Bloom and beam blank solid shell thickness

The model calculated the skin and obtained the 
following percentage errors: Bloom wide face 14.4%, 
Bloom narrow face 6.2%, Beam blank wide face 9.2%, 
Beam blank narrow face 7.0%

3.3. Stress calculations

One of the objectives of this work is to evaluate the pos-
sibility of using a common zone 2 for blooms and beam 
blanks. Thus, it is necessary to know the solidified shell 
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thickness along this zone and the stresses involved consid-
ering the current assembly. Figure 6 illustrates the solidi-
fied shell of blooms and beam blanks in the current setup. 

Fig. 6. Bloom and beam blank stress at the beginning of  
the secondary cooling zone

When observing the figures, it can be seen that the 
beam blank reaches higher stress values   than the bloom. 
This is expected due to the complexity of the geometry. 
The highest value of stress observed in the beam blank 

occurs at the corner. The bloom has stress values around 
4 MPa and the beam blank around 5.5 MPa. Values close 
to the material yield stress limit even below it. Both ge-
ometries have regions where the stress was greater than 
the yield point. However, this is a small portion of the 
as-cast volume. A mechanical model was developed and 
permitted the analysis of the stresses involved in the 
casting process of blooms and beam blanks.

4. Conclusions

This paper describes the temperature profile and solid 
shell thickness of blooms and beam blanks. Some con-
clusions are:

 – The model for the bloom could predict the tem-
perature values in the wide face (B) and the nar-
row face (C), with an error of 1.5% and 3.3%. In 
the case of the wide face, the model is predicting 
a lower temperature than the measurement with 
the thermographic camera.

 – The model for the beam blank predicted tem-
peratures in positions C, D, and E with errors of 
11.6%, 6.9%, and 4.5%, respectively. The beam 
blank model was less accurate than the bloom 
model, especially for the C point.

 – The beam blank cools faster than the bloom for the 
same casting conditions.

 – Some considerations made in this work do not af-
fect a simple geometry as the bloom in the same 
way but can affect a more complex geometry such 
as beam blanks. For example, the uniform distri-
bution of water sprays and radiation between the 
curved region of the beam blank.

 – A mechanical model was developed and allowed 
to analyze the stresses involved in the casting pro-
cess of blooms and beam blanks and the stress 
values in the cooling zone analyzed can reach the 
yield stress limit. 
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