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The Effect of Slab Thickness on the Solidification of Low Carbon Steel in 
Continuous Casting Process: A Simulation Case Study

One of the most important and effective factors in the solidification of the steel continuous casting process 
is the geometry of the strand. To study the effect of this geometry, the influence of slab thickness will be in-
vestigated. To this end, a thermal model is first proposed, and its reliability is verified by simulating another 
paper in the literature and comparing the results with that research. In the model of the present work, thermo-
physical properties are calculated based on the computational thermodynamics model, CALPHAD technique. 
Then three different thicknesses are chosen subject to the same cooling conditions and technological parame-
ters. Afterward, the metallurgical length and shell thickness for these thicknesses are compared. As the shell 
thickness is approximated by a square root function of time, holding the coefficient K, finally, the K factor of 
the mentioned thicknesses is extracted and compared with one another such that the higher the thickness, the 
higher the K coefficient. 

Keywords : Metallurgical length, Heat transfer simulation, Continuous slab casting, Slab Thickness, Stephan 
problem, Coefficient K.

Abstract

1. Introduction

In the field of materials engineering, steel continuous 
casting (CC) has surpassed the ingot casting process in 
recent decades, contributing to higher production rates, 
fewer casting defects, less energy waste, and higher qual-
ity of the semi-finished product. In vertical CC of steel, 
which is widely used around the world, the molten steel 
is poured from a ladle into a tundish, and then from the 
tundish into the primary cooling zone (water-cooled bot-
tom-opened mold). It should be noted that the top level 
of melt in the mold is called the meniscus (see Fig. 1a). 
From the meniscus to the mold’s exit, the melt solidifies 

partially, and a thin solid shell forms. Then the strand 
gradually moves down to the secondary cooling zone 
(SCZ) and later toward the torch cut-off point. In the 
SCZ, cooling water sprays sprinkle water droplets onto 
the surface of the strand and extract heat energy from it 
until the last melt droplet is solidified, or the cross-sec-
tion becomes completely solid (see Fig. 1a). The distance 
from this point to the meniscus is called the metallurgical 
length (or liquid pool) [1, 2]. To be more specific, ac-
cording to Fig. 1a, the yellow arc-like region inside the 
strand is the liquid pool, the tip of which is the last melt 
droplet to be solidified. The metallurgical length equals 
the length of the arc on which the liquid pool is outlined 
from the tip of the liquid pool to the meniscus. Finally, at 
the torch cut-off point, the strand is cut to be stored in the 
storehouse (for more details of the process, see Fig. 1a). 

One of the most important parameters in the CC pro-
cess is the quality of the final product which is affected 
by quite a few factors, especially the geometry of the 
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strand, metallurgical parameters, and technological pa-
rameters in the continuous casting machine (CCM). To 
illustrate further, the geometry (especially thickness) 
and heat transfer parameters such as the temperature of 
cooling water sprays and the water flow rate in SCZ can 
enormously influence the existence of defects both in 
products and in the machine. Thanks to the increasing 
computing power of computers, it has become feasible 
to simulate and monitor heat transfer conditions in the 
CC process and to control both the shell thickness of the 
solidified shell and the defects. In the remainder of this 
section, several models based on this computing pow-
er will be reviewed. In the CC process, as the ladle is 
changed, the casting velocity must be reduced and then 
raised. As a result, it is highly probable that defects such 
as cracks and porosities, to name just two, may form. Ad-
ditionally, this change affects the size of the metallurgical 
length and the strand temperature. Indeed, the metallurgi-
cal length, as well as the temperature field of the strand, 
should be fixed during any change in the CCM because 
an increase or decrease may culminate in the formation of 
breakout, porosity, cracks, and other defects. Therefore, 
controlling and monitoring the above-mentioned param-
eters has been a matter that researchers have investigated 
in their research studies. For this purpose, 
control-based models (called real-time or online 
models) and optimization models (also called of-
fline models) have been proposed. In [4] and [5], 

the feedforward-feedback model and closed feedback 
loop model, respectively are proposed to minimize 
the temperature fluctuation due to the velocity change. 
In addition, works such as [6] and [7] have developed 
open-loop control models. During recent years, the pro-
portional-integral-derivative (PID) control algorithm 
has become popular for regulating the water flow rate 
of sprays in SCZ and bringing down temperature distur-
bances, as seen in [4] and [8-13]. In [14], an alternating 
direction implicit algorithm (ADI), was used to maintain 
the surface temperature of the billet. In control methods, 
the high-performance computing power of computers is 
essential, but when computers have limited computing 
power and low storage memory, offline models should 
be used to design the CC process and its variables. Spe-
cifically, optimization models used to design the CC 
process are based on the inverse heat transfer problem 
(IHTP). Reference (or target) temperatures are measured 
in the CC plant, and are used as target temperatures in 
optimization algorithms of IHTP to determine the opti-
mal values of heat transfer parameters in the CC process. 
With regards to these models, there are a great number of 
works in the literature; [4, 15, 16] the have applied genet-
ic algorithms in IHTP to minimize transversal, internal, 
and longitudinal cracks, as well as segregation. In [17], 
a genetic algorithm was used to calculate the heat trans-
fer coefficient in the mold and SCZ, but the boundary 
condition that describes the target temperature is a 

Fig. 1. (a) Schematic outline of continuous casting process [3], and (b) 2D computational domain (thickness-length 
cross-section from the meniscus to torch cutoff point) used in this study for the simulation of heat transfer in steel slab.
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2) The slab is assumed to be vertical without any curve 
or bending; therefore, plastic strain or elastic strain is not 
considered in the model. 
3) There is no roller in contact with the strand.
4) The length of the slab (along the casting direction) 
is higher than its thickness and width. The width of the 
strand is larger than the thickness, and as a result, the 
thermal gradient along the width direction is ignored in 
the heat transfer equation (simulation will be conducted 
just for the length-thickness cross-section).
5) The effect of fluid flow is ignored.
6) The casting velocity is assumed to be constant (but 
slab thickness is changed, and its effect will be studied 
in this study).
7) The density, thermal conductivity, and specific heat 
capacity for both liquid and solid phases are not assumed 
to be identical or constant. Instead, the thermophysical 
properties are extracted directly as a function of tempera-
ture based on a computational thermodynamics method 
called CALPHAD approach, which stems from global 
minimization of Gibbs energy. More details are described 
in section 3. 

The correspondent computational domain of the 
strand is denoted as Ω , and its boundary, ∂Ω , is di-
vided into four partitions: lateral boundary (or cooling 
region), lΓ , top boundary (or meniscus), tΓ , bottom 
boundary (or torch cut-off point), bΓ , (in other words, 
∂Ω=Γl∪Γt∪Γb), see Fig. 1b Following [4, 29, 31-35], the 
quasi-steady state heat transfer equation based on the en-
thalpy method is as follows:

mathematical function. To maintain, the temperature 
field during any change in CCM, by setting corner and/
or central temperatures as target points, other algorithms 
have been used such as: Nelder-Mead algorithm [18], 
multi-objective optimization algorithm [19], particle 
swarm optimization (PSO) algorithm [20], predictive 
GPU-based weighted least square model [21], neural net-
work (NN) which showed that the PID method is less ef-
ficient [22], artificial intelligence heuristic search models 
[23, 24], modified proximal bundle algorithm [25], Broy-
den–Fletcher–Goldfarb–Shanno (BFGS) algorithm [26], 
Levenberg−Marquardt [21, 27, 28], and sequential qua-
dratic programming (SQP) [29]. In [30], the influence of 
changing casting velocity on thermomechanical behavior 
while maintaining metallurgical length was studied. To be 
more precise, the method used in [30] is based on fixing 
transported heat energy to maintain a constant metallurgi-
cal length for different casting velocities with heat trans-
fer coefficients calculated according to an empirical rela-
tion. As previously mentioned, geometry is an important 
factor that influences the temperature field, metallurgical 
length, and the quality of the strand, but there have been 
no studies on the effect of strand thickness in the literature. 

In the present work, we study the effect of different 
strand thicknesses on the metallurgical length, tempera-
ture field, and solidification of a low-carbon steel grade. 
To elaborate, section 2, expresses the mathematical mod-
el used in this study will be expressed. In section 3, the 
mathematical model is implemented and validated us-
ing a reference including the simulation of the low-car-
bon steel. The thermophysical properties are obtained 
from a thermodynamic computation method called 
CALPHAD2. Next, three different thicknesses are as-
sumed, and the simulation is run for these thicknesses. In 
section 4, the results will be discussed, showing that the 
metallurgical length computed using the proposed sim-
ulation model conforms well with an analytical square 
root formula with a coefficient. Furthermore, as this for-
mula is commonly used in continuous casting plants to 
predict metallurgical length easily, the coefficient will be 
calculated for each test case, and their correlation with 
slab thickness will be discussed and investigated.

2. Mathematical Description

As is common in the literature, the heat transfer equa-
tion is applied for thermal simulation. The heat transfer 
equation is used in the present work to simulate solid-
ification and the distribution of temperature in a slab. 
Beforehand, several assumptions are considered in this 
study as follows:
1) The process is assumed to be a in quasi-steady state; 
thus, the quasi-steady state heat transfer equation will be 
solved because it is computationally less costly.

. .( )          in    pec V T k T      

     onp tT T    

 . 0 on bk T n      

 .  ( ) oni lk T n h T T      

 
Where V⃗ , T, k, cpe, ρ, Ti , h, n⃗  and Tp denote casting 

velocity, temperature, thermal conductivity, effective 
specific heat capacity, density, cooling water tempera-
ture, heat transfer coefficient, outward unit normal, and 
pouring temperature, respectively (both Ti and h vary 
spatially). The casting velocity, (0, - )V u=


, is such that 

the value of  u > 0, and the strand is cast along the -y


 
direction (see Fig. 1b). In many works, the effective spe-
cific heat capacity, pec , (using the enthalpy method) is 
obtained as follows:
 

Where fl(T), cp, and Lf denote the liquid volume frac-
tion, heat capacity, and latent heat of fusion, respectively. 
Although liquid volume fraction, fl(T), and latent heat of 
fusion, Lf, as well as other thermophysical properties, are 
simply interpolated and assumed constant in some re-

( )l
pe p f

df Tc c L
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Eq. (1)

Eq. (2)

Eq. (3)

Eq. (4)

Eq. (5)

2 CALculation of PHAse Diagrams
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idus temperature, liquidus temperature, water flow rates 
of nozzles in SCZ, and cooling water temperature of the 
nozzles are extracted from reference [37], see Table 1 and 
Table 2. lz, lx, ly, lm, nx, ny, u, Tl, and Ts, respectively de-
note the width of the slab, the thickness, machine length 
(the length of the slab, precisely from the meniscus to the 
torch cutoff), the mold length, mesh size on the x ⃗    axis, 
the mesh size on the y⃗    axis, the value of casting velocity, 
liquidus temperature, and solidus temperature. Also, the 
chemical composition of the low-carbon steel grade used 
in this study is listed in Table 3. The thickness of test case 
#1 (which is simulated in this subsection), as well as test 
cases #2 and #3 (which will be studied in the next sub-
section) are listed in Table 4. As far as heat transfer on the 
interphase between the mold and the strand is concerned, 
according to reference [37], the following heat flux is used

Where q denotes heat flux.
It should be noted that in [37] only the water volume 

in SCZ is given. However, in this study using Nozaki’s 
relation [38], the heat transfer coefficients are computed 
in each segment of SCZ as Eq. (7):

 

Where w and β denote the water flow rate and the ma-
chine-dependent calibration factor. The water volume and 
machine-dependent calibration factor are extracted from 
[37], listed in Table 5. By the given water volume, wa-
ter flow rate, w, can be obtained; then, using the relation 
(7), the heat transfer coefficient in each segment of SCZ 
is calculated. The computed heat transfer coefficient for 
all spray segments is symbolized as hworking hereafter. The 
heat transfer coefficient and cooling water temperature (of 
cooling nozzles in SCZ) are the same (as Ti) for all three 
cases.

search studies in the literature (for example [31]), these 
thermophysical properties should not be simplified as 
constant or as an explicit function of temperature because 
in practice, phenomena such as solid-state phase trans-
formation, the peritectic reaction in peritectic grades, 
and so on, occur. Because of these restrictions, to con-
sider the effects of these phenomena, the thermophys-
ical properties are calculated based on the CALPHAD 
technique which is explained in more detail in the next 
section [36].

3. Numerical Implementation

In this section, the presented model is implemented 
using a reference in the literature, and our simulation is 
conducted for a thickness of 23cm, and the results of our 
simulation are compared with those of the reference to 
validate the simulation model. Then, the proposed model 
is applied for thicknesses of 18cm and 28cm. Henceforth, 
the simulations supposed to be implemented for thick-
nesses 23cm, 18cm, and 28cm are symbolized as test 
case #1, test case #2, and test case #3, respectively.

To find the temperature distribution of test case #1, 
a heat transfer simulation based on the mathematical 
model described previously will be conducted.  First, the 
thermodynamic properties are extracted from the CAL-
PHAD model using the JMatPro package, see Fig. 2. The 
CALPHAD approach is an interesting thermodynamic 
technique in the field of materials science and engineer-
ing that can predict thermophysical properties as a func-
tion of temperature. In fact, given an alloy with a definite 
chemical analysis, it is possible to globally minimize 
the free energy by employing a database including free 
energies of each phase. As a result, this method paves 
the way to calculate thermodynamics equilibria such as 
phase diagrams and thermophysical properties for com-
mercial steel grades as well as for multi-component al-
loys [36]. Then the geometry, pouring temperature, sol-

𝑙𝑙𝑧𝑧 (m) 𝑙𝑙𝑥𝑥 (cm) 𝑙𝑙𝑦𝑦 (m) 𝑙𝑙𝑚𝑚 (m) 𝑛𝑛𝑥𝑥 𝑛𝑛𝑦𝑦 u (m/min) 𝑇𝑇𝑖𝑖
 (oC) 

1.25 23 30 0.9 40 100 1.1 25 

 

𝑇𝑇𝑙𝑙 (oC) 𝑇𝑇𝑠𝑠 (oC) 𝑇𝑇𝑃𝑃 (oC) 
1519 1453 1577 

 

Table 1. Geometry, mesh size parameters, casting velocity, and cooling water temperature of nozzles used in this study 
and [37].

2400000 346000 lmq u     

 

0.551570 (1 0.0075 )iw Th 



  

Table 2. Pouring Temperature, solidus Temperature, and liquidus 
Temperature of the steel grade used in this study [37].

Eq. (6)

Eq. (7)
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Fe C Si Mn S P Al N 
Base 0.15 0.15 0.25 0.015 0.02 0.002 0.016 

 

Fig. 2. Thermophysical properties of the steel grade used in this study. All properties are based on the CALPHAD 
method and extracted from the JMatPro package.

Table 3. Chemical analysis (in percent) of the low carbon steel grade studied both in [37] and in the present work.

A. Pourfathi / International Journal of ISSI, Vol. 19(2022), No.1, 67-80



72

Furthermore, Fig. 4 shows a close approximation of 
the calculation of shell thickness among test case #1 in 
this study, simulation in [37], and measurement using an 
experiment in [37]. The results of test case #1, shown in 
Fig. 3 and Fig. 4 confirm the acceptable accuracy of the 
presented simulation model in this study. Next, using the 
applied data in the simulation of test case #1, simulation 
is implemented for both cases by reducing and raising 
the slab thickness to 18cm (test case #2) and 28cm (test 
case #3), respectively and the results will be studied in 
the next section.

4. Results and Discussion

This section aims to evaluate the performance and 
functionality of the presented model. As per the previ-
ous sections, the thicknesses of 18cm and 28cm corre-
spond to test case #2 and test case #3, respectively. Ad-
ditionally, the interfacial boundary between the slab and 
both the mold and SCZ is divided into two partitions; 
in other words, Γl = Γlm ∪ Γls where Γlm is the contact re-
gion between  the slab and mold, and Γls is the contact 
region between the slab and SCZ. The heat transfer in 
these regions is the same as that in test case #1. In the 
following, shell thickness (or solid) profiles, metallur-
gical length, temperature distribution, and liquid vol-
ume fraction distribution will be discussed. Moreover, 
the constant coefficient K in the square root function 
mentioned at the end of section 1 will be determined. 

3.1 Model Validation

By conducting the heat transfer simulation using the 
data from the previous section for test case #1, the results 
will be explained in the following. In Fig. 3, the compar-
ison of surface temperature and centerline temperature 
between research [37] and the simulation of the model in 
test case #1 in this study shows a reasonable and accept-
able agreement between the simulation of the thermal 
model in this study and research [37]. According to Fig. 
4 and the red graph as well as the blue graph in Fig. 3, 
in our simulation, the calculated metallurgical length of 
test case #1 equals 20.0317653m, which is close to that 
obtained in [37] as 19.9m. In Fig. 4, the black profile is 
the result of the simulation in the present work, and green 
and orange points are data presented in [37]. Fig. 4 shows 
that the shell thickness at three different distances from 
the meniscus is approximately close to the simulated pro-
file in the present work. The difference in shell thickness 
between our simulation and experimental results is 6%. 
In addition, there is a little but acceptable difference be-
tween the surface temperature distribution simulated in 
this study and that of [34] in the worst case of 7% (see 
black and green graphs of Fig. 3). This difference is due 
to the fact that CALPHAD thermodynamic calculations 
mentioned in the previous section are used in this study, 
but constant values for thermophysical properties are ap-
plied in research [37].

Sprays Length (m) Water volume (L min⁄ ) Calibration factor 
segment 1 2.96 367.8 4 
segment 2 1.819 343.7 4.23 
segment 3 1.819 293.9 4.78 
segment 4 3.789 195.2 2.78 
segment 5 6.094 260.3 2.89 
segment 6 6.945 225.5 2.62 
segment 7 4.62 140.6 3.06 
segment 8 2.31 60 2.89 

 

Table 5. The length, water volume, and calibration factor of each spray cooling segment along SCZ [37].

Test case NO. Thickness (cm) 
#1 23 
#2 18 
#3 28 

 

Table 4. The thicknesses of three test cases studied in the present work.
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Fig. 4. Comparison of Shell thickness with respect to distance from 
the meniscus. The black curve corresponds to test case #1 simulation 
in this study; both the experimental data (orange points) and simulat-

ed data (green points) are extracted from [37].
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4.3 Analysis of Square Root Function

In the literature, it is widely agreed that the solid pro-
file of the strand approximately conforms to a square root 
function. In fact, it is assumed that the solidification front 
is moving interphase between liquid and solid phases. 
Considering the solidification front as a moving boundary, 
a two-dimensional Stephan problem has been solved in the 
literature [6,39-41], contributing to an analytical formula 
for the calculation of metallurgical length as follows:  

Where xs, D, and t denote the shell thickness, the 
distance from the meniscus, and time, respectively. This 
criterion expresses the approximate position of the sol-
id shell; more importantly, the formula can determine 
the size of the metallurgical length. It is worth noting 
that this formula is widely used to compute metallur-
gical length and the location of segregation (after the 
traditional Baumann sulfur printing test) in the industry. 
The most significant challenge for casting plants is de-
termining the K factor in their casting case because K 
depends on machine variables, chemical composition, 
and the geometry of the strand, among others.

4.1 Shell thickness

In Fig. 5, the variation of shell thickness as a func-
tion of distance from the meniscus for all test cases #1, 
#2, and #3 is shown. According to the plot, raising the 
thickness of the slab from 18cm to 28cm, increase the 
shell thickness profile correspondingly, especially from 
segment 3 to the torch cut-off point; however, their dif-
ference is minimal near the meniscus and segments 
1 and 2. 

4.2 Metallurgical Length

Using hworking, the metallurgical length for test cas-
es #2 and #3 is approximately 12.5m and 28.78m, 
see Figs. 6c and 6a, respectively. With regards to test 
cases #2 and #3, in which the thickness is reduced 
and raised respectively, the metallurgical length ap-
proaches 12.5m and 28.78m in order. Additionally, 
Fig. 6 shows the contour plots of the temperature 
field corresponding to the liquid volume fraction 
shown in Fig. 6. Accordingly, it is evident that the 
metallurgical length depends on the slab thickness 
such that by raising the slab thickness, the metallur-
gical length also increases.

   or    s s
Dx K t x K
u

   Eq. (8)
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Fig. 6. Contour plots of liquid volume fraction at the end of simulation: a) test case #3 b) test case #1, and c) test case 
#2 in this study.

(a) (b) (c)

Fig. 7. Contour plots of temperature distribution at the end of simulation: a) test case #3 b) test case #1, and c) test case 
#2 in this study.

(a) (b) (c)
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simulated solid profile, the coefficient K is determined 
to be K23=26.8370 m. min-0.5 in order to predict the met-
allurgical length for test case #1. The relative absolute 
error equals 11 % which is acceptable because the size 
of the metallurgical length, not the exact solid profile in 
different positions, is important. Fig. 9, shows the shell 
thickness with respect to distance from the meniscus for 
test case #2 (18cm); similar to test case #1, using the sim-
ulated solid profile (black curve) and xs function (red), 
the coefficient K is calculated K18= 26.5226 m. min-0.5. 
The relative absolute error equals 13% in test case #2.

In this section, coefficient K is extracted using the 
mathematical curve fitting technique for test cases #1, 
#2, and #3, and the correlation between slab thickness 
and the coefficient K will be studied. In fact, K is deter-
mined such that criterion (8) predicts the metallurgical 
length for continuous casting. To this end, the coefficient  
K will be calculated using the metallurgical length ob-
tained from shell thickness profiles. Regarding test case 
#1 (23cm), Fig. 8 shows the shell thickness with respect 
to the distance from the meniscus for both the simulated 
(black curve) and the xs function (red curve). Using the 
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Fig. 9. Simulated shell thickness with respect to distance from meniscus (black) and fitted square root function (red) for 
test case #2 (18cm) in this study.
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cation of cooling parameters. It is crucial for steel con-
tinuous casting plants to predict the shell thickness, 
metallurgical length, and the K factor in the square root 
function, used to predict metallurgical length in steel 
continuous slab casting as slab thickness varies. In this 
study, a two-dimensional heat transfer model coupled 
with the CALPHAD model to determine thermophysical 
properties we used to investigate the effect of three slab 
thicknesses on the metallurgical length and shell thick-
ness. Then the values of the K factor for each thickness 
were extracted using curve fitting technique. According-
ly, the higher the slab thickness, the longer the metal-
lurgical length. In order words, the coefficient K in the 
square root function increases as far as the slab thickness 
grows. 

Finally, Fig. 10 shows the simulated shell thickness 
as a function of the distance from the meniscus and the  
xs function. Similar to the previous test cases, the coeffi-
cient K is computed as K28= 27.6252 m. min-0.5 and the 
relative absolute error is approximately 11%.

By comparing the thicknesses and their correspond-
ing calculated factors in Table 6, it is obvious that by in-
creasing the slab thickness, the coefficient K in Eq. (8), 
which determines the metallurgical length, rises propor-
tionally.

5. Conclusions

Steel continuous casting process is sensitive to the 
change in slab thickness, which can lead to the justifi-
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Test case NO. Thickness (cm) Coefficient K (m. min-0.5) Metallurgical length (m) 

#2 18 26.5226 12.50 
#1 23 26.8370 20.03 
#3 28 27.6252 28.78 

 

Fig. 10. Simulated shell thickness with respect to distance from 
meniscus (black) and fitted square root function (red) for test case #3 

(28cm) in this study.

Table 6. The calculated coefficient K, metallurgical length, and thick-
ness for test cases in this study.
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Nomenclature 

pec                           Specific heat capacity 

D                            Distance from meniscus 

lf                            Liquid volume fraction 

h                             Heat transfer coefficient  

K                           The coefficient in the square root function of time and shell thickness 

k                            Thermal conductivity 

fL                           Latent heat of fusion 

ml                            The thickness of the mold 

xl                             The thickness of the slab 

yl                            The length of the slab 

n                            The outward unit normal vector on a surface 

xn                           Mesh size index along the thickness  

yn                           Mesh size along the length 

q                             Heat flux 

T                            Temperature 

iT                            Cooling water temperature 

PT                           Pouring temperature 

t                             Time 
u                            The absolute value of casting speed 

V                            Casting velocity vector 

w                            Water flow rate 

sx                           Shell thickness 

                            Calibration factor of continuous casting machine 

b                           The bottom boundary of the computational domain 

l                           The lateral boundary of the computational domain 

t                           The top boundary of the computational domain 

x                          The size of the computational cell along the thickness direction 

y                         The size of the computational cell along the length direction 

                            Density 

                           The computational domain corresponding to the slab 
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