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Abstract. Macrosegregation presents a considerable defect in the continuous casting of billets
and can critically affect the final properties of the product. The numerical modelling can help to
predict and better understand the segregation and flow patterns inside the mould. The process is
modelled with a physical model described by a set of conservation equations describing the t
heat transfer, turbulence, fluid flow, solidification and segregation. A two-equation low-Re k-
epsilon model and Abe-Kondoh-Nagano closures are used to close governing equations in this
incompressible fluid flow example. The Boussinesq approximation is applied to account for the
thermo-solutal buoyancy effects, and the Darcy approximation is applied for the description of
the flow through the porous mushy zone. On a microscale, a lever rule solidification model is
used to couple liquid fraction, temperature and concentration. The three-dimensional model is
solved with the method based on local collocation with multiquadric radial basis functions on
seven-nodded subdomains. The aim of this contribution is to explore the three-dimensional
macrosegregation patterns of 0.51 wt% carbon steel in the solidified shell of the steel in the
mould.

1. Introduction

The solidification and macrosegregation of steel in the continuous casting (CC) process is on a
macroscale, affected by interconnected complex physical phenomena such as the turbulent motion of
molten steel, energy and solute transfer. The consequent variations in the composition, known as
macrosegregation, can significantly affect the condition of the product.

The solidification in the CC process, together with the macrosegregation, has been previously
extensively studied with a wide variety of numerical methods. The methods considered ranged from
classical finite volume [1-6] and finite differences [7] to modern meshless methods [8-11]. In this paper,
we apply a local radial basis function collocation method (LRBFCM) [12], for which a three-
dimensional (3D) numerical model was constructed to explore the influence of various process
parameters on final macrosegregation. The presented model considers the turbulence of incompressible
fluid and macrosegregation of 0.51% carbon steel. Among various available turbulence models [13-16],
the two-equation low-Re eddy-viscosity model proposed by Abe-Kondoh-Nagano [17] was chosen. This
selection is chosen due to its stability and relatively low computational times.
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This article explores the effect of input parameters, precisely the casting temperature, velocity, and
submerged entry nozzle (SEN) depth, on the final macrosegregation patterns and is a follow-up
publication of [9,11].

2. Numerical model

The physical model is posed in the Cartesian coordinate system and formulated within the mixture
continuum framework [18], in which steel densities in liquid and solid phases are equal and constant
p =ps =p, . The model describes a simplified 3D CC process and considers the mass

V-u=0; u=fus+ fu_, Q
momentum
9(py) _
5 "V (puu) ==Vp+V-[(g +u)(Vu+(Vu)' )] -F;, + Fg, )
energy
d(ph
A2 v (puh) = V- (2VT) + V- [y, ~h)(u-w)]+ V- (f, vy, ©
t
and species conservation equations
o(pC) _ eV M
ot +V-(pCu)=V-(DVC)+V - [p(C. -C)(u-u)]+V-(f,—VC)). 4)
Oc

The v, (v =u,C,h, f) is a general phase variable standing for /=L liquid and ¢ =S solid phases.
The variables used in equations are mixture velocity u, volume fraction f , time t, pressure p,
dynamic viscosity s, , turbulent viscosity g, Darcy term F, = [(1- f)*/ (K, f3)I(u-uy)
describing flow through porous media, permeability K,, Boussinesq approximation
Fe =p0[5; (T —T,.¢) + B-(C. —C,,)] describing the effect of the buoyancy on the melt, gravitational
acceleration g, temperature T , reference temperature T, thermal expansion coefficient £, solute
expansion coefficient ., the concentration of alloying element C , the nominal concentration of the
alloying element C,, mass-specific mixture enthalpy h, thermal conductivity A, turbulent Prandtl
number Pr,, diffusivity D, and closure coefficient o.. . The temperature-enthalpy relation is taken from

[18].
The lever rule microsegregation model is given as
szl_iT_TL; CL: c ; TLZTm+(Te_Tm)£' (5)
1-k, T-T, 1+@-f)k, -1 C,

where the partition coefficient is k, =C /C_, T are melting and T, eutectic temperatures, and C, is

eutectic concentration obtained from the iron-carbon phase diagram.
The Low-Re k-epsilon model is used to model the turbulent flow. The equations for turbulent kinetic
energy k is defined as

o(pk 1-f,
(g )+V (puk) =V - {(ﬂﬁf t)Vk}+Pk+Gk—pg+,oDk—yL(K fs) (6)
k
and dissipation rate & as
o(ps 1-f)?
% )+V (pue)=V- [(/ﬁ"' t)VS:|+(CL£f1(Pk+C3ngk)—sz£f2p£)+pE—,uL(K f3) e (7)

where o\, o,, ¢,, C,, C,., D, E, f,, f,,and f, are Abe-Kondoh-Nagano closures and damping

al 78l
functions [17]. The shear production of turbulent kinetic energy and generation of turbulence due to

buoyancy terms P, and G, are the same as in [10].
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2.1. Numerical implementation

The modern Fortran is used to code the LRBFCM solution. The code is compiled with Intel® Fortran
Compiler Classic 2021.7.0 for 64-bit Windows applications. The details of the numerical
implementation can be found in [10].

3. Numerical method and solution procedure

3.1. Local radial basis function collocation method

The explicit Euler method is used for time discretisation, and the LRBFCM applied on a local seven-
nodded sub-domain is used for space discretisation. The radial basis functions are augmented by a
constant, and the shape parameter is set to 32. The incompressibility of the fluid flow is closed by the
fractional step method pressure-velocity coupling. A detailed description of the numerical method, its
implementation and the solution procedure can be found in [10].

4. Numerical example

4.1. Geometry

The present article's simplified illustration of a CC process is considered as a numerical example. It is
represented in simplified 3D geometry and consists of a vertical longitudinal billet of 1.5 m height. The
computational domain thickness is set to 0.18 m and accounts for the whole width and depth of the billet.
The SEN is set at the top of the billet so that the nozzle entry is 0.12 m below the free surface of the
meniscus. Its” inner diameter is 0.035 m and outer diameter is 0.065 m. The height of the mould is 0.8
m. The described geometry was constructed on 473081 nodes and was calculated with time step 107 s.

4.2. Material Properties

The simplified material properties [19], presented for carbon steel are listed in table 1. In the present
model, the carbon content in steel is set to C, = 0.51 wt%.

Table 1. Material properties and process parameters

Value Unit
p 7300 kg/m?3
y) 33 W/(m K)
Co 698 J(kg K)
Cps 804 J(kg K)
H 0.006 kg/(m s)
By 107 K1
Be 4.0-107 Wit
Ko 108 m?
D 1.6-10* m2/s
D, 10°® mé/s
Toas 1525 °C
Ts 1400 °C
T 1482 °C
T, 1539 °C
Ucast 1.6 m/min
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4.3. Boundary conditions
The boundary conditions are carefully chosen to solve the problem’s strongly coupled governing

equations. In the present case, inlet, free surface, moving wall, and outlet boundary condition types are

set, as shown in figure 1.
FREE SURFACE

O
35
£8
9o
g3
OF
)
Figure 1. Domain scheme with
OUTLET boundary conditions.

The inlet boundary conditions are prescribed as Dirichlet boundary conditions for temperature

T=T,,, velocity u(xy,z)=(0 m/s, u,, 4ab2/(7rd22), 0 m/s), concentration C=C,_ , turbulent

Kinetic energy k =1.5(Ituy)2 ; where a semi-empirical correlation for turbulent intensity is calculated as
I, =0.16Re™® and Re=pu d,/uis Reynolds number, and dissipation rate &=c;"°k"*/(0.07d,).
The Neumann boundary condition is defined for pressure op /on=0Pa/m. The SEN a, and billet width
d, are used for rescaling the casting velocity to maintain a constant flux. The boundary conditions at

the free surface are
ou /on=0s"; u,=u,=0s™; dT/on=0K/m; oC/on=0m™; dp/on=0Pa/m;
ok /on=0m/s®; Oglon=0m/s’
The boundary conditions on the outlet are
ou/on=0s"; oT/on=0K/m; oC/on=0m™"; p=0Pa; _ ©)
ok /on=0m/s*; 0Og/on=0m/s’

The boundary conditions on the moving walls are
u,=u,=0mfs; u =u,; q,=h,(T-T,); oC/on=0 m™; op/on=0Pa/m;

k=0, &=2uk,/(py*)
The heat flux g, . is calculated as a combination of heat transfer coefficient h_, , which is set to 2000
W/(m? K) at the mould and to 800 W/(m? K) at the secondary cooling system and temperature of the

(10)
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cooling water T, set to 293 K. Turbulent kinetic energy is k, and y is the normal distance to the
nearest domain node from the boundary.

5. Results

The concentration fields (C/Co) are presented for four different casting temperatures at vertical and
horizontal cross-sections. The vertical cross-section is shown for an x-y plane in the middle of the billet,
and the horizontal cross-section is presented for an x-z plane at the height of 0.19 m. The casting
temperatures under observation are 1505°C, 1515°C, 1525°C, and 1535°C. The concentration field is
shown in figure 2 and shows that lower casting temperatures result in a more homogeneous
concentration field. In general, the concentration in the totally fluid part is close to the nominal
concentration. In the mushy region, the concentration is elevated. The most notable differences in the
concentration fields can be observed in the totally solid region.

T71.20

1.5

1.10

1.05

y [m]

S
1003

0.95

Figure 2.
0.90 Comparison of
concentration fields
for different casting
temperatures:  a)
0.85 1505°C, b) 1515°C,
c) 1525°C, and d)
1535°C, for a

_ A 6,80 vertical Cross-
0.00 0.09 0.18 ' section at the centre
(a) x [m] (b) (c) (d) of the billet.

Next, the horizontal cross-section placed at y=0.19m is presented in figure 3. Graphs for all

temperatures confirm the observation from vertical cross-sections, where the concentration in the totally
liquid region at the centre of the billet is close to the nominal concentration. In contrast, the concentration
in the mushy zone is depleted. The solidified edges show the most significant difference between the
concentration fields.
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Figure 3. Comparison of concentration fields for different casting temperatures: a) 1505°C, b)
1515°C, ¢) 1525°C, and d) 1535°C, for a horizontal cross-section at 0.19 m, casting velocity 1.6
m/min and SEN depth 0.12 m. The green line presents a solidus temperature of 1400°C.

The concentration is then compared for different casting temperatures (1505°C, 1515°C, 1525°C,
and 1535°C at SEN depth 0.12 m and u, =1.6 m/min) in figure 4 and for different casting velocities
(1.5 m/min,1.6 m/min and 1.7 m/min at SEN depth 0.12 m and T, =1525°C) and different SEN depths
(0.10 m, 0.12 m, and 0.13 m at u_, =1.6 m/min and T_, =1525°C) in figure 5, both at cross-section
y=0.19mand z=0.09 m. The concentration in the liquid is enriched in all of the calculated examples.

In the mushy and solid part, the concentration is first depleted, then enriched and again depleted. Higher
casting temperatures result in a lower concentration near the boundary.

— Tcast =1505°C
=== Teast=1515°C
== Tcast = 1525°C
----- Teast = 1535°C

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
X [m]

Figure 4. Comparison of concentration cross-sections for different casting temperatures.
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Figure 5. Comparison of concentration cross-sections for different casting velocities and SEN depths.

Figure 6 presents temperature fields at horizontal cross-section y =0.19 m for four different casting

temperatures. Higher casting temperatures return higher overall temperatures, which is most visible at
the centre of the billet. At the boundary, higher temperature gradients result in a higher concentration
differences.

0.180

g
2
@
1440 3
Q
£
k]

0'0%(.)000 0.045 0.090 0.135 0.180
(@) X [m] (b) (© )

Figure 6. Comparison of temperature fields for different casting temperatures: a) 1505°C, b) 1515°C,
¢) 1525°C, and d) 1535°C, for a horizontal cross-section at 0.19 m, casting velocity 1.6 m/min and
SEN depth 0.12 m.

The velocity field at horizontal cross-section y =0.19m is presented next. Figure 7 shows velocity

magnitude fields for different casting temperatures. Higher casting temperatures result in marginaly
higher velocities, which can be visible in the centre of the billet. At the boundary, velocities are constant
and equal to casting velocity.

)]

000 0.045 D([JQC]J 0.135 0180

Figure 7. Comparison of velocity magnitude fields for different casting temperatures: a) 1505°C, b)
1515°C, c¢) 1525°C, and d) 1535°C, for a horizontal cross-section at 0.19 m, casting velocity 1.6
m/min and SEN depth 0.12 m.
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The horizontal cross-section at y=0.19m and z=0.09 m of velocity magnitude is shown in figure

8. The effect of casting temperature on velocity is negligible. We can observe small increase in the
velocity with increasing casting temperature, however the differences are very small. A more
pronounced effect can be seen when changing the casting velocity and SEN depth. The increase in SEN
depth has similar effect as the increase in casting velocity, both of which result in slight increase of
velocity magnitude in the centre of the billet.

- Ay —— Teast = 1505°C

E 061 ‘ m== Tess=1515°C

'qg) ——— Tcast = 15250(:

‘bén 0.4 R AN/ AN (.. (S [ I Tcast = 15350C

E SEN =0.10m

2 — = SEN=0.13m

5 0.2 1 ;

TO) - VCBSf - O.].Smf‘mln

> 00 ] Veast = 0.17m/min
0.00 0.05 0.10 0.15

X [m]

Figure 8. Comparison of velocity magnitude cross-sections for different casting temperatures,
velocities and SEN depths.

Temperature cross-sections at y=0.19m and z=0.09 m are presented in figure 9. Lower casting

temperatures result in lower overall temperature in the central part of the billet. The change in central
temperature at this cross-section due to the change in casting velocity is small. Bigger differncs can be
observed due to the change in the SEN depth.

1500 - EEEsiy, —— T,ast=1505°C
_—— Tcast = 1515OC

1400 — = Teast = 1525°C
SO IR N S S B T AR Teast = 1535°C
= 1300 cast
= SEN =0.10m
g' == Vcast = O.lSmfmiIl
= 1100 Vcast = 0.17m/min

1000

0.00 0.05 0.10 0.15
X [m]

Figure 9. Comparison of temperature cross-sections for different casting temperatures, velocities and
SEN depths.

This parametric study of our numerical model shows that the increase or decrease in the casting
temperature has a more significant effect on the final solidification than the changes in the casting
velocity or SEN depth.
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6. Conclusions

The present study presents the macrosegregation in a 3D continuous casting mould solved with
LRBFCM. The numerical example is evaluated for the Low-Re k-epsilon turbulence model. The results,
calculated on 7-noded local subdomains with MQ RBFs, show a successful application of the RANS
model for predicting macrosegregation in the 3D example of the CC of steel. Although lower casting
temperatures result in a more homogenous concentration, slightly higher casting temperatures are used
in real-life casting due to technological difficulties. The simulations will be compared with 3D LES
model in the perspective paper [19].
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