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The thicknesses of mold flux film and air gap are significant factors that affect the high-
efficiency heat transfer, the strand lubrication and mold taper design of billet ultra-high
speed continuous casting mold. Therefore, this paper established the three-dimensional
fluid flow, heat transfer and solidification model, interfacial heat transfer model and two-
dimensional stress-strain model to conduct multiphysics modeling. Thereby the thickness
distributions of liquid slag, solid slag and air gap in the ultra-high speed billet continuous
casting mold were obtained, and analyzing the effects of melting temperature of mold flux
and mold taper. The results indicate that the thicknesses of liquid slag and solid slag
increase and decrease respectively along the casting direction, and air gap mainly
concentrates near the mold corner. The maximum thicknesses of liquid slag, air gap,
and solid slag at the mold outlet are respectively 0.18 mm at the center of the strand
surface (x = 0mm), 0.28 mm at the strand corner (x = 80mm) and 0.67 mm at x = 74mm.
The lower melting temperature of mold flux, the greater the liquid slag thicknesses and
ascend from 0.14 to 0.18 mm, and conversely the maximum air gap thicknesses descend
from 0.31 to 0.28 mm and existing ranges also get smaller, which is more favorable for the
strand lubrication. To eliminate the air gap, the appropriate linear mold taper is 0.45% m−1

at the 6.5 m/min in casting speed.

Keywords: fluid flow, heat transfer, thermal-mechanical coupling, air gap, mold flux film, ultra-high speed
continuous casting

1 INTRODUCTION

Nowadays, ultra-high speed continuous casting (UHSCC) has become one of the important
tendencies in the development of billet continuous casting, and (Yang et al., 2020) has shown
that it is the guarantee for further decreasing cost, improving efficiency and continuous casting and
rolling. However, the casting speed of conventional billet continuous casting production is about 3 to
4 m/min, while ultra-high casting speed can reach 6.5 m/min or even higher. For realizing the
UHSCC, the high-efficiency heat transfer of the mold must be ensured, because (Brimacombe and
Sorimachi, 1977) and (Mahapatra et al., 1991) have illustrated that surface and subsurface cracks,
longitudinal cracks and even breakout are directly related to it, and then will affect the production of
the high-quality strand. Among several factors influencing the high-efficiency heat transfer, the
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thickness distributions of mold flux film and air gap between the
solidified strand and mold copper plate are fairly significant to
fulfil the strong and uniform cooling of molten steel, well
lubrication of the strand in the mold and mold taper design
etc. Nevertheless, there is a relative lack of investigation about this
aspect in the billet continuous casting, especially for the UHSCC.

Based on the facts that (Yang et al., 2020) investigated the
flowing behavior of mold flux under different casting speed
(Mills, 2016a), and (Mills, 2016b) analyzed the structures and
properties of different mold fluxes used in continuous casting,
and (Niu et al., 2021) designed the mold taper of slab mold, it is
found that the thickness distributions of mold flux film and air
gap in the mold are not only affected by casting speed, physical
properties of mold flux and mold taper and so on, and but also
involve the thermal-mechanical behaviors of the strand and
mold. However, owing to harsh environment and shorting
advanced detective means, the distributions of mold flux film
and air gap in the mold can hardly be obtain by real-time
measurement. As a result, numerical simulation has become
the predominant method used to study these phenomena. In
the earlier stage, for investigating easily the heat transfer and
solidification behavior of molten steel as well as the mechanical
behavior of the solidified shell in the mold, researchers treated
simply mold flux film and air gap in different ways (Jing and Cai,
2000). directly ignored the role of mold flux and analyzed the
distribution of temperature, heat flow and air gap during the
solidification through the thermal-mechanical coupling (Wang
and He, 2001). did not consider the distribution of mold flux as
well, and then chose the empirical heat flux calculation formula as
the boundary condition and loaded it on the surface of the strand
and hot face of mold to study the effect of mold taper on strain of
the solidified shell. While (Schwerdtfeger et al., 1998) adopted a
constant heat transfer coefficient to replace the function of mold
flux to describe the heat transfer between the solidified strand and
mold copper plate. Obviously, these ways in which the existence
of mold flux film is ignored directly or equivalently substituted
are inconsistent with the real condition.

In order to consider the impact of mold flux film on heat
transfer (Han et al., 1999), regarded it as a fixed thickness to
conduct the thermal-mechanical coupling simulation of the
solidification process of molten steel in the slab mold.
Nevertheless, Investigations on slag infiltration, which (Zhang
and Wang, 2017) and (Ji et al., 2021) had conducted, have shown
that the thicknesses of liquid slag and solid slag present the
changing situation along the casting direction, and so the
abovementioned research still exists limitation (Meng and
Thomas, 2003). had gained the changing distribution of mold
flux film along the casting direction via established the interfacial
heat transfer model based on the conservation of mass and
momentum in the mold flux channel between the strand and
mold copper plate, and then used it to carry out the simulation of
heat transfer and solidification of molten steel and mold taper
design etc. In this model, the thickness of mold flux film only
varies at the casting direction, while along the circumferential
direction of the mold it is still regarded as uniform distribution.
However, in the actual continuous casting process, the
temperature and contraction of the strand in the mold are

dynamic, and the resulting distributions of mold flux film in
the circumferential and casting two directions are also varying. In
addition, these models do not all distinguish liquid slag and solid
slag formed during the solidification process of mold flux, and
meanwhile the air gap caused by the contraction of the solidified
shell is not considered as well in detail.

Therefore, for obtaining accurately the thickness distributions
of liquid slag, solid slag and air gap in the mold, lots of thermal-
mechanical models were developed (Saraswat et al., 2007).
predicted the thickness variations of liquid slag layer, solid
slag layer and air gap in 120 mm × 120 mm billet mold based
on the established two-dimensional (2D) stress-strain slice model
of the solidified shell (Cai and Zhu, 2011a). used the similar
model to obtain the shrinkage of the solidified shell and the
thicknesses of liquid slag, solid slag and air gap in the slab mold.
While through the established three-dimensional (3D) stress-
strain model (Niu et al., 2019), fully considered the effect of the
shrinkage of the solidified shell along the casting direction,
determined the thickness distributions of liquid slag, solid slag
and air gap in the slab mold, and analyzed the influence of narrow
surface mold taper on the thickness of air gap. Although
abovementioned models can determine the thickness
distributions of different slag layers and air gap, they all exist
the deficiency, namely, the way of treating the effect of the
turbulent flowing in liquid region of the strand on the heat
transfer is debatable. These models all choose to enlarge the
thermal conductivity of liquid steel by 7–43 (Saraswat et al., 2007)
times to consider the heat transfer enhancement effect caused by
turbulent flowing. However, due to excessive large range of the
amplifying times, the parameter’s selection is empirical and
uncertain, especially for the UHSCC, and then this will affect
the final results. To solve this problem (Xie et al., 2017), and (Yu
et al., 2017) established the 3D fluid flow, heat transfer and
solidification model to calculate the temperature distribution of
the strand with considering the turbulent flowing, and then
extracted the slice temperature and loaded it into the 2D
stress-strain model to conduct multiphysics modeling. This
research’s shortcomings are that when calculating the
comprehensive thermal resistance between the solidified strand
and mold copper plate, the radiation heat transfer through mold
flux and air gap was not considered carefully, and it did not give
out the distributions of mold flux film and air gap.

Based on the abovementioned analyses, it is known that the
existing researches on the distributions of mold flux film and air
gap between the solidified strand and mold copper plate are
mainly focused on the slab and little involves the billet. Moreover,
the detailed reports on the thickness distributions of liquid slag,
solid slag and air gap in billet UHSCC mold are hardly found.
Thus, aiming at the 160 mm × 160 mm cross-section billet, this
paper established the 3D fluid flow, heat transfer and
solidification model to consider the effect of turbulent flowing
on heat transfer, the interfacial heat transfer model between the
solidified strand and copper plate in which the radiation heat
transfer is considered in detail, and the 2D stress-strain model of
the strand. On the base of these models, the thickness
distributions of liquid slag, solid slag and air gap in the billet
UHSCC mold were gained via multiphysics modeling, and the
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effects of melting temperature of mold flux and mold taper were
also analyzed. This is of great significance for realizing high-
efficiency heat transfer in the UHSCC mold, well lubrication of
the strand in the mold and mold taper design.

2 MATHEMATICAL DESCRIPTION

As shown in Figure 1, the multiphysics modeling, which consists
of the 3D fluid flow, heat transfer and solidification model, the
interfacial heat transfer model and the 2D stress-strain model,
were conducted by the sequential coupling method. The detailed
procedures are as follows.

Firstly, according to the initial conditions, the 3D fluid flow,
heat transfer and solidification model was used to simulate and
obtain the temperature distribution of the solidified strand in
the mold. Secondly, along the casting direction of the strand,
several temperature slices were extracted and loaded
sequentially into the 2D stress-strain model of the solidified
shell as the thermal load. Subsequently, the mathematical
simulation of thermal-mechanical coupling was carried out to
get the shrinkage of the solidified shell. Thirdly, based on the
temperature and heat flow obtained in the first step and the
shrinkage at the second step, the thickness distributions of
liquid slag doldliq , solid slag doldsol and air gap doldair between the
solidified strand and mold were solved by the interfacial heat
transfer model. Fourthly, three kinds of thicknesses were
transformed into the comprehensive thermal resistance, and
then it was compiled to the 3D fluid flow, heat transfer and
solidification model through UDF (User Defined Function) to
recalculate and obtain the new temperature distribution of the
solidified strand. Fifthly, on the base of new temperature field,
performing again steps 2 and 3 were performed again to get the
new thicknesses of liquid slag dnewliq , solid slag dnewsol and air gap

dnewair . Sixthly, if the relation between the new and previous
thicknesses satisfied Eqs. 1–3, which were adopted by (Xie
et al., 2017) and (Li and Thomas, 2004), the overall
computation would be regarded to be convergent and ended,
and meanwhile the new thicknesses are namely the required. On
the contrary, if not, steps 1–6 will be repeated until convergence.�������������∑(dold

liq − dnew
liq )2√ ��������∑(dnew

liq )2√ < 0.01 (1)
�������������∑(dold

sol − dnew
sol )2√ ��������∑(dnew

sol )2√ < 0.01 (2)
�������������∑(dold

air − dnew
air )2√

��������∑(dnew
air )2√ 2 < 0.01 (3)

2.1 Three-Dimensional Fluid Flow and Heat
Transfer Model
2.1.1 Assumptions
(1) The molten steel and water are assumed to be the

incompressible Newtonian fluid.
(2) The arc structure and oscillation of mold are neglected.
(3) The mold coating is neglected due to its low thickness.
(4) According to the symmetry, the 1/4 model is chosen.

FIGURE 1 | Schematic diagram of multiphysics modeling in billet mold,
(A) computational domain of mold, (B) 1/4 transverse section of slice model.

FIGURE 2 | Geometry model and computational grid of billet mold. (A)
front view, (B) top view, (C) meshing.
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2.1.2 Mold Domain and Meshing
Figures 2A,B show the 3D fluid flow, heat transfer and
solidification geometry model of billet mold, which includes
molten steel, mold copper tube and cooling water, and the
relevant parameters of mold are listed in Table 1 in the
Figure 2A, for avoiding the interference of backflow formed at
the mold outlet, the part of molten steel was extended by
1,000 mm. Subsequently, as shown in Figure 2C, the geometry
model was meshed by ANSYS ICEM, and the hexahedral grid was
selected. During meshing, the maximum mesh size of molten
steel was set 4 mm in the mold, and its extension section was
5 mm. In addition, along the circumferential direction of the
billet, the local grid size of the 10 mm thickness that is away from
the strand surface was refined to 1 mm.While mesh sizes of mold
copper tube and cooling water were set 2 and 1 mm respectively.
The total number of meshes is about 1 million.

2.1.3 Thermal-Physical Properties
Thematerials involved in this model include molten steel, copper,
water, mold flux and air. The thermal-physical parameters of
copper tube and cooling water adopted the data from the study of
(Cai and Zhu, 2011b). And the parameters of mold flux, air gap
and Q235 steel (Cwt, % = 0.15) were listed in Table 2.

2.1.4 Governing Equations and Boundary Conditions
In the 3D mathematical model, the transient flow, heat transfer
and solidification of molten steel in billet need to be simulated.
Therefore, the governing equations mainly contains continuity
equation, momentum equation, standard k-ε equation and energy
equation. The detailed description could be found in the works of
(Wu et al., 2020) and (Chen et al., 2018).

For boundary conditions of mathematical simulation, the inlet
of molten steel was set up to velocity-inlet and its velocity could
be calculated via mass conversation, and the temperature of inlet
was pouring temperature 1808 K. Similarly, the velocity and
temperature of cooling water at the inlet were respectively
12 m/min and 300 K. The abovementioned both at the outlet
were set up as pressure-outlet used by (Chaudhary et al., 2008).
The surface of molten steel in the billet mold was set up to the
specified shear and thermal isolation. The both interfaces of
molten steel/hot face of mold copper tube as well as cold face
of mold copper tube/cooling water were set up to the coupled
interface. Subsequently, the comprehensive thermal resistance,
which contains the effects of mold flux film and air gap, was
loaded into the coupled interface through UDF, and this
resistance could be solved in Section 2.2.

2.1.5 Model Solution
The commercial software Fluent 19.2 was adopted in this paper.
In the process of numerical simulation, its solution method was
set up to SIMPLEC, the time step size was 0.01 s, and the number
of time steps was 6,000, namely, the total calculation time was
60 s. With the exception of satisfying the relevant residuals, the
convergence standards still included that the both outlet
temperatures of molten steel and cooling water must keep stable.

2.2 Interfacial Heat Transfer Model
The heat transfer between the solidified strand and mold copper
tube in the billet continuous casting mold is considerably
complicated. In the upper part of mold where the surface

TABLE 1 | Parameters of billet mold.

Parameters Value

Mold section 160 mm × 160 mm
Mold length 1,000 mm
Mold effective length 900 mm
Mold thickness 14 mm
Extension of domain 1,000 mm
Mold taper 0% m−1, 0.25% m−1, 0.45% m−1

Inner diameter of SEN 40 mm
Outer diameter of SEN 90 mm
Submergence depth of SEN 120 mm
Casting speed 6.5 m/min
Superheat temperature 15 K
Water temperature 300 K
Pressure inlet 1 atm
Water velocity 12 m/s

TABLE 2 | Material physical properties.

Parameters Q235 steel

Liquidus temperature, K 1793
Solidus temperature, K 1748
Density, kg/m3 7,200
Heat capacity, J/(kg·K) 720
Latent heat, kJ/kg 264,000
Thermal conductivity, W/(m·K) 46
Viscosity, Pa·s 0.0062
Melting temperature of mold flux 1371 K, 1396 K, 1423 K
Thermal conductivity of liquid slag 2 W/(m·K)
Thermal conductivity of solid slag 1.2 W/(m·K)
Thermal conductivity of air 0.1 W/(m·K)
Emissivity of shell 0.8
Emissivity of mold 0.8

FIGURE 3 | Schematic diagram of interfacial heat transfer modes in
billet mold.
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temperature of the strand is larger than the melting temperature
of mold flux, consequently, the gap caused by the shrinkage of the
solidified shell will be filled with liquid slag and solid slag. As the
strand moves downwards along the casting direction, its overall
temperature also decreases continually. When the surface
temperature of the strand is lower than the melting
temperature of mold flux, the liquid slag will disappear and
absolutely turn into the solid slag. As a result, the gap cannot
be filled with mold flux, and the resulting air gap will start to
appear and become large gradually. Accordingly, the interfacial
heat transfer modes between the solidified shell and mold can be
divided into two types, as shown in Figure 3.

Based on the abovementioned analysis, the corresponding
interfacial heat transfer model was established, and some
assumptions were given out for simplifying the computation.

(1) The difference between glassy slag phase and crystal slag
phase was not considered, and both of them were regarded as
the solid slag.

(2) Ignoring the slight solidification deformation of mold flux,
and treating it as the interface thermal resistance.

(3) The status and distribution of mold flux are affected by the
surface temperatures of the strand and copper tube’s hot face,
itself melting temperature and the gap thickness between the
solidified strand and mold copper tube.

(4) The liquid slag has a well fluidity, as a result, the gap between
the solidified shell and mold will be full mold flux as long as
liquid slag exists. Conversely, the air gap will appear at the
location where liquid slag disappears.

(Zappulla et al., 2020) and (Wang et al., 2016) thought that the
behavior of heat transfer from the solidified strand to mold
copper tube consists of two parallel contributions, heat
conduction and radiation. Therefore, the corresponding heat
flux could be solved by Eq. 4.

q � (hrad+hcond)(Tshell−Tmold) (4)
The comprehensive thermal resistance R in the coupling

interface between the solidified strand and hot face of mold
copper tube is:

R � 1/(hrad+hcond) (5)
The heat transfer coefficient of radiation, hrad, is as follows.

hrad� σSB( 1
εshell

+ 1
εmold

−1) (Tshell+Tmold)(T2
shell + T2

mold) (6)

Where, the Stefan-Boltzmann, σSB = 5.67 × 10–8 W/(m2·K4). εshell
and εmold are surface emissivity of the solidified strand and copper
tube’s hot face. Tshell and Tmold are the temperatures, K. Tx is the
interfacial temperature betweenmold tube and solid slag or air, K.

The heat transfer coefficient of heat conduction, hcond can be
solved by Eq. 7.

1
hcond

� Rint+ dliq

kliq
+ dsol

ksol
+ dair

kair
(7)

Where, Rint is the interfacial thermal resistance between mold
tube’s hot face and solid slag or air, and can be gotten by Eq. 8
introduced by (Yamauchi et al., 2002). dliq, dsol, and dair are the
thicknesses of liquid slag, solid slag and air gap, respectively, m,
which can be solved via Eqs. 9–11. kliq, ksol, and kair are the
corresponding thermal conductivities, W/(m·K).

Rint� (96014Tsol−9604.3)2×10−11 (8)
dliq� kliq(Tshell − Tmelt)

q
(9)

dsol� ksol(Tmelt−Tmold

q
−Rint) (10)

dgap� dliq+dsol+dair (11)
Where, q is the interfacial heat flux between the solidified shell
and mold, and obtained in Section 2.1, W/m2. Tmelt is the melting
temperature of mold flux, K. dgap is the shrinkage gap between the
solidified shell and mold copper tube, m, and calculated by the
stress-strain model in Section 2.3. The specific parameters for
mold flux and air were listed in Table 2.

In this model, the initial thickness of solid slag adopted
0.15 mm provided by (Yamauchi et al., 2002). Moreover,
according to the formula that (Saraswat et al., 2007) has
explained, the initial thickness of liquid slag thickness in this
paper was 0.04 mm. While the initial surface temperatures of the
strand and copper tube’s hot face were 1273 and 500 K,
respectively.

2.3 Two-Dimensional Stress-Strain Model
In Section 2.2, it can be seen that the thicknesses of liquid slag,
solid slag and air gap depends on the shrinkage gap, dgap. Thus,
this paper set up a 2D stress-strain slice model, which consists of
the solidified shell and mold copper tube, was set up to conduct
the thermal-mechanical simulation, as shown in Figure 1B.
Moreover, in order to deal with the complexity of thermal-
mechanical coupling in this model, the following assumptions
have been given out.

(1) In the 2D model, plane strain was chosen to carry out the
thermal-mechanical simulation.

(2) Ignoring the mold deformation, consequently, mold copper
tube and the solidified shell were set up to the rigid and
deformable body, respectively.

(3) The friction between the solidified strand and mold copper
tube was not considered.

2.3.1 Elastic-Viscoplastic Model
(Zappulla et al., 2020) have illustrated that the total strain rate due
to heat transfer, solidification and contraction of the solidified
shell can be divided into three parts in the actual continuous
casting mold, as shown in Eq. 12.

_ε � _εel + _εth + _εie (12)
Where, _εel, _εth, and _εie are the elastic, thermal and inelastic strain
rates respectively.
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The stress and strain rates are described by the constitutive
Eq. 13.

_σ � D : (ε − _εie − _εth) (13)
Where, “:” represents the inner product of tensors. D is the
fourth-order isotropic elasticity tensor, as given by (Koric and
Thomas, 2008), and obtained by equation (14).

D � 2μ I + [kB − 2
3
μ]I ⊗ I (14)

Where, μ and kB are the temperature-dependent shear modulus
and bulk modulus, respectively. I and I are, respectively, the
fourth and second order metric tensors. ⊗ is outer product of
tensors.

The thermal strain caused by volume change owing to
temperature change and phase transformation is shown in Eq. 15.

(εth)ij � ∫ T

T0

α(T)dTδij (15)

Where, α is the temperature-dependent thermal expansion
coefficient. T0 is reference temperature, K. δij is the Kronecker
delta function.

Inelastic strain contains rate-independent plastic strain and
time-dependent creep. Creep is very important in the process of
high temperature solidification, but it cannot be distinguished
from the plastic strain, as described by (Li and Thomas, 2004).
Herein, the inelastic strain rate was defined by a unified formula,
namely, a single internal variable that (Anand, 1982) had
proposed, and equivalent inelastic strain �εie, was used to
characterize the microstructure. For the solidification process
of molten steel, the equivalent inelastic strain rate _�εie is a
function of equivalent stress �σ, temperature T, equivalent
inelastic strain _�εie and carbon content %C of steel grade, as
shown in Eqs. 16, 17.

_�εie � f (�σ,T, �εie,%C) (16)
�σ �

������
3
2
σ ij
′ σ ′

ij

√
(17)

Where, σ ’ is a deviatoric stress defined by Eq. 18

σ ′� σ ij− 13 σkkδij (18)

The Q235 steel used in this paper was assumed to be isotropic
hardening. Therefore, von Mises loading surface, relevant
plasticity and the normal assumption in Prandtl-Reuss flow
law were adopted. Thus, the inelastic strain rate could be
calculated by Eq. 19.

( _εie)ij � 3
2
_�εie
σ′ij
�σ

(19)

2.3.2 Boundary Conditions and Loads
The strand in the model mainly suffer the combined action of
thermal stress and ferrostatic pressure, and the corresponding
boundary conditions and loads are as follows.

(1) The initial temperature was the pouring temperature
1808 K, and was set up to the predefined field of initial
analysis step.

(2) Along the casting direction of the strand, several temperature
slices, which were obtained in Section 2.1, were extracted and
set sequentially up to the predefined field of each
analysis step.

(3) The ferrostatic pressure was loaded on the solidification
front via the user-subroutine in the way of uniform
distribution along the circumferential direction of the
strand, and it could be calculated by Eq. 20. In this
paper, the solid fraction of 0.85 was selected as the
solidification front, as explained by (Liu et al., 2013).

P � ρsteelgh (20)
Where, P is the ferrostatic pressure, Pa. ρsteel is the density of
molten steel, kg/m3 g is gravitational acceleration, m/s2. h is the
distance from the meniscus, m.

(4) The normal interaction between the solidified strand and
mold copper tube was set up to “hard” contact, as a result,
both of them could be separated after solidification and
shrinkage of the strand.

(5) The detailed boundary conditions of the strand and copper
tube are as follows.

X-axis direction’s symmetry face of the strand is U2 = UR1 =
UR3 = 0.

Y-axis direction’s symmetry face of the strand is U1 = UR2 =
UR3 = 0.

Reference point of mold copper tube is U1 = U2 = U3 =
UR1 = UR2 = UR3 = 0.
Where, U1, U2, and U3 are the displacements along the x, y,
and z axis, respectively. UR1, UR2 and UR3 are the radians of
rotation around the x, y, and z axis, respectively.

FIGURE 4 | Elastic modulus and Poisson’s ratio of Q235 at different
temperatures.
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2.3.3 High-Temperature Mechanical Property
The computational results of the model were affected
significantly by the high-temperature mechanical properties
of steel grade. In this paper, the relevant parameters of Q235
(C(wt, %) = 0.15) mainly were obtained by the trial
measurements. To some higher temperature that the
experimental condition cannot achieve, such as mushy zone
or even higher, the corresponding data could be gotten though
the empirical formulas in the literatures.

2.3.3.1 Elastic Modulus and Poisson’s Ratio
Figure 4 shows the elastic modulus E and Poisson’s ratio ]. Below
the solidus temperature, the elastic modulus could be obtained by
the measured stress-strain curves at different temperatures. In the
liquid region, this paper adopted the method proposed by
(Friedman, 1975) and (Tszeng and Kobayashi, 1989). While in
the mushy zone, the Eq. 21 proposed by (Tszeng and Kobayashi,
1989) was used to calculate the elastic modulus.

E �
(f S−f ZST)ES+(1 − f S)EZST

1 − f ZST
f ZST ≤ f S ≤ 1

EZST f S ≤ f ZST

⎧⎪⎪⎨⎪⎪⎩ (21)

Where, fS is the solid fraction. fZST is the solid fraction at zero
strength temperature, and fZST = 0.8, as used by (Xie et al., 2017).
ES and EZST the elastic modulus at the solidus temperature and
zero strength temperature, MPa, and EZST = 1MPa.

The Poission’s ratio in solid region was calculated via the
regression Eq. 22 proposed by (Uehara, 1983). In the mushy
zone, Eq. 23 was adopted. Above the liquidus temperature,
Poission’s ratio approached 0.5 according to the generalized
Hook’s Law, and choosing 0.499 in this paper.

ν � 0.258 + 8.23×10−5T (22)

ν �
(f S−f ZST)νS+(1 − f S)νZST

1 − f ZST
f ZST ≤ f S ≤ 1

νZST f S ≤ f ZST

⎧⎪⎪⎨⎪⎪⎩ (23)

Where, ]S and ]ZST are the Poission’s ratio at solidus temperature
and zero strength temperature, respectively.

2.3.3.2 Thermal Expansion Coefficient
The curves of thermal expansion coefficient α at different
temperatures are shown into Figure 5.

Eq. 24 describes the thermal linear expansion of material.

TLE �
������
ρ(Tref )
ρ(T)

3

√
−1 (24)

Where, ρ(T) is the density that varies with temperature, kg/m3,
and obtained by software JMatPro according to the composition
of steel grade.

The thermal strain of material is solved by Eq. 25 in the
commercial software ABAQUS.

εth � α(T)(T − Tref )−α(T0−Tref ) (25)
Where, Tref is the reference temperature, K, namely, the
temperature corresponding to solid fraction of 0.85 in this
paper. T0 is the initial temperature, K. α(T) is thermal
expansion coefficient and obtained by Eq. 26.

α(T) � TLE(Tref )−TLE(T)
Tref−T (26)

2.3.3.3 Yield Stress-Plastic Strain
The engineering stress-strain curves at different temperatures
were measured by high-temperature tensile tests. Subsequently,

FIGURE 5 | Expansion coefficient alpha of Q235 at different
temperatures.

FIGURE 6 | Relationships between yield stress and plastic strain of
Q235 at different temperatures.
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the data applicable to ABAQUS in Figure 6 was calculated by
Eqs. 27–29. When the temperature is higher than the solidus,
setting up the yield stress to 0.01 MPa to eliminate the stress in the
liquid phase and mushy zone.

σ true � σeng(1 + εeng) (27)
εtrue � ln(1 + εeng) (28)
εp � εtrue− σ true/E (29)

2.3.4 Calculation Strategy
The 2D stress-strain slice model of the solidified shell in the billet
continuous casting mold was solved by the commercial software
ABAQUS 6.14. The slice was meshed by adopting the tetrahedral
structured grid, and total grids are 6,400. While the element type
was set up to CPE4RH (standard, linear, hybrid formulation and
reduced integration) in the process of finite element simulation.
Moreover, 11 analysis steps were established to realize the
movement of the strand from the meniscus of mold to its
outlet. For the solution method, the static and general was
chosen with the nonlinear effect of large deformation or
displacement.

3 MODEL VERIFICATION

Owing to the lack of relevant data of the billet UHSCC at present,
it is very difficult to verify directly the accuracy of model at the
casting speed of 6.5 m/min. Therefore, in this paper, the results of
3.0 m/min casting speed that were computed via using the
abovementioned multiphysics were compared with the known
data at the conventional casting speed in the literatures to achieve
the model verification. Through the model of this paper, the
thickness of the solidified shell and temperature of mold copper

tube at the 3.0 m/min in casting speed were obtained, and then
compared with the existing literatures’ data and measured values
under the similar working conditions. The detailed are as follows.

3.1 Thickness of Solidified Shell
Figure 7 displays the comparison of thicknesses of the solidified
shell along the central line of the strand surface, which consists of
several kinds of results from model prediction, the literatures,
calculated by square root formula and measured. It can be seen
that the shell thickness of model prediction in the upper part of
mold is in good agreement with the results of (Saraswat et al.,
2007). The square root formula on the solidification of molten
steel has been widely used to predict the solidified shell’s thickness
in the continuous casting. For the solidification coefficient of
billet (Bernhard et al., 2013), chose 16–22 mm/min0.5. In order to
ensure the shell thickness as much as possible and avoid the
breakouts, the coefficient of 22 mm/min0.5 was chosen to
calculate the shell thickness, and then compared with the
model prediction’s. Results indicates that both of tendencies
are similar, at the initial stage of mold, molten steel solidifies
rapidly, and then the solidification rate gradually slows down
along the casting direction, finally, both get consistent at the mold
outlet. In addition, the shell thickness at the mold outlet obtained
by measuring the breakout strand of a certain steel plant was
compared and verified with model prediction’s, and the
difference is less than 0.5 mm, which meets the requirements.

3.2 Temperature of Mold Copper Tube
The temperatures at the hot and cold faces of the mold copper
tube which are respectively from model prediction and the
literatures were plotted into Figure 8. In Figure 8A, the
changing tendency of temperature of mold copper tube’s hot
face calculated by the model is the same as the results of (Chow
et al., 2013). Beginning from the meniscus, the temperature firstly
increases and then decreases along the casting direction, and both
of them exist a maximum temperature about 50 mm below the
meniscus. Moreover, at the part of 50–700 mm below the

FIGURE 7 | Comparison of shell thickness between model prediction
and literatures.

FIGURE 8 | Temperature comparison of mold copper plate, (A) hot face,
(B) cold face.
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meniscus of mold, the temperature’s variation of hot face is in
consistent with the results of (Saraswat et al., 2007), and both
decrease slowly. About the comparison results of temperature of
the cold face in Figure 8B, the results of model prediction are
agreement with Pinherio et al.’s. While below the 200 mm from
meniscus of the mold, the calculated temperatures of cold face are
consistent with the results of (Wu et al., 2020), especially near the
mold outlet, both of them exist the temperature recovery
phenomenon.

In the abovementioned comparisons, although the specific
data are not completely same due to the difference of the cross-
sections and casting speeds between the literatures and this paper,
the overall variation tendencies are consistent well. Therefore,
this indirectly verifies the accuracy of the model in this paper, and
it is feasible to determine the thicknesses of liquid slag, solid slag
and air gap through the model.

4 RESULTS AND DISCUSSION

4.1 Thickness Distributions at Ultra-High
Casting Speed
The thickness distributions of liquid slag, solid slag and air gap in
the billet mold under the UHSCC of 6.5 m/min calculated by the
above method were plotted into Figure 9, when melting
temperature of mold flux is 1371 K and mold taper is 0%m−1.
In this paper, casting direction is regarded as z-coordinate, and
z = 0 mm and z = 900 mm represents respectively the meniscus
and outlet of mold. While transverse direction of the1/4 strand is
the x-coordinate, and x = 0 mm and x = 80 mm represent
respectively the center and corner of the strand surface. As
shown in Figure 9A, the initial thickness of liquid slag is
about 0.25–0.27 mm, and then it presents a descending
tendency along the casting direction, and the liquid slag’s
thickness at the outlet of mold is 0.18 mm at x = 0 mm. Along
the transverse direction of the strand, the liquid slag’s thickness
decreases slowly from x = 0 mm to x = 62 mm.While in the range
of x = 62 mm to x = 80 mm, due to the 2D cooling near the mold
corner, the surface temperature of the strand declines rapidly to
the melting temperature of mold flux, and thereby cause that the
liquid slag’s thickness gets thin sharply until it disappears. At x =

80 mm, the position where the liquid slag disappear is at z =
416 mm. In addition, at the about x = 78 mm and along the
casting direction. it can be found that the thickness of liquid slag
firstly gets continually small and becomes 0 mm at z = 530 mm,
subsequently, it reappears at z = 760 mm and increases gradually
to about 0.037 mm at the mold outlet. This is because the thermal
resistance gets large when the existence of air gap at the corner,
and the resulting heat transfer from the solidified shell to mold
copper tube becomes weak. As a result, the surface temperature of
the strand will rise again above the melting temperature of mold
flux, and furtherly resulting in the remelting of solid slag to form
the liquid slag.

Contrary to the variation of the liquid slag’s thickness, along
the casting direction the solid slag’s increases from 0.22 to
0.31 mm at x = 0 mm, as shown in Figure 9B. While at the
transverse direction of the strand, at first, the thickness of solid
slag rises slowly and then increases sharply the peak value of
0.67 mm at x = 74 mm, subsequently, begins to decrease rapidly
near the corner. This is mainly because closer to the mold corner
is and the higher cooling strength is, and the resulting solid slag
continuously become thick and its growth rate is also lager and
lager, when the liquid slag exists. However, due to the premature
disappearance of liquid slag caused by the excessive cooling near
the corner, the resulting solid slag will stop growing, together with
its remelting, and then leading the solid slag’s thickness decrease.
According to the thickness distribution of air gap in Figure 9C, it
mainly exists near the corner. Along the casting direction, the air
gap starts to appear at x = 80 mm and z = 420 mm and then
gradually increases, and then achieves the maximum value of
0.28 mm at the outlet of mold. While along the transverse
direction, the air gap near the mold outlet earliest appears at
x = 78 mm.

4.2 Influence of Melting Temperature of
Mold Flux
The melting temperature of mold flux is an important factor
affecting the solidification of liquid slag in the continuous casting
mold, as described by (Kamaraj et al., 2020), which plays a
conclusive role in the thickness distributions of liquid slag,
solid slag and air gap. For illustrating the effect of melting

FIGURE 9 | Thickness distributions of mold flux film and air gap at casting speed of 6.5 m/min. (A) liquid slag, (B) solid slag, (C) air gap.
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temperature at the UHSCC of 6.5 m/min, three kinds of mold
fluxes with melting temperatures of 1371 K, 1396 and 1423 K
were investigated in this paper. Based on the aim of more
intuitively and quantitatively analyzing the results, several
typical positions with x = 0 mm, x = 80 mm and the
maximum thickness of solid slag were selected, and then
extracting the corresponding thicknesses were extracted and
plotted into Figures 10, 11.

For the thickness distributions of liquid slag in Figure 10, at x
= 0 mm, the initial thicknesses of three sorts of mold fluxes with
melting temperatures of 1371 K, 1396 and 1423 K are 0.27, 0.26,
and 0.25 mm respectively, and then gradually decrease along the
casting direction and their downward trends are almost the
same. When reaching the mold outlet, the liquid slag’s
thicknesses of the three kinds of mold fluxes are 0.18, 0.16
,and 0.14 mm, and it is because the solidification time of liquid
slag is advanced with the increase of melting temperature. In
addition, although the overall variation tendencies of three sorts
of liquid slag’s thicknesses are similar, as the melting
temperature goes up, the corresponding thicknesses of liquid
slag become thin, as a result, it will affect the lubrication of the
strand in the billet mold. Therefore, the mold flux with low
melting temperature is recommended to ensure the well
lubrication of the strand in the UHSCC mold. At x = 80 mm
(mold corner), the initial liquid’s slag thicknesses are 0.26, 0.24,
and 0.23 mm, respectively, and then ascending gradually along
the casting direction. However, different from the x = 0 mm,
firstly, the liquid slag’s thicknesses decrease faster, secondly,
they will disappear at a certain mold height, and resulting in the
deterioration of lubrication environment of the strand near the
corner of mold. The liquid slag with melting temperatures of
1371 K, 1396, and 1423 K disappears at z = 396 mm, z =
368 mm, and z = 336 mm respectively, and this indicates that
the higher the solidification temperature is, the earlier the liquid
slag disappears.

In the Figure 11, the initial thicknesses of three sorts of mold
flux at several typical positions all are about 0.22 mm, and then
increases along the casting direction. For the part of about z =
0–340 mm, the upward tendencies of solid slag’s thicknesses at
three typical positions are x = 80 mm > x = 70 mm > x = 0 mm,
which is mainly because the closer to the mold corner, the
higher the cooling efficiency, consequently, the mold flux is
easier to solidify. For the z = 340–900 mm, the solid slag’s
thicknesses of three sorts of mold fluxes with melting
temperatures of 1371, 1396, and 1423 K cannot become
continuously thick due to the disappearance of liquid slag at
x = 80 mm, and will keep constant until the mold outlet where
the thicknesses are 0.44, 0.42, and 0.39 mm, respectively. At x =
74 mm, because of the forever existence of liquid slag and the
stronger cooling effect near the mold corner, the thicknesses of
solid slag rises quickly. In addition, the thicknesses of three
kinds of mold fluxes along the casting direction are basically the
same, there is difference only near the mold outlet, namely, their
thicknesses are 0.67, 0.66, and 0.64 mm, respectively, which
descends with the increase of melting temperature. It is because
the liquid slag’s thickness is thicker and the heat transfer is
stronger at the low melting temperature, consequently, the
strand temperature near the mold outlet will be lower and
the liquid slag will solidify faster. Moreover, the
corresponding shrinkage of the solidified shell will also
increase at this time, which is more conducive to the growth
of solid slag. For x = 0 mm, the thicknesses of the three kinds of
mold fluxes all rise gradually along the casting direction, and all
reaches about 0.31 mm at the mold outlet.

The analysis has shown that the air gap is mainly
concentrated in the corner area at the UHSCC of 6.5 m/
min. Thus, for more intuitively observing the thickness
changing of air gap, some characteristic positions’ data will
be extracted and plotted into Figure 12. It can be found that
the air gap does not exist in the earlier stage of casting

FIGURE 10 | Thicknesses of liquid slag at typical positions with different
melting temperatures of mold flux.

FIGURE 11 | Thicknesses of solid slag at typical positions with different
melting temperatures of mold flux.
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direction. When the liquid slag disappears as well as cannot
continue to fill the gap formed by the shrinkage of the
solidified shell, the air gap just begins to appear, and then
increase continually to the mold outlet, meanwhile, the
maximum air gap thicknesses of the three kinds of mold
fluxes are 0.28, 0.29, and 0.31 mm respectively at x = 80 mm.

On the other hand, the ascending of the melting
temperature will widen the existence range of air gap in the
transverse direction of the strand. The corresponding ranges
are about x = 78–80 mm at 1371 K, x = 77–80 mm at 1396 K
and x = 76–80 mm at 1423 K. These indicate that increasing
the melting temperature of mold flux will not only add the air
gap thickness, but also broaden its existing range, which is

unfavorable to the strong and uniform cooling of the strand in
the UHSCC mold.

4.3 Effect of Mold Taper
The air gap formed between the solidified strand and mold
copper tube has a considerable impact on the heat transfer
behavior in the mold, while mold taper is the most effective
method to eliminate it. Therefore, this paper chose three sorts
of linear mold tapers of 0%, 0.25%, and 0.45% m−1 to study
their effect on the thicknesses of air gap at the casting speed of
6.5 m/min. Based on these, the data of mold corner where the
air gap is maximum was collected and plotted into Figure 13.
In the Figure 13, as the linear mold taper increases from 0%
m−1 to 0.45% m−1 at casting speed of 6.5 m/min, the earliest
appearance positions of air gap move downwards from z =
420 mm to the mold outlet, and the air gap’s thicknesses of
mold corner get thin from 0.28 to 0.0 mm. Thus, to avoid the
appearance of air gap in the billet mold, especially for the
UHSCC required the high-efficiency heat transfer, the
recommended linear mold taper range is 0.45% m−1 at the
casting speeds of 6.5 m/min.

5 CONCLUSION

(1) Under the UHSCC of 6.5 m/min, the overall changing
tendencies of the thicknesses of liquid slag and solid slag
along the casting direction gradually decrease and increase,
respectively. Near the mold corner, the liquid slag will
disappear at z = 530 mm and then reappear at z =
760 mm, while the solid slag exists the maximum value
of 0.67 mm at the mold outlet. The air gap of the mold
corner starts at z = 420 mm and then gradually increases to
0.28 mm.

FIGURE 12 | Thicknesses of air gap at typical positions with different melting temperatures of mold flux. (A) 1371 K, (B) 1396 K, (C) 1423 K.

FIGURE 13 | Air gap thicknesses of mold corner with different mold
tapers at four casting speeds.
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(2) When the melting temperature of mold flux ascends from
1371 to 1423 K, the liquid slag thicknesses of mold outlet at
x = 0 mm decrease from 0.18 to 0.14 mm, and their
disappearance positions are, respectively, z = 396 mm, z =
368 mm and z = 336 mm at x = 80 mm. Thus, the lowmelting
temperature of mold flux is more conducive to the
lubrication of the strand in the UHSCC mold. At x = 80,
the solid slag thicknesses firstly increase to 0.44, 0.42, and
0.39 mm, and then remaining constant. While its maximum
thicknesses are 0.67, 0.66, and 0.64 mm at x = 74 mm and
mold outlet, respectively. At x = 0 mm, three solid slag’s
thicknesses all increase gradually to 0.31 mm. For the air gap,
it will become thick along the casting direction and its
existence range becomes wider, and the maximum
thicknesses of mold outlet are 0.28, 0.29, and 0.31 mm at
x = 80 mm, respectively.

(3) That increasing the mold taper can decrease the air gap’s
thickness obviously. To eliminate the effect of air gap, the
suitable linear mold taper is 0.45% m−1 at the UHSCC of
6.5 m/min.
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