
����������
�������

Citation: Liu, Y.; Qiu, H.; He, Z.; Yu,

Y.; Liu, H. A Study of Physical

Modeling and Mathematical

Modeling on Inclusion Behavior in a

Planar Flow Casting Process. Metals

2022, 12, 606. https://doi.org/

10.3390/met12040606

Academic Editors: Menachem

Bamberger and Nikki Stanford

Received: 27 October 2021

Accepted: 28 March 2022

Published: 31 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

A Study of Physical Modeling and Mathematical Modeling on
Inclusion Behavior in a Planar Flow Casting Process
Yu Liu * , Hao Qiu, Zixu He, Yue Yu and Heping Liu *

Central Iron and Steel Research Institute, Beijing 100081, China; qiuhao_gangyan@163.com (H.Q.);
yuliu2@kth.se (Z.H.); 18622164233@163.com (Y.Y.)
* Correspondence: liuyu_901008@163.com (Y.L.); liuhp07@163.com (H.L.); Tel.: +86-18811794336 (H.L.)

Abstract: Flow pattern and inclusion removal in a novel-designed crucible in the planar flow casting
process were studied in the present paper. A color dye water experiment was used to show the
flow field and validate the mathematical modeling. It was shown that the flow pattern predicted by
the Large Eddy Simulation model is maximally consistent with that in the physical modeling. The
validated mathematical model was used to predict the flow pattern and inclusion behavior in the
crucible with various prototypes using combinations of multiple facilities. The results show that the
flow field, by using the stopper, enhances compared to that using none of the facilities, which causes
the inclusion removal to become even worse when the stopper is individually used. Furthermore,
as the magnetic field is added, the electromagnetic brake weakens the flow field in the magnetic
zone. The function of the electromagnetic brake to weaken the flow pattern is most efficient for
inclusion removal.

Keywords: planar flow casting process; physical and mathematical modeling; inclusion removal;
FeSiB amorphous alloy

1. Introduction

The amorphous material has several unique properties, such as incredible magnetism,
excellent corrosion resistance, high resistivity, and high electromechanical coupling coeffi-
cient, because of its components and disordered structure. Due to its outstanding properties,
the amorphous material can be used to manufacture electromagnetic equipment [1–3]. The
planar flow casting (PFC) process is most often used to produce the amorphous ribbon. The
refined master alloy is poured into tundish for inclusion removal and thermal preservation
in the PFC process. After that, the melt flows into a crucible through a submerged nozzle.
The molten alloy passes through a slit nozzle at the bottom of the crucible and is sprayed
on a copper cooling roller to produce the amorphous ribbon. The rotational speed of the
copper roller varies in the range of 15 m/s to 35 m/s, and the cooling rate is approximately
106 ◦C/s [1–3]. The function of cooling water inside the rotating copper roller is to obtain
the high cooling rate on the roller surface to promote the formation of the amorphous
ribbon and reduce the roller deformation. The width of the slit nozzle is 0.2–1 mm, and the
thickness of solidified ribbon is around 30 µm [1,2]. The solid ribbon is thrown out along
with the tangent direction of the copper roller surface. Because of the rapid solidification
and precision in the PFC process, the atmosphere and process parameters, such as roller
rotating velocity and nozzle-roller distance, should be strictly controlled to ensure the
surface quality of products [4–6]. The overview of the traditional PFC process is shown in
Figure 1 [7].
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Figure 1. Overview of the PFC process. (a) Schematic diagram, (b) real process diagram, (c) amor-
phous ribbon. (Figure 1b is reproduced from [7]). 

To guarantee the quality of the amorphous ribbon, several aspects should be taken 
into consideration as follows: 
1. Inclusions in the molten master alloy. In the manufacturing process, the inclusion 

particles in the molten alloy can collide into nodules on the inner wall during a long 
casting cycle, especially at the nozzle slit with the width of 0.2–1 mm, which could 
form scratches or defects on the amorphous ribbon and decrease the corrosion re-
sistance performance, even causing serious nozzle slit clogging, interrupting produc-
tion [8–11].  

2. The homogenization of flow field and melt temperature in the long-term and contin-
uous production process. The superheat of melt affects the ribbon’s quality and pro-
duction to a large extent [8–11]. Excessively high superheat could lower the cooling 
rate, in which case, the amorphous structure would not form. On the contrary, the 
low melt temperature could lead to an abnormal temperature gradient of melt in the 
nozzle slit and the puddle [1,12,13]. 

3. Applying Lorenz force to control the flow and inclusions behavior. It has been re-
ported that an electromagnetic braking field can be employed to adjust the melt flow, 
temperature distribution, inclusion floating, and solidification, improving the prod-
uct quality by enhancing the stability and continuity in the continuous casting pro-
cess [14–17]. 
In the process to manufacture a broad amorphous ribbon, the crucible and nozzle slit 

is connected to keep the liquid height and guarantee the outflow at a certain speed, as 
shown in Figure 1. Compared with the ladle-tundish-continuous casting processes in the 
traditional steel-making field, the mass flow rate of the melt in PFC process through the 
slit nozzle is far less than that of the molten steel into the mold in continuous casting of 
steel process. The crucible in the PFC process should be specially design for the effective 
control of the flow and inclusion behaviors of the melt. In order to manufacture the amor-
phous ribbon with uniform thickness and excellent qualities, there exist several following 
issues in this process: firstly, when the molten liquid gravitationally flows from the tun-
dish into the crucible, it is possible to cause a severe disturbance, so the oxidation layer at 
the top interface could be trapped into molten steel and form the oxide inclusions. Sec-
ondly, in terms of various nozzle slits’ designs, the non-uniform flow in the crucible could 
lead to horizontal unevenness of the thickness on the ribbon surface. Finally, during long-

Figure 1. Overview of the PFC process. (a) Schematic diagram, (b) real process diagram, (c) amor-
phous ribbon. (Figure 1b is reproduced from [7]).

To guarantee the quality of the amorphous ribbon, several aspects should be taken
into consideration as follows:

1. Inclusions in the molten master alloy. In the manufacturing process, the inclusion
particles in the molten alloy can collide into nodules on the inner wall during a
long casting cycle, especially at the nozzle slit with the width of 0.2–1 mm, which
could form scratches or defects on the amorphous ribbon and decrease the corro-
sion resistance performance, even causing serious nozzle slit clogging, interrupting
production [8–11].

2. The homogenization of flow field and melt temperature in the long-term and con-
tinuous production process. The superheat of melt affects the ribbon’s quality and
production to a large extent [8–11]. Excessively high superheat could lower the cool-
ing rate, in which case, the amorphous structure would not form. On the contrary, the
low melt temperature could lead to an abnormal temperature gradient of melt in the
nozzle slit and the puddle [1,12,13].

3. Applying Lorenz force to control the flow and inclusions behavior. It has been
reported that an electromagnetic braking field can be employed to adjust the melt
flow, temperature distribution, inclusion floating, and solidification, improving the
product quality by enhancing the stability and continuity in the continuous casting
process [14–17].

In the process to manufacture a broad amorphous ribbon, the crucible and nozzle slit
is connected to keep the liquid height and guarantee the outflow at a certain speed, as
shown in Figure 1. Compared with the ladle-tundish-continuous casting processes in the
traditional steel-making field, the mass flow rate of the melt in PFC process through the slit
nozzle is far less than that of the molten steel into the mold in continuous casting of steel
process. The crucible in the PFC process should be specially design for the effective control
of the flow and inclusion behaviors of the melt. In order to manufacture the amorphous
ribbon with uniform thickness and excellent qualities, there exist several following issues
in this process: firstly, when the molten liquid gravitationally flows from the tundish into
the crucible, it is possible to cause a severe disturbance, so the oxidation layer at the top
interface could be trapped into molten steel and form the oxide inclusions. Secondly, in
terms of various nozzle slits’ designs, the non-uniform flow in the crucible could lead to
horizontal unevenness of the thickness on the ribbon surface. Finally, during long-term
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manufacturing, the fluctuation of liquid height is one of the main problems influencing the
uniform flow and temperature distribution, which directly determine the ribbon’s quality,
especially at the beginning and final [12,13,17].

Several studies on the planar flow casting process using mathematical modeling [17–25]
have been reviewed. The effects of flow pattern, puddle shape, and wetting conditions
on the surface quality of the amorphous ribbon are studied extensively. Moreover, a
few studies [25–29] on the temperature distribution in the puddle and copper roller and
the thermal deformation of copper roller were also carried out. However, few works on
the inclusion behavior in the crucible using mathematical modeling have been carried
out. Therefore, through physical and mathematical modeling, the research objective of
the present work is to improve flow stability, temperature homogenization, and reduce
inclusions. Furthermore, a new facility designed with continuous tundish-crucible and elec-
tromagnetic field are innovatively proposed for the broad ribbon production. Furthermore,
the flow pattern and inclusion behavior in the crucible have been studied using physical
and mathematical modeling.

2. Model Description

Regarding mathematical modeling, the calculation domain and mesh were shown in
Figure 2. The geometry of the crucible was designed by considering the adaption to the
structure of the slit nozzle and the requirement for the ejection pressure by establishing
the melt level. The Volume of Fluid (VOF) model was used to predict the multiphase
behaviors in the crucible. The function of the porous baffle was added using the Porous
Media model. The Species Transport Model was used to model the tracer behavior along
with the time. The Discrete Phase Model (DPM) was employed to predict the behavior
of inclusion particles with various sizes. Moreover, the Magnetohydrodynamics (MHD)
model was used to give the Lorentz force on the melt for the electromagnetic brake [30].

Metals 2022, 12, x FOR PEER REVIEW 4 of 11 
 

 

Discrete Phase Model (DPM) 
In the DPM model, the forces on the inclusion particles were calculated as follows: 𝑑𝑢ሬ⃗ ௣𝑑𝑡 = 𝑢ሬ⃗ − 𝑢ሬ⃗ ௣𝜏௥ + 𝑔⃗(𝜌௣ − 𝜌)𝜌௣ + 𝐹⃗ௗ௥௔௚ (7)

𝜏௥ = 𝜌௣𝑑௣ଶ18𝜇 24𝐶஽𝑅𝑒 (8)

where 𝑢௣ and 𝜌௣ are the velocity and density of inclusion particles, respectively, 𝜏௥ is 
the inclusion particle relation time, and 𝐶஽ is the drag coefficient. 

Species Transport Model 
The mixing condition was predicted by the species transport equation as follows: 𝜕𝜕𝑡 (𝜌∅) + ∇ ∙ (𝜌∅𝑢ሬ⃗ ) = ∇ ∙ (𝜌𝐷∇∅) (9)

where ∅ is the mass fraction of tracer, and 𝐷 is the diffusion coefficient of tracer calcu-
lated as 𝐷 = 𝐷଴ + ఓ೐೑೑ఘௌ௖೟, where 𝐷଴ is the laminar diffusion coefficient, 𝜇௘௙௙ is the efficient 
viscosity, and 𝑆𝑐௧ is turbulent Schmidt number with the default value of 0.7. 

Magnetohydrodynamics (MHD) Module 
The electromagnetic force 𝐹௅ was calculated by Lorenz’s law: 𝐹௅ = 𝐽 ൈ 𝐵ሬ⃗  (10)

The symbol 𝐵 is the applied external magnetic field, and 𝐽 denotes the induced cur-
rent density. 

Moreover, the realizable k-epsilon, k-omega SST, and Large Eddy Simulation (LES) 
models [30–32] are commonly used to predict the complicated turbulence eddies’ phe-
nomenon. In this study, three turbulence models were firstly compared to check the ap-
plicability. 

  
(a) (b) 

Figure 2. Calculation domain and mesh. (a) Domain; (b) Mesh. 

The chemical composition of Fe-based amorphous alloy is FeSiB, the density of which 
is assumed to be 7100 kg/m3 [23,26,33]. The similarity criterion should be carried out at 
the first step, and the volume ratio of the water model and the novel-designed fabrication 
facility is 1:1. The water model is widely used to research the phenomenon of melt flow 
[34–36]. The water model experiment combined with numerical simulation is also widely 

Figure 2. Calculation domain and mesh. (a) Domain; (b) Mesh.

Continuity Equation:
∂ρ

∂t
+∇·

(
ρ
→
u
)
= 0 (1)

Momentum equation:

∂

∂t

(
γρ
→
u
)
+∇·

(
γρ
→
u
→
u
)
= −∇(γp) +∇·

[
γ(µ + µt)

(
∇→u +∇→u

T
)]

+ γρ
→
g + Sq + FL (2)



Metals 2022, 12, 606 4 of 11

ρ is the fluid density (kg·m−3), µ is the liquid viscosity (kg·m−1·s−1), γ is the porosity
of the baffle,

→
u is velocity component of the fluid (m·s−1),

→
g is the acceleration of gravity

(m·s−2), p is static pressure (N·m−2), µt is the turbulent viscosity (kg·m−1·s−1), and Sq is
the momentum source term added in the porous media zone, where

Sq = −
(

µ

a
µr
→
u + Cir

1
2

ρ
∣∣∣→u ∣∣∣→u)

(3)

where µr is the relative viscosity (kg·m−1·s−1), a is the permeability, and Cir is the inertial
resistance factor. Moreover, FL is the electromagnetic force affecting the fluid flow through
the external magnetic field.

Volume of Fluid (VOF) model

∂α

∂t
+
→
u ·∇α = 0 (4)

The density and viscosity of the mixed fluid in each cell were calculated as follows:

ρ = αρl + (1− α)ρg (5)

µ = αµl + (1− α)µg (6)

where ρl and ρg are the liquid and gas density (kg·m−3), µl and µg are the liquid and gas
viscosity (kg·m−1·s−1), and α is the volume fraction of liquid.

Discrete Phase Model (DPM)
In the DPM model, the forces on the inclusion particles were calculated as follows:

d
→
u p

dt
=

→
u −→u p

τr
+

→
g (ρp − ρ)

ρp
+
→
F drag (7)

τr =
ρpd2

p

18µ

24
CDRe

(8)

where up and ρp are the velocity and density of inclusion particles, respectively, τr is the
inclusion particle relation time, and CD is the drag coefficient.

Species Transport Model
The mixing condition was predicted by the species transport equation as follows:

∂

∂t
(ρ∅) +∇·

(
ρ∅→u

)
= ∇·(ρD∇∅) (9)

where ∅ is the mass fraction of tracer, and D is the diffusion coefficient of tracer calculated
as D = D0 +

µe f f
ρSct

, where D0 is the laminar diffusion coefficient, µe f f is the efficient viscosity,
and Sct is turbulent Schmidt number with the default value of 0.7.

Magnetohydrodynamics (MHD) Module
The electromagnetic force FL was calculated by Lorenz’s law:

FL =
→
J ×

→
B (10)

The symbol B is the applied external magnetic field, and J denotes the induced
current density.

Moreover, the realizable k-epsilon, k-omega SST, and Large Eddy Simulation (LES)
models [30–32] are commonly used to predict the complicated turbulence eddies’ phe-
nomenon. In this study, three turbulence models were firstly compared to check the
applicability.

The chemical composition of Fe-based amorphous alloy is FeSiB, the density of which
is assumed to be 7100 kg/m3 [23,26,33]. The similarity criterion should be carried out at the
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first step, and the volume ratio of the water model and the novel-designed fabrication facil-
ity is 1:1. The water model is widely used to research the phenomenon of melt flow [34–36].
The water model experiment combined with numerical simulation is also widely used to
study the flow phenomenon in the metallurgical engineering field [37–39]. The physical
properties [22,26,33] and operating conditions of the fluids and inclusion particles used in
this study (water was only used for model validation) are listed in Table 1. The boundary
conditions and initial conditions are listed in Table 2.

Table 1. Physical parameters adopted in the simulation [22,26,33].

Parameter Value

Water density (kg·m−3) 998.2
Water viscosity (Pa·s) 0.001003
Melt density (kg·m−3) 7100
Melt viscosity (Pa·s) 0.0042

Melt electrical conductivity (S·m−1) 8.33 × 106

Melt magnetic permeability (H·m−1) 1.257 × 10−6

Air density (kg·m−3) 1.225
Air viscosity (Pa·s) 1.894 × 10−5

Inclusion particle density (kg·m−3) 2872
Inclusion particle mass flow rate (kg·s−1) 0.0002

Table 2. Boundary conditions and initial conditions adopted in the simulation.

Boundary Conditions and Initial
Conditions Mass Fraction of Liquid Mass and Momentum

Molten and inclusion particles inlet α = 1 →
u =

→
uin

Air outlet α = 0 P = 0
SEN Nozzle wall - →

u = 0
Crucible wall - →

u = 0
Porous baffle - r = 0.1
Stopper wall - →

u = 0
Nozzle wall - →

u = 0
Molten outlet α = 1 P = Pout
Molten level - L = 451 mm

Magnetic field - By = 0.1 T

In this study, a three-dimension model was established. The solution was carried
out using the commercial software ANSYS FLUENT 19.3 [30]. Meshes with grid numbers
of approximately 400,000 were used in the simulations. For the solution method, the
pressure-based solver was chosen to solve the multiphase formulations explicitly with a
Pressure-Implicit with Splitting of Operators (PISO) scheme. The convergence standard
is the residual of all the quantities lower than 0.001. The calculations were carried out on
a HP Workstation (Palo Alto, CA, USA), using an Intel E5-2680 CPU (Santa Clara, CA,
USA) with a frequency of 2.50 GHz. The calculations of flow pattern, mixing condition,
and inclusion behavior for each case took approximately one week when using a parallel
processing mode.

3. Results and Discussion
3.1. Model Validation

Above all, the color dye experiment was carried out to show the flow field in Figure 3.
The flow patterns predicted by realizable k-epsilon, k-omega SST, and LES models were
compared with the results in the physical modeling. It was shown that the flow pattern
predicted by the LES model is maximally consistent with that in the physical modeling.
Additionally, the tracer mixing condition in the mathematical modeling was compared with
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that in the physical modeling at various times, as shown in Figure 4. The tracer behavior
predicted by mathematical modeling is in good agreement with the color dye motion in the
physical modeling at various times during the mixing.
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3.2. Flow Field Distribution

Subsequently, the flow patterns using various facilities in the mathematical modeling
were shown in Figure 5. Compared to the flow field using none of the facilities in Figure 5a,
using the stopper in Figure 5b, the maximum velocity nearby submerged nozzle outlet
increases from 0.25 m·s−1 to around 0.30 m·s−1. The flow field at the region between
the stopper and the slit nozzle enhances obviously. For the flow pattern using stopper
and porous baffle in Figure 5c, the velocity nearby the submerged nozzle outflow region
decreases to 0.26 m·s−1, and the flow field becomes intense above the porous zone. Fur-
thermore, when the magnetic field changes due to the direct current as a value of 0.1 tesla
is added, the velocity in the central region of the crucible decreases dramatically, as shown
in Figure 5d.
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Near the submerged nozzle outlet, the velocity increases to 0.28 m·s−1. The function
of the electromagnetic brake apparently weakens the flow field in the magnetic zone and
enhances the flow circulation above the magnetic zone. Moreover, the flow pattern below
the porous zone becomes weaker to a small extent.
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3.3. Inclusion Behavior and Removal Ratio

In the mathematical modeling, the behavior of inclusion particles with sizes in the
range of 1 µm to 100 µm was studied. The inclusion distribution in the crucible was shown
in Figure 6. Without any facilities, the inclusion particles with macro sizes close to 100 µm
are mainly distributed in the upper part of the crucible. There exist micro inclusion particles
with sizes in the range of 1 µm to 25 µm near the outflow slit nozzle. Adding the stopper,
because of the enhanced flow field, the motion of macro inclusion particles in the range of
75 µm to 100 µm speed up. As the porous baffle is equipped, most macro inclusion particles
are filtered above the porous zone, and a limited amount of microparticles escape and pass
through the porous zone. Furthermore, when the electromagnetic brake is applied, the
motion of inclusion particles becomes retarded because of lower melt velocity.
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Consequently, the ratio of particles outflowing through the slit nozzle was statistically
analyzed in Figure 7. Compared to the inclusion amount ratios using none of the facilities,
when the stopper is used, the ratios of inclusions with the sizes in the various ranges
increase, which means that the inclusion removal becomes worse when the stopper is
individually used. Subsequently, when the combined application of stopper and the porous
baffle is used, the ratios of micro inclusion particles with sizes in the range of 1 µm to
50 µm decrease, but the ratios of macro inclusion particles with sizes in the range of 50
µm to 100 µm increase slightly. When the electromagnetic braking is applied, all ratios of
inclusion particles decrease obviously. The amount ratio of macro inclusion particles with
sizes ranging from 76 µm to 100 µm dramatically decreases to 0.11%.
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individually used compared with that using none of the facilities. When the porous 
baffle is equipped, the ratio of macro inclusion decreases from 10.11% to 9.56%. The 
function of the electromagnetic brake to weaken the flow pattern is most efficient for 
inclusion removal in the crucible in PFC process. 

4. Above all, to produce the broad amorphous ribbon, it is essentially meaningful to 
propose a novel-designed crucible with various flow-controlling methods for the ef-
ficient improvement of the PFC process, homogenization of the temperature, and in-
creasing the ribbon’s purity and quality. 
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4. Conclusions

The flow pattern and inclusion behavior in the crucible during the planar flow casting
process were studied. The color dye water experiment was used to show the flow field and
validate the mathematical modeling, and the validated mathematical model was employed
to predict the inclusion behavior. Several conclusions were drawn as follows:

In terms of the applicability of various turbulence models for simulating flow distribu-
tion, the flow pattern predicted by the LES model is maximally consistent with that in the
physical modeling in the crucible in PFC process.

Compared to the flow field using none of the facilities, the flow field enhances using
the stopper. For the flow pattern using stopper and porous baffle, the flow intensity nearby
the submerged nozzle outflow region decreases, and the flow field becomes intense to
some extent above the porous zone. Furthermore, as the magnetic field is added, the
electromagnetic brake weakens the flow field in the magnetic zone and enhances the flow
circulation above the magnetic zone.

In terms of inclusion removal, the inclusion removal worsens when the stopper is
individually used compared with that using none of the facilities. When the porous baffle
is equipped, the ratio of macro inclusion decreases from 10.11% to 9.56%. The function of
the electromagnetic brake to weaken the flow pattern is most efficient for inclusion removal
in the crucible in PFC process.

Above all, to produce the broad amorphous ribbon, it is essentially meaningful to
propose a novel-designed crucible with various flow-controlling methods for the efficient
improvement of the PFC process, homogenization of the temperature, and increasing the
ribbon’s purity and quality.
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