Hindawi
Mathematical Problems in Engineering
Volume 2019, Article ID 1562417, 9 pages
https://doi.org/10.1155/2019/1562417

Research Article
Numerical Simulation and Experimental Investigation on
Inclusion-Argon-Liquid Steel Phenomenon in RH Refining of
High-Manganese and High-Aluminum Steel
Lifeng Chen , Kun Liu , Peng Han , Lianghua Feng , and Guangqiang Liu
School of Materials and Metallurgy, University of Science and Technology Liaoning, Anshan 114000, China
Correspondence should be addressed to Kun Liu; lk651206@ustl.edu.cn and Peng Han; hanpeng@ustl.edu.cn
Received 4 June 2019; Accepted 9 August 2019; Published 12 September 2019
Academic Editor: Dongmin Yang
Copyright © 2019 Lifeng Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
In this paper, factors inﬂuencing the inclusion removal in high-manganese and high-aluminum steel in RH reﬁning process were
studied by numerical simulations, production practice, and metallographic experiments. A mathematical model for inclusion
removal was established, and the phenomenon of inclusions mixing in RH up-leg region was veriﬁed due to ﬂuid circulation.
Removal eﬃciency of RH circulation time 120 s is much better than 600 s, and it was the lowest eﬃciency after 600 s. After 600 s
circulation time, it shall not apply in production practice. The mass concentration of inclusions in practical steel was 11.64%
probability error than values obtained by numerical simulation, because the numerical simulation did not consider the problem of
inclusions adsorbing to the walls of refractory materials and corrosion of refractories. This work lays the foundation for the
optimization and upgrading of process technology and establishes big data for full automation of RH out of furnace reﬁning.

1. Introduction
With the optimization of quality and process, signiﬁcant
progress has been made in the applications of high-manganese and high-aluminum steel. They possess excellent
strength, low density, high quality, and good elongation,
thereby showing utility in automobile inner plates, electrical
motor rotors, marine engineering, military applications, and
refrigeration materials. However, the problem of nonmetallic inclusions in metallurgical industry seriously aﬀects
the quality of high-manganese and high-aluminum steel,
which leads to lower service life. With the rapid development
in the steel industry, there is increasing demand for highquality steel. Researchers have found that oxide nonmetallic
inclusions play an important role in the performance of
clean steel [1–3]. The removal of inclusions and the control
of small inclusions are important factors that directly aﬀect
the quality of steel. RH reﬁning in steelmaking process has
prominent technical advantages for smelting clean steel [4].
It is conducive to the removal of inclusions and the improvement of steel quality. Therefore, removal of inclusions

in steel in RH reﬁning process has been the focus of metallurgical research for several years [5–12].
Chen et al. analyzed the process of inclusion collision
and growth removal, and considered the inﬂuence of gas
bubbles in the formation model. However, the inﬂuence
factors of inclusions adsorbing RH refractory material walls
were neglected [13]. The model also did not meet the overall
mass conservation of inclusions, and did not consider the
distribution of inclusions in RH ﬂow ﬁeld [14]. Taking ladle
as the research object, the inclusion removal in the reﬁning
process was studied using the equation model of particle
number concentration. The research focused on the formation mechanism of inclusions and the distribution of gas
stirring in clean steel. Wang et al. studied the crystal
structure and cluster mechanism of inclusions, especially
alumina [15]. However, there was no reasonable demonstration on the distribution of inclusions or a mathematical
model. Since there were no detailed descriptions and explanation of inclusions, it is diﬃcult to use their experimental conclusions to guide the process production practice
[16, 17]. Describing the RH ﬂow ﬁeld of inclusions and
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establishing the physical model, the mathematical model did
not consider the problem of inclusions growth and collision.
It also did not consider the probability error between the
model establishment and production practice. Due to the
shortcomings of existing models, this study uses actual
production data to modify the RH inclusions removal model
and analyzes the inﬂuence factors of RH circulation ﬂow rate
and circulation time on inclusions removal. Predicting the
accuracy and reliability of RH inclusion removal provides
theoretical guidance for process production practice.
In this paper, a mathematical model of RH inclusionargon-liquid steel is established in order to provide the
foundation for process production by combining mathematical simulation with production practice. By determining
the inﬂuence of RH circulation time and circulation ﬂow rate
on inclusion-argon-molten steel, the RH inclusions-argonmolten steel are analyzed by using the methods of numerical
simulation and production practice, and the feasibility of the
mathematical model is demonstrated on the basis of experimental data. The proposed method overcomes the
probability error between the mathematical model and
experimental data, making it more valuable for production
practice. Two technical routes of numerical simulation and
experimental research are used to analyze and predict the
accuracy and reliability of RH inclusion removal, which
provide a theoretical basis for process production practice
and lay a basis for fully automated steelmaking.

2. Model Building
2.1. Basic Hypothesis. The hypothesis of the model is as
follows.
The liquid steel is an incompressible Newtonian ﬂuid,
and its multiphase ﬂow is unsteady. The ﬂuctuation of liquid
level in ladle top slag and vacuum chamber and the inﬂuence
of temperature on other physical quantities are neglected.
Inclusions nucleate into spheres instantaneously in molten
steel, ignoring the eﬀect of slag on other physical quantities.
Ladle refractories and RH refractories set wall function. The
eﬀect of inclusions on the physical quantity of molten steel is
neglected in ﬂuid ﬂow. When inclusions reach the molten
steel level, they can be considered to be removed. Argon
bubbles are assumed to have a circular [18, 19].
2.2. Control Equation. In the simulation, continuity equations were used to model the reference materials, as follows:
zρm
→
+ ∇ ρm u m  � 0,
zt

(1)

ρm � ρg α +(1 − α)ρl ,
→
where ρm refers to the average volume density, kg/m3; u m is
the average mass velocity, m/s. A homogeneous ﬂow model
is used to simulate the ﬂuid ﬁeld, and the average density of
gas and liquid are ρg and ρl , respectively, kg/m3. α is the gas
fraction, %. RH under vacuum conditions, the gas fraction is
calculated as follows:

α0 �

p v + ρl H − Z 0 
,
PV + ρL (H − Z)

(2)

where H refers to the liquid level height of the vacuum
chamber, m; Z0 corresponds to nozzle height, m; Z refers to
the height of the two-phase region, m; PV refers to vacuum
chamber pressure, Pa; g refers to gravitation acceleration, m/
s2; and α0 refers to the formula for determining the distribution of gas fraction hold up, %.
Momentum equation:
→
z ρm u m 
→
+ ∇ ρm u m  � − ∇p + ∇ μm + μTm 
zt
T
→
→
· ∇ μ m + μTm   + ρm g

→
+ ∇ · − ρg αg u D,g ,
μm � αg μg + αl μl ,
(3)
where μTm refers to turbulent viscosity, Pa·s; μm refers to
→
mixing viscosity, Pa·s; αg refers to gas fraction, %; and u D,g
refers to gas velocity vector, m/s.
Energy equation:
z ρ m k
μ
→
+ ∇ ρm u m k � ∇ Tm (∇k) + Gk,m − ρm ε. (4)
σk
zt
→
The turbulence model constants are σ k and σ ε . u m refers
to the mixing velocity vector, m/s. ε refers to the turbulent
energy dissipation rate, m2/s3.
Gk,m is expressed as follows:
→
→ T
ρm Cμ k2 /ε∇ u m + ∇ u m  
(5)
.
Gk,m �
→
∇um
Turbulent ﬂow energy dissipation equation:
z ρm ε
μ
ε
→
+ ∇ ρm u m ε � ∇ Tm (∇ε) + C1ε Gk,m − C2ε ρm ε.
zt
k
σε

(6)
In the formulas (4) and (6), the values of the constants in the
above turbulence models are as follows: σ k � 1, σ ε � 1.3,
C1ε � 1.44, C2ε � 1.92, Cμ � 0.99. Inclusion collision growth
model of density distribution function and radius of inclusions R
are related by the expression f(R) � Ae− BR . The number density
of inclusions is N∗ . A and B refer to inclusion distribution factor.
The mass concentration C∗ can be expressed as [2, 11, 20, 21]:
∞
∞4
A
A
(7)
N∗ �  f(R)dR � C∗ �  πR3 dR � 8π 4 .
B
B
0
0 3
Here, there is no top slag on the liquid surface of the RH
vacuum chamber. Inclusions adsorbed by bubbles return to the
molten steel. Inclusions adsorbed by bubbles ﬂoat to the liquid
level of the ladle for removal. The liquid level in RH vacuum
chamber has no ability to remove inclusions directly. The mass
conservation equation of inclusion collision removal can be
expressed as follows [22]:
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z
→
→
ρN∗  + ∇ρ u N + u l N∗  � ∇ Deff ∇N∗  + SN ,
zt
z
→ →
ρC∗  + ∇ρ u c + u l C∗  � ∇ Deff ∇C∗  + SC ,
zt
(8)
where SN∗ refers to the decrease of the quantity density
caused by the collision polymerization of inclusions, m− 3/s;
Deff refers to eﬀective diameter, m; and C∗ refers to inclusion
of bulk density, ppm. RH circulating ﬂuid ﬂow is mainly
comprises of turbulent collision and Stokes collision.
∗2 ∗3 ⎡
⎣

SN∗ � − N r

+

1.9

5A∗
6πμl r3 4ε/15π]l 

0.242

⎤⎦
0.5 0

πε
 
]l

0.5

10gΔρπr∗
√�
.
9 3 6 μl
(9)

In the formula (9), v is the kinematic viscosity, m2/s; A∗
is the constant; μ is the dynamic viscosity, Pa·s; and r∗ is the
average radius of inclusions, m. Boundary conditions ignore
the surface shear stress of RH steel and vacuum chamber.
The refractory materials area set wall function, the wall
function node is a nonslip boundary condition, and the
gradient of wall velocity component is zero. Table 1 lists the
inclusions-argon-molten steel physical parameters, where
we set the initial RH vacuum to 100 Pa, the gas is argon, and
the initial gas circulation ﬂow is 120 Nm3/h, 110 Nm3/h and
100 Nm3/h. The initial mass concentration of inclusions is
187 ppm. The VOF (volume of ﬂuid) model is used for RH
ﬂuid circulation, and the DPM (discrete phase model) is
used for RH inclusions movement. Figure 1 shows the RH
ladle physical model and grid model. SolidWorks is used for
physical model, ICEMCFD (the integrated computer engineering and manufacturing code for computational ﬂuid
dynamics) is used for grid model, ANSYS FLUENT is imported for numerical simulation calculation, and CFDPOST is used for posttreatment analysis.

3. Calculation Results and Analysis
3.1. Analysis of the Impact of Inclusions. As shown in Figure 2, the mass concentration of inclusions is calculated by
numerical simulation every 120 s, with the total numerical
simulation time being 600 s. The probability error between
simulated and experimental mass concentration curve of
inclusions is low. The average mass concentration probability error of inclusions as determined by the mathematical
model diﬀers from the experimental data by 11.64%. The
numerical simulation calculates the mass concentration of
inclusions every 120 s and compares the probability error
between the corrected mass concentration curves of inclusions. The mass concentration comparison between
numerical simulation and experimental data for diﬀerent
circulation times is listed in Table 2. For the mass concentration in the experimental and numerical simulation
process, there is error for numerical simulation result. This

paper analyzes the root of the probability error from the
numerical simulation and process practice. This paper is
based on the mathematical model of high-manganese and
high-aluminum steel, and the mathematical model lays the
theoretical foundation for RH full-automatic reﬁning.
The removal of RH inclusions is analyzed by numerical
simulation, the circulation time is set to 1200 s. Figure 3
shows removal of RH inclusions with diﬀerent circulation
ﬂow rates. The removal of inclusions in RH with diﬀerent
circulation time is compared with a circulating ﬂow rate of
120 Nm3/h, where the removal eﬃciency of inclusion mass
concentration is the highest. With the increase of circulation
time, the removal eﬃciency of inclusions is the highest in
time zone A (0 s–120 s), time zone B (120 s–240 s), time zone
C (240 s–360 s), time zone D (360 s–480 s), time zone E
(480 s–600 s), and F (600 s–1200 s) within 600 s of circulation
time. The removal eﬃciency of inclusions in time zone F
(600 s–1200 s) decreases and achieves the lowest value.
Therefore, it is not recommended to utilize the F (600 s–
1200 s) circulation time in production practice. This is
further corroborated by the following three points: (a) increased RH production time leads to higher inclusions; (b)
the inclusion removal eﬃciency is lower; and (c) since the
numerical simulation does not consider the problem of
inclusions adsorbing to the refractory material walls and
corrosion of refractories, it exists in the process of practice.
Meanwhile, the residual amount of inclusions is inﬂuenced by many factors, among which the turbulence and
buoyancy plays a dominant role. Figure 4 shows the relationship between mass concentration and circulation time
with inclusions of diﬀerent sizes during circulation. It can be
seen that the inclusion decreases gradually with the increase
of time. At the same time, small size inclusion removal
eﬃciency is lower. In comparison, the buoyancy of large
inclusions eﬀect is larger, so it is more easy for large inclusions to enter slag. When the circulation time reaches
600 s, buoyancy plays a dominant role in the removal of
inclusions, and the diameter of inclusions also has a great
impact on the removal eﬃciency.
RH circulation time aﬀects the eﬃciency of inclusion
removal and the process production. Optimization of RH
circulation time is one of the eﬀective methods to remove
inclusions. For RH circulation times of 120 s, 360 s, and
600 s, mass concentration of 165 ppm, 136 ppm, and
114 ppm are observed, respectively. Figure 5 shows the
inclusions removal at diﬀerent circulation times and the
distribution of inclusions in the ﬂuid domain at diﬀerent
circulation times. From the inclusions in RH particle trajectory in Figure 5, it can be seen that the number of inclusions is the largest when the RH circulation time is 120 s.
This is because the circulation time is insuﬃcient for
complete removal and only a few inclusions ﬂoat upwards to
the molten steel level. Since there are many inclusions in the
steel in the initial 120 s, the probability of inclusions colliding, aggregating, and ﬂoating to the liquid steel level is the
greatest, so the removal rate of inclusions in the initial 120 s
is the fastest. When the RH circulation time reaches 600 s,
the amount of inclusions remaining in the steel is very small
because the inclusions have enough time to ﬂoat upward,
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Table 1: Inclusion-argon-steel liquid property parameters.
Steel liquid
7020
0.0006
34
680

Density (kg/m3)
Viscosity (kg/m·k)
Thermal conductivity (w/m·k)
Cp (J/kg·k)

Inclusions
3900
0.02
1
600

(a)

Argon
1.6228
0.00002135
0.0158
520.64

(b)

Figure 1: RH ladle physical model and grid model.
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60

0

120

240
360
Circulation time (s)
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Numerical simulation
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Figure 2: Numerical simulation and experiment of inclusion mass concentration.
Table 2: Mass concentration comparison between numerical
Circulation time (s)
0
120
Numerical simulation (ppm)
187
165
Experiment (ppm)
187
151

simulation and experimental data for diﬀerent circulation times.
240
360
480
600
Average value
152
136
124
114
146
143
127
112
99
129

such that they can be removed. The number of inclusions in
molten steel decreases at the later stage of the circulation,
which reduces the probability of inclusion collision and

aggregation, which signiﬁcantly reduces the removal rate of
inclusions. Compared with the inclusion removal in RH
circulation times of 120 s, 360 s, and 600 s, the eﬃciency of
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Figure 3: Removal of RH inclusions with diﬀerent circulation
ﬂow rates.
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100
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Figure 4: The residual amount of inclusions as a function of
circulation time with diﬀerent diameters.

inclusion removal in RH circulation time of 600 s is low. At
this time, the distribution of inclusions in steel is the lowest.
At the later stage of RH circulation, small size inclusions
become a limiting factor for RH reﬁning.
Figure 6 shows the inclusions in ladle particle trajectory
from the ﬂuid dynamics analysis. Argon is injected into the
up-leg, which drives the molten steel due to ﬂoatation. The
molten steel ﬂows to the vacuum chamber at the up-leg and
then into the ladle from the down-leg due to gravity in the
vacuum chamber, thus completing one circulation ﬂow. Due
to the interaction of the inclusions-argon-molten steel, the

Y
Z

X

(c)

Figure 5: Inclusions removal at diﬀerent circulation times. (a) Circulation time: 120 s. (b) Circulation time: 360 s. (c) Circulation time:
600 s.
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X

Figure 6: Inclusions in RH particle trajectory.

50µm

Fe Ka1

O Ka1

Al Ka1

O Ka1

Al Ka1

(a)

40µm

Fe Ka1

(b)

30µm

Fe Ka1

O Ka1

Al Ka1

O Ka1

Al Ka1

(c)

20µm

Fe Ka1

(d)

Figure 7: Continued.
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Figure 7: Map scanning of inclusions in RH: (a) A0; (b) A120; (c) A240, (d) A360; (e) A480; (f ) A600.

inclusions are adsorbed on the argon bubbles. The ﬂuid ﬂows
and the argon bubbles ﬂoat upward, and the inclusions are
brought to the steel slag liquid surface by the argon bubbles.
Diﬀerential pressure ruptures argon bubbles, and a portion
of the inclusions is removed after reaching the steel liquid
surface. The rest of the inclusions are rolled and mixed into
the molten steel. The trajectory of inclusions in the ladle is
shown in Figure 6, where the RH vacuum degree is 100 Pa
and circulation ﬂow rate is 120 Nm3/h. As shown in Figure 6,
the inclusions are mostly distributed at the ladle liquid level
and the up-leg area. This is because the inclusions follow the
ﬂow of argon and molten steel. Due to ﬂoatation, the inclusions from the up-leg ﬂow into the vacuum chamber.
Under the gravity of molten steel in the vacuum chamber,
the inclusions rush into the ladle, while the RH vacuum
chamber does not have the ability to remove the inclusions.
In addition, due to the large turbulent kinetic energy of the
ﬂuid, there is entrainment in the up-leg area of RH suction
nozzle. The entrainment area of the up-leg drives the inclusions on the steel surface to return to the molten steel,
which is not conducive to the removal of inclusions. Reasonable control of turbulence intensity is the key to reduce
entrainment of inclusions on the steel surface. Reducing the
entrainment intensity of the up-leg is one of the methods to
improve the removal eﬃciency of inclusions.
3.2. Production Practice Data and Numerical Simulation
Analysis. Based on the production of high-manganese and
high-aluminum steel, RH vacuum is set to 100 Pa and the
circulation ﬂow is 120 Nm3/h. Samples are taken every
120 seconds: A0, A120, A240, A360, A480, and A600, until a
time of 600 s is achieved. As listed in Table 2, the diﬀerence
between mass concentration of inclusions measured by
numerical simulation and sample electrolytic extraction
without aqueous solution is 11.64%. This mass concentration probability error of inclusions occurs because the numerical simulation does not consider the problem of

inclusions adsorbing to the refractory material walls and
corrosion of refractories. At the later stage of RH circulation,
small size inclusions have become the limiting link of RH
reﬁning.
Samples of 5 mm × 10 mm are polished by inclusion A0,
A120, A240, A360, A480, and A600 and then map scanning
Al2O3. The morphology of inclusions is characterized by
strips that are irregular, long, and angular, as shown in
Figure 7. Most of the samples analyzed by map scanning of
inclusions are nonmetallic inclusions, with Al2O3 being the
main component. The size of A0 inclusion is larger in
production practice, whereas the size of A600 inclusion
decreases signiﬁcantly in the later stage of RH circulation.
This is because large sized inclusions are removed with the
increase of RH circulation time. At the later stage of RH
circulation, small size inclusions become the limiting factor
of RH reﬁning, which is consistent with the conclusion of
numerical simulation.

4. Conclusions
(1) In the production of high-manganese and highaluminum steel by RH, a mathematical model of
inclusions removal is established, which lays a theoretical foundation for predicting removal of inclusions from liquid steel.
(2) Optimizing RH circulation ﬂow rate and circulation
time are eﬀective for removing inclusions by numerical simulations. Compared with the RH circulation times of 120 s and 600 s, the RH circulation
time of 120 s has the highest removal eﬃciency. A
600 s circulation time makes the removal eﬃciency
the lowest, and thus it is not recommended for
application in production practice.
(3) The turbulence intensity of molten steel in RH ﬂuid
ﬁeld is large, and there exists mixing phenomenon in
the up-leg area of RH suction nozzle, which leads to
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“mixing” of inclusions into vacuum chamber or
ladle, which aﬀects the removal eﬃciency of inclusions. In the later stage of RH circulation, removal
of small size inclusions becomes a limiting step in
RH reﬁning.
(4) Samples of high-manganese and high-aluminum
steel produced by RH are taken for metallographic
analysis every 120 seconds after the beginning of
circulation time. The size of inclusion A0 is larger in
the early stage of RH circulation, and its content
decreases in the later stage of circulation.
(5) The mass concentration probability error of the
mathematical model is 11.64%, because the numerical simulation does not consider the problem of
inclusions adsorbing to the refractory material walls
and corrosion of refractories. This meets the technological requirements of producing high-manganese and high-aluminum steel by RH treatment.
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