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Abstract: As a main apparatus, the oxygen lance is used to deliver the oxygen element and transfer
kinetic energy into the molten bath in the steelmaking process. However, the Laval nozzle exit would
be gradually worn out during the service life, which suppresses the performance of the oxygen
lance. This paper investigated three different wear length (Lw) conditions at the exit of the Laval
nozzle through numerical simulations and high-temperature experiments with various oxygen flow
rates. The result showed that the entrainment of the ambient gas was the key factor of the wear
phenomenon for the Laval nozzle exit. The maximum total temperature of the gas phase at the Laval
nozzle exit formed by the Lw of 0 mm, 2 mm, and 4 mm were 300 K, 959 K, and 1700 K, respectively.
Thus, by increasing the Lw value, the total temperature of the gas phase was rapidly improved at
the exit of the Laval nozzle, which further accelerated the wear phenomenon at the exit of the Laval
nozzle. Besides, axial velocities at the end of the potential core formed by the Lw of 0 mm, 2 mm, and
4 mm were 483.7 m/s, 480.0 m/s, and 478.7 m/s, respectively. As a result, the wear phenomenon
reduced the impaction ability of the oxygen jet, which suppressed the impaction depth and radius,
resulting in a smaller droplet generation rate.

Keywords: Laval nozzle; wear; flow field; EAF

1. Introduction

As an important apparatus, the oxygen lance has a great effect on the oxygen utilization
rate, temperature control, and impaction cavity shape in the steelmaking and refining
process [1–3]. For further improving the dynamic and thermodynamic condition in a
molten bath, the Laval nozzle is used to increase the initial velocity of the oxygen jet by
converting its pressure energy into its kinetic energy. That means the structure of the
Laval nozzle determines the process of controlling the oxygen lance to a certain extent [4,5].
During the service life in the EAF steelmaking process, the surface wall of the Laval nozzle
would be gradually worn out. Thus, the Laval nozzle structure keeps changing with
service time increasing, resulting in a reduction in the initial velocity of the oxygen jet
and a suppression of the mixing effect in the molten bath. It is quite hard to directly
measure the oxygen jet flow field during the steelmaking or refining process due to the
high temperature and plenty of fumes in the furnace. Therefore, the numerical simulation
and high-temperature experiment are carried out to analyze the behavior of the oxygen jet
with various lance structures and operation methods [6–10].

Jia et al. [11] reported the jet characteristics of a double-structure oxygen lance by
a series of numerical simulations and water experiments, and the result presented the
double-structure design method can obviously improve the impaction ability of the oxygen
jet, resulting in a better stirring effect of the molten bath. Liu et al. [12] introduced a method
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to increase the initial velocity of an oxygen jet by preheating technology and found that the
increasing rate of oxygen velocity was reduced by improving the oxygen temperature, and
the impaction cavity formed by preheating method significantly increased comparing with
the traditional oxygen supplement method. Odenthal [13] et al. researched the effect of
the Laval nozzle structure on the oxygen jet flow field and proposed that the Laval nozzle
designed by the characteristic-line method could transform the oxygen pressure energy
into kinetic energy more effectively, resulting in the formation of a longer velocity potential
core than the traditional Laval nozzle. Tang et al. [14] investigated the behavior of oxygen
jets under various ambient temperatures and reported that the attenuation of coherent jet
length was increased with decreasing ambient temperature. They also proposed the effect
of fuel type on the shrouding combustion flame.

Feng et al. [15] found that the wear phenomenon at the exit of the Laval nozzle
significantly reduced the velocity potential core of the oxygen jet under the same pressure
conditions for the multi-nozzle lance, resulting in a decreased impaction area of the molten
bath. Lv et al. [16] reported the effect of wear angle on the impaction ability of the supersonic
oxygen jet, and the industrial application data showed that a low lance height can mitigate
the influence of nozzle wear on the BOF steelmaking process. Garajau et al. [10] represented
the temperature distribution at the outer wall surface temperature of the oxygen lance to
demonstrate the reasons for Laval nozzle wear and concluded that optimizing the structural
parameters of the Laval nozzle, along with avoiding post-combustion in its interior, can
reduce the wear rate of the Laval nozzle exit.

In order to cope with the shortage of natural gas, some Chinese EAF planets use
traditional oxygen lance instead of coherent oxygen lance. After a series of heats, the Laval
nozzle exit shows signs of wear, which has an influence on the metallurgical indicator
of this traditional oxygen lance. Therefore, researching the impact of wear length on the
flow field of a supersonic oxygen jet can provide valuable insights into the operational
procedure involved in the EAF steelmaking process. At present, although some literature
reports the effect of various nozzle structure parameters and environmental conditions on
the oxygen jet behaviors in the BOF steelmaking process, the behavior of oxygen jet formed
by worn Laval nozzle in the EAF steelmaking process is quite few.

In this paper, both high-temperature experiment and numerical simulation will be
carried out to investigate the effect of wear length at the Laval nozzle exit and oxygen flow
rate on the flow field of supersonic oxygen jet generated by the traditional oxygen lance in
the EAF steelmaking process. The axial velocity of the main oxygen jet at the centerline is
measured in the high-temperature experiment to verify the accuracy of the simulation data.
And the distribution of the velocity vector, impaction parameter, and droplet generation
will be discussed to understand the effect of wear length on the behavior of the oxygen jet.

Based on this research, we will report on the wear phenomenon occurring at the exit
of the Laval nozzle in the EAF steelmaking process, thereby supplementing the existing
literature on the wear characteristics of top-blowing lances used in converters. Moreover,
several recommendations have been proposed to enhance the service life of the side-
blowing lance based on the behavior of the oxygen jet generated at varying wear lengths.

2. Laval Nozzle Structure and Experimental Measurement

In most Chinese steel plants, the one-dimensional isoentropic flow theory was still
selected to process the Laval nozzle for the steelmaking process. In addition, a curve-line
wall structure designed using the characteristics method was adopted in Europe and North
America [13]. Based on the operational condition of 80 t EAF, the design flow rate, Mach
number, and inlet oxygen temperature of the Laval nozzle were selected as 2000 Nm3/h,
2.0, and 300 K, respectively. Then, the Laval nozzle parameters were achieved by the
following equations [17]:

Q = 1.782CD
AtPin√

Tin
(1)
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where Q, Pin, and Tin are the flow rate (Nm3·min−1), inlet pressure (MPa), and temperature
(K) of the oxygen gas, respectively. Pout and γ are the ambient pressure of 0.101 MPa
and the specific heat ratio for oxygen of 1.4, respectively. At and Ae are the throat and
exit areas (m2) of the Laval nozzle, respectively. CD is the oxygen utilization coefficient
of 0.97. Thus, the design throat and exit radius of the initial Laval nozzle were 11.6 and
15.0 mm, respectively.

Figure 1 shows the schematic diagram of the initial and worn Laval nozzles. As
reported by the previous literature [17–19], the wear was concentrated at the exit of the
Laval nozzle. In order to investigate the effect of wear length on the flow field of an oxygen
jet generated by a single Laval nozzle, the wear angle (αw) was selected as 45◦, and three
types of wear length (Lw) were 0, 2, and 4 mm, respectively.

Coatings 2024, 14, x FOR PEER REVIEW 3 of 21 
 

 

1.782C t in
D

in

A PQ
T

=  (1)

1
2 2( 1)1 2 1[( ) (1 )]

1 2
e

t

A Ma
A Ma

γ
γγ

γ

+
−−= × +

+
 (2)

2 11(1 )
2

out

in

P Ma
P

γ
γγ −−= +  (3)

where Q, Pin, and Tin are the flow rate (Nm3·min−1), inlet pressure (MPa), and temperature 
(K) of the oxygen gas, respectively. Pout and γ are the ambient pressure of 0.101 MPa and 
the specific heat ratio for oxygen of 1.4, respectively. At and Ae are the throat and exit areas 
(m2) of the Laval nozzle, respectively. CD is the oxygen utilization coefficient of 0.97. Thus, 
the design throat and exit radius of the initial Laval nozzle were 11.6 and 15.0 mm, respec-
tively. 

Figure 1 shows the schematic diagram of the initial and worn Laval nozzles. As re-
ported by the previous literature [17–19], the wear was concentrated at the exit of the Laval 
nozzle. In order to investigate the effect of wear length on the flow field of an oxygen jet 
generated by a single Laval nozzle, the wear angle (αw) was selected as 45°, and three types 
of wear length (Lw) were 0, 2, and 4 mm, respectively. 

 
Figure 1. The schematic diagram of the initial and worn Laval nozzles. 

Based on the operational conditions of the 80 t EAF, the flow rate of the side-blowing 
lance ranged from 1700 Nm3/h to 2400 Nm3/h to achieve an appropriate fluidity of the 
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2400 Nm3/h to investigate the effect of flow rate on the behavior of the oxygen jet at various 
Lw levels. 

In this research, the design method of the initial Laval nozzle structure was the same, 
with the only difference being the wear length at the Laval nozzle exit. This meant that 
the variation of the Laval nozzle structure was generated by the wear of the nozzle tip. 
Additionally, the Laval nozzle structure used in both the numerical simulation and the 
experimental tests was the same, indicating that both the numerical simulation and the 
experimental tests were conducted using a full-scale industrial unit. 

Figure 2 shows the schematic diagram of the experimental system. During the prep-
aration phase, the burner was ignited to enhance the ambient temperature within the fur-
nace. Twelve thermocouples were installed at various locations along the furnace’s side 
wall. Once the ambient temperature reached 1700 K, the burner was extinguished. The 
Pitot tube was then positioned at specific points along the axial direction to measure the 

Figure 1. The schematic diagram of the initial and worn Laval nozzles.

Based on the operational conditions of the 80 t EAF, the flow rate of the side-blowing
lance ranged from 1700 Nm3/h to 2400 Nm3/h to achieve an appropriate fluidity of the
liquid slag. Therefore, this research selected flow rates of 1600 Nm3/h, 2000 Nm3/h, and
2400 Nm3/h to investigate the effect of flow rate on the behavior of the oxygen jet at various
Lw levels.

In this research, the design method of the initial Laval nozzle structure was the same,
with the only difference being the wear length at the Laval nozzle exit. This meant that
the variation of the Laval nozzle structure was generated by the wear of the nozzle tip.
Additionally, the Laval nozzle structure used in both the numerical simulation and the
experimental tests was the same, indicating that both the numerical simulation and the
experimental tests were conducted using a full-scale industrial unit.

Figure 2 shows the schematic diagram of the experimental system. During the prepara-
tion phase, the burner was ignited to enhance the ambient temperature within the furnace.
Twelve thermocouples were installed at various locations along the furnace’s side wall.
Once the ambient temperature reached 1700 K, the burner was extinguished. The Pitot tube
was then positioned at specific points along the axial direction to measure the dynamic
and static pressures of the oxygen jet at the centerline of the Laval nozzle, enabling the
calculation of the jet’s axial velocity. Subsequently, a thermocouple was placed at the
same location to measure the total temperature of the oxygen jet. This indicated that the
axial velocity of the oxygen jet was measured at the ambient temperature of 1700 K for
comparison with simulation results.
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Figure 2. (a) The schematic diagram of the experimental system. (b) The high-temperature combus-
tion furnace.

The axial velocity and total temperature of the oxygen jet were measured continuously
over a duration of 20 s to calculate their average values. These measurements will subse-
quently be compared with simulation results to verify the accuracy of the numerical model.
The details of the experimental system are also shown in Refs. [8,13,14], with only a brief
description of its design provided here.

In this research, the ambient temperature in the experimental furnace was higher than
the melting point of stainless steel. Therefore, both the oxygen lance and Pitot tube cooling
water structure have been adopted to protect their design parameters from damage by the
high-temperature burner. Equations (4) and (5) were used to calculate the axial velocity of
the oxygen jet using the measurement data [18].

VO2 =

√√√√2γRT
γ − 1

[(
pd
ps

)(γ−1)/γ

− 1

]
, Ma > 0.3 (4)

VO2 =

√
2(pd − ps)

ρO2

, Ma ≤ 0.3 (5)

where Pd and Ps are dynamic and static pressure (MPa) of the main oxygen jet, respectively.
VO2 and ρO2 are velocity (m·s−1) and density (kg·m−3) of the main oxygen jet, respectively.
R is a constant of 8.314 J·mol−1·K−1.

3. Numerical Simulation Model
3.1. Governing Equation

To further investigate the behavior of the combined gas flow field, a simulation
model was developed using Fluent software 2020 R2. During the simulation process,
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Reynolds averaging was employed to solve the partial differential equations. The governing
equations include the Navier–Stokes equations for continuity, momentum, and energy
conservation, which are described as follows [19,20]:

Continuity equation:
∂ρ

∂t
+

∂(ρ
→
vi)

∂xi
= 0 (6)

Momentum conservation equation:

∂(ρvi)

∂t
+

∂(ρvivj)

∂xj
= − ∂p

∂xi
+

∂
(

τij − ρv′iv
′
j

)
∂xj

(7)

Energy conservation equation:

∂

∂t
(ρE) +

∂

∂xi
(ρEvi + pvi) = − ∂

∂xi
(qi + CPρiv′iT

′) +
∂(τijvj − ρiv′iv

′
jvj)

∂xi
+ Sh (8)

where vi and vj are the mean velocity (m·s−1) components in the ith and jth directions,
respectively. v′i and v′j are the fluctuating velocity (m·s−1) components in the ith and jth
directions, respectively. Sh stands for the volumetric heat (W·m−3) source, and E and τij
are total energy (J) and viscous stress (Pa), respectively.

The SST k-w turbulence model was selected in the simulation process since it could accu-
rately represent the diffusivity and dissipation of the supersonic jet [21]. Equations (9) and (10)
represent the turbulence kinetic energy (k) and its dissipation rate (w) in the simulation model,
as follows: ∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) + Gk − Yk (9)

∂

∂t
(ρw) +

∂

∂xi
(ρwui) =

∂

∂xj
(Γw

∂w
∂xj

) + Gw − Yw (10)

where Gk and Gw are the generation of turbulence kinetic energy (m−2·s−2) due to the mean
velocity gradient and the generation of specific dissipation rate. Γk and Γw are the effective
diffusivity of k and w, respectively. Yk and Yw are the dissipation of k and w, respectively.

3.2. Simulation Model Detail

Due to the axisymmetric of the supersonic oxygen jet flow field, a two-dimensional
(2D) geometrical model with an axisymmetric method was built to investigate the behavior
of the supersonic oxygen jet. The Laval nozzle and oxygen-flowing zone constituted the
computational domain, considered 2.25 m downstream in the axial direction from the tip
of the Laval nozzle and 0.45 m in the radial direction.

Based on the behavior of the oxygen jet, the velocity and pressure gradients were much
bigger near the Laval nozzle exit than in the other regions. Therefore, the mesh density
in this region has been improved, and the smallest mesh size was 0.05 mm × 0.05 mm. In
order to enhance the accuracy of the simulation model, a wall boundary layer mesh has
been built. The thickness of the first boundary layer mesh was 0.0005 mm, with a total of
10 layers of boundary mesh set. Based on the simulation results, the average y+ of the first
boundary layer mesh was 0.98, and the average cell equiangular skewness was 1.31 × 10−4.
Furthermore, only structured grids were employed in the mesh model.

As depicted in Figure 3, in the simulation model, the blue, red, and yellow lines
represented the mass flow inlet, pressure outlet, and axis boundary conditions, respectively,
while the other lines were defined as the wall boundary conditions. The origin point of
the simulation model was established at the center of the Laval nozzle exit, as shown
in Figure 3c.
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At the solid impermeable wall, a non-slip condition and enhanced wall treatment were
applied to this model. Initially, the computational domain started at rest with no oxygen
blowing through the Laval nozzle, which was filled with static air. In the inlet position of
Laval nozzles, the mass inlet boundary condition was adopted to inject the oxygen gas,
and the pressure outlet was adopted as the boundary condition in the outlet position of the
computational domain.

Table 1 presents the specifications of the boundary conditions, and the thermophysical
properties of gases are shown in Table 2 [22]. In this paper, all the simulation results were
achieved by using high-temperature conditions, according to the ambient temperature
of 1700 K.

Table 1. Boundary conditions.

Name of Boundary Type of Boundary Conditions Values

Oxygen inlet

Mass flow rate (Nm3/h) 1600/2000/2400
Mach number 2.00

Mass fractions (%) O2 = 100
Oxygen temperature 300 K (27 ◦C)

Outlet
Static pressure (Pa) 101,325
Mass fractions (%) Air = 100

Ambient temperature 1700 K (1427 ◦C)
Wall Temperature 300 K (27 ◦C)
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Table 2. Thermo-physical properties of three phases.

Air Oxygen Gas

Density/(kg·m−3) Ideal gas Ideal gas

Viscosity/(kg·m−1·s−1)
−0.13 + 7.94·10−2·T − 7.17·10−5·T2

+ 5.41·10−8·T3

− 2.21·10−11·T4 + 3.65·10−15·T5

−0.39 + 8.83·10−2·T − 7.55·10−5·T2

+ 5.51·10−8·T3

− 2.20·10−11·T4 + 3.59·10−15·T5

Thermal conductivity/
(W·m−1·K−1)

−0.77 + 1.10·10−1·T − 8.29·10−5·T2

+ 6.16·10−8·T3

− 2.47·10−11·T4 + 4.03·10−15·T5

−1.10 + 1.08·10−1·T − 6.67·10−5·T2

+ 4.60·10−8·T3

− 1.77·10−11·T4 + 2.81·10−15·T5

Cp/(J·kg−1·K−1)
1.094 − 7.36·10−4·T + 1.92·10−6·T2

− 1.76·10−9·T3

+ 7.34·10−12·T4 − 1.18·10−16·T5

0.991 − 8.11·10−4·T + 2.68·10−6·T2

− 2.91·10−9·T3

+ 1.39·10−12·T4 − 2.48·10−16·T5

Temperature/K 1700 300

Based on results reported in Refs. [11–15], the pure gas flow exhibits a stable flow state.
Thus, the calculation was conducted in the steady solution mode, and the coupled method
was adopted to solute the pressure–velocity coupling scheme [23,24].

The species transport model was selected to analyze the interaction between oxygen
and nitrogen in the computational domain. The second-order discretization scheme was
used for pressure and gas species discretization, and the least squares cell-based method
was used for gradient discretization. Besides, the other variables (energy, turbulence kinetic
energy, and dissipation rate) were solved by the QUICK scheme.

In this research, the solution convergence was selected as the average total temperature
and velocity variations at the outlet of the computational domain were less than 1.0 K (1 ◦C)
and 0.2 m/s, respectively. All simulations were conducted on a workstation configured
with a 64-core CPU and 128 GB of RAM. After iterating for 12,000 steps, the simulation
case achieved convergence, requiring an average processing time of 8 h.

3.3. Mesh Sensitivity

All simulations were performed on a workstation equipped with a 68-core CPU and
136 GB of memory. For the numerical models with three different Lw lengths, the average
number of mesh elements was 73,200. When the models reached convergence, an average
of 13,000 iterations was performed.

Figure 4 illustrates the axial velocity profiles derived from simulations conducted with
three mesh levels: coarse mesh (34,400 cells), medium mesh (73,200 cells), and fine mesh
(122,400 cells). Notably, the axial velocity variation between the medium and fine mesh
levels is within 0.7%, indicating that the solution is relatively insensitive to grid refinement.
In contrast, the variation between the coarse and medium mesh levels is approximately
4.3%. Consequently, the medium mesh level with 73,200 cells was chosen for the simulation
to optimize computational efficiency.
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4. Results and Discussions
4.1. Velocity Vector Distribution

During the steelmaking process, the high-temperature drop generated from liquid slag
and molten bath will be splashed on the oxygen lance tip. The small-size high-temperature
drop may be dragged to the surface wall of the Laval nozzle tip by the entrainment
phenomenon. Then, the part of the solid copper at the tip region will be softened by
overheating. As a result, the Laval nozzle structure might be destroyed, which generates
the wear length at the Laval nozzle exit.

The extended section of the Laval nozzle is designed with a specific expansion angle
to ensure the steady expansion of high-pressure oxygen. This configuration effectively
converts the pressure potential energy of the oxygen jet into kinetic energy. However,
wear occurring at the exit of the Laval nozzle can alter the structural parameters of the
extended section.

As a result, the oxygen jet tends to expand along the worn areas of the Laval nozzle
exit, as its static pressure exceeds that of the ambient gas. This paper analyzes the velocity
vector of the oxygen jet to illustrate its expansion characteristics at the exit of the Laval
nozzle under various operating conditions.

Figure 5 depicts the velocity vector distribution of the oxygen jet at the edge of the
Laval nozzle tip with an oxygen flow rate of 2000 Nm3/h. When the flow rate of the
oxygen jet is constant, its pressure potential energy at the inlet of the Laval nozzle remains
unchanged, provided that the same method of oxygen transport is utilized. This indicates
that the initial expansion ability of the oxygen jet is determined by its flow rate. Thus, an
expanding edge for the oxygen jet exists at the worn exit of the Laval nozzle, which extends
further with an increased oxygen flow rate.
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Along this extending edge, the ambient gas will be entrained into the oxygen jet due
to the velocity gradation, as shown in Figure 5a,b. Meanwhile, parts of the ambient air
impact the surface wall of the Laval nozzle, as reflected in the velocity vector profile. This
further proves that the small-size high-temperature drop may be dragged to the surface
wall of the Laval nozzle tip by the entrainment phenomenon. As the wear length of the
Laval nozzle exit increases, more gas flow is entrained into the worn region at the exit of
the Laval nozzle.

In order to further investigate the effect of wear condition on the flow field at the
exit of the Laval nozzle, the angles between the velocity vector of the oxygen jet and the
positive X-axis and between the velocity vector of ambient gas and the positive X-axis
have been measured, which are defined as Ao-x and Ag-x, respectively, as represented in
Figure 6a. According to the flow directions of the oxygen jet and ambient gas at the exit of
the Laval nozzle, when the Ao-x ranges from 0◦ to 90◦, the oxygen jet shows an expansion
phenomenon. Meanwhile, when the Ag-x ranges from 180◦ to 270◦, the ambient gas is
entrained into the oxygen jet.
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For analyzing the interaction between the oxygen jet and ambient gas at the exit of the
Laval nozzle, the biggest X coordinate is recorded when the Ao-x ranges from 0◦ to 90◦, and
this Y coordinate is defined as the expansion point. Moreover, the smallest Y coordinate is
also recorded at the exit of the Laval nozzle when the Ag-x ranges from 180◦ to 270◦, and
this Y coordinate is defined as the entrainment point.

In addition, the distance between the expansion point (or entrainment point) and the
Y coordinate for the edge of the Laval nozzle exit in the positive direction of the Y-axis is
shortened as the DEx-E (or DEn-E), as shown in Figure 6b.

Table 3 shows that the average DEx-E are 4.5, 4.4, and 4.3 mm, respectively, when
the oxygen flow rates are 1600, 2000, and 2400 Nm3/h, ranging from Lw of 0 to 4 mm.
Meanwhile, the average DEn-E are 2.1, 1.6, and 1.5 mm, respectively, when the oxygen flow
rates are 1600, 2000, and 2400 Nm3/h, ranging from Lw of 0 to 4 mm. Thus, both DEx-E and
DEn-E are decreased, with an improvement of the oxygen flow rate.

When the Lw are 0, 2, and 4 mm, the average DEx-E values are 0.0, 4.9, and 8.4 mm,
respectively, ranging from an oxygen flow rate of 1600 to 2400 Nm3/h. As mentioned,
the initial expansion ability of the oxygen jet is determined by the oxygen flow rate.
As the length of the Laval nozzle increases, the cross-sectional area available for the
entrainment of ambient gas into the wear region at the nozzle exit also increases, leading to
a more pronounced entrainment phenomenon between the ambient gas and the oxygen
jet. Consequently, a greater amount of kinetic energy from the high-velocity oxygen jet is
transferred to the low-velocity ambient gas, thereby diminishing the expansion capability
of the oxygen jet at the nozzle exit. This results in a shorter extending edge of the oxygen
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jet. Thus, when the wear on the Laval nozzle intensifies, the oxygen jet will further expand
at the exit of Laval, thereby increasing the DEx-E.

Table 3. The expansion and entrainment points at the Laval nozzle exit.

Label

Oxygen Flow Rate = 1600 Nm3/h Oxygen Flow Rate = 2000 Nm3/h Oxygen Flow Rate = 2400 Nm3/h

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Expansion
point (mm) 15.0 12.0 10.3 15.0 12.1 10.7 15.0 12.2 10.9

DEx-E (mm) 0.0 5.0 8.7 0.0 4.9 8.3 0.0 4.8 8.1
Entrainment
point (mm) —— 14.8 14.9 —— 15.4 15.7 —— 15.6 16.0

DEn-E (mm) 0.0 2.2 4.1 0.0 1.6 3.3 0.0 1.4 3.0

Based on the result, ranging from an oxygen flow rate of 1600 to 2400 Nm3/h, the
average DEx-E values are 0.0, 1.7, and 3.5 mm for the Lw values of 0, 2, and 4 mm, respec-
tively. The pressure potential energy of the oxygen jet increases with an elevated oxygen
flow rate. Consequently, when the oxygen jet exits the Laval nozzle, its expansion ability is
enhanced, which suppresses the entrainment phenomenon between the oxygen jet and the
ambient gas in the wear region at the Laval nozzle exit. This effect causes the ambient gas
to be displaced away from the central oxygen jet stream, thereby enlarging the expanding
edge of the oxygen jet. Therefore, the average DEx-E value increases with a higher oxygen
flow rate.

As mentioned, the entrainment phenomenon may cause high-temperature ambient
gas or slag droplets to impact the tip of the oxygen lance, leading to a wear phenomenon
at the exit of the Laval nozzle, as depicted in Figure 5. To investigate the relationship
between the entrainment phenomenon, oxygen flow rate, and Lw value further, the total
temperature distributions at the exit of the Laval nozzle have been researched, as depicted
in Figure 7.
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Based on the result, with increasing the Y coordinate, the total temperature of the gas
phase remains at 300 K, with the Lw value of 0 mm. This means that when the structure of
the Laval nozzle is intact, no high-temperature ambient gas is entrained into the oxygen jet
at the exit of the Laval nozzle. However, the high-temperature ambient gas still impacts
the outer edge of the Laval nozzle exit, as shown in Figure 5a. As a result, the wear
phenomenon is gradually formed.

With increasing the Lw value, the total temperature of the gas phase is rapidly im-
proved after the Y coordinate reaches 14 mm. Meanwhile, the maximum total temperature
of the gas phase is also obviously improved with a bigger Lw value. In this paper, when
the gas phase reaches 310 K, its Y coordinate will be measured and addressed as the YT-310.

Table 4 shows that ranging from Lw of 0 to 4 mm, the average maximum total tempera-
tures are 1011, 978, and 969 K, respectively, when the oxygen flow rates are 1600, 2000, and
2400 Nm3/h. Meanwhile, the average YT-310 are 15.1, 15.3, and 15.5 mm, respectively, when
the oxygen flow rates are 1600, 2000, and 2400 Nm3/h, ranging from Lw of 0 to 4 mm. With
a greater flow rate of the oxygen jet, the average maximum total temperature is increased,
but the YT-310 is decreased.

Table 4. The maximum total temperature of the gas phase and YT-300 at the Laval nozzle exit.

Label

Oxygen Flow Rate = 1600 Nm3/h Oxygen Flow Rate = 2000 Nm3/h Oxygen Flow Rate = 2400 Nm3/h

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Lw = 0
(mm)

Lw = 2
(mm)

Lw = 4
(mm)

Max total
temperature (K) 300 1034 1700 300 935 1700 300 908 1700

YT-310 (mm) —— 15.2 14.9 —— 15.5 15.0 —— 15.9 15.1

When the flow rate of the oxygen jet is increased, the pressure potential energy of
the oxygen jet will be improved, resulting in a great expansion effect of the oxygen jet.
Thus, the high-temperature ambient gas cannot easily be entrained into the Laval nozzle,
which further reduces the total temperature at the edge of the Laval nozzle exit. As a result,
the wall temperature of the Laval nozzle exit is decreased, which suppresses the wear
phenomenon of the Laval nozzle. Based on the results, the oxygen lance should avoid the
low-flow oxygen supply method during the steelmaking process.

Table 4 shows the maximum total temperature of the gas phase and YT-310 at the Laval
nozzle exit.

As mentioned, when the Lw = 0 mm, the total temperature of the gas phase remains
at 300 K at the Laval nozzle exit, resulting in no increase in total temperature. When the
Lw values are 2 and 4 mm, the average maximum total temperatures are 959 and 1700 K,
respectively. Besides, with the Lw values of 2 and 4 mm, the average YT-310 values are
15.5 and 15.0 mm, respectively.

When the Lw increases, more high-temperature ambient gas is entrained into the
oxygen jet. Therefore, at the Laval nozzle exit, the outer temperature of the oxygen jet is
rapidly enhanced, which also increases the surface temperature of the Laval nozzle. As a
result, the mechanical property of Cu is reduced, and the wear phenomenon of the Laval
nozzle exit is improved. Based on the result, the wear phenomenon of the Laval nozzle exit
is increased by a lower oxygen jet flow rate and further deteriorates with a bigger Lw.

Meanwhile, an enhancement of the entrainment phenomenon of the ambient gas
results in more ambient gas absorbing the kinetic energy from the oxygen jet, thereby
reducing the impaction ability of the oxygen gas. The effect of oxygen flow rate on its
impaction ability will be further discussed in Sections 4.2 and 4.3 by analyzing the velocity
distribution of the oxygen jet and the theoretical impaction cavity shape of the molten bath.
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4.2. Velocity Distribution

Figure 8 shows the axial velocity profiles of the main oxygen jet at the centerline with
various conditions. The simulation results are shown by solid and dotted lines, whilst the
measurement data are represented by various symbols (□, ⃝ and △). In this paper, the
ambient temperature in the tested condition is 1700 K for each case.
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The average axial velocity, illustrated in Figure 8, is derived from continuous measure-
ments conducted over a duration of 20 s, as mentioned in Section 2. The experimental data
indicate that the average fluctuation value of the measurement data is ±5.3% of its average
value, with an average standard deviation of 10.5 m/s. This fluctuation value averages a
cycle occurrence every 1.2 s.

Based on the result, the average variation of axial velocity between the simulation
result and measurement data is 6.9%, which indicates that the experimental measurement
data are in good agreement with that of the simulation results.

As shown in Figure 8, a shockwave of the main oxygen is generated immediately
after the oxygen jet passes through the Laval nozzle exit. Subsequently, the intensity of
the shockwave gradually reduces, leading to a constant axial velocity within a certain
length along the centerline of the Laval nozzle. Finally, the axial velocity slowly decreases
at the end of the velocity potential core. Based on the results, the initial axial velocity at
the Laval nozzle exit is approximately 487 m/s for each case. The initial axial velocity
variation caused by different oxygen flow rates or L w values is less than 1%, which can
be considered negligible. This indicates that both the oxygen flow rate and Lw value have
little influence on the initial axial velocity at the centerline of the Laval nozzle under the
tested conditions.

However, the initial intensity of the shockwave shows a difference with the various
Lw values at the same oxygen flow rate, which makes the axial velocity and the potential
length of the main oxygen jet different. The maximum and minimum values of the axial
velocity at the first shockwave for the main oxygen jet are represented as the Vmax and
Vmin, respectively. The axial velocity fluctuation, calculated as the difference between Vmax
and Vmin, is denoted as ∆V, as shown in Table 5.

Table 5. The axial velocity (m/s) of the main oxygen jet at the first shockwave.

Oxygen Flow Rate
(Nm3/h)

1600 2000 2400

Vmax Vmin ∆V Vmax Vmin ∆V Vmax Vmin ∆V

Lw = 0 mm 518 363 155 522 472 50 575 479 96
Lw = 2 mm 530 358 172 576 426 150 610 451 159
Lw = 4 mm 538 351 187 582 418 164 615 443 172

Based on the results, the Vmax increases with increasing oxygen flow rate and Lw value.
The Vmin decreases with increasing Lw value, which is opposite to the effect of the oxygen
flow rate. A larger ∆V value indicates a higher intensity of the shockwave, suggesting that
more dynamic energy of the oxygen jet will be removed by the shockwave.

Therefore, the axial velocity of the main oxygen jet is reduced with a greater Lw value.
And the ∆V value generated with the lower oxygen flow rate is the largest, followed by
the higher oxygen flow rate, with the design oxygen flow rate exhibiting the lowest value.
As mentioned in Section 4.1, the oxygen lance should avoid the low-flow oxygen supply
method during the steelmaking process because this method can further increase the wear
condition rate of the Laval nozzle exit and suppress the impaction ability of the main
oxygen jet.

To further investigate the effect of Lw on the behavior of the first shockwave, the X
coordinate of the main oxygen jet is recorded at the points where its velocity reaches both
the maximum and minimum values, as shown in Table 6. In this paper, X-Vmax and X-Vmin
represent the X-coordinates corresponding to the maximum and minimum velocities of
the main oxygen jet, respectively. As mentioned, when the Lw increases, the intensity of
the shockwave is enhanced. As a result, increasing the Lw value induces the shockwave
phenomenon to occur earlier and achieves a smaller X-Vmax and X-Vmin.
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Table 6. The X coordinate (mm) of the main oxygen jet at the first shockwave.

Oxygen Flow Rate
(Nm3/h)

1600 2000 2400

X-Vmax X-Vmin X-Vmax X-Vmin X-Vmax X-Vmin

Lw = 0 mm 20.9 23.6 29.8 36.3 29.2 35.3
Lw = 2 mm 20.2 23.2 27.3 33.2 26.8 32.6
Lw = 4 mm 18.9 22.8 25.4 31.0 24.9 30.2

The design flow rate of the main oxygen jet is 2000 Nm3/h. Thus, compared with
the flow rates of 1600 Nm3/h and 2400 Nm3/h, the Laval nozzle can more efficiently
convert the pressure potential energy of the jet into its kinetic energy with the flow rate
of 2000 Nm3/h, thereby suppressing the formation of shockwaves. Thus, both X-Vmax
and X-Vmin generated by the main oxygen flow rate of 2000 Nm3/h are greater than those
produced at main oxygen flow rates of 1600 Nm3/h and 2400 Nm3/h.

When the flow rates of the main oxygen jet are 1600 Nm3/h and 2400 Nm3/h, the jet
exhibits underexpansion and overexpansion phenomena, respectively. Thus, the shockwave
is generated earlier at the 1600 Nm3/h flow rate compared to the 2400 Nm3/h flow rate.
As a result, both X-Vmax and X-Vmin for the 2400 Nm3/h flow rate are larger than those for
the 1600 Nm3/h flow rate.

To further investigate the oxygen flow field, both the potential core length and axial
velocity have been researched at the end-point of the potential core. Table 6 shows the axial
velocity potential core parameters with various conditions. The potential core lengths of the
main oxygen jet using oxygen flow rates of 1600, 2000, and 2400 Nm3/h are denoted as LL,
LD, and LH, respectively. The axial velocities at the end of the potential core using oxygen
flow rates of 1600, 2000, and 2400 Nm3/h are denoted as VL, VD, and VH, respectively.

Table 7 shows that the axial velocity potential core length increases with a higher
oxygen flow rate and a lower Lw value, which follows the same trend for the axial velocity
at the end region of the potential core. The oxygen flow rates increased from 1600 Nm3/h
to 2000 Nm3/h and from 2000 Nm3/h to 2400 Nm3/h, with the average length of the axial
velocity potential core prolonging by 47.3 and 35.0 mm, respectively.

Table 7. The axial velocity potential core parameters with various conditions.

Lable LL LD LH VL VD VH

Lw = 0 mm 485 mm 532 mm 564 mm 459 m/s 488 m/s 504 m/s
Lw = 2 mm 473 mm 520 mm 555 mm 457 m/s 486 m/s 497 m/s
Lw = 4 mm 462 mm 510 mm 548 mm 456 m/s 484 m/s 496 m/s

The Lw increased from 0 mm to 2 mm and from 2 mm to 4 mm, with the average
length of the axial velocity potential core decreasing by 11.0 and 9.3 mm, respectively.
Hence, at the test condition, the increasing rate of length of the axial velocity potential core
is decelerated with a greater oxygen flow rate, and the reducing rate of the length of the
axial velocity potential core is also decelerated with a bigger Lw.

Meanwhile, the oxygen flow rate increased from 1600 Nm3/h to 2000 Nm3/h and from
2000 Nm3/h to 2400 Nm3/h, with the average axial velocity in the potential core improving
by 28.7 and 13.0 m/s, respectively. In addition, the Lw increased from 0 mm to 2 mm and
from 2 mm to 4 mm, with the average axial velocity in the potential core decreasing by
3.7 and 1.3 m/s, respectively. Thus, the increasing rate of average axial velocity in the
potential core is decelerated with a greater oxygen flow rate, and the reducing rate of
average axial velocity in the potential core is also decelerated with a bigger Lw, which is
the same as the changing role of the average length of the axial velocity potential core.

As depicted in Figures 5 and 7, when the Lw increased, more high-temperature
ambient gas was entrained into the oxygen jet, resulting in a higher total temperature
at the periphery of the supersonic jet near the Laval nozzle exit. This indicates that the
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entrainment phenomenon between the oxygen jet and ambient gas is strengthened, with a
bigger Lw, which further intensifies the axial velocity fluctuation and a great shockwave
intensity, as shown in Figure 8 and Table 5.

Based on the simulation result of axial velocity reported in Tables 5 and 7, there is
more kinetic energy of the oxygen jet absorbed by the ambient gas when the Laval nozzle
is worn. Meanwhile, the kinetic energy of the oxygen jet is further reduced when it passes
through the shockwave. As a result, both the potential core length and velocity magnitude
of the oxygen jet are suppressed, resulting in a lower impaction ability of the oxygen
jet. Therefore, the research findings regarding the velocity distribution of the supersonic
oxygen jet presented in this paper align with the reports in the Refs. [25–27].

4.3. Impaction Cavity Parameters and Droplet Generation Distributions

In the case of the side-blowing oxygen lance, the oxygen jet initially penetrates the flue
gas before reaching the surface of the molten bath. This process generates an impaction
cavity due to the total pressure gradient between the oxygen jet and the molten bath. As
the impaction depth increases, a greater flow rate of the oxygen jet can directly react with
the carbon in the molten steel, thereby enhancing the decarburization reaction rate and
reducing smelting time. Furthermore, an enlarged impaction area increases the interface
between the oxygen jet and the liquid slag, which consequently raises the (FeO) content in
the liquid slag and improves the dephosphorization rate.

Therefore, it is important to estimate the effect of the wear length on the impaction
cavity parameter. Based on the operational method of an 80 t EAF, the distance between the
Laval nozzle tip and the surface of the molten bath is 1.4 m. In order to research the effect
of oxygen flow rate and Lw on the impaction ability of the oxygen jet, the total pressure
distribution at the lance height of 1.4 m has been represented in Figure 9.

As described, with a bigger Lw, both the shockwave intensity oxygen jet and entrain-
ment phenomenon of ambient gas is improved, which obviously suppresses the impaction
ability of the oxygen jet. Thus, the maximum total pressure of the oxygen jet at the lance
height of 1.4 m is reduced with a bigger Lw. In addition, when the oxygen flow rate is
increased, the initial kinetic energy of the oxygen jet gradually improved, resulting in a
bigger total pressure, as shown in Figure 9. Refs [28,29] indicate that the impaction depth is
increased with the total pressure of the oxygen lance, whereas the molten bath is included
by two-layer liquid phases, which consist of liquid slag and molten steel. Thus, both the
molten bath parameter and the total pressure of the oxygen jet are the main factors of
the impaction cavity shape. Taking the two-layer liquid phases into consideration, the
impaction depth of the molten bath can be calculated by the following equations:

H =
Pt − Pa

ρslagg
, Pt < ρslag·g·Hslag (11)

H = Hslag + Hsteel = Hslag +
(Pt − Pa)− ρslaggHslag

ρsteel g
, Pt ≥ ρslag·g·Hslag (12)

where H, Hslag, and Hsteel are the impaction depth, liquid slag thickness, and penetrate depth
of steel molten (m), respectively. Pt and Pa are the total pressure of the oxygen jet (Pa), and
an atmospheric pressure of 101,325 Pa. g, ρslag, and ρsteel are the gravitational acceleration
of 9.81 m2/s, liquid slag density (kg/m3) and molten steel density (kg/m3), respectively.

In this research, the density and thickness of liquid slag are assumed to be 3000 kg/m3

and 0.15 m, respectively, and the molten steel density is 7000 kg/m3. Hence, when the total
pressure of the oxygen jet is equal to 103,532.3 Pa, the oxygen jet can penetrate 50 percent
of the liquid slag thickness. The impaction radius is defined as the Y coordinate, where the
total pressure of the oxygen jet is equal to 103,532.3 Pa. Figure 10 demonstrates the theoreti-
cal impaction depth and radius at the lance height of 1.4 m formed by various conditions.
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Figure 10. The theoretical impaction depth and radius at the lance height of 1.4 m are formed by
various conditions. (a) Impaction depth. (b) Impaction radius.

Figure 10 depicts that both impaction depth and radius are increased with a greater
oxygen flow rate but reduced with a bigger Lw. The oxygen flow rates increased from
1600 Nm3/h to 2000 Nm3/h and from 2000 Nm3/h to 2400 Nm3/h, with the average im-
paction depth increasing by 39.8 and 19.6 mm, respectively, and with the average impaction
radius increasing by 25.7 and 15.0 mm, respectively, ranging from Lw of 0 to 4 mm.

The Lw increased from 0 mm to 2 mm and from 2 mm to 4 mm, with the average
impaction depth decreasing by 2.8 and 1.5 mm, respectively, and with the average impaction
radius increasing by 1.0 and 0.3 mm, respectively, ranging from the oxygen flow rate of
1600 Nm3/h to 2400 Nm3/h.

Thus, the increasing rate of impaction depth and radius is reduced with a greater
oxygen flow rate and a bigger Lw. Compared with the impaction radius, the effects of
oxygen flow rate and Lw on impaction depth are more prominent.

When the oxygen jet impacts the surface of the molten bath, it generates metal droplets,
which increases the contact area between the oxygen jet and the molten bath. Consequently,
this enhancement improves the oxygen mass transfer rate, further accelerating the reaction
rate within the molten bath. In this study, the blowing number (NB) proposed by Rout
et al. [30] is employed to estimate the wear length related to the droplet generation rate in
the steelmaking process, as expressed in the following equation:

NB =
ρgu2

g

2√ρsteelσg-sg
(13)

where ρg and ug are the density (kg/m3) and velocity (m/s) of oxygen gas, respectively.
σg-s is the surface tension between the oxygen gas and molten steel equal to 1.9 N/m.
According to the NB, the ratio of the droplets generated amount of (RB) to the volumetric
gas flow rate (FG) can be calculated by the following equation:

RB
FG

=
N3.2

B

[2.6 × 106 + 2.0 × 10−4 × N12
B ]

0.2 (14)

Thus, the droplet generation rate is increased with a greater RB/FG. Based on the
characteristics of the flow field, the RB/FG distribution at a lance height of 1.4 m with
various conditions is presented in Figure 11.

Figure 11 presents the droplet generation rate increases with a greater oxygen flow rate
and a smaller Lw. The oxygen flow rates increased from 1600 Nm3/h to 2000 Nm3/h and
from 2000 Nm3/h to 2400 Nm3/h, with the average RB/FG increasing by 9.5 and 9.2 kg/Nm3,
respectively, ranging from Lw of 0 to 4 mm. It seems that although the increasing rate of
RB/FG is reduced with a greater oxygen flow rate, the oxygen flow rate has a small effect on
the RB/FG.
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Moreover, the Lw increased from 0 mm to 2 mm and from 2 mm to 4 mm, with the
average RB/FG decreasing by 1.02 and 0.57 kg/Nm3, respectively, ranging from an oxygen
flow rate of 1600 Nm3/h to 2400 Nm3/h. Hence, the decreasing rate of RB/FG is reduced
with a larger Lw. Based on the results, a higher oxygen flow rate and a smaller Lw can
increase the droplet generation rate. This, in turn, enhances the contact area between the
oxygen gas and the molten bath, resulting in a reduced oxygen supply time.

5. Conclusions

The cause of the Laval nozzle tip wear phenomenon and its influence on the oxygen jet
flow field have been investigated in this paper. Both numerical simulation and experimental
study have been carried out, and their results are in good agreement. The main conclusions
of the present research can be summarized as follows:

(1) Based on the magnitude of ∆V, the intensity of the shockwave is improved by
increasing the Lw and reducing the oxygen flow rate. Consequently, both the length of
the velocity potential core and the impaction ability of the oxygen jet are reduced, which
suppresses the impaction depth and radius, resulting in a smaller droplet generation rate;

(2) The average droplet generation rate, impaction depth, and impaction radius are
decreased by 3.8%, 2.9%, and 2.6%, respectively, when the Lw is prolonged from 0 to
4 mm, ranging from an oxygen flow rate of 1600 to 2000 Nm3/h. Thus, although the
impaction ability of the oxygen jet is reduced by a longer wear length, the traditional
oxygen lance with the Lw of 4 mm still exhibits good metallurgical performance in the EAF
steelmaking process;

(3) When the worn area of the Laval nozzle has been observed, it is advisable to
enhance the flow rate of the cooling water to extend the service life of the side-blowing
oxygen lance. In addition, to maintain optimal dynamic conditions in the molten bath, the
flow rate of the Laval nozzle should be gradually increased in response to the rising Lw;

(4) The wear phenomenon of the Laval nozzle first occurs at the edge of its exit.
Consequently, a coating protection structure made of high-temperature resistant materials
with good thermal conductivity and excellent thermal fatigue properties can be attempted
at the edge of the Laval nozzle.
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List of Symbols

Ae Exit area of the Laval nozzle (m2) At Throat area of the Laval nozzle (m2)

Ao-x
Angle between velocity vector of
oxygen jet and the positive X-axis (◦)

Ag-x
Angle between velocity vector of ambient gas
and the positive X-axis (◦)

αw Wear angle (◦) CD Oxygen utilization coefficient

DEx-E
Distance between the expansion point
and the Y coordinate (mm)

DEn-E
Distance between the entrainment point
and the Y coordinate (mm)

E Total energy (J) FG Volumetric gas flow rate (Nm3·s−1)
g Gravitational acceleration ( m2·s−1) H Impaction depth (m)
Hslag Liquid slag thickness (m) Hsteel Penetrate depth of steel molten (m)
k Turbulence kinetic energy (m−2·s−2) Lw Wear length (mm)

LD
Potential core length of the main oxygen
jet using an oxygen flow rate of 2000 Nm3/h (mm)

LH
Potential core length of the main oxygen jet
using an oxygen flow rate of 2400 Nm3/h (mm)

LL
Potential core length of the main oxygen jet
using an oxygen flow rate of 1600 Nm3/h (mm)

NB Blowing number

Pa Atmospheric pressure (MPa) Pd Dynamic pressure (MPa)
Pin Inlet pressure of the Laval nozzle (MPa) Pout Ambient pressure (MPa)
Ps Static pressure (MPa) Pt Total pressure of oxygen jet (Pa)
Q Flow rate of the Laval nozzle (Nm3·min−1) R Gas constant
RB Droplet generation rate (kg·s−1) Sh Volumetric heat source(W·m−3)

Tin Inlet temperature of the Laval nozzle (K) VD
Axial velocity at the end of the potential core using
an oxygen flow rate of 2000 Nm3/h

VH
Axial velocity at the end of the potential core
using an oxygen flow rate of 2400 Nm3/h

VL
Axial velocity at the end of the potential core using
an oxygen flow rate of 1600 Nm3/h

Vmax
Maximum axial velocity at the first shockwave
for the main oxygen jet (m·s−1)

Vmin
Minimum axial velocity at the first shockwave for
the main oxygen jet (m·s−1)

∆V
Axial velocity fluctuation is calculated as the
difference between Vmax and Vmin (m·s−1)

VO2 Velocity of the main oxygen jet (m·s−1)

X-Vmax
X-coordinates corresponding to the maximum
velocity of the main oxygen jet (mm)

X-Vmin
X-coordinates corresponding to the minimum
velocity of the main oxygen jet (mm)

YT-310 Y coordinate with gas phase reaches at the 310 K (mm) ρO2 Density of the main oxygen jet (kg·m−3)
ρslag Liquid slag density (kg·m−3) ρsteel Molten steel density (kg·m−3)
Γ Specific heat ratio of oxygen vi Mean velocity component in the ith direction (m·s−1)

vj Mean velocity component in the jth direction (m·s−1) v′i
Fluctuating velocity (m·s−1)
component in the ith direction
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