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ABSTRACT

Smelting with oxygen bottom blowing is one of the main methods used in the frame of copper pyrometallurgy.
With this approach, feed materials and oxygen-enriched air are introduced in reversed order to enhance multiphase
flow within the furnace. Understanding the flow structure and temperature distribution in this setup is crucial for
optimizing production. In this study, gas-liquid interactions, and temperature profiles under varying air-injection
conditions are examined by means of numerical simulation for a 3.2 m × 20 m furnace. The results indicate that the
high-velocity regions are essentially distributed near the lance within the reaction region and the flue gas outlet,
while low-velocity regions are located close to the furnace walls on both side of the reaction region. Dead regions
appear in the sedimentation region, with gas velocities surpassing those of the molten phase. As the injection rate
increases from 0.50 to 0.80 Nm3/s, the stabilization time of the average liquid surface velocity decreases from 2.6 s
to 1.9 s, exhibiting a similar trend to the gas holdup. During stabilization, the average liquid surface velocity rises
from 0.505 to 0.702 m/s. The average turbulent kinetic energy (TKE) of the fluid in the molten bath increases from
0.095 to 0.162 m2/s2. The proportion of the area distribution with TKE greater than 0.10 m2/s2 and the gas holdup
at steady state both rise with an increase in the injection quantity. The maximum splashing height of the melt grows
from approximately 0.756 to 1.154 m, with the affected area expanding from 14.239 to 20.498 m2. Under different
working conditions with varying injection quantities, the average temperature changes in melt zone and flue gas
zone of the furnace are small. The temperature in the melt and in the flue-gas zone spans the interval 1200°C–
1257°C, and 1073°C–1121°C, respectively. The temperature distribution of the melt and flue gas reveals a pattern
characterized by elevated temperatures in the reaction zone, gradually transitioning to lower temperatures in the
sedimentation region.
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1 Introduction

Oxygen-enriched bottom-blown bath smelting is a copper smelting technology independently developed
by China. Because of its high smelting intensity, low energy consumption and ability to deal with complex
copper resources, it has been highly recognized by all countries in the world [1–3]. This technology has a
high oxygen utilization rate, which can significantly reduce fuel usage, while improving smelting yield
and reducing energy consumption and raw material consumption per ton of product. During the smelting
process, the charge enters from the upper part of the furnace, while oxygen-enriched air enters from the
bottom of furnace, forming a gas-liquid-solid three-phase mixed reaction region in the melt region. The
oxygen-enriched air acts as a stirring acceleration reaction in melt region. The flow state of the bath is
directly related to material mixing, gas phase distribution within the melt, heat and mass transfer, oxygen
utilization efficiency, and reaction rate.

Since the bottom-blown smelting process is an extremely complex multi-phase, multi-field, and multi-
reaction system, much research focused on flow and heat transfer in the smelting process [1]. Regarding the
flow situation in the furnace, many researchers used water experiments and numerical simulation to study the
bottom-blown copper bath smelting process, investigating the mixing characteristics, fluctuation
characteristics, and bubble behavior. The mixing characteristics of oxygen-rich air, copper matte, ore
materials, and slag layers in the molten pool were investigated through water model experiments. Liu
et al. [4] elaborated on the mechanism of bottom-blown copper smelting, conducting theoretical analysis,
water model experiments, and sampling analysis verification on the gas injection behavior during the
oxygen bottom-blown smelting process, the chemical reaction mechanism of matte smelting, and the
thermal working state inside the smelting furnace. The oxygen bottom-blown gas flow can form a
uniform diffusion zone in the melt, achieving melt stirring, and providing favorable kinetic conditions for
the chemical reactions and heat and mass transfer within the furnace. Wang et al. [5] elaborated a test
system for the bottom-blown oxygen converting and matte-making process in a converter and used the
Particle Image Velocimetry (PIV) method. They investigated the effects of various factors, such as
injection air velocity, lance angle, nozzle diameter, and different molten pool depths on the average
bubble size and gas holdup. Shui et al. [6] utilized silicone oil and water to simulate the behavior of
molten slag and copper matte, numerically simulated the mixing behavior of slag layer and matte layer,
and proposed an empirical relationship between the mixing time in a bottom-blown furnace with gas flow
rate and bath height. Shui et al. [7] also carried out a cold-state experiment on the bottom-blown copper
smelting furnace to research the fluctuation characteristics and transmission behavior of the bath surface
during the smelting process. Huang et al. [8] elaborated a water model by scaling down an actual
industrial bottom-blowing furnace to a ratio of 1:10.3. They studied the mixing behavior and mixing time
of two-phase flow of gas and liquid in the bottom-blown furnace during the lead reduction process using
a combination of chemical decolorization technology and RGB-based image analysis. Utilizing numerical
simulation methods, Wang et al. [9] elaborated a mechanistic model for the SKS process. The furnace
section is divided into seven functional layers, and the hearth is divided into three functional zones along
its length. The multiphase and multi-component mass transfer behaviors between different interfaces in
the smelting furnace were analyzed. Schmidt et al. [10] simulated the variations in molten bath levels,
polydispersity and the agglomeration of matte in industrial flash furnaces. Their research aimed to
investigate the settlement mechanisms of matte, with the goal of reducing copper losses. Lu et al. [11]
changed the ratio of gas flow rate to lance diameter, and proposed an asymmetric injection method. In
addition, the molten pool efficiency was improved by changing the injection intensity between adjacent
oxygen lances. Shao et al. [12] used a combination of numerical simulation and experiment to study the
gas-liquid flow and mixing effect in the molten pool. The effects of different lance positions, lance
numbers and injection quantity on gas-liquid flow, total gas volume and mixing efficiency were analyzed.
Liu et al. [13] employed a numerical model that combines Large Eddy Simulation (LES) with the Volume
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of Fluid (VOF) model to investigate the motion characteristics of bubbles and the multi-scale feature of gas-
liquid two-phase flow. Tan et al. [14] used a phase-field lattice Boltzmann (LB) method to simulate the gas-
liquid mass transfer process and studied the influence of physical parameters on mass transfer in gas-liquid
systems with density difference. Guo et al. [15] developed a simplified equivalent model for a large-scale
oxygen bottom-blowing furnace to study the impact of the lance seat and the spacing between two lances
on the flow characteristics of the molten bath. This research aimed to optimize the arrangement of the
lances. Jiang et al. [16] set up nine different oxygen lance arrangements to study the melt mixing
characteristics and evaluate the mixing effect of bath. Zhao et al. [17] evaluated the stirring effects within
a bottom-blown copper molten bath based on a novel methodology that combines gas and liquid flow
characteristics and mixing homogeneity. They investigated the impact of three types of lance blowing—
straight tube, multi-channel, and swirling flow—on the stirring characteristics within the molten bath. Hu
et al. [18] employed the VOF method to numerically simulate the side-blown gas-liquid reactor and
studied the bubble dynamics, gas-liquid flow characteristics and multi-scale coupling mechanism of the
side-blown gas-liquid reactor. Lai et al. [19] studied the influence of gas flow rate, liquid height, and fluid
medium characteristics on bubble swarm dynamics, surface behavior, and flow field mixing
characteristics in a bottom-blown reactor through coupled simulations using the VOF and LES models.

The heat transfer in the molten pool involves convection heat transfer, radiation heat transfer, chemical
reaction heat between multiphase fluids, etc. Due to the high temperature inside the molten bath and the
harsh testing conditions, most studies on heat transfer and temperature distribution in molten bath focus on
numerical simulation and model experiments [20–22]. Jardón-Pérez et al. [23] utilized the PLIF technique
to measure the temperature field of a bottom-blown ladle under non-isothermal conditions, and compared
the results between PLIF method and the traditional thermocouple method. The comparison results show
that the temperature field obtained by these two methods are in good agreement. Jardón-Pérez et al. [24]
employed the PIV-PLIF technique to study the influence of changing the gas injection velocity, number of
nozzles, and radial position on the temperature during the melt mixing process in ladle. Chen et al. [25]
conducted an experiment on the enhanced heat transfer characteristics of bubble behavior in a bottom-
blown process and elaborated a temperature-distributing model. They used chaos theory to study the
strengthening mechanism of bubble swarm on bottom blowning stirring and mixing, and evaluated the
relation between the maximal Lyapunov index and the heat exchanging coefficient. Loktionov et al. [26]
analyzed the radial inhomogeneity of the melt layer temperature distribution and developed a new
correlation of Nusselt number to predict the heat transfer of the side surface and the bottom surface of the
melt layer heated at the bottom of the molten pool in a serious accident. Jiang et al. [27] carried out the
flow-heat transfer numerical calculation of a 100 t converter and obtained the temperature change of
the molten pool during the smelting process. They analyzed the variation of the temperature variation of the
molten pool with time, and studied the effects of operating parameters and heat release rate in hot spot area
on the heat transfer behavior of the molten pool. Chen et al. [28] elaborated a water model to investigate
flow phenomena in a bottom-blown molten pool and conducted experimental research on heat transfer
characteristics during bubble coalescence. The effects of flow rate, temperature difference and continuous
phase height on the condensation heat transfer characteristics of bottom blowing bubbles were analyzed.

The aforementioned research has laid a theoretical foundation for further elucidating heat transfer and
temperature distribution in high-temperature molten pool environments. However, research on the flow
field-temperature field of bottom-blown furnaces in practical industrial production is limited, lacking
practical guidance for optimizing industrial production. This paper focuses on the production process of
an oxygen-enriched bottom-blown smelting furnace in a copper smelter. Based on actual injection
quantity and operational parameters, a combination of field testing and numerical simulation is adopted to
investigate the multiphase flow characteristics and temperature distribution in the melt region within the
furnace. The velocity distribution, TKE distribution, maximum splash height of the melt, and variations
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in gas holdup over time within the flow field at different injection quantitys are analyzed, as well as the
temperature distribution in different regions of the furnace under steady state. The physical model used in
this research is a model of an oxygen-enriched bottom-blown copper smelting furnace at the actual
production scale of the factory. It aims to explore the properties of gas-liquid flow and temperature field
distribution within the smelting furnace under high-temperature conditions, providing a theoretical basis
for subsequent collaborative research on matte grade, ore blending, and injection. This has significant
implications for comprehensively understanding the actual industrial process of bottom-blown copper
smelting furnaces.

2 Model Development and Validation

2.1 Model Elaboration
According to the actual structure and size of the bottom-blown smelting furnace in a copper smelting

enterprise, a 1:1 smelting furnace model is elaborated, as shown in Fig. 1. The furnace body size is Φ
3.2 m × 20 m. Eleven oxygen lances with a diameter of 60 mm are set at the bottom, arranged side by
side, and alternately arranged at angles of 7° and 22° with the axial centerline of the furnace body
(Fig. 1b). Three feeding ports are set on the furnace roof above the oxygen lances, and the flue gas outlet
is on the right side of the feeding ports. The melt height is set at 1.5 m, and the plane where
Z1 = −0.10 m in Fig. 1c is the melt liquid level.

2.2 Mathematical Models

2.2.1 Multiphase Flow Model
Since the VOF model is suitable for tracking the gas-liquid surfaces and with the advantages of

processing transient velocities and a relatively small computational load, the VOF model is used in this
study for multiphase flow numerical simulation. The basic equations followed in the solution process
include continuity equation, momentum conservation equation and energy conservation equation (as
shown in Section 2.2.3) [29–33].

Continuity equation:

@

@t
ðqiaiÞ þ r � ðqiaimÞ ¼ 0 (1)

Which for an incompressible fluid reduces to:

r � m ¼ 0 (2)

Momentum conservation equation:

q
@m
@t

þ ðm � rÞm
� �

¼ �rpþr � sþ qg þ R (3)

where ρ is the density of the fluid (for incompressible fluid, the density is constant); α is the volume fraction
of i phase; v is the phase velocity vector; g is the acceleration of gravity; τ is the viscous stress tensor; R is the
turbulent Reynolds stress term.

2.2.2 Turbulence Model
The Standard k-εmodel is applicable to fully turbulent flow, and the influence of molecular viscosity can

be neglected, and it can effectively represent the flow characteristics of the melt within the welding pool in
this study. Therefore, the Standard k-ε model is adopted for turbulence calculations [27,34]. The model
describes the statistical characteristics of turbulence by solving the equations of turbulent kinetic energy
(k) and turbulent kinetic energy dissipation rate (ε).
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Gk and Gb respectively denote the TKE induced by the mean velocity gradient and that generated by
buoyancy; C2, C1ε, and C3ε are empirical constants with values of 1.44, 1.92 and 0.09; σk and σε are the
turbulent Prandtl numbers of k and ε; Sk and Sε are the source terms; S is a scalar measure of deformation
tensor, and Sij is the average strain rate.

Figure 1: Model of bottom-blown melting furnace
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2.2.3 Energy Equation
In the simulation setup, the energy equation is directly activated, and within the VOF model, the

expression for the energy conservation equation is as follows [29,35]:

@

@t
ðqEÞ þ r � mðqE þ pÞ½ � ¼ r � ðkeffrTÞ þ Sh (7)

The first three terms from the left are the transport energies caused by conduction, mass diffusion, and
viscous dissipation, respectively, Sh is the heat source term of chemical reaction.

The source term (Sh) in the energy equation represents the reaction heat of the main reactions within the
furnace. Based on the analytical outcomes of ingredient composition in practical production, the following
primary reactions are taken into account [9,36]:

2FeSðlÞ þ 3O2ðgÞ þ SiO2ðlÞ ¼ 2FeO � SiO2ðlÞ þ 2SO2ðgÞ (8)

Cu2SðlÞ þ O2ðlÞ ¼ 2CuðlÞ þ SO2ðgÞ (9)

The reaction heat is calculated according to the content of FeS and Cu2S in the feed amount
corresponding to the injection quantity, and the energy source term is set after conversion.

2.3 Simulation Condition Setting
The oxygen injection quantity during the smelting process corresponds to the feeding rate of materials.

Therefore, the injection quantity is used as the control variable for the calculation conditions. The injection
quantity of each lance is equal. The lance inlet is set as a mass flow inlet, and the injection quantity is the
actual injection quantity. The injection quantities of different simulation conditions are shown in Table 1.
The boundary condition at the flue gas outlet is configured as a pressure outlet, with the ambient pressure
configured to standard atmospheric pressure, and the gravitational acceleration specified set to 9.81 m/s2.

Based on the heat balance results, the heat release is calculated, and the unsteady-state calculation is
carried out. The calculation convergence condition is that the temperature reaches a stable state. The
closer the initial setting temperature is to the final simulated temperature, the smaller the calculation load.
To save computing resources, the initial temperatures of melt and flue gas regions are set at 800°C, and
the inlet temperature of oxygen-enriched air is set at 50°C. The reaction heat is calculated according to
the contents of FeS and Cu2S in the feeding amount corresponding to the injection quantity. The physical
parameters of the furnace body and the material inside the furnace are shown in Table 2.

The following simplified assumptions are made in simulation: (1) The melt liquid level is stable
(Z1 = −0.10 m in Fig. 1c), which is the actual average melt height over a period of time, without
considering the short-term fluctuations in the liquid level caused by feeding, slag and matte tapping. (2)
The oxygen-enriched air blown is an incompressible gas.

In this study, the PISO algorithm in pressure-velocity coupling calculation is used, the PRESTIO!
algorithm is used for pressure solution [17,37,38], the standard law of wall is used simultaneously, the

Table 1: Injection quantity with different conditions

Simualtion condition 1 2 3 4 5 6 7

Injection quantity 0.50
Nm3/s

0.55
Nm3/s

0.60
Nm3/s

0. 65
Nm3/s

0.70
Nm3/s

0.75
Nm3/s

0.80
Nm3/s
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discrete format is the second-order upwind scheme, the calculation residual is set to 1 × 10−6, and the time
step is determined to be 1 × 10−4 s.

2.4 Grid Independence and Model Validation

2.4.1 Grid Independence Validation
The fluid area of the furnace adopts a grid division mode combining hexahedrons and polyhedrons, the

lance injection area is encrypted, as shown in Fig. 2. To guarantee that the simulation results and their
accuracy are not influenced by the number of grid elements, grid independence verification is necessary.
The number of grids for verification is 1,015,321, 1,401,438, 1,812,579, 2,204,315, 2,611,203, 3,018,509,
and 3,400,953, respectively. The simulation condition for independence verification is that when the
injection quantity is 0.50 Nm³/s, the time from the start of injection to the first bubble reaches at the
liquid surface. The results of different grid numbers are shown in Fig. 3. As illustrated in the figure, when
the number of grid points exceeds 2,611,203, the time taken for bubbles to reach the liquid surface
remains constant and does not vary with further increases in the grid count. Therefore, while ensuring
computational accuracy, a grid number of 2,611,203 is selected.

2.4.2 Model Validation
In order to ensure the accuracy of the calculation, the elaborated model needs to be verified. As shown in

Fig. 1a, a temperature monitoring area (red dotted box 0.9 × 0.9 m) is selected, which is located at the copper
matte wall directly below the flue gas outlet. The simulated and tested average temperature at this monitoring
area under different injection quantities are compared to verify the accuracy of the model. As shown in Fig. 4,
it is the production site test process and result display based on the infrared thermal imager, and the tested
temperature is the external temperature of furnace shell. The melt temperature at the inner wall surface can be
obtained from numerical simulation, then the outer wall surface temperature can be obtained by performing
heat conduction calculation according to the thermophysical parameters of lining and shell materials of the
furnace.

The working conditions in Table 1 are tested on-site, and the simulations are carried out for these
conditions. The tested and simulated temperature at monitoring area are shown in Fig. 5. It can be seen

Table 2: Physical parameters of materials

Material name Density/
kg·m−3

Viscosity/
kg·(m·s)−1

Specific heat capacity/
J·(g·°C)−1

Thermal conductivity/
W·(m·K)−1

Copper matte (1250°C) 5075 0.0025 620 8.9

Oxygen-enriched air
(gaseous)

1.27 0.00001928 1.007 0.0257

Refractory brick 3000 – 0.9 30

Magnesium brick 2900 – 1.05 0.6

Furnace shell 7850 – 0.48 40

Figure 2: Schematic diagram of grid division
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that the average temperature of the monitoring area increases with the increase of injection quantity, and the
maximum absolute deviation between the simulated and tested values under all conditions is 4.9°C,
indicating that the mathematical model constructed in this paper has high reliability.

Figure 3: Grid-independent validation

Figure 4: Schematic diagram of temperature monitoring
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Figure 5: Comparison of experimental and simulation average temperatures at different injection quantities
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3 Results and Discussion

3.1 Flow Field Distribution
Fig. 6 illustrates the flow field distribution within the furnace, and the overall velocity distribution in the

furnace is analyzed by the density of the streamline and the color change of the streamline. As shown in
Fig. 6a, the introduction of oxygen-rich air creates dense flow lines near the nozzle, indicating a higher
velocity in this area, which enhances the stirring effect on the melt and facilitates the ongoing reactions
within the furnace. After the flue gas rises and exits the melt zone, it forms a dense and uniformly
distributed flow pattern in the flue gas area.

Fig. 6b indicates that the high-velocity regions within the furnace are primarily located in the reaction
region near the nozzle (I) and the flue gas exit area (III), while the low velocity regions are found along the
sides of the furnace close to the walls (II). Dead regions are mainly concentrated in the sedimentation region
(IV). The gas velocity is significantly higher than that of the melt, with the melt being primarily influenced by
the impact of the high-velocity gas flow, which promotes stirring and mixing within the furnace. The
relatively low velocity in the sedimentation region facilitates the settling and stable accumulation of
copper matte. When bubbles pass through the liquid surface and break, they create a scouring effect on
the furnace roof above the reaction region, spreading into the flue gas area and eventually exiting through
the flue gas outlet. Due to pressure effects, a high-velocity region forms at the flue gas exit. Therefore, it
is crucial to consider the scouring caused by high-velocity bubble breakage that leads to melt splashing
on the furnace roof to ensure operational safety.

Fig. 7 illustrates the variation of the average velocity of the melt over time on the plane at Z1 = 0.10 m.
Analysis of Fig. 7 reveals that when bubbles break the liquid surface and subsequently burst, a significant
fluctuation occurs at the liquid interface (as indicated in region A of the figure), resulting in velocity
fluctuations. Under different injection quantities, the trends in average velocity changes tend to converge;
however, the time required to reach stability varies. As the injection rate increases, the time taken for the
average melt velocity to stabilize decreases, and the stabilized average velocity increases, indicating
improved stirring efficiency of the melt pool. The dashed lines in the figure indicate the times at which
the average velocity stabilizes for injection rates of 0.50 Nm3/s and 0.80 Nm3/s. Specifically, for a
injection rate of 0.50 Nm3/s, stability is achieved after 2.6 s, with a stabilized average velocity of

Figure 6: Overall flow field distribution in the bottom-blown furnace: (a) Streamline distribution; (b)
Velocity region distribution
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0.505 m/s; for a injection rate of 0.80 Nm3/s, stability is reached after 1.9 s, with a stabilized average velocity
of 0.702 m/s.

3.2 Average Turbulent Kinetic Energy
Turbulent kinetic energy (TKE) serves as a measure of fluid turbulence intensity, and in multiphase

flows, it can reflect the degree of gas-liquid mixing. An increase in TKE aids in enhancing heat and mass
transfer processes within the molten pool, reducing dead zones and flow resistance. This indicates that
stronger vortices in fluid flow lead to higher transfer efficiencies of momentum, heat, and mass. In this
paper, the TKE at the section of Z2 = −0.60 m (as shown in Fig. 1c) is selected to study the influence of
the injection quantity on gas-liquid mixing performance. The analysis of TKE is carried out after the
injection reaches a dynamic stability.

Fig. 8 illustrates the distribution of TKE at cross-section Z2 = −0.60 m under steady-state conditions for
different injection quantities. Areas where the TKE exceeds 0.10 m2/s2 are highlighted separately, providing
a clear representation of the TKE distribution within the furnace. As shown in the Fig. 8a–g correspond to
injection rates of 0.50 to 0.80 Nm3/s), strong stirring in the reaction region due to the injection results in
significant TKE, primarily concentrated near the nozzle. As the injection continues, this TKE gradually
diffuses toward the sedimentation region and decreases over distance. Notably, TKE diminishes closer to
the wall, which aligns well with the flow field distribution observed in the bottom-blown furnace. As
detailed in Table 3, as the injection rate increases from 0.50 to 0.80 Nm3/s, the area where TKE exceeds
0.10 m2/s2 rises from 23.27% to 40.61%. This indicates a more uniform distribution of TKE with a
broader impact range, leading to enhanced kinetic, thermal, and mass transfer efficiencies, as well as
improved gas-liquid mixing uniformity.

Fig. 9 shows the average TKE in the melt region under different injection quantities. It can be seen that
as the injection quantity increases from 0.50 Nm3/s to 0.80 Nm³/s, the average TKE increases from 0.095 to
0.162 m2/s2. This indicates that with the increase in injection quantity, the stirring effect enhanced. When the
injection quantity is less than 0.60 Nm3/s, the growth rate of the average TKE is relatively small. When the
injection quantity is greater than 0.65 Nm³/s, the increase in injection quantity has a stronger disturbance
effect on molten bath, and the growth rate of the average TKE is higher. However, if the injection
quantity is too large, this will result that the oxygen not being able to fully participate in chemical
reaction and will cause excessive splashing in melt region, which is not conducive to stable production.

Figure 7: Average velocity of melt on Z1 plane with different injection quantities
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Figure 8: (Continued)
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Figure 8: Turbulent kinetic energy distribution on the monitoring surface at different injection quantities: (a)
0.50 Nm3/s; (b) 0.55 Nm3/s; (c) 0.60 Nm3/s; (d) 0.65 Nm3/s; (e) 0.70 Nm3/s; (f) 0.75 Nm3/s; (g) 0.80 Nm3/s

Table 3: The area and proportion of TKE greater than 0.1

Injection quantity (Nm3/s) Area (m2) Gross area (m2) Percentage (%)

0.50 13.503 58.022 23.27%

0.55 17.212 58.022 29.66%

0.60 19.380 58.022 33.40%

0.65 20.629 58.022 35.55%

0.70 21.988 58.022 37.90%

0.75 22.915 58.022 39.49%

0.80 23.565 58.022 40.61%
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3.3 Gas Holdup
The higher the gas holdup in the molten bath, the more sufficient the gas-liquid contact, which has a

positive promoting effect on chemical reactions and enhanced stirring. Fig. 10 shows the gas-liquid phase
distribution at 0.5 and 0.8 s after the start of injection with the injection quantity of 0.60 Nm3/s. It can be
seen that the first bubble leaving the lance rises in a “mushroom cap” shape, and the bubble ejected from
the 22° lance approaches the liquid surface earlier than that from the 7° lance.

Fig. 11 shows the change of gas holdup with time, the variation of gas holdup in the molten pool over
time reflects the dynamic distribution and flow state of gas within the molten pool. It can be seen that the
change trend of gas holdup under different injection quantities is relatively consistent. Before
approximately 0.80 s, the gas in the molten bath is in the accumulation stage, and the gas holdup is
continuously increasing. During the interval from 0.80 to 1.60 s, the gas produced by reactions and
unreacted oxygen-rich air forms bubbles that break through the liquid surface and enter the flue gas
region, leading to a decline in gas holdup within the melt pool. After 1.60 s, bubbles continue to form,
the reaction rate increases, and gas holdup gradually rises, stabilizing after 2.40 s, indicating that the

Figure 9: Average turbulent kinetic energy in melt region

Figure 10: Gas-liquid phase distribution in furnace at different time
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stirring effect of injection has reached a steady state and gas holdup achieves dynamic equilibrium. The trend
of gas holdup over time aligns well with the changes in average velocity discussed in Section 3.1. At steady
state, the gas holdup is 4.03% for an injection rate of 0.50 Nm3/s and 4.22% for 0.80 Nm3/s. An appropriate
gas holdup facilitates the creation of an environment conducive to metallurgical reactions, enhances mixing
efficiency, promotes chemical reactions, intensifies the smelting process, and maintains the relative stability
of the molten pool.

3.4 Melt Splash Height
The height of melt splashing is a critical factor in determining the arrangement, structure, and injection

rate of the nozzle. In practical production, the splashing of the melt significantly amplifies the fluctuations
and oscillations of the melt surface. The splashed melt ultimately returns to the melt pool under the
influence of gravity, greatly enhancing heat transfer within the melt pool and promoting reaction
processes. However, excessive splashing height can lead to blockages at the charging port and scouring
of the furnace roof, which reduces the service life of the refractory lining and adversely affects the
smelting process. Therefore, controlling the melt splashing is crucial. Fig. 12a illustrates the basis for
determining the melt splashing height, using the static liquid surface of the melt pool as the reference
plane (Z1 = −0.10 m). The maximum height difference between the splashed melt and the free liquid
surface is defined as the splashing height H. Fig. 12b shows the splashing state of the melt at a specific
moment.

Fig. 13 presents the calculated maximum splashing height and its impact range of the melt during the
stable injection phase under different injection quantities. It can be observed that as the injection rate
increases, both the maximum splashing height and its influence area also gradually increase. When the
injection quantities are 0.50 and 0.80 Nm3/s, the melt splash heights are approximately 0.756 and
1.154 m, respectively. It also can be seen that the melt splash height is much lower than the furnace roof
height. That is, when the injection quantity is less than 0.80 Nm3/s, there will be no obvious blockage at
the charging port and erosion of the furnace roof.

3.5 Temperature Distribution
The appropriate melt temperature is crucial for the smooth progress of complex redox reactions within

the furnace. In actual industrial production, understanding and mastering the temperature distribution inside
the furnace can ensure normal operations while enhancing production efficiency and reducing energy

Figure 11: The process of gas holdup changing over time
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consumption. The variation in furnace temperature is primarily related to factors such as the quality of the
raw materials, feed rate, and the amount of oxygen being blown in. Due to the complex high-temperature
environment within the smelting furnace, direct measurement of melt temperature is challenging. This
study simulates the temperature field and flow field under seven different injection quantities. Fig. 14
shows the temperature distribution in the furnace in the stable stage under different injection quantities. It
can be seen that the temperatures of melt and flue gas show a gradually decreasing trend from the
reaction region to the settling zone (from left to right in the figure). The highest melt temperature in
reaction region is approximately 1281°C, and the highest temperature of outlet flue gas is approximately
1083°C. Due to the thermal conductivity of melt being much greater than that of flue gas, there is a
significant temperature stratification in flue gas and melt.

Figure 12: (a) Basis for determining the melt splash height; (b) Melt splash state when injection quantity is
0.80 Nm3/s

Figure 13: Maximum splashing height and impact area of the melt under different injection quantities
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Fig. 15 shows the average temperatures of melt and flue gas under different injection quantities. It can be
seen that as the injection quantity increases, the exothermic reaction in furnace is more intense, and the heat
release is greater, resulting in an increase in melt temperature. The simulation results show that when the
injection quantity increases from 0.50 to 0.80 Nm3/s, the average melt temperature increases
approximately from 1220°C to 1257°C, and the average flue gas temperature increases approximately
from 1073°C to 1121°C.

Figure 14: Dynamically stabilized temperature in furnace with different injection quantities: (a) 0.50 Nm3/s;
(b) 0.55 Nm3/s; (c) 0.60 Nm3/s; (d) 0.65 Nm3/s; (e) 0.70 Nm3/s; (f) 0.75 Nm3/s; (g) 0.80 Nm3/s
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4 Conclusions

This paper investigates the flow characteristics and temperature distribution in bottom-blown smelting
furnace under different injection quantities, utilizing physical modeling and numerical simulations. By cross-
validating with actual production data, it reveals a strong correlation between the distribution of the flow
field-temperature field within the furnace and the gas velocity. Effective control of the gas velocity can be
achieved by regulating the injection quantity of the gas. Reasonable regulation of the gas velocity can
significantly influence the distribution of the flow field and temperature field within the furnace. The main
research conclusions are as follows:

(1) The distribution trend of the flow field-temperature field of the melt pool has a good consistency. The
high-velocity regions primarily occur near the burner within the reaction region and the flue gas outlet, while
low-velocity regions are found close to the furnace walls on either side of the reaction region. Dead regions
are located in the sedimentation region, with gas velocities surpassing those of the molten phase.

(2) In terms of flow characteristics. The high-velocity gas injected into the furnace through the bottom-
blown lance stirs the melt, resulting in a large turbulent kinetic energy (KTE) in the reaction area. From
reaction to the settling area, the KTE gradually decreases. With the increase in injection quantity, the
average KTE, gas holdup, and melt splash height continuously increase. When the injection quantity
increases from 0.50 to 0.80 Nm3/s, the average velocity of the melt surface rises from 0.505 to 0.702 m/s.
Concurrently, the average KTE increases from 0.095 to 0.162 m2/s2, the gas holdup increases from 4.03%
to 4.22%, and the melt splash height increases from 0.756 to 1.154 m.

(3) In terms of temperature distribution. Both the melt and flue gas temperatures show a decreasing
distribution trend from the reaction to the settling area. With the increase of injection quantity, the
temperatures of melt area and flue gas continuously increase. When the injection quantity increases from
0.50 to 0.80 Nm3/s, the average temperature of melt increases from 1200°C to 1257°C, and the average
temperature of flue gas increases from 1073°C to 1121°C.
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