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Abstract 
 
To enhance the stability of the flame structure and elevate the overall combustion temperature during the staged combustion process, this 
study undertakes an optimization of the technology, specifically tailoring it to the context of the steel ladle baking process. Leveraging 
computational fluid dynamics (CFD) numerical simulation, the research conducts a thorough examination of the effects of varying ratios of 
primary and secondary oxygen supply on the steel ladle baking process. This examination is then juxtaposed with the conventional pure 
oxygen-assisted steel ladle baking process for a comparative analysis. The study reveals that, when the oxygen supply ratio for staged 
combustion is set at 3:7, the overall temperature within the steel ladle furnace can surpass 1500 K, aligning with the temperature achieved 
in the pure oxygen-assisted combustion process. This represents a notable advancement when compared to the temperatures attained with 
the 2:8 and 1:9 ratios. At a temperature of 1400 K, the flame exhibits a thick, rigid appearance, accompanied by a diminished area of swirling. 
The axial flow velocity at its core reaches 21 m/s, while the bottom impact velocity measures 8.5 m/s, both of which contribute to an enhanced 
convective heat transfer process. The average temperature of the steel ladle's inner wall surpasses that of the pure oxygen-assisted combustion 
process by 134.1 K, exhibiting a more gradual temperature gradient. Notably, the temperature discrepancy at the bottom decreases by 265.5 
K, while the heating rate diminishes by 18.6%. The NOx concentration is reduced by 45%-49% compared to pure oxygen-assisted 
combustion. These findings provide theoretical support for energy-saving, emission reduction in the steel ladle baking process and the 
industrial application of staged combustion technology. 
 
Keywords: Pure oxygen staged combustion, Pure oxygen combustion, Numerical simulation ladle baking 
 
 
 

1. Introduction 
 
The steel industry, recognized as a prototypical high-energy-

consuming sector, constitutes an impressive 8% of the entire global 
energy demand. Within this industry, the steel ladle stands as a 
pivotal piece of thermal equipment in the metallurgical refining 
process. Its operational efficiency holds direct implications for the 

stability of the production system as well as the quality of the final 
products [1]. 

By improving the lining temperature through the steel ladle 
baking and preheating process, the steel pouring temperature can 
be effectively stabilized, reducing the risk of steel leakage during 
casting, while also enhancing the metallurgical quality of 
continuous casting billets. The optimization and innovation of the 
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steel ladle baking process have become an important technological 
pathway for promoting the green and low-carbon transformation of 
the steel industry. Achieving the required process temperature 
standards while maximizing energy utilization efficiency and 
minimizing the emission of harmful gases such as nitrogen oxides 
is currently the key goal of steel ladle baking [2]. 

Staged combustion technology optimizes the distribution ratio 
of combustion gases, promoting the complete combustion of fuel. 
This can improve flame temperature stability and reduce the 
generation of pollutants [3]. Many scholars have conducted 
multidimensional research on this technology. In the field of boiler 
applications, Wang et al. simulated the operation process of a coal-
fired boiler and found that multi-stage staged combustion can 
reduce NOx emissions [4]；Munir et al. combined staged 
combustion with biomass residue and coal co-firing technology, 
significantly improving biomass combustion efficiency and 
enhancing NOx control [5]; Zhang et al. established a three-
dimensional transient model and confirmed that air-staged 
combustion technology made the flow field and temperature 
distribution in the boiler more uniform, effectively reducing the 
generation of fuel-based NOx [6]. In the coke oven heating system, 
Jakub Poraj et al. conducted a numerical simulation combining air-
staged combustion technology with the coke oven heating system 
and concluded that this technology could reduce NOx emissions by 
more than 30%, with an optimal air ratio further reducing NOx 
generation [7]; Hu et al. studied air-staged combustion in vertical 
heating flues of coke ovens and determined that a 3:7 inlet 
distribution ratio resulted in the best combustion performance, with 
a more uniform temperature distribution and effective control of 
NOx generation [8]. In comparative studies, Fan et al. compared 
air-staged combustion with oxygen-enriched staged combustion 
and found that oxygen-enriched staged combustion could more 
effectively reduce NOx generation, with NOx levels decreasing as 
the oxygen concentration increased [9]; experiments by MATEĚ J V 
et al. also showed that oxygen-enriched staged combustion could 
reduce NOx emissions, improve fuel combustion rates, and make 
the temperature distribution within the combustion zone more 
uniform [10]. 

It is evident that by adjusting the primary/secondary 
combustion gas ratios, combustion uniformity can be improved, 
temperature fluctuations can be reduced, and significant NOx 
emissions reduction can be achieved, providing important 
references for the development of clean combustion technology. 
However, pure oxygen staged combustion technology has not yet 
been effectively applied in the steel ladle baking process. This 
study, based on a 100-ton steel ladle 3D model, uses computational 
fluid dynamics (CFD) to systematically investigate the combustion 
characteristics of pure oxygen staged combustion in steel ladle 
baking under different air supply ratios. By optimizing the primary 
and secondary oxygen supply ratios, the study focuses on analyzing 
the effects of different air supply ratios between pure oxygen 
combustion and pure oxygen staged combustion on the temperature 
field, flow field, lining temperature variation, and NOx generation 
within the steel ladle furnace. The aim is to provide a theoretical 
basis for optimizing the steel ladle baking process, achieving a 
synergistic improvement in baking efficiency and energy-saving 
emissions reduction, and advancing the steel ladle baking process 
towards a green, low-carbon direction. 
 

2. Model Establishment 
 
 
2.1. Mathematical Model 
 

The combustion process involves complex interactions of heat 
transfer, flow, mass transfer, and chemical reactions. Therefore, it 
is necessary to establish the momentum equation, energy equation, 
continuity equation, and species transport model to describe the 
combustion process in the combustion zone of the steel ladle. At 
the same time, the standard k-ε turbulence model is used to 
analyze the flow characteristics of the combustion zone. Radiative 
heat transfer is one of the main modes of heat exchange within the 
combustion zone, and the P-1 radiation model is used in this study. 
The specific detailed equations are as follows: 

 
Momentum Equation [11]: 
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Energy Equation 
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Continuity Equation 
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In equations (1-3): ρ is the density; t is time; v is velocity; v_i is the 
velocity in the i-th direction; p is the fluid pressure; δ_ij is the stress 
tensor; x_i, x_j are directional tensors; μ is the turbulence viscosity; 
F_i is the unit mass force in the i-th direction; T is the 
thermodynamic temperature; k is the thermal conductivity of the 
fluid; c_p is the specific heat capacity of the fluid at constant 
pressure; grad(T) is the thermodynamic temperature gradient; S_T 
is the heat source term per unit volume. 

The turbulence model uses the standard k-ε model [12]: 
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In equations (4-5): ρ is the density; k is the turbulent kinetic 
energy; μ is the dynamic viscosity of the fluid; μt is the 
turbulence viscosity; ui,uj are the directional velocities of the fluid; 
xi，xj are the directional tensors; σk is the Prandtl number for 
turbulent kinetic energy k; ε is the turbulent kinetic energy 
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dissipation rate; σε is the effective Prandtl number for the 
turbulent kinetic energy dissipation rate; c1, c2 are empirical 
constants. 

This study pertains to non-premixed gas combustion, and the 
turbulent dissipation model is used to describe the chemical 
reaction rate throughout the combustion process. This model 
assumes that the reaction rate is controlled by the turbulence model, 
avoiding the complexity of chemical kinetics calculations and 
achieving the goal of simplifying the computations. The turbulent 
dissipation equation is shown in Equation (6) [13]. 
 

Rri = υw,r
′ Aρ

ε

k minR �
YR

υR,r
′ Mw,R

� (6) 

 
In equation (6): Rri is the vortex dissipation reaction rate; υw,r

′  
represents the stoichiometric coefficient of w in reaction r; A is an 
empirical constant, A = 4.0; ρ is the density; ε is the turbulent 
kinetic energy dissipation rate; k is the turbulent kinetic energy; 
minR represents the minimum value of reactant R; υR,r

′  represents 
the stoichiometric coefficient of R in reaction r; YR is the mass 
fraction of the reactant; Mw,R is the molecular weight of component 
R. 

The combustion model uses the P-1 radiation model, as shown 
in Equation (7) [14]: 
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σT4

π
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σs
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4π

0
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In equation (7): I is the radiation intensity; s⃗ is the direction 

vector; r⃗ is the position vector; x is the coordinate in the radiation 
propagation direction; a is the absorption coefficient; n is the 
refractive index of the medium; σs is the scattering coefficient; σ 
is the Stefan-Boltzmann constant, which is 5.672 × 10-8 W/(m²

·K⁴); Φ(s⃑，s⃗′) is the scattering phase function, which 
describes the probability distribution of radiation scattering from 
direction s to direction s⃗′; dΩ′ is the differential solid angle. 

The formation of NOx during the combustion process mainly 
includes thermal, prompt, and fuel-based types, which are 
controlled by Reaction (8) and Reaction (9) [15]. 

 
NO2

CO
�� 2NO (8) 

 
N2 + O2 → 2NO (9) 

 

φ(NO) =
χ(NO) × 106

1 −χ(H2O)
 (10) 

 
Define a new variable φ(NO) as the measured NO molar 

concentration, and its calculation formula is shown in Equation 
(10). 

In equation (10): χ(NO) is the molar fraction of NO; χ(H2O) 
is the molar fraction of H2O. 

To ensure the accuracy of the simulated fuel combustion data, the 
results use the improved Weighted Sum Gray Gas Absorption 
Model (WSGGM) [16]. 
 
 
2.2. Physical Model 
 

This study takes a 100-ton steel ladle from a certain company 
as the object of research. The steel ladle is simplified as a cylinder 
with a height of 3285 mm and a lid diameter of 2430 mm. The 
interior of the steel ladle is the combustion zone, with a bottom 
diameter of 2200 mm and a top diameter of 2420 mm. The steel 
ladle wall is divided into three layers: the thermal insulation layer, 
the permanent layer, and the working layer, as shown in Figure 
1(a). The physical property parameters of the refractory material of 
the steel ladle wall are detailed in Table 1. A monitoring point d1 
is set at the center of the bottom of the steel ladle, Monitoring points 
d2Б d3Б d4 and d5 are set at the steel ladle inner wall at Y=385 
mm, Y=1351.6 mm, Y=2318.4 mm, and Y=3185 mm, respectively, 
to observe the temperature variation process of the steel ladle inner 
wall. 

The burner and combustion air inlet are velocity inlets, and the 
fuel inlet is coke oven gas with a flow rate of 625 m³/h. The 
specific composition is shown in Table 2. When using staged 
combustion technology, pure oxygen is chosen as the combustion 
air. The primary oxygen (O1) and secondary oxygen (O2) air 
supply ratios are 3:7, 2:8, and 1:9. The velocity boundary 
conditions are shown in Table 3. The flue gas outlet is a pressure 
outlet. The heat from the combustion zone is transferred outward 
through the steel ladle's insulation layer, with a heat transfer 
coefficient of 8 W/(m²·K) [17]. 
The mesh structure is shown in Figure 1(c). The physical model is 
established using SpaceClaim, and unstructured mesh division is 
carried out using Fluent Meshing. After model validation, it was 
determined that a medium grid (483,300 cells) should be used for 
numerical calculations. 
 

 
Fig. 1. (a) Schematic diagram of the ladle structure;(b) Ladle 

calculation model;(c) ladle mesh generation model 
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Table 1.   
Physical property parameters of refractory materials 

Hierarchy Material Steel ladle wall 
thickness (mm) 

Steel ladle bottom 
thickness (mm) 

Density 
(kg/m³) 

Specific heat 
capacity (J/(kg·K)) 

Thermal 
conductivity 
(W/(kg·K)) 

Steel ladle 
shell SM490B 36 75 7380 480 56 

Permanent 
layer 

High-alumina 
brick 85 130 2380 857 1.22 

Working 
layer 

Magnesia-
carbon brick 135 180 2900 780 2.1 

 
Table 2.  
Composition of natural gas 

Composition CH4 C2H4 C2H6 C3H6 CO2 N2 H2 O2 CO 
Volume fraction (%) 29.65 4.21 2.76 2.2 1,93 2.16 50.47 0.32 1.93 

 
Table 3.  
Velocity boundary condition 

- Scheme O1:O2=3:7 O1:O2=2:8 O1:O2=1:9 Non-staged combustion 
Different secondary 
oxygen velocities 

Primary oxygen (O1) velocity (m/s) 7.68 7.68 7.68 

14.78 Secondary oxygen (O2) velocity (m/s) 14.78 17.08 19.20 
Different primary 
oxygen velocities 

Primary oxygen (O1) velocity (m/s) 7.68 5.12 2.55 
Secondary oxygen (O2) velocity (m/s) 14.78 14.78 14.78 

 
 
2.3. Model Validation 
 

To ensure the reliability of the numerical simulation results, this 
study carried out a grid independence verification. A three-level 
grid refinement scheme was used for the analysis: the base grid 
(scheme a) consists of 414,800 cells; the medium grid (scheme b) 
consists of 483,300 cells; and the fine grid (scheme c) consists of 
568,200 cells. By analyzing the temperature variations at each 
monitoring point inside the steel ladle when O1:O2=3:7 (Figure 2), 
it was found that: the temperature gradient distribution between the 
base grid and the medium grid shows a significant difference, with 
the maximum relative temperature difference ∆t=102.35 K 
(deviation > 5%). The temperature gradient variations between the 
medium grid and the fine grid tend to align [18]. 
 

 
Fig. 2. Grid Independence Verification 

3. Results and Discussion 
 
 
3.1. The effect of secondary air velocity on the 
baking performance under different air supply 
ratios 
 
1) The effect of secondary air velocity on the flow 
field inside the ladle 
The gas flow state inside the steel ladle is an important factor 
affecting the temperature uniformity of the ladle and is also a 
challenging aspect of the steel ladle baking process [11]. The coke 
oven gas and combustion air form a high-speed jet through the 
burner and enter the furnace. The entire combustion zone flow field 
is in a turbulent state, with the flow field structure distribution 
shown in Figure 3. Observing the Z=0 mm cross-section, the initial 
velocity gradient of the jet shows a typical symmetric distribution 
along the central axis throughout the process. The high-temperature 
flue gas generated by combustion impacts the steel ladle bottom 
and, after being constrained by the refractory lining, undergoes 
radial diffusion and rises along the ladle wall to form a vortex 
region [19, 20]. The fluid velocity near the wall in the vortex region 
increases radially, and due to viscous effects, the velocity in the 
rising stage along the ladle wall decreases, reaching a minimum at 
the flue gas outlet. The size of the vortex region affects the 
circulation speed of the high-temperature flue gas. Observing the 
velocity contours at the bottom of the steel ladle, it can be seen that 
under the O1:O2=2:8 process, the vortex region area is the largest, 
causing the impact velocity of the high-temperature flue gas on the 
steel ladle bottom to be the smallest. In comparison, the vortex 
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region area is effectively controlled under the O1:O2=3:7 process, 
allowing the high-temperature flue gas to quickly collide with the 
steel ladle bottom, accelerating the flow turning efficiency, 
increasing the circulation speed of the high-temperature flue gas, 
and enhancing heat transfer efficiency. 
 

 
Fig. 3. Flow field distributions of different sections. a:Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
To gain a deeper understanding of the impact of the vortex 

region on the flow field at the base of the steel ladle, this study 
extracts and compares the variations in velocity at various time 
points, ranging from the center of the steel ladle's bottom to its wall. 
These comparisons are illustrated in Figure 4. The results indicate 
that, across all four processes, the velocity exhibits a trend of initial 
increase followed by a decrease as it moves from the center of the 
steel ladle's bottom towards its wall. In proximity to the juncture of 
the steel ladle bottom and its lining, the velocity undergoes a 
gradual decrement. This decrement is attributable to the obstruction 
of gas flow at the interface between these two walls, ultimately 
giving rise to a recirculation dead zone. Since the vortex region area 
is effectively controlled, when O1:O2=3:7, the velocity of the high-
temperature flue gas impacting the steel ladle bottom is the highest, 
with the maximum velocity difference from the edge region 
reaching 8.88 m/s, which enhances the heat transfer effect under 
this process. Compared to pure oxygen combustion, O1:O2=2:8, 
and O1:O2=1:9 processes, the maximum flow velocity at 0.4 m 
under the O1:O2=3:7 process increased by 11.8%, 36.4%, and 
24.8%, respectively. The significant increase in the high-
temperature flue gas velocity maximizes the heat transfer 
efficiency inside the steel ladle, compensating for the shortcomings 
of pure oxygen staged combustion in heat transfer. 
 

 
Fig. 4. Velocity distributions at the bottom of the ladle .a:Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 

2) The effect of secondary air velocity on flame 
morphology 

To delve deeper into the temperature distribution 
characteristics within the steel ladle, this study undertakes a 
comparative analysis of the flame state at the 1400 K isothermal 
surface flame temperature across four distinct processes. This 
comparison is visually represented in Figure 5. Upon observation, 
it becomes evident that as time elapses, the stability of the 
combustion flame structure undergoes a gradual enhancement. 
Specifically, examining the flame state at the 10th hour under the 
pure oxygen combustion process, the flame width attains a 
measurement of 458.3 mm. However, it is noteworthy that 
disruptions in the high-temperature flame are evident at the points 
of fuel and oxygen inlet. When employing the ratio of O1:O2=3:7, 
the flame width expanded to 534.7 mm, marking a 16.7% increase. 
Conversely, ratio of O1:O2 is 2:8 and 1:9, the flame widths 
decreased by 16.7% and 25%, respectively, in comparison to the 
pure oxygen combustion process. Conclusively, the ratio of 
O1:O2=3:7 enhances the stability of the combustion flame structure, 
thereby guaranteeing a uniform temperature increase within the 
steel ladle and preventing the occurrence of large temperature 
discrepancies. Furthermore, the  ratio of O1:O2 is 2:8 and 1:9, 
influenced by the flame structure, exhibited considerable flame 
disruptions across substantial areas, ultimately resulting in subpar 
heat transfer efficiency. 
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Fig. 5. Flame shape structure at 1400 K. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 

3) The effect of secondary air velocity on the ladle 
temperature field 
The primary task of the steel ladle baking process is to quickly, 
stably, and uniformly heat the ladle to the target temperature [21]. 
Figure 6 shows the temperature distribution at the center cross-
section of the ladle at six different times. Under all four processes, 
the temperature of the ladle gradually increased as the baking time 
progressed, and by the end of the baking process, the temperature 
reached 1500 K, meeting the temperature requirements for steel 
ladle baking. By observing the temperature distribution under 
staged combustion processes, it can be seen that as the secondary 
air velocity increases, the area with temperatures greater than 1600 
K gradually decreases. Comparing the pure oxygen combustion 
process and the O1:O2=3:7 process, at the end of the baking 
process, the temperature distribution within the ladle for both 
processes is nearly identical. However, for the O1:O2=2:8 and 
O1:O2=1:9 processes, the temperature within the ladle is 
significantly lower than that of the pure oxygen combustion and 
O1:O2=3:7 processes. This further verifies the previous discussion 
regarding how the flame structure and the internal flow field of the 
ladle affect heat transfer. 
 

 
Fig. 6. Temperature field in the ladle. a:Pure oxygen combustion 

support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 

The temperature distribution of the steel ladle lining plays a crucial 
role in the ladle baking process [22]. Figure 7 compares the 
temperature distribution on the ladle wall at different baking times 
under different processes, with a local magnification of the ladle 
wall selected for analysis. It can be observed that as baking 
progresses, the wall temperature for all four processes steadily 
increases, and by the end of the baking process, the ladle wall 
temperature reaches 1200 K.Through comparative analysis, it is 
found that the temperature rise on the ladle wall is more significant 
under the O1:O2=3:7 process, surpassing the inner wall temperature 
of the pure oxygen combustion process. On the other hand, the 
inner wall temperature for the O1:O2=2:8 and O1:O2=1:9 processes 
is noticeably lower than that of the pure oxygen combustion 
process. Particularly under the O1:O2=1:9 process, the inner wall 
temperature of the ladle reaches the minimum, further confirming 
the impact of the coarse flame structure under the O1:O2=3:7 
process on heat transfer within the ladle, as discussed in Figure 5. 
 

 
Fig. 7. Temperature distribution of the ladle wall. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 

This paper selects four temperature monitoring points on the 
steel ladle inner wall (the positions of the monitoring points are 
marked in Figure 1) to further analyze the temperature changes on 
the steel ladle inner wall, as shown in Figure 8. It can be observed 
that under all four processes, the temperature at each monitoring 
point gradually increases over time, and the heating rate gradually 
decreases. The d5 monitoring point, located near the flue gas outlet, 
has the lowest temperature, as the discharge of flue gas carries 
away a large amount of heat, resulting in heat loss. Upon examining 
the three pure oxygen staged combustion processes, the 
temperature at the d3 monitoring point is the highest. Under the 
O1:O2=3:7 process, the temperature difference between monitoring 
points d3 and d5 is 78.2 K, which is 30.4% and 39% lower than the 
maximum temperature differences in the O1:O2=2:8 and O1:O2=1:9 
processes, respectively. In contrast, under the pure oxygen 
combustion process, the temperature at monitoring point d2 is 
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higher than that at the other three monitoring points. This is because 
the recirculation zone formed in the furnace under the pure oxygen 
combustion process is located relatively low, with a lesser impact 
on the temperature at the junction of the ladle wall and bottom. The 
maximum temperature difference reaches 102.9 K. By comparing 
the O1:O2=3:7 process with the pure oxygen combustion process, 
the maximum temperature difference between the monitoring 
points under the O1:O2=3:7 process is reduced by 24%. This 
demonstrates that the O1:O2=3:7 process results in a more uniform 
temperature distribution on the steel ladle inner wall, which is 
beneficial for extending the service life of the ladle lining. 
 

 
Fig. 8. Temperature changes at monitoring points. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 
In Figure 9, it can be observed that as the baking process 

progresses, the bottom temperature of the steel ladle gradually 
increases under all four processes. The temperature of the steel 
ladle bottom expands from the center to the periphery in an 
approximately concentric manner. This is because the central area 
of the steel ladle bottom is directly beneath the burner, where fuel 
combustion is intense, continuously releasing a large amount of 
heat. The temperature is lowest at the junction between the steel 
ladle bottom and the lining wall, due to the formation of a dead 
zone in the flow field inside the ladle, resulting in poor heat 
transfer. This phenomenon further verifies the conclusions drawn 
from Figure 7. Upon further comparison, it can be found that as the 
secondary air velocity decreases, the high-temperature region at the 
bottom of the steel ladle increases in both size and area. The pure 
oxygen combustion process has the largest high-temperature area, 
while the O1:O2=3:7 process has a high-temperature area close to 
that of the pure oxygen combustion process, better meeting the 
required baking temperature for the refractory bricks at the steel 
ladle bottom in the baking process. 
 

 
Fig. 9. Temperature nephogram at the bottom of the ladle. a:Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
To better analyze the temperature variation at the bottom of the 
steel ladle, this study extracts the temperature from the center of 
the steel ladle bottom radially at three time points: 3 h, 7 h, and 10 
h, as shown in Figure 10. From the analysis, it can be observed that 
as time progresses, the overall temperature of the steel ladle bottom 
increases. Since the flame formation area is located directly above 
the center of the steel ladle bottom, at the end of the baking process, 
the temperature at the center position is significantly higher than at 
other locations on the bottom, creating a temperature difference. In 
the pure oxygen combustion process, the temperature difference 
between the center and the edge of the ladle bottom reaches 565.4 
K, which is 88.5% higher compared to the O1:O2=3:7 process 
(which has a temperature difference of 299.9 K between the center 
and the edge). By observing the temperature differences under the 
staged combustion processes, the temperature difference between 
the center and the edge of the steel ladle bottom is 451.5 K (for 
O1:O2=1:9), 389.7 K (for O1:O2=2:8), and 299.9 K (for O1:O2=3:7). 
This shows that as the secondary air velocity decreases, the 
temperature difference between the center and the edge of the steel 
ladle bottom gradually decreases, and it becomes much smaller 
than in the pure oxygen combustion process. This indicates that at 
O1:O2=3:7, the temperature distribution at the bottom of the steel 
ladle is more uniform, which helps avoid irreversible damage to the 
refractory bricks at the bottom due to local high temperatures. 
 



20  A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 6 ,  I s s u e  1 / 2 0 2 6 ,  1 3 - 2 6  

 
Fig. 10. Radial temperature variation at the bottom of the ladle. 
A:Pure oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 

d:O1:O2=1:9 
 
4) The effect of secondary air velocity on NOx 
concentration 
The spatial distribution characteristics of nitrogen oxides (NOx) 
concentration at key sections of the steel ladle at the end of the 
baking process are shown in Figure 11 (Z=0 mm, Y=385 mm, 
Y=1400 mm, Y=3285 mm). Comparative analysis indicates that 
the NOx concentration distribution in the pure oxygen staged 
combustion process is significantly lower at each section than in 
the traditional pure oxygen combustion process. Additionally, the 
NOx generation increases as the first-stage oxygen supply ratio 
increases. Since the flame structure and combustion temperature in 
the O1:O2=3:7 process closely resemble those of the pure oxygen 
combustion process, the thermal NOx concentration is higher 
compared to other staged air ratio processes. However, it remains 
significantly lower than in the traditional pure oxygen combustion 
process. The nitrogen oxides studied in this research are primarily 
thermal NOx, and its generation rate mainly depends on the flame 
temperature, the size of the high-temperature region, and the high-
temperature flue gases during the combustion process. Therefore, 
from the observation of Figure 11, it is evident that high 
concentrations of NOx are primarily concentrated around the high-
temperature flames, the steel ladle bottom, and the gas outlet. Upon 
observing the NOx mass fraction distribution at Y=385 mm (steel 
ladle bottom), it can be seen that the NOx mass fraction decreases 
radially, as expected. Due to the swirl dead zone effect, the lowest 
NOx concentration occurs at the edges of the ladle bottom, with a 
significant difference in concentration between the center and the 
edges. 
 

 
Fig. 11. NOx concentration distribution in different sections. 

a:Pure oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
Figure 12 reveals the distribution characteristics of NOx mass 

concentration fraction under different processes. It can be observed 
that at Y=3285 mm (gas outlet), the NOx mass concentration 
fluctuates significantly along the radial position. The fluctuation 
diminishes as the distance from the center increases, and after a 
radial position of 0.38 m, the NOx concentration tends to stabilize. 
Under the pure oxygen combustion process, the fluctuation in NOx 
mass fraction is the largest, with a maximum difference of 6.2, and 
the NOx concentration is much higher than in the other three 
processes. In the O1:O2=3:7 process, the maximum difference 
reaches 3.4, which is a 43.7% reduction compared to the pure 
oxygen combustion process. Similarly, in the analysis of NOx 
concentration distribution at Y=385 mm (steel ladle bottom), it can 
be seen that the O1:O2=3:7 process reduces the maximum 
difference in NOx concentration by 46.7% compared to the pure 
oxygen combustion process. 
 

  
Fig. 12. Radial distribution of NOx concentration. a: Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
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3.2. Influence of primary air velocity on baking 
effect under different air supply ratios 

 
When the secondary air velocity is kept constant, the impact of 

primary air velocity under different air supply ratios on the flow 
field, temperature field, and pollutants within the steel ladle is 
analyzed. 

 
1) The impact of primary air velocity on the flow 
field within the ladle 

Figure 13 reveals the flow field characteristics inside the 
furnace under different primary air velocities, pure oxygen 
combustion, and four staged combustion processes. Observing the 
flow field distribution at the Y = 385 mm interface, it can be seen 
that for all four processes, the velocities at the center and edge 
positions are the lowest, and the overall flow exhibits a change 
pattern of increasing first and then decreasing, following a 
concentric circle form. Due to the influence of the recirculation 
zone, the flow field distribution at the bottom of the steel ladle (Y 
= 385 mm) in the pure oxygen combustion process shows a velocity 
breakpoint. A comparative analysis of pure oxygen and staged 
combustion shows that under the O1:O2=3:7 process, the steel ladle 
bottom (Y = 385 mm) is subjected to the greatest impact from high-
temperature flue gases, reaching 8.8 m/s. Since the O1:O2=3:7 
process effectively reduces the area of the recirculation zone, it 
accelerates the convective speed of high-temperature flue gases, 
enhancing the heat transfer efficiency within the furnace and 
improving the temperature uniformity at the bottom of the steel 
ladle. 
 

 
Fig. 13. Flow field distributions of different sections. a :Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
Figure 14 reveals the velocity variation from the center of the 

steel ladle bottom to the wall at different times for three staged air 
supply ratios and pure oxygen combustion. The trends of high-
temperature flue gas impact velocity on the steel ladle bottom at 
different times are consistent for all four processes. At the end of 
the baking process, the average impact velocity of high-
temperature flue gases on the steel ladle bottom in pure oxygen 
combustion is 5.41 m/s. Due to the effective reduction in the 
recirculation zone area, the average impact velocity in the O1:O2 = 

3:7 process increases by 10.2% compared to pure oxygen 
combustion. In contrast, under the O1:O2 = 2:8 and O1:O2 = 1:9 
processes, the average impact velocities of high-temperature flue 
gases on the steel ladle bottom are 5.38 m/s and 5.21 m/s, 
respectively, showing a significant decrease compared to the O1:O2 
= 3:7 process. This reduction causes the high-temperature flue gas 
flow speed inside the steel ladle to slow down, hindering the heat 
transfer within the ladle. 
 

 
Fig. 14. Velocity distributions at the bottom of the ladle. a:Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
2) The impact of primary air velocity on flame shape 

To further explore the reasons behind the differences in high-
temperature flame formation positions inside the steelmaking 
furnace, Figure 15 reveals the flame shape structure at the 1400 K 
isotherm under four different processes. It can be observed that 
during the early stages of the baking process, high-temperature 
flames in all four processes exhibited flame extinction phenomena. 
As combustion continued, the length of the flame extinction zone 
gradually decreased. At the end of the baking process, in the pure 
oxygen combustion process, due to the high-speed injection of fuel 
and oxygen, a local extinction zone with a length of 337.2 mm 
appeared at the nozzle. In the O1:O2 =3:7 process, a relatively stable 
high-temperature flame structure was formed, but a flame 
extinction zone of 146.6 mm was also present at the nozzle. In the 
O1:O2 =2:8 process, an unstable high-temperature flame structure 
formed with a flame extinction zone length of 1246.1 mm, and in 
the O1:O2=1:9 process, the stability of the high-temperature flame 
structure was relatively poor, with the longest flame extinction 
zone of all four processes, reaching 1561.3 mm. Compared to the 
pure oxygen combustion process, the flame extinction zone length 
was reduced by 56.5% in the O1:O2 =3:7 process with oxygen-
enriched combustion. This demonstrates that the O1:O2=3:7 
oxygen-enriched combustion process can effectively optimize the 
high-temperature flame structure, compensating for the instability 
in the flame structure in the staged combustion process. 
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Fig. 15. Flame shape structure at 1400 K. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 

3) The impact of primary air velocity on the 
temperature field inside the furnace 

Figure 16 reveals the temperature contour maps inside the steel 
ladle furnace under four different processes. It can be observed that 
with the progression of the baking time, the high-temperature flame 
area gradually increases and reaches its maximum at the end of the 
process. By observing the high-temperature flame area under the 
O1:O2 =3:7 process, it is seen to align with the pure oxygen 
combustion process. As the fuel and oxygen are rapidly injected 
into the ladle through the nozzle, there is a certain difference in the 
location where each process forms a stable high-temperature flame. 
At the end of the 10-hour baking process, the distance between the 
stable flame formation and the nozzle for each process is as 
follows: 1567.8 mm (pure oxygen combustion), 1178.1 mm ( 
O1:O2=3:7), 2129.7 mm ( O1:O2=2:8), and 2175.0 mm ( 
O1:O2=1:9). The O1:O2=3:7 process, using staged combustion with 
oxygen, forms a stable high-temperature flame more quickly 
compared to other processes. The distance to form a stable high-
temperature flame is shortened by 389.7 mm compared to the pure 
oxygen combustion process, further confirming that when using 
O1:O2=3:7, the drawbacks of lower combustion temperature in 
staged combustion are effectively compensated. 

 

 
Fig. 16.Temperature field in the ladle. a:Pure oxygen combustion 

support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 

Figure 17 presents the temperature contour maps of the steel 
ladle inner wall under the four processes: pure oxygen staged 
combustion and pure oxygen combustion. As the baking process 
progresses, the temperature from the working layer to the insulation 
layer of the ladle gradually increases. By the end of the baking, the 
inner wall temperature of the ladle exceeds 1200 K under all four 
processes. A closer analysis of the local regions shows that under 
the O1:O2=3:7 process, the temperature on the inner wall of the 
ladle exhibits a significant temperature gradient in the depth 
direction. The temperature fluctuation within the refractory 
material of the ladle wall is minimal, and a broad high-temperature 
zone is formed within a certain thickness range. This characteristic 
indicates that under the pure oxygen staged combustion process 
(O1:O2=3:7), the high-temperature flame is rigid and provides a 
stable heat source, which facilitates efficient heat conduction and 
uniform distribution along the ladle wall. From the perspective of 
the steel ladle inner wall temperature distribution, it is confirmed 
that the O1:O2=3:7 staged combustion process strengthens the 
stability of heat transfer. This provides effective theoretical support 
for the selection and optimization of ladle baking process 
technologies. 
 

 
Fig. 17. Temperature distribution of the ladle wall. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 
Figure 18 analyzes the temperature variation characteristics of 

four monitoring points under different primary air speeds. It can be 
observed that under the O1:O2=3:7 process, the temperature at each 
monitoring point is significantly higher than in the other processes. 
The temperature at the d5 monitoring point under pure oxygen 
combustion is the lowest, while the temperature at the d2 
monitoring point under the three pure oxygen staged combustion 
processes is the lowest. Calculations show that the average 
temperature of the monitoring points for the pure oxygen 
combustion process is 1295.3 K, while the average temperature of 
the monitoring points for the O1:O2=3:7 process is 1429.4 K, which 
is 134.1 K higher than that of the pure oxygen combustion process. 
A comparative analysis of the average temperatures at the 
monitoring points for the three pure oxygen staged combustion 
processes reveals that the O1:O2=3:7 process increases the 
temperature by 31.1% and 35.3% compared to the O1:O2=2:8 and 
O1:O2=1:9 processes, respectively. This demonstrates that the 
O1:O2=3:7 process can effectively compensate for the negative 
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effects brought by the pure oxygen staged combustion technology, 
optimizing the inner wall temperature distribution and providing a 
key basis for thermal optimization in ladle baking processes. 

 

 
Fig. 18. Temperature changes at monitoring points. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 
Figure 19 presents the dynamic temperature evolution at the 

bottom of the ladle under the four processes of pure oxygen 
combustion and pure oxygen staged combustion. During the early 
stage of baking, the temperatures at the bottom of the ladle for all 
four processes are at a relatively low level, gradually increasing as 
the baking time progresses. After 1 hour, the temperature at the 
bottom of the ladle for the pure oxygen combustion process reaches 
1300 K, while for the pure oxygen staged combustion processes 
(O1:O2=3:7, 2:8, 1:9), the temperatures are 1300 K, 1200 K, and 
1200 K, respectively. At the end of 10 hours of baking, the bottom 
temperatures for all four processes reach 1500 K. Notably, for the 
O1:O2=2:8 and O1:O2=1:9 processes, the bottom temperature 
increases at a faster rate throughout the entire baking process. Such 
a rapid temperature rise could lead to thermal stress concentration 
on the bottom refractory bricks, accelerating material degradation 
and adversely affecting their service life. In contrast, the 
temperature rise for the O1:O2=3:7 process is more gradual, which, 
while still meeting the baking requirements, helps protect the 
refractory bricks and extends their lifespan. This provides a 
theoretical basis for process optimization and equipment 
maintenance. 
 

 
Fig. 19. Temperature nephogram at the bottom of the ladle. a:Pure 

oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

To systematically analyze the temperature change rate at the 
bottom of the ladle, Figure 20 examines the radial temperature 
distribution at the bottom of the ladle for the four baking processes 
at three characteristic times: 3 h, 7 h, and 10 h. The results show 
that the bottom temperature for the pure oxygen combustion 
process and the pure oxygen staged combustion O1:O2=3:7 process 
is significantly higher throughout the baking process compared to 
the O1:O2=2:8 and O1:O2=1:9 processes. This difference is directly 
related to the stability of the high-temperature flame structure (as 
analyzed in Figure 15). Specifically, for the pure oxygen 
combustion process, the average temperature at the bottom of the 
ladle is 1394.1 K at 3 h, increasing to 1548.6 K at the end of 10 h, 
with an average temperature rise rate of 22 K/h. For the O1:O2=3:7 
process, the average bottom temperature reaches 1467.2 K at 3 h, 
rising to 1592.3 K at the end of 10 h, with an average temperature 
rise rate of 17.9 K/h, which is 18.6% lower than that of the pure 
oxygen combustion process. The lower heating rate can effectively 
alleviate the thermal stress concentration caused by rapid thermal 
shock on the bottom refractory bricks, reduce the risk of material 
cracking and spalling, and extend the service life of the lining. 
These findings highlight the significant importance of optimizing 
the staged combustion air ratio for the durability of equipment, 
providing design parameters that support the engineering 
application of ladle baking processes. 
 

 
Fig. 20. Radial temperature variation at the bottom of the ladle. 
a:Pure oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 

d:O1:O2=1:9 
 

4) The impact of secondary air velocity on NOx 
concentration 

The use of staged combustion technology can effectively 
reduce the formation of NOx during combustion [23]. Figure 21 
systematically reveals the NOx mass concentration distribution at 
different interfaces for the four processes. The research shows that 
staged combustion technology significantly inhibits the generation 
and emission of NOx. Under the pure oxygen staged combustion 
O1:O2=3:7 process, the average NOx mass concentration reaches 
3.5, which, although being the peak value among the staged 
combustion processes, still achieves a 46.1% reduction compared 
to the pure oxygen combustion process (with an average mass 
concentration of 6.5). Further analysis reveals that the O1:O2=2:8 
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and O1:O2=1:9 processes, while showing better NOx reduction, 
have lower furnace temperatures (≤1400 K) and insufficient high-
temperature flame rigidity, making them unable to meet the steel 
shell baking requirements for thermal efficiency and temperature 
uniformity. Therefore, these conditions were not selected for 
further detailed study. The results of this study indicate that the 
O1:O2=3:7 air supply ratio demonstrates a comprehensive 
advantage in balancing combustion efficiency, temperature field 
stability, and NOx emission control.  
 

 
Fig. 21. NOx concentration distribution in different sections. 

a:Pure oxygen combustion support; b:O1:O2=3:7; c:O1:O2=2:8; 
d:O1:O2=1:9 

 
Figure 22 systematically presents the radial distribution 

characteristics of NOx mass concentration at the flue gas outlet 
(Y=3285 mm) and steel shell bottom (Y=385 mm) for the four 
processes. At the flue gas outlet section, the NOx concentration for 
the pure oxygen combustion process and the pure oxygen staged 
combustion process with a 3:7 air supply ratio shows significant 
fluctuations, while the concentration curves for the pure oxygen 
staged combustion processes with O1:O2=2:8 and O1:O2=1:9 air 
supply ratios are relatively smooth. The specific data shows that the 
average NOx mass concentration at the flue gas outlet for the pure 
oxygen combustion process is 5.3, whereas for the O1:O2=3:7 ratio 
process, it drops to 2.9, a reduction of 45.2%. At the steel shell 
bottom section, the average NOx mass concentration for the 
O1:O2=3:7 process is reduced by 49.2% compared to the pure 
oxygen combustion process, demonstrating a stronger NOx 
suppression effect. The above results indicate that, under the 
premise of ensuring high-temperature flame rigidity and meeting 
the required baking temperature, the O1:O2=3:7 pure oxygen staged 
combustion air supply ratio effectively suppresses the formation 
path of thermal NOx by regulating the oxygen concentration 
distribution in the combustion region. This process not only 
maintains the thermal efficiency of the steel shell baking but also 
achieves a significant reduction in NOx emissions, providing key 
technical support and an engineering application model for energy-
saving and emission-reduction transformations in steel shell baking 
processes in the steel industry. 
 

 
Fig. 22. Radial distribution of NOx concentration. a:Pure oxygen 

combustion support; b:O1:O2=3:7; c:O1:O2=2:8; d:O1:O2=1:9 
 
 

4. Conclusion 
 
This study developed a three-dimensional numerical model 

specifically for the steel ladle baking process, engaging in a 
comprehensive discussion of the combustion characteristics 
associated with both pure oxygen staged combustion technology 
and pure oxygen combustion technology within this context. 
Building upon the foundation of pure oxygen staged combustion, 
an optimization of the primary and secondary oxygen air-fuel ratios 
was undertaken. Through rigorous analysis of the combustion 
temperature field, flow field, high-temperature flame structure, and 
NOx concentration distribution, the following pivotal conclusions 
were derived: 
1) By controlling the primary and secondary oxygen air-fuel 

ratio at 3:7, the pure oxygen staged combustion process 
adeptly addresses the temperature decay shortcomings 
inherent in traditional staged combustion technology. 
Numerical Simulation date underscores that, with this 
specific ratio, the overall temperature within the steel ladle 
furnace surpasses 1500 K, closely mirroring the temperatures 
achieved in pure oxygen combustion. This ratio not only 
mitigates the risk of localized overheating typically 
encountered in a pure oxygen environment but also bolsters 
flame stability, ensuring sustained and efficient heat release.  

2) When the O1:O2=3:7 ratio is applied, the high-temperature 
flame at 1400 K inside the steel ladle exhibits a "robust and 
highly rigid" characteristic, with the swirl zone area 
effectively controlled through staged oxygen supply. This 
structural optimization enhances the circulation rate of the 
high-temperature flue gas, with the axial flow speed reaching 
21 m/s and the bottom impact speed around 8.5 m/s, 
significantly improving the convective heat transfer 
efficiency. 

3) The ratio of O1:O2 =3:7 markedly enhances the temperature 
distribution across the inner wall of the steel ladle. 
Specifically, the average wall temperature experiences an 
augmentation of 134.1 K when compared to the pure oxygen 
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combustion process. The temperature gradient exhibits a 
smooth progression along the depth direction of the 
refractory material, thereby circumventing the concentration 
of localized thermal stresses. Notably, the maximum 
temperature discrepancy between the center and the edge of 
the steel ladle bottom diminishes by 265.5 K in comparison 
to the pure oxygen combustion process. Additionally, the 
average heating rate of 17.9 K/h represents an 18.6% 
decrease from the 22 K/h observed in the pure oxygen 
combustion process. This reduction effectively mitigates the 
potential for cracking and spalling of the refractory bricks, 
which may be induced by rapid thermal shock. 

4) The pure oxygen staged combustion process exhibits 
remarkable efficacy in inhibiting the formation of thermal 
NOx by establishing a gradient of oxygen concentration 
within the combustion zone. Specifically, when the O1:O2 is 
set at 3:7, the average NOx concentration within the furnace 
undergoes a substantial decrease of 46.1% in comparison to 
the pure oxygen combustion process. Furthermore, the 
concentrations at both the flue gas outlet and the bottom of 
the steel ladle witness reductions of 45.2% and 49.2%, 
respectively. 
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