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Abstract 
 
Against global carbon neutrality targets, the carbon-intensive steel industry bears severe decarbonization stress, wherein advanced low-
carbon smelting technologies dominate its green transition. Scrap preheating boosts scrap ratio and cuts steelmaking carbon emissions; 
optimized fuel-scrap matching and fuel grading by scrap type significantly improve thermal efficiency and reduce preheating energy demand. 
This work establishes a 3D numerical model for randomly stacked scrap within a 100-t hot metal ladle to compare natural gas, coke oven 
gas and converter gas regarding flow field, flame structure, thermal distribution, scrap heating performance and energy efficiency under 
equal total heat input. Numerical simulations with the k-ε turbulence, EDC combustion and P-1 radiation models are performed to couple 
flow, heat transfer and combustion. Fuel composition strongly governs flame morphology and thermal behaviors. Natural gas and converter 
gas form intact, stiff flames, while coke oven gas produces discontinuous unstable flames. Flow intensity decreases in the sequence converter 
gas, coke oven gas and natural gas, and high-speed turbulent fluctuation of converter gas facilitates heat diffusion. Under the same heating 
duration, the average surface temperatures of scrap are 695 K, 782 K and 411 K for natural gas, converter gas and coke oven gas, respectively. 
Converter gas achieves the highest preheating efficiency of 11.2 %, followed by natural gas (5.9 %), and coke oven gas is the lowest (2.4 
%) due to its low calorific value. Moreover, fuel-scrap matching characteristics reveal that natural gas is suitable for light and thin scrap to 
avoid overheating, while converter gas is more favorable for medium and heavy scrap with improved heat penetration. This work reveals 
the influence mechanism of gas type on ladle scrap preheating and provides theoretical support for fuel selection and process optimization 
in high-efficiency and low-carbon scrap preheating applications. 
 
Keywords: Scrap preheating, Fuel type, Flow-thermal field, Flame morphology, Preheating efficiency 
 
 
 

1. Introduction 
 

Scrap, as a renewable resource, plays a vital role in reducing 
iron ore consumption, energy demand and pollutant emissions [1, 
2]. With increasing global pressure on carbon emission reduction, 
raising the scrap ratio has become a key pathway for steel 
enterprises to lower costs and improve environmental performance 
[3,4]. However, due to the limited surplus heat of molten steel, the 
scrap ratio in conventional converters is usually below 20%. Scrap 

preheating, which heats scrap to a certain temperature before 
charging, can effectively supplement the heat required in the 
smelting process and has become an essential technique for 
high-scrap-ratio steelmaking [5]. Nevertheless, traditional 
preheating methods suffer from low thermal efficiency and 
insufficient waste heat recovery [6], and stand-alone preheating 
equipment increases overall energy consumption [7, 8]. 

The scrap preheating process involves complex multi-physics 
phenomena, including turbulent combustion, gas-solid heat 
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transfer and thermal radiation. Many researchers have carried out 
numerical and experimental studies on this topic. Fan et al. [9] 
compared the preheating performance of a vertical three-stage 
furnace and a horizontal tunnel furnace, finding that the vertical 
furnace achieved a scrap heat absorption efficiency of 63% under 
the same fuel heat input, significantly higher than 35% for the 
horizontal furnace. Zhang et al. [10] developed a 3D numerical 
model of a 90 t hot metal ladle and quantitatively analyzed the 
effects of ambient temperature, wind speed, slag thickness and 
ladle cover thickness on the temperature drop of hot metal. Vodička 
et al. [11] studied the melting behavior of scrap in a ladle with 
bottom argon blowing using a multi-physics model, showing that 
increasing the specific surface area and initial temperature of scrap 
significantly accelerates the melting rate. Poraj et al. [12] compared 
a DC plasma torch and natural gas heating for a steelmaking ladle, 
demonstrating that plasma heating achieved a higher ladle bottom 
temperature (983-1402 °C) than natural gas (874 °C). 

Aiming at the problems of low efficiency and single fuel 
selection of traditional preheating methods, this paper carries out 
comparative research on multiple fuels, so as to solve the practical 
deficiencies in on-site production.  

Although previous studies have advanced the understanding of 
scrap preheating, most of them focused on a single fuel or did not 
systematically compare different fuels under identical total heat 
input[13, 14]. To tackle the low efficiency and monotonous fuel 
selection of traditional preheating processes, this study performs a 
comparative analysis of diverse fuels for eliminating practical 
drawbacks in actual production. A three-dimensional numerical 
model of randomly stacked scrap in a 100 t hot metal ladle was 
established. Natural gas, coke oven gas and converter gas are 
selected as typical industrial fuels. Under the same total heat input, 
the flow field, flame morphology, temperature field and scrap 
temperature evolution are systematically compared. This work 
aims to reveal the influence mechanism of fuel type on scrap 
preheating and to provide theoretical guidance for fuel selection 
and process optimization. 
 
 

2. Mathematical and physical modelling 
of scrap preheating 
 
 
2.1. Basic governing equations and mathematical 
models 

 
The scrap preheating process involves complex momentum 

transfer, heat transfer and mass transfer phenomena, all following 
fundamental conservation laws. This study solves the continuity 
equation, momentum equations, energy equation and k-ε equations 
to characterize the flow, heat transfer and combustion 
characteristics. The main governing equations are as follows [15, 
16]: 

 
Continuity equation. 
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+ ∂(ρu)
∂x

+ ∂(ρv)
∂y

+ ∂(ρw)
∂z

=0           (1) 
 

Momentum conservation equation [14]: 
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Energy conservation equation [15]: 
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In the formula (1)-(3): ρ is the density; t is time; u, v, and w are 

the velocity components in the x, y, and z directions, respectively. 
τij is the viscous stress tensor; Si is the source term in the momentum 
equation. h represents the total enthalpy; k denotes the thermal 
conductivity; T is the temperature; Jj,i is the diffusion flux of 
component j; ui∂p/∂xi denotes the convective pressure term; τij∂i/∂xj 
represents the viscous stress term (with τij being the viscous stress 
tensor); ∂ui/∂xj is the velocity gradient; ui is the velocity component 
in the i-direction; Sh is the energy source term; and ∂p/∂t is the time 
derivative of pressure.  

The turbulence model is the k-ε model [17]. The transport 
equations for turbulent kinetic energy k and its dissipation rate ε 
are: 

k equation: 
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ε equation: 
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In the formula (4)-(5): k stands for turbulent kinetic energy; ε 

represents the dissipation rate of k; Sk and Sε are the source terms 
of k and ε; ui denotes the mean velocity; C1ε and C2ε are empirical 
constants; typically, C1ε=1.44, C2ε=1.92, Cη=0.09, σε=1.2, σk=1.0 
[18]. 

The combustion model adopts the Eddy Dissipation Concept 
(EDC) model. The net reaction rate of species i is given by [19]: 

 
ωi=

ρξ*

τ*(1-ξ*γ*)
(Yi

*-Yi)           (6) 
 
In the formula: ωi represents the mass generation rate of 

substance i; ξ* denotes the mixing fraction; τ* indicates the mixing 
time scale; γ* is the reaction volume fraction; Yi* refers to the mass 
fraction of species after the reaction; and Yi represents the mass 
fraction of species before the reaction. 
The P-1 radiation model is used for radiation heat transfer: 
 
dI(r⃗,s⃗)
dx

+(a+σs)I(r⃗,s⃗)=an2 σT4

π
+ σs

4π ∫ I4π
0 (r⃗,s⃗')Φ(s⃗,s⃗')dΩ'               (7) 

 
In the formula: I represents the radiation intensity; r is the 

position vector; s is the direction vector; a is the absorption 
coefficient; σs is the scattering coefficient; n is the refractive index; 
σ is the Stefan-Boltzmann constant; s′ denotes the scattering 
direction; s is the optical path length; Φ is the phase function; Ω′ is 
the spatial solid angle. 
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2.2. Model assumptions 
 

1) No internal heat sources. 
2) Only gas-solid convective and radiative heat transfer is 

considered within the scrap bed; other heat transfer modes 
are ignored. 

3) Gases are ideal gases, and the heat transfer process between 
scrap and high-temperature flue gas is assumed to be 
transient. 

4) Scrap melting collapse is not considered (no displacement 
occurs). 

 
 

2.3. Physical model and mesh 
 
The 100 t hot metal ladle is modelled using SpaceClaim 2023. 

The ladle has an upper diameter of 2400 mm, a lower diameter of 
2100 mm and a total height of 3200 mm. The system is equipped 
with seven nozzles: the central nozzle is reserved for fuel feeding, 
and the six surrounding nozzles deliver combustion air. Flue gas is 
discharged through a 100 mm gap formed between the ladle cover 
and ladle rim, with all burner inlets having a uniform diameter of 
80 mm. 

The ladle consists of three layers from outside to inside: the 
steel shell, the permanent layer and the working layer. The bottom 
material is the same as the wall but with different thicknesses. 
Specific dimensions are given in Table 1. 

The scrap dimensions inside the ladle refer to statistical data 
from actual steel plant production. A random stacking method is 
used to generate the three-dimensional geometry of the scrap bed. 
According to the plant charging method, from bottom to top: light-
gauge scrap, light scrap, medium-heavy scrap and bales. Table 2 
classifies four types of steel scrap with clear specifications on 
maximum dimensions in millimetres and typical shapes. Light-
gauge scrap is limited to 300×300 mm in size and under 2 mm 
thick, appearing as thin metal plates. Light scrap allows a larger 
400×400 mm overall size with thickness over 2 mm, consisting of 
metal strips and flat plates. Medium-heavy scrap features a 
maximum dimension of 600×400 mm and a thickness above 6 mm, 
covering structural forms such as I-beams, cylindrical metal pieces 
and spherical scraps. Bales refer to compacted scrap cubes no larger 
than 200×200 mm. The categorization relies on two key indicators: 
outer size and material thickness, paired with representative 
physical shapes to distinguish light, medium-heavy and 
compressed scrap grades. This standardized classification 
facilitates scrap sorting, transportation and smelting by clearly 
differentiating thin lightweight sheets, thicker metal profiles, heavy 
structural steel pieces and dense compressed bales for metal 
recycling facilities. Based on experimental and literature data, the 
porosity of the scrap bed is set to 0.45 [13]. 

Meshing is performed using Fluent Meshing. The 
computational domain mesh model is shown in Figure 1b. The 
model uses an unstructured mesh with approximately 1.41 million 
cells. The global average orthogonal quality is >0.9, meeting Fluent 
convergence requirements. 

 

 
Fig.1 Schematic diagram of the molten iron ladle structure: (a) 
longitudinal section of the molten iron ladle; (b) mesh of the 

molten iron ladle 
 
Table 1 
Materials and dimensions of ladle layers 

Layer Working layer Permanent 
layer 

Ladle 
shell 

Material 
Low-aluminum 
silicon carbide 
carbon brick 

Fireclay 
brick 

Q345 
carbon 
steel 

density, g/cm3 2.6 1.8 7.85 
thermal 

conductivity, /W/m 
K 

12 1.2 45 

specific heat 
capacity, kJ/(kg⋅K) 0.85 0.92 0.46 

Ladle sidewall 
thickness, mm 135 85 36 

Ladle bottom 
thickness, mm 180 130 75 

 
Table 2 
Scrap classification for simulation 

Type Dimensions (mm) Shape 

Light-gauge scrap ≤300×300, 
thickness <2 Thin plate 

Light scrap ≤400×400, 
thickness >2 Strip, plate 

Medium-heavy 
scrap 

≤600×400, 
thickness >6 

I-beam, 
cylindrical, 
spherical 

Bales ≤200×200 Cube 
 
 
2.4. Boundary conditions and fuel types 

 
The finite difference method is used to discretize and solve the 

governing equations. The velocity-pressure coupling is handled 
using the improved SIMPLEC algorithm. The under-relaxation 
factor is set to 1.0 according to the characteristics of the model grid, 
flow field state and repeated debugging of numerical calculation. 
This parameter configuration can ensure the stability and 
convergence of the solving process. The supplementary content 
perfects the description of numerical solution settings. The number 
of time steps is determined based on the actual scrap preheating 
duration, with a maximum of 20 iterations per time step. Spatial 
discretization uses the second-order upwind scheme. Convergence 
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criteria are: residuals for the energy equation less than 10⁻⁶, and 
residuals for other governing equations less than 10⁻³.[17] 

The relevant boundary and initial conditions are as follows: (1) 
Fuel inlet and combustion air inlet are both velocity inlets; initial 
scrap temperature is 300 K. (2) Flue gas outlet and the annular gap 
at the ladle cover are pressure outlets, with outlet pressure equal to 
ambient atmospheric pressure. (3) Initial ambient temperature is 
300 K, initial pressure is 101.325 kPa. 

Three fuels are studied: natural gas, coke oven gas and 
converter gas. Their compositions are given in Table 3. Under the 
same total heat input, the calculated flow rates are: natural gas 300 
m³/h, coke oven gas 810 m³/h, converter gas 1320 m³/h. 
 
Table 3  
Volume fraction of fuel components (%) 

Component Natural gas Coke oven gas Converter gas 
CO 0.3 9.0 60.2 
CO₂ 1.0 2.3 14.6 
H₂ 0.7 53.6 1.0 
N₂ 4.0 16.4 18.0 
O₂ 0.2 3.0 0.2 

H₂O – – 5.7 
CH₄ 93.8 15.7 – 

lower calorific 
value MJ/Nm³ 35.6 17.4 7.0  

 
 
2.5. Model validation 

 
To validate the accuracy and reliability of the established 

numerical model, simulation results are compared with industrial 
measurements from the literature [16] at five uniformly arranged 
monitoring points (A to E) on the ladle inner wall. The industrial 
measurement data were acquired via high-precision contact sensors 
mounted tightly on the ladle inner wall under actual production 
operating conditions, with continuous data sampling adopted to 
eliminate instantaneous measurement fluctuations and ensure the 
authenticity and representativeness of the original data. Prior to 
comparison, raw experimental data were preprocessed by filtering 
out abnormal noise points and calibrating instrument systematic 
errors, while the simulation data were extracted at the exact spatial 
coordinates corresponding to the field monitoring points to 
guarantee the consistency of comparison conditions. Furthermore, 
the model prediction error was effectively optimized by refining 
the mesh division near the ladle wall and correcting the boundary 
condition parameters.  

Figure 2 shows the comparison between simulated and 
measured values. The overall trends are consistent, with only local 
deviations. The relative errors at points A and D are 6.1% and 
2.2%, respectively, with a maximum temperature difference of 81 
K. For the remaining monitoring points, the difference between 
simulated and measured temperatures is about 40 K, with relative 
errors around 2%. The comparison confirms that the model has 
high computational accuracy and can well reflect the actual 
temperature distribution during scrap preheating. 

 

 
Fig. 2. Comparison of simulated and measured temperatures for 

scrap preheating 
 
 

3. Analysis of preheating effects with 
different fuel types 
 
 
3.1. Effect of fuel type on flow field inside the 
ladle 
 

Figure 3 shows the flow field distribution in the Z=0 m vertical 
plane and Y=2 m horizontal plane for different fuels. Due to the 
different calorific values, under the same heating value, natural gas 
(Figure 3a) exhibits a relatively low velocity range (only 2-16 m/s), 
converter gas (Figure 3b) has the highest velocity (5-65 m/s), and 
coke oven gas (Figure 3c) is intermediate, with velocities ranging 
from 5-40 m/s. At the Z=0 m section, the velocity is highest in the 
central region of the fuel. The randomly stacked scrap will block 
and divert the fuel jet, change the propagation path of airflow, and 
further affect the distribution of velocity field and vortex structure. 
Different stacking states will lead to differences in jet disturbance 
range.  

Different fuels exhibit distinct differences in the velocity 
distribution characteristics of combustion flow fields due to 
variations in physical parameters such as components, calorific 
values and injection flow velocities. Natural gas features a single 
component and high calorific value, with favorable jet flow 
stability and a relatively regular flow field structure. Its velocity 
gradient and vortex structure are symmetrically distributed with a 
wide influence range (dashed area in Fig. 3a). Converter gas 
presents a higher peak flow velocity and a drastically turbulent flow 
field, accompanied by an increased number of vortices with 
complex morphologies (dashed area in Fig. 3b). This indicates 
intense flow disturbance in and around the jet center, which is 
conducive to enhancing heat transfer and mass mixing. The flow 
field characteristics of coke oven gas fall between the above two 
fuels, with a more compact vortex structure. Its flow velocity and 
turbulence intensity are lower than those of converter gas but 
higher than those of natural gas, which directly reflects the 
regulatory effect of fuel physical properties on turbulent flow 
structures (dashed area in Fig. 3c). As illustrated in Fig. 4, the 
velocity distribution of natural gas and coke oven gas is relatively 
uniform, with a smaller high-velocity region and lower velocity 
peak compared with converter gas, leading to an overall 
homogeneous flow field. Affected by its high flow velocity, 
converter gas generates severe flow disturbance in the central and 
surrounding areas, thereby facilitating efficient heat transfer. 
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Fig. 3. Flow field distribution inside the ladle for different fuels: 

(a) natural gas, (b) converter gas, (c) coke oven gas 
 

 
Fig. 4. Velocity distribution at H=2 m: (a) natural gas, (b) 

converter gas, (c) coke oven gas 
 
 

3.2. Effect of fuel type on flame morphology 
 
Figure 5 presents the evolution characteristics of flame width 

during the baking process with three fuels at the cross-section of 
H=1.3 m. It can be seen that the width of the high-temperature 
flame zone shows a continuous expansion trend with the extension 
of baking time. Throughout the entire preheating period, natural 
gas and converter gas maintain a complete and rounded flame 
morphology, while the flame of coke oven gas exhibits obvious 
irregularities. 

At the cross-section of H=1.3 m, the flames of the three types 
of gas all expand gradually as baking time increases, yet their 
expansion rates differ significantly. For natural gas, the flame 
diameter increases from 0.45 m at 10 min to 0.55 m at 20 min. The 
flame diameter rises by approximately 0.05 m per 5 minutes of 
baking time, with a steady expansion rate. The flame diameter of 
converter gas increases from 0.35 m at the initial stage (10 min) to 
0.45 m at 20 min. In the early preheating stage (10-15 min), its 
expansion rate is about 0.05 m/5min, basically equivalent to that of 
natural gas; in the late preheating stage (15-20 min), the expansion 
rate decreases to 0.025 m/5min, showing a distinct deceleration 
feature. Coke oven gas possesses the overall fastest flame 
expansion rate, with the flame diameter growing from 0.30 m at 10 
min to 0.45 m at 20 min. Its early-stage (10-15 min) expansion rate 
reaches 0.10 m/5min, which is remarkably higher than those of 
natural gas and converter gas. In the later stage (15-20 min), the 
expansion rate drops sharply to 0.025 m/5min, consistent with the 
late expansion rate of converter gas. 

In terms of temperature field distribution, the temperature field 
of natural gas follows a distribution pattern of high temperature in 
the center and gradual temperature gradient attenuation in the 
surrounding area. The high-temperature zone features a stable 

morphology and uniform temperature transition at the periphery. 
This is mainly attributed to the high calorific value and excellent 
flame rigidity of natural gas, which realize uniform and rapid 
preheating of scrap in the ladle. In the initial stage of converter gas 
combustion, the proportion of the low-temperature zone is 
relatively high, and the high-temperature zone expands gradually 
with baking time. Nevertheless, a prominent temperature gradient 
always exists between the central high-temperature area and the 
edge region, which is closely associated with its low calorific value 
and poor combustion stability. By contrast, coke oven gas shows 
the most irregular temperature field morphology, with scattered 
low-temperature zones and a time-dependent variable high-
temperature zone. It delivers a slow heating rate and poor 
temperature field stability, primarily resulting from its low calorific 
value and the difficulty in forming a stable heat flow during 
combustion. 
 

 
Fig. 5. Flame width at height H=1.3 m: (a) natural gas, (b) 

converter gas, (c) coke oven gas 
 
Figure 6 reveals the evolution law of flame morphology at 

different moments during scrap preheating with different fuels in 
the ladle. It is evident that fuel type exerts a significant regulatory 
effect on flame structure. Under the preheating condition with 
natural gas (Fig. 6a), the main flame remains straight and the 
overall structure is stable and uniform with the extension of heating 
time, and the bottom expands outward in a regular fan shape. This 
characteristic is mainly attributed to methane-dominated 
components of natural gas, which enables stable and controllable 
combustion. With high flame temperature and strong flame 
rigidity, natural gas combustion forms a regular and symmetrical 
flame morphology. 

Due to the high jet velocity of converter gas, its flame is slender 
(Fig. 6b) with distinct dendritic bifurcation at the bottom. Affected 
by the complex combustion characteristics of multi-component 
gases such as CO and H2, the flame presents poor stability. 
Meanwhile, the uneven heat flow scattering caused by stacked 
scrap at the bottom further intensifies the airflow disturbance inside 
the ladle. 

The flame of coke oven gas shows a continuous fragmented 
distribution (Fig. 6c). At the initial combustion stage, the flame is 
relatively slender, and obvious low-temperature zones persist at the 
bottom. This indicates its low flame temperature and slow heating 
rate, making it difficult to rapidly raise the temperature of scrap in 
the ladle within a short period. The above phenomenon is mainly 
caused by the abundant multi-hydrocarbon components including 
H₂, CH₄ and CₘHₙ in coke oven gas as well as its low overall 
calorific value. Such properties restrict continuous flame 
combustion and inhibit the formation of stable and regular heat 
flow structures. 
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Fig. 6. Flame shape of the three gases at different heating times: 

(a) natural gas, (b) converter gas, (c) coke oven gas 
 
 
3.3 Effect of fuel type on temperature field inside 
the ladle and scrap temperature rise 

 
Figure 7 comparatively analyzes the temperature field 

distribution of the three gases at different moments during the ladle 
preheating process. The results show that, as the baking time 
increases from 10 min to 20 min, all three working conditions 
present common characteristics, including an overall temperature 
rise inside the ladle, continuous expansion of the high-temperature 
zone, gradual shrinkage of the low-temperature zone, and reduction 
of thermal stagnant dead zones. The maximum temperature in the 
ladle reaches 2800 K under the natural gas preheating condition, 
followed by converter gas at approximately 2400 K, while the 
maximum temperature of coke oven gas is only 1100 K, which is 
significantly lower than the former two fuels. 

 

 
Fig. 7. Temperature distribution inside the ladle for different 

fuels: (a) natural gas, (b) converter gas, (c) coke oven gas 
 

Comparing the temperature field distribution at 10 min, 
converter gas exhibits the fastest heating rate and the best 
temperature uniformity in the ladle at the end of preheating. It 
indicates that under the condition of similar calorific values, the 
preheating performance of converter gas is superior to that of 
natural gas and coke oven gas. During the preheating process of 
natural gas and coke oven gas, the temperature on the right side of 
the ladle is obviously higher than that on the left side due to the 
accumulation and distribution of scrap at the bottom. This 
phenomenon reveals that the increase in gas flow velocity can 
expand the vortex range of the flow field and strengthen turbulent 
disturbance, thereby enhancing heat diffusion and transport, 
continuously expanding the high-temperature area and steadily 
raising the overall temperature level in the ladle. It reflects the 
driving effect of flow field structure on heat transfer. Meanwhile, 
the formation and evolution of the high-temperature zone also exert 

a feedback effect on flow field characteristics. Adjusting the gas 
flow rate can change the circulation intensity of the internal flow 
field, so as to realize effective regulation and control of the 
temperature field distribution. 

Figure 8 presents the three-dimensional temperature 
distribution characteristics of scrap piles under natural gas, 
converter gas and coke oven gas at the preheating durations of 10 
min, 15 min and 20 min. As the preheating time increased from 10 
min to 20 min, the scrap temperature under all working conditions 
showed a continuous upward trend. At the preheating time of 10 
min, the scrap pile was mainly covered by the low-temperature 
zone of 300-480 K, and only a small temperature rise occurred in 
the local upper scrap, indicating that the heat was mainly 
concentrated on the surface layer of scrap at the initial preheating 
stage. At 15 min, the internal temperature gradient of the scrap pile 
increased significantly, the proportion of the medium-temperature 
region of 540-720 K increased obviously, and heat began to 
transfer from the surface to the interior of the scrap pile. When the 
preheating proceeded to 20 min, the coverage of the medium and 
high-temperature zone of 720-780 K was further expanded under 
all conditions, and the overall temperature uniformity of the scrap 
pile was improved, which reflected the accumulation and 
strengthening effect of heat transfer in the later preheating stage 
[20]. 
 

 
Fig. 8. Preheating temperature of scrap at different times: (a) 

natural gas, (b) converter gas, (c) coke oven gas 
 
Different gas types impose remarkably distinct effects on scrap 

preheating performance. Under the natural gas condition (Fig. 8a), 
the temperature rise of scrap was relatively gentle, which gradually 
transited from the low-temperature zone to the medium-
temperature zone of 540-720 K within 10-20 min. The temperature 
field exhibited favorable uniformity, while the proportion of the 
overall high-temperature zone was relatively low, which was 
closely related to its moderate combustion heat release intensity. 
The heating performance of converter gas (Fig. 8b) was more 
prominent. Local high-temperature zones above 720 K appeared 
after 15 min, and the medium and high-temperature zones became 
dominant at 20 min, demonstrating that the combustion and heat 
release characteristics of converter gas were more conducive to the 
efficient internal heat transfer inside the scrap pile. By contrast, the 
temperature rise under coke oven gas condition (Fig. 8c) showed 
an obvious hysteresis. Even after 20 min of preheating, the scrap 
pile was still dominated by the low-temperature zone below 480 K. 
This is mainly attributed to its low calorific value and low 
combustion efficiency, which cannot supply sufficient heat for 
rapid temperature rise of scrap. 

The above results reveal that the combustion characteristics of 
gas directly determine the distribution and evolution of the 
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temperature field during scrap preheating. Converter gas achieved 
the highest preheating peak temperature of 782 K, which was 
increased by 12.52% and 90.27% compared with natural gas and 
coke oven gas, respectively. Despite its relatively low calorific 
value, the high-velocity jet leads to concentrated combustion heat 
release, and the intense turbulent disturbance greatly improves the 
heat transfer efficiency inside the ladle. Natural gas ranked second 
with a peak preheating temperature of 695 K, and its stable and 
uniform heat release behavior facilitated heat transfer and 
temperature homogenization in the gaps among scrap materials. 
Coke oven gas had the lowest preheating temperature of 411 K. 
Restricted by its low calorific value, the insufficient heat supply 
failed to realize effective and rapid heating of scrap. 

The results further indicate that the upper scrap has a faster 
temperature rise due to direct contact with high-temperature flame 
and flue gas, while the bottom scrap is affected by stacking 
shielding and heat transfer attenuation, presenting a relatively slow 
heating rate. 

Figure 9 illustrates the variation of the average surface 
temperature of scrap with fuel flow rate under different fuel 
conditions. As shown in Fig. 9a, under the condition of identical 
calorific value input, the average surface temperature of scrap 
preheated by natural gas, converter gas and coke oven gas is 
approximately 799 K, 943 K and 468 K, respectively. This 
indicates that fuel type acts as a critical factor dominating the 
temperature level of scrap preheating. The above temperature 
differences mainly stem from the discrepancies in calorific value, 
combustion reaction rate and radiation characteristics of 
combustion products among different fuels. At the same heat input, 
the required volumetric flow rate of converter gas is significantly 
higher than that of natural gas and coke oven gas. Its high-velocity 
flow behavior strengthens the turbulent mixing and heat transfer 
process in the ladle, thereby achieving a superior heating 
performance. 

 

 
Fig. 9. Average surface temperature of scrap under different fuel 

types after 30 min preheating 
 
Further analysis on the preheating characteristics of different 

types of scrap (Fig. 9b) shows that the preheating temperatures of 
light scrap under the three fuels are 918 K, 525 K and 1130 K, while 
those of thin and light scrap are 851 K, 477 K and 984 K, 
respectively. It can be observed that both light scrap and thin-light 
scrap present a higher preheating temperature than the overall 
average level of scrap under all fuel conditions. This is closely 
associated with their large specific surface area and low heat 
capacity, enabling them to absorb heat rapidly and achieve a fast 
temperature rise. In contrast, the maximum preheating 
temperatures of medium-heavy scrap and bundled scrap are only 
about 740 K and 917 K under various fuel atmospheres, with a 
limited overall temperature increment. Such a result is primarily 

attributed to their large bulk density, compact structure and 
complex shape, which hinder rapid heat transfer to the inner core 
region of scrap within a short time. 

Based on the above preheating laws of scrap, the following 
conclusion can be drawn: to avoid overheating or melting of thin-
light scrap during preheating and maximize energy utilization 
efficiency, natural gas is more appropriate for preheating. Its 
moderate heat release and uniform temperature field distribution 
can effectively restrain local overheating. In contrast, for heavy 
scrap and bundled scrap with poor thermal conduction and difficult 
deep heating, high heat flux density fuels such as converter gas are 
recommended to ensure that the core temperature of scrap meets 
the requirements of metallurgical processes. 

Figure 10 compares the flame morphology and temperature 
distribution characteristics of natural gas, converter gas and coke 
oven gas at different cross-sectional heights inside the ladle. From 
the radial cross-sectional perspective, the flame distribution of the 
three gases follows an evolution trend of “concentration–diffusion” 
as the height decreases. At the height of H=1.07 m (Fig. 10a), the 
flame is dominated by a concentrated high-temperature core zone 
with a regular morphology and a large temperature gradient, 
reflecting the direct impact of flame jet and the rigid heat transfer 
characteristics. At H=0.76 m (Fig. 10b), the radial width of the 
flame expands obviously and the coverage of the high-temperature 
zone increases, accompanied by a gentle temperature gradient. This 
phenomenon is caused by the stacking obstruction of the scrap pile 
and the heat transfer effect, which jointly change the flame 
propagation pattern. At H=0.45 m (Fig. 10c), the flame structure is 
further dispersed and the overall temperature declines, indicating 
an obvious energy attenuation effect during heat transfer toward the 
ladle bottom. 

 

 
Fig. 10. Flame width at different heights: (a) natural gas, (b) 

converter gas, (c) coke oven gas 
 

In terms of gas type comparison, significant differences exist 
in flame performance and temperature distribution of various fuels 
at each cross-section. For natural gas, the flame morphology 
remains regular at all heights. A concentrated high-temperature 
core is formed at H=1.07 m, and the temperature uniformity is 
greatly improved at H=0.45 m while maintaining a relatively high 
overall temperature, which demonstrates its excellent combustion 
stability and uniform heat flow diffusion capacity. Converter gas 
presents the most prominent flame diffusion at H=0.76 m, and its 
high-temperature coverage is distinctly larger than those of natural 
gas and coke oven gas, which is consistent with its high combustion 
heat release intensity, intense turbulent disturbance and superior 
heat flow diffusion performance. By contrast, coke oven gas is 
characterized by narrow flame width, weak high-temperature 
intensity and low overall temperature at all cross-sections. 
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Restricted by low calorific value and poor combustion efficiency, 
it is difficult to form an obvious high-temperature core even at 
H=1.07 m, resulting in much lower heat transfer efficiency than the 
other two gases. 

Figure 11 compares the temporal variation of scrap temperature 
during preheating with different fuel gases. The results indicate that 
the surface temperature of scrap continuously increases with 
preheating time under all three gas conditions. In the early stage of 
preheating, the temperature curve rises rapidly with small 
fluctuations; in the middle and late stage, the temperature rise slows 
down, and local slight fluctuations appear due to the unstable 
combustion of individual fuels. 

 

 
Fig. 11. Preheating temperature of scrap surface under different 

fuel types 
 
Under the converter gas condition, the scrap surface 

temperature remains the highest throughout the entire preheating 
period, reaching nearly 900 K at 25 min. Under the same calorific 
input, converter gas possesses a higher volumetric flow rate and 
more concentrated combustion heat release. Meanwhile, its high jet 
velocity strengthens thermal radiation and convective heat transfer, 
which accelerates heat delivery to the scrap surface and achieves 
efficient temperature rise. 

The temperature rise curve of scrap under natural gas is slightly 
lower than that of converter gas, with a terminal temperature of 
approximately 850 K. Natural gas maintains stable combustion and 
provides a sustained and uniform preheating environment for scrap. 
Coke oven gas exhibits the poorest preheating performance, with a 
final temperature of only about 600 K. Restricted by its complex 
components and low calorific value, coke oven gas produces low-
temperature flue gas and a poorly uniform thermal field, resulting 
in low heat transfer efficiency and a severely limited heating 
capacity for scrap. 

 
 

3.4. Analysis of preheating efficiency for different 
fuel types 

 
Figure 12 presents the variation characteristics of gas 

utilization efficiency during scrap preheating with different fuels, 
which intuitively reflects the regulatory effect of fuel physical 
properties on energy utilization performance. At the end of 
preheating, the average surface temperature of scrap under natural 
gas, converter gas and coke oven gas conditions is 799 K, 943 K 
and 468 K, corresponding to gas utilization efficiencies of 5.9%, 
11.2% and 2.4%, respectively. 

It can be seen that converter gas achieves the highest preheating 
efficiency, followed by natural gas, while coke oven gas shows the 

lowest value with significant differences among the three fuels. 
This demonstrates that gas type exerts a decisive influence on the 
energy utilization efficiency of the preheating process. Benefiting 
from its high injection velocity, converter gas remarkably enhances 
convective heat transfer and internal heat transport inside the ladle, 
thereby obtaining the optimal energy utilization efficiency. 
Although natural gas has a high calorific value, the stacked 
structure of scrap hinders the sufficient heat transfer to the lower-
layer scrap. A portion of thermal energy cannot be fully utilized, 
resulting in a lower efficiency than that of converter gas. Due to the 
low inherent calorific value and limited combustion efficiency of 
coke oven gas, its heat supply and heat transfer capacity are 
insufficient, which ultimately leads to the poorest energy utilization 
level. 

 

 
Fig. 12. Fuel utilization efficiency under different fuel types 

 
 

4. Conclusion 
 
In this study, a three-dimensional numerical model for scrap 

preheating with disordered stacking structures was established. The 
combustion, heat and mass transfer behaviors during scrap 
preheating using different fuel gases were investigated. Under the 
identical baking duration and heat input conditions, the preheating 
performance of three fuels was compared by means of numerical 
simulation. The effects of natural gas, coke oven gas and converter 
gas on the scrap preheating process were systematically revealed, 
and the main conclusions are summarized as follows: 
1) The flame morphology, flow field structure and heat transfer 

intensity inside the ladle are closely dependent on fuel gas 
type. Under the same heat input, natural gas and converter 
gas present regular flame shapes and superior flame rigidity. 
The high flow velocity of converter gas leads to strong 
turbulent disturbance, while natural gas with high calorific 
value has low inlet flow rate and mild flow field. By contrast, 
coke oven gas exhibits fragmented flames and a disordered 
flow field due to its low calorific value, resulting in the 
poorest preheating stability.  

2) Significant differences exist in the temperature rise 
performance and preheating efficiency of scrap for the three 
fuel gases. Within the same baking time, the average surface 
temperature of scrap follows the order: converter gas 782 K, 
natural gas 695 K, and coke oven gas 411 K. The 
corresponding preheating efficiencies are 11.2%, 5.9% and 
2.4%, respectively. Restricted by its low calorific value, coke 
oven gas shows a far inferior overall preheating effect 
compared with the other two gases. 
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3) There is an optimal matching relationship between fuel gas 
categories and scrap types. With mild combustion 
characteristics and uniform temperature distribution, natural 
gas is suitable for preheating thin and light scrap to prevent 
overheating. Converter gas features high heat flux density 
and excellent thermal penetration capacity, which is more 
applicable for medium-heavy scrap and bundled scrap. The 
research conclusions can provide direct guidance for fuel 
selection in industrial production and low-carbon smelting 
with a high scrap ratio. 
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