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A B S T R A C T

The BF(blast furnace) process has become the most powerful pointcut for energy conservation and
emission reduction in the iron and steel industry. Few researchers have studied the composition
and distribution of bosh gas with co-injection of pulverized coal and natural gas under the
oxygen-enriched blast. In this paper, a 3D model of pulverized coal(PC) and natural gas(NG)
synergistic combustion was established with a new method of assessment of the utilization rate of
bosh gas by using the method of computational fluid dynamics(CFD). The distribution and uti-
lization rate of bosh gas were systematically studied, and the results have shown that when the O2
concentration in the hot blast increased from 27 % to 32 %, the burnout rate of PC increased by
5.08 percentage points, the maximum temperature in the raceway increased by 125K, the resi-
dence time of PC particles increased by 0.0017s, the utilization rate of bosh gas increased 2.1
percentage points.

1. Introduction

Iron and steel were important foundational materials for promoting global economic development and social progress, which was
still essential material that could not be replaced. In the whole steel production process, the BF-BOF long process was still in the
dominant position, accounting for about 55 %, and as high as 90 % in China [1–5]. It was worth noting that 80 % of the heat in the
ironmaking process of BF came from the combustion process of coke inside the BF, and the rest came from the physical heat brought in
by the hot blast and the chemical heat produced by other fuels [6–9]. In the process of coking, a large amount of waste gas and water
would be produced, which would cause great pollution to our living environment. With the exploitation of coal resources, the price of
coal was rising day by day, which led to an increase in coking costs. Therefore, it was urgent to find alternative energy sources for coke.
Until 1950, based on ensuring the role of the coke column frame, researchers tried to inject other fuels into the BF to reduce the
dependence of the BF on coke. According to the distribution of regional resources, fuel injected into blast furnace was also different, the
kinds of common fuel injected into BF: NG, coal, waste plastics and heavy oil, BF injection fuel could lead to a wide range of economic
and environmental benefits, such as lower production costs, reduce coke consumption and CO2 emissions, adjust the stability of
furnace operation [10–17]. PC is the most widely used BF injection fuel in China at present, and injection technology and equipment
transformation has been quite mature, but with the increase of coal ratio in the furnace, there would be a large number of unburned PC
particles in the raceway, which would affect the permeability of coke bed, thus affecting the forward stability of BF condition.
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Therefore, the burnout rate of PC in the raceway would limit the further improvement of the coal ratio [15,16]. Countries rich in NG
resources, such as the former Soviet Union, North America, Italy, and other countries have carried out industrial trials injecting NG into
BF, in an attempt to reduce the dependence of BF iron-making on coke. China first carried out the industrial trial of injection of NG into
BF at Chong Steel, which alleviated the shortage of coke resources at that time [18–23]. However, there was no large-scale application
of injection of NG into BF in China now, but facing environmental pressure and energy crisis, China was stepping up to the exploitation
of NG resources, and putting forward the development of hydrogenmetallurgy, further the theory study on the injection NG into BF gas
was necessary, for injection of NG into BF and hydrogen reduction in the future practice, and provide theoretical guidance and
reference [9]. Previous studies have proved that injecting NG into the BF is more conducive to the stability of the BF condition and
could improve the permeability of the BF [22–25]. In addition, compared with solid fuel injection, NG injection into BF has the ad-
vantages of easy injection, convenient maintenance of the injection system, and reduction of ash and other particles collision in BF
tuyere-raceway and coke bed [26].

Recent industry trends towards decarbonization and stricter emission regulations have also influenced the exploration of alter-
native fuels. The push for cleaner energy sources and improved emission controls is driving innovation and research in steel production
methods, including the integration of NG and hydrogen into the BF process. These trends emphasize the need for sustainable practices
and reduction of environmental impact, aligning with global efforts to mitigate climate change and transition to low-carbon
technologies.

In China, there was relatively little research on the injection of NG into BF, and the industrial trial of injection of NG into blast
furnace has a high cost and long test cycle. Meanwhile, BF was a high-temperature black box, the reaction and atmosphere in the
furnace were extremely complex, and it was very difficult to directly observe the atmosphere changes in the BF. The rapid development
of computing power and the method of computational fluid dynamics (CFD) have provided an economical, effective, and feasible

Fig. 1. Main reaction in the low part of BF.

Figure 2. Devolatilization and combustion process of PC particles.
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method for understanding the bosh gas transport characteristics and combustion behaviour in the raceway of BF. Previous studies have
proved the effectiveness of using the CFD method to establish a PC combustion model in BF [27–36]. However, few researchers have
studied the utilization of bosh gas by conducting numerical simulation research on the combustion process of co-injection of PC and NG
with oxygen-enhanced synergistic combustion in BF. In this paper, a mathematical model was established to reveal the bosh transport
characteristics and combustion behaviour in the raceway when co-injection of PC and NG in BF under the condition of
oxygen-enhanced synergistic combustion.

2. Model

2.1. Synergistic combustion model

Various complex physical and chemical reactions occurred in the raceway of BF, the main reactions were shown in Fig. 1, which
mainly include: (a) turbulent flow of continuous phase (volatile, hot blast, bosh gas, NG); (b) turbulent flow of discrete phase (PC
particles) in the continuous phase; (c) combustion of fuel (combustion of volatile and residual carbon); (d) heat, mass and momentum
transfer between the continuous phase and the discrete phase. In this paper, the transport characteristics and combustion behaviour of
PC and NG in the raceway of BF were simulated by establishing a three-dimensional mathematical model using the method of CFD. Due
to the symmetry between different tuyere of the BF, to reduce the computational burden of the model, contours of velocity, tem-
perature, gas phase concentration, and the burnout rate of PC particles in the central symmetry plane of the raceway were obtained, to
represent the combustion performance in the whole lower part of the BF [36,37].

2.1.1. Basic assumption
To reduce the computational burden, the complex physical and chemical reactions in the tuyere and raceway of BF were reasonably

simplified, and the simplifications are as follows.

(1) By considering PC particles as regular spheres, the computational model can more easily predict their trajectories, velocities,
and reactions without the need to solve for complex shapes or irregular geometries. PC was treated as Lagrange discrete phases,
and the PC particles as regular spheres;

(2) In the high-temperature and turbulent environment of the raceway, the dominant processes are combustion and gasification
rather than collisions and fragmentations, so the collision and fragmentation between different particles of PC and the influence
of unburned PC on the whole combustion system were neglected;

(3) For steady-state simulations where the focus is on understanding the average behavior rather than transient phenomena. It was
assumed that the operating condition of the BF was stable, and the size of the raceway was fixed with the change in operating
conditions.

(4) The introduction of PC and NG significantly affects the overall combustion characteristics, and capturing their behavior pro-
vides valuable insights into the combustion dynamics. The coke reaction (combustion/gasification) in the raceway was more
complex and only PC and NG combustion was considered;

(5) The water vapor reacts with the residual carbon in the PC particles and is fully mixed with the hot blast, so that the essential
interaction between water vapor and carbon could be captured.

2.1.2. Basic control equations
The BF tuyere and raceway were in the turbulent zone with high average Reynolds numbers. The gas flow of the model was

Table 1
Basic governing equations of the gas phase.

Mass equations ∇ · (ρU) = Σ
np
ṁ

Momentum equation
∇ · (ρUU) − ∇ ·

[
(μ + μi)

(
∇U + (∇U)T

)]
= − ∇

(

P +
2
3

ρk
)

+
∑

np
fD

Energy equation
∇ ·

[

ρUH −

(
λ
CP

+
μi
σH

)]

=
∑

np
q

Composition equation
∇ ·

[

ρUYi −
(

λ
Γi

+
μi
σYi

)]

= Wi

Turbulent kinetic energy equation
∇ ·

[

ρUk −
(

μ +
μi
σk

)

∇k
]

= Pk − ρε

Equation of turbulent dissipation rate
∇ ·

[

ρUε −
(

μ +
μi
σε

)

∇ε
]

=
ε
k
(C1Pk − C2ρε)

Where: ρ–gas density, kg⋅m− 3; U–gas velocity, m⋅s− 1; np–number of particles per unit volume, m− 3; ṁ–particle mass transition
rate, kg⋅s− 1; μ–dynamic viscosity, Pa⋅s− 1; P–pressure, Pa; k–turbulent kinetic energy, m2⋅s− 2; fD–drag force on particles, N;
H–enthalpy, J⋅kg− 1; λ–enthalpy, W⋅m− 1⋅K− 1; Cp–The specific heat capacity of particles, J⋅kg− 1⋅K− 1; q–heat flow rate of par-
ticles, W; Yi–mass fraction of component i; Γi–diffusion coefficient of component i, Wi–reaction rate of component i,
kg⋅m− 3⋅s− 1; σκ,σε–turbulence model constant; ε–turbulent dissipation rate, m2⋅s− 3; Cμ–empirical constant, 0.09.
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calculated based on the Reynolds mean Navier-Stokes (RANS) equations, which account for the stochastic variation of the flow
characteristics caused by turbulence by decomposing the flow characteristics into the Reynolds stress terms introduced by the mean
and wave components. The variables such as velocity, pressure, and concentration of gas phase could be obtained by solving these
equations, which monitoring equations are shown in Table 1 [38].

2.1.3. Combustion model
The combustion of PC particles in the tuyere and raceway of BF was a multi-step interactive reaction process. Firstly, N2 at room

temperature was used as the carrier gas to transport PC particles from the coal lance to the tuyere. When the PC particles encounter the
high-speed hot blast from the blowpipe, the gas-solid two phases complete the preheating of PC particles through heat transfer. As the
temperature of PC particles increased, the PC particles began to devolatilize, resulting in volatile matter and residual carbon.
Meanwhile, residue carbon reacted with CO2 and H2O through gasification to generate CO and H2, and combustible gas CO and H2
combusted with the remaining O2 to generate CO2 and H2O. The specific reaction processes of PC particles in the raceway of BF tuyere
were shown in Fig. 2.

(1) Devolatilization

The process of devolatilization of PC was treated as a two-step competition model. The so-called two-step competition model refers
to the two devolatilization processes of PC at high temperature and low temperature at two different rates [39]:

Low temperature α1VM1 + (1-α1)C1 Equation 2-1

High temperature α2VM2 + (1 − α2)C2 Equation 2-2

The chemical reaction rate constants of the above two reactions were calculated by the Arrhenius formula:

k=A exp(− E /T) 2-3

Devolatilization rate could be expressed as:

dw(VM)

dt
=(α1k1 +α2k2)C0 2-4

Where, k1 and k2were the devolatilization rate of PC under low-temperature and high-temperature conditions respectively; C0was the
ash removal mass of PC; The preexponential factor and activation energy of the chemical reaction at the two temperatures were
respectively: A1 = 3.7× 105s− 1, E1 = 18000K, A2 = 1.46× 1013s− 1, E2 = 30189K. α1- mass fraction of volatile matter in dry ash-free
basis, α2 = 1.25α21 + 0.92α1.

(2) Gas combustion

In this paper, PC volatiles and NG were simply treated as combustible gases. According to the field production data, NG was
regarded as a single CH4, and the molecular formula (CαHβOγNδ) of PC volatiles was determined by the characteristics of PC. The
vortex dissipation model was adopted for volatile combustion, and the measurement number of volatile combustion reactions was
calculated according to the proximate analysis and ultimate analysis of PC [27]:

ri =CA
ε
R
min

(
[i]
v́i

)

2-5

where: ri –Reaction rate of components i in the volatile matter, mol/(m3⋅s); ε
R–The scalar fraction of the time that large vortices exist for

material R; v́i–i Stoichiometry of the components; CA– constant-4.0;
The combustion of volatile matter (CαHβOγNδ) consists of the following two gas reactions [39]:

CαHβOγNδ + aO2 → bCO+ cH2O+ dN2 R1

CO+ 0.5O2→CO2 R2

Gas combustion reaction, in addition to volatile combustion, H2 combustion also was considered. The expression is:

Table 2
Reaction mechanism and rate of pulverized coal and NG.

Reaction Reaction kinetics

VM + O2=CO2+H2O + N2 A = 2.1e+11 s− 1; E = 2.03e+08J⋅mol− 1

Char+0.5O2=CO A = 2.1e+11 s− 1; E = 2.033 + 08 J mol− 1; β = 0.68
Char + CO2=2CO A = 6.783 + 4 s− 1; E = 3.63e+08 J mol− 1; β = 0.68
Char + H2O=CO + H2 A = 8.55e+4 s− 1; E = 3.4e+08 J mol− 1
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H2+0.5O2→H2O R3

Combustion was simulated by (Finite-Rate/Eddy-Dissipation) model, The combustion reaction was simulated by defining the
chemical reaction mechanism. The specific combustion mechanism is shown in Table 2 [40].

(3) Oxidation and gasification of residual carbon

After the devolatilization of PC particles, the remaining combustible matter was residual carbon. The Multiple surface reaction
model was used to simulate the combustion of residual carbon in PC particles [39]:

mh =
∑

πd2pρYssBs exp
(

−
Е

RTP

)

2-6

where,mh-Rate of weight change of the remaining carbon particles, dp-Diameter of residual carbon particles, ρ-Density of particles, Yss-
The mass fraction of O2 around the residual carbon. For the oxidation/gasification of residual carbon, a multiphase surface reaction
model was used. The oxidation/gasification process of residual carbon mainly included the following reactions (R1-R6), and the re-
action rates are shown in Table 2:

C(s)+0.5O2→CO R4

C(s)+CO2→2CO R5

C(s)+H2O→CO+ H2 R6

The governing equations between gas phase and PC particles mainly include mass equation, momentum equation and energy
equation. The governing equation of PC particles is shown in Table 3 [39].

where: mp – Mass of particle, kg; fD – Drag force of PC particles, N; UP – Velocity of particles, m⋅s− 1;U – Velocity of gas, m⋅s− 1dp –
Diameter of particle, m; CD – Drag coefficient; Tg – Temperature of gas K; TP – Temperature of coal particle, K; Nμ – Nusselt number;
Hreac – Heat of reaction, J⋅kg− 1;Ap – Particle surface area, m2;εp – Emissivity of particles; I- The intensity of radiation, W⋅m− 2⋅s− 1;σB-
Boltzmann’s constant.

Table 3
Governing equations of discrete phase.

Mass equation dmp

dt
= − ṁ

Momentum equation
mp

dup
dt

= − fD

− fD =
1
8

πd2pρCD |U − UP |(U − UP)

Energy equation
mpCp

dTp
dt

= hi,convAp
(
Tg − Tp

)
+

∑ dmp

dt
Hreac + ApεpσB

(
T4rad − T4p

)

Fig. 3. Model of blowpipe-tuyere-coal/natural-gas lance-raceway.
(a)Single tuyere-raceway model; (b)32 tuyere-raceway model.
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Fig. 4. Mesh of blowpipe-tuyere-coal lance/NG lance-raceway.

Table 4
Proximate analysis and ultimate analysis of PC.

Coal sample Proximate analysis (wt,%) Ultimate analysis (wt,%) HHV(MJ/kg)

FCda Ad Vd Cdaf Hdaf Odaf Ndaf Sdaf

1# 79.60 7.97 12.43 84.55 3.52 1.84 2.02 0.26 33.46

Table 5
Main operation parameters of BF.

Parameters Value

Number of tuyeres 32
Effective volume of BF/m3 3200
Blast pressure/KPa 365
O2 concentration 29 %
Coal ratio/kg/tHM 130
Blast temperature/K 1389
Coal temperature/K 335
Carried gas N2

Fig. 5. Model effectiveness comparison results.
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2.2. Geometric model and operating conditions

According to the actual BF size, the blowpipe, coal lance, NG lance tuyere and raceway were simplified into a cavity, and the coke
bed was simplified into a porous medium. The diameter of the coal lance was 16 mm, the angle of the gun was 13.7◦, and the outlet
centre of the coal lance was located on the centre line of the tuyere. The PC transport gas was N2, whose geometric model and geo-
metric parameters are shown in Fig. 3. The mesh division of the model is shown in Fig. 4.

The PC used was taken from the PC injected into the BF of a steel plant. The main parameters of PC, such as proximate analysis and
ultimate analysis are shown in Table 4.

Combined with the actual operation parameters of the BF in Table 5, the blast temperature was 1389 K, the coal ratio was 130 kg/
tHM, the oxygen concentration in the hot blast was 29%, the NG injection rate was 74m3/t, and the outlet of the lance was taken as the
standard working condition on the centre line of the tuyere. Based on the basic operating conditions, as the boundary conditions of

Fig. 6. Transport characteristics of continuous phase in the lower part of BF.
(a)Velocity distribution of transverse central symmetry plane in basic working conditions.
(b)Flow streamline in the lower part of BF under basic operating conditions.
(c)Velocity contours of longitudinal central symmetric plane at different O2 concentrations.

Fig. 7. Trajectories and residence times of PC particles.
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Fig. 8. Residence time of PC particles left the raceway.

Fig. 9. Temperature distribution of central symmetry plane with different O2 concentrations.
(a) Temperature distribution in the lower part of the BF under basic conditions.
(b) Temperature distribution in the central symmetry plane of the tuyere-raceway with different O2 concentrations in hot blast.
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simulation calculation, the transport characteristics and combustion behaviours of PC in the raceway were systematically analyzed.

2.3. Validity of the model

To ensure the accuracy and reliability of the calculation results, it was very necessary to study the validity of the model. The
previous authors have used CFD to conduct a large number of numerical simulation studies on PC injection in BF, and proved the
validity and reliability of the calculation results [31]. Fig. 5 shows the comparison between the simulated value in this model and
measurement results when only PC was injected [31]. As could be seen from Fig. 5, the results of the model in this paper were
consistent with measurements, both in terms of gas composition and burnout rate of PC, which further proves the effectiveness of the
model in this paper.

3. Result

BF was full of CO and presented a reducing atmosphere, oxidizing atmosphere only in the tuyere combustion zone where high
temperature blast was blowed in. In this area, PC was simultaneously violently combustion and competed for O2 in the raceway of BF
[40–43].

To study the composition and distribution of bosh gas with co-injection of PC and NG under the condition of an O2-enhanced blast,
it is necessary to study the flow field, temperature, distribution and the burnout rate of PC with O2 concentration at 27 %, 28 %, 29 %,
30 %, 31 % and 32 %, respectively under the basic operating conditions: blast temperature was 1389 K, coal ratio was 130 kg/tHM.

3.1. Flow field

The velocity distribution and transport characteristics of the continuous phase in the lower part of the BF are shown in Fig. 6.
Through Fig. 6(a) and (b), it could be seen that continuous phase velocity distribution and flow characteristics of each tuyere-raceway
same, when the hot blast gradually left the blowpipe, the speed of hot blast increased gradually, peaked in tuyere export position, and
occurred a large number of backflows. The velocity at the outlet of the tuyere increased significantly, and the high-velocity area in the
blowpipe expanded significantly, when the O2 concentration in the hot blast increased, as shown in Fig. 6(c). The maximum speed
reached 246 m/s and 270 m/s respectively when O2 concentration was 27 % and 32 % in the hot blast, which was caused by the O2-
enhanced strengthened the combustion of PC and NG, releasing more heat. Thus, promoting the devolatilization process of PC par-
ticles, volatile concentration in the export of tuyere increased, and a large number of volatile expansion would also increase the speed
of the continued phase.

have shown the residence time of PC particles in the raceway of BF with different O2 concentrations in the blast. As shown in Figs. 7
and 8, with the increase of O2 concentration in the hot blast, the residence time of PC particles in the raceway gradually increased.
When O2 concentration was 27 %, the residence time of PC particles injected into the lower part of BF was the shortest, which was
0.0672s. With the increase of O2 concentration, the residence time of PC particles in the raceway increased. When O2 concentration
was 32 %, the residence time of PC particles left the raceway was 0.0689 s. Although the velocity of the gas phase in the blowpipe and
tuyere increased, due to the increased with the increase of O2 concentration in the hot blast, resulting in a decrease of N2. Thus, the
residence time of coal particles increased by the weakening of the transport ability of carried coal particles, which would be more
conducive to heat transfer and mass transfer between the PC and hot blast.

3.2. Temperature distribution

As could be seen from Fig. 9, the temperature distribution in the raceway in front of different tuyere was basically the same. With
the increase of O2 concentration in the hot blast, the position of high-temperature area appeared closer to the exit of the coal lance, and
the highest temperature in the raceway gradually increased and the high-temperature area gradually expanded. Fig. 10 shows the
average gas temperature changed curve along the centre line of the tuyere. The analysis curve has shown that the change of O2
concentration had little influence on the temperature field in the initial stage of PC combustion. But with the increase of O2 con-
centration in the hot blast, the position of high temperature raceway appeared in advance, this is due to the fact that in the initial
combustion stage of pulverized coal, the temperature of the pulverized coal particles is low, and it is difficult for oxygen to diffuse into
the pulverized coal particles, also, pulverized coal jet is relatively compact, and it is difficult for oxygen to contact the pulverized coal
particles in the centre of the pulverized coal jet, The maximum temperature on the centre line of tuyere increased after the coal
particles enter the raceway. When the O2 concentration in the hot blast increased from 27 % to 32 %, the maximum temperature in the
raceway increased by 125 K. And themaximum temperature in the raceway increased by 25 K per 1% increase in the O2 concentration,
this is due to when the pulverized coal jet enters the raceway, the pulverized coal jet is divergent, resulting in sufficient contact be-
tween the pulverized coal particles and oxygen. The higher the oxygen concentration, the more fully the contact, and the higher the
high-temperature area is caused in advance, also, A higher concentration of oxygen means that the relative amount of nitrogen in the
drum will also be reduced, which will take away more heat.

In addition, it could be seen from Fig. 6, as PC particles were preheated and devolatilized when carrier gas and PC particles entered
the tuyere and raceway, the gas phase velocity decreased, and the combustion space of PC and NG became larger, pulverized coal
particles have more sufficient contact with O2. Otherwise, with the increase of the temperature of PC particles, the mass transfer
between O2 and PC particles became faster. Meanwhile, with the increase of O2 concentration in hot blast, the combustion rate of
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volatile and NG was accelerated, which would promote the advanced combustion of residual carbon so that the gas phase temperature
increased. However, the increase in the concentration of O2 reduced the concentration of N2 in the hot blast so that the heat carried out
by N2 also decreased. In summary, with the increase of O2 concentration, the maximum temperature in the raceway was higher, and
the high-temperature area became larger and closer to the coal lance, which was complementary to the AFT reduction caused by NG
injection.

3.3. Gas phase

Fig. 11 shows the effect of O2 concentration in hot blast on the gas phase composition in the tuyere-raceway of BF. With the increase
of O2 concentration in the hot blast, the concentrations of CO2, CO, H2 and H2O at the same distance from the exit of the coal lance
gradually increased. It could also be seen from Fig. 12 that the corresponding high concentration area of CO2, CO, H2 and H2O in the BF
raceway enlarged significantly. The higher O2 concentration in the hot blast resulted in the NG being combusted more fully and
released more heat at the tuyere outlet, which further promoted the process of devolatilization of PC and produced more volatile. The
combustion of volatile and NG generated more H2O and CO2. Meanwhile, higher H2 o and CO2 concentrations in turn promoted the
gasification of residual carbon, resulting in more CO and H2 production. As could be seen from Fig. 12, H2 and CO appeared higher
concentration area with the increase of O2 concentration at the edge of the raceway, so more H2 and COwould enter the coke bed. Such
high reducibility and large area of gas composition would be more conducive to the reduction of iron ore and the combustion and
gasification of PC.

3.4. Burnout rate

PC burnout rate was an important index to evaluate the combustion behaviour of PC in the tuyere and raceway of BF, which
represented the mass loss caused by volatile combustion and oxidation and gasification of residual carbon, and the calculation formula
has shown in Equations (3)–(1) [27]. A large amount of unburned fuel particles entering the coke bed would seriously affect the
permeability of the coke bed and affect the condition of the BF. Therefore, it was very necessary to study the burnout rate of PC. Fig. 13
has shown the changed curves of PC burnout rate when O2 concentration in hot blast was 27 %, 29 % and 32 %. It could be seen from
Fig. 13 that O2-enhanced blast had a very significant influence on the burnout rate of PC in the raceway, and the combustion of PC and
NG was intensified due to the increase of O2 concentration in the hot blast. When the O2 concentration in the hot blast increased from
27 % to 32 %, the burnout rate of PC increased from 65.28 % to 70.36 %, which also means that under the conditions of oxygen-rich
mixed injection of pulverized coal and natural gas, the use of 1t of pulverized coal will reduce CO2 emissions by 0.21t compared to the
traditional process.

The reason for the increase in burnout rate is mainly due to, with the increase of O2 concentration in the hot blast, the concentration
of O2 around the PC particles also increased, which was very beneficial to the combustion of PC. Meanwhile, the increase of O2
concentration in the hot blast would bring adverse effects, due to the volatilization of PC need to absorb heat from the hot blast, PC and
surrounding low-temperature O2 would hinder the heat transfer between hot blast and PC particles, which was not conducive to the
volatilization of coal particles and preheating, also, due to the limited amount of unburned coal powder, the promotion of pulverized
coal combustion is also limited by the increase of the concentration of immediate oxygen. It could be seen from Fig. 14 that with the
increase of concentration of O2, The promotion of PC combustion was weakened.

Fig. 10. Gas temperature along the centre line of tuyere with different O2 concentrations.
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Burnout=
1 −

Xa,0
Xa

1 − Xa,0
× 100% Equation 3-1

where: X(a,0)- Mass fraction of ash in the original particle;Xa- Particle mass fraction of ash in this state.

Fig. 11. Distribution of gas in the center line of tuyere with different O2 concentrations.

Fig. 12. Gas distribution in the symmetry plane at different O2 concentrations.
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3.5. Utilization of bosh gas

The utilization rate of BF gas was an important parameter to measure the energy consumption level of BF. Increasing the utilization
rate of high gas was not only beneficial to the indirect reduction of iron ore but also beneficial to further reduce the fuel ratio. Studies
have shown that the fuel ratio decreases by 1.2 % for every percentage point increase in gas utilization rate [44]. In this paper, the
relative content of reducing atmosphere in the raceway was reflected by defining the bosh gas utilization rate ηCO + H2 in the raceway.
Furthered indirectly reflects the BF gas utilization rate, as shown in formula 3-2:

ηCO+H2=
ωCO+ωH2

ωCO + ωH2 + ωCO2
× 100% Equation 3-2

where: ωCO-the concentration of CO; ωH2 -the concentration of H2; ωCO2 -the concentration of CO2.
Fig. 15 shows the bosh gas utilization rate with different O2 concentrations along the centre line of the tuyere. It could be seen from

Fig. 13 that as the gas gradually moved away from the tuyere, O2 was gradually consumed and the bosh gas utilization rate gradually
increased. With the increase of O2 concentration in the hot blast, the bosh gas utilization rate at the same position away from the tuyere
gradually increased. In addition, it could be seen from Fig. 15 that the O2 concentration in the blast had little influence on the bosh gas
utilization rate at the outlet of the tuyere and the raceway, but had a great influence on the bosh gas utilization rate at the centrecentre
of the raceway. Fig. 16 shows the bosh gas utilization rate when the gas left the raceway, as shown in Fig. 16, when the O2 con-
centration in the hot blast increased from 27 % to 32 %, the bosh gas utilization rate increased from 91.8 % to 93.9 % when the gas left
raceway. Therefore, co-injection of PC and NG into BF would be more conducive to improving the utilization rate of bosh gas and

Fig. 13. Coal burnout rate with different O2 concentration in the center line of tuyere.

Fig. 14. Burnout rate of PC at the outlet of raceway with different O2 concentrations.
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indirect reduction of iron ore.

4. Conclusion

In this paper, a 3D model of PC and NG synergistic combustion was established by using CFD. Through the study on the synergistic
combustion of PC and NG by O2-enhanced blast, when the O2 concentration in the blast increased from 27 % to 32 %, the following
conclusions were obtained.

1) The velocity of the gas phase at the outlet of the tuyere increased from 246m/s to 270m/s, and the residence time of PC particles in
the raceway increased from 0.0672s to 0.0689s, which was more conducive to the heat and mass transfer between PC particles and
hot blast.

2) The high-temperature area in the raceway tended to be close to the outlet of the coal lance, and the maximum temperature in the
raceway increased by 125 K, which could compensate for the temperature drop caused by NG injection to a certain extent.

3) A larger area and higher concentration of CO, CO2, H2 and H2O were generated in the raceway, and the bosh gas utilization rate
increased by 2.1 percentage points when the gas left the raceway, which was conducive to the reduction of iron ore and the uti-
lization rate of BF gas.

4) The burnout rate of PC increased from 65.28 % to 70.36 %, and the influence of O2-enhanced blast on burning rate gradually
weakened with the increase of O2 concentration in hot blast.

Fig. 15. Utilization rate of bosh gas with different O2 concentration.

Fig. 16. Utilization rate of bosh gas with different O2 concentration left the raceway.
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Overall, these findings have significant implications for the iron and steel industry, particularly in optimizing blast furnace op-
erations to improve efficiency and reduce emissions. Additionally, the findings support the use of oxygen-enhanced blast as a viable
strategy to compensate for the temperature drop associated with NG injection, ensuring consistent thermal conditions in the furnace.
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