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Abstract: In this study, a targeted oxygen-enrichment technology was proposed to enhance coal com-
bustion in an ironmaking blast furnace. The coal flow and combustion characteristics under targeted
oxygen-enrichment were investigated using the computational fluid dynamics (CFD) method. The
results showed that oxygen utilization and coal burnout were significantly increased under targeted
oxygen-enrichment. The coal burnout at 24% O2 concentration was 86.29%, which was the maxi-
mum and indicated an increase of 13.13%. However, the cooling effect of room-temperature oxygen
had some adverse effects on coal combustion. Given this, the effect of coal particle temperature
on coal combustion was investigated based on targeted oxygen-enrichment. The coal combustion
process was further enhanced. The coal burnout at a 600 K particle temperature and 25% oxygen
concentration was 91.12% and had an increase of 17.96%, which was the maximum.

Keywords: ironmaking blast furnace; targeted oxygen-enrichment; coal particles temperature;
coal burnout

1. Introduction

The ironmaking blast furnace is the main facility for hot metal production and more
than 94% of pig iron is produced by it due to its higher productivity and competitive
production costs [1–5]. The coke involved in this process must be used during the blast
furnace production process and about 350 kg of coke will be consumed for a tonne of hot
metal. However, metallurgical coal resources are becoming increasingly scarce, prices are
increasing, and the production cost of a blast furnace is increasing. Furthermore, the coking
process produces much pollution [6]. Therefore, reducing the use of coke is the key to
solving these problems.

The injection of pulverized coal through tuyeres in the lower part of the blast furnace
can effectively reduce the use of coke. However, an adverse effect is produced with an
increase of the pulverized coal injection ratio. Mostly, this will lead to a lower carbon
utilization efficiency and higher unburnt char due to the complex transfer processes inside
the furnace [7,8]. Therefore, increasing the burnout of pulverized coal in the raceway
region is key to further increasing the pulverized coal injection ratio [9]. Shen et al. [10]
investigated the effect of oxygen concentration in the hot blast on coal burnout in the blast
furnace. When the oxygen concentration increased from 21% to 25%, the coal burnout had
an increase of only 5%. Liu et al. [11] investigated the effect of hot blast temperature on coal
combustion. When the blast temperature increased from 1150 to 1250 ◦C, the coal burnout
had an increase of only 5%. Chen et al. [12,13] investigated the coal combustion under
oxygen enrichment technology with a coaxial oxygen-coal lance. The coal burnout was

Processes 2021, 9, 440. https://doi.org/10.3390/pr9030440 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr9030440
https://doi.org/10.3390/pr9030440
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9030440
https://www.mdpi.com/journal/processes
https://www.mdpi.com/2227-9717/9/3/440?type=check_update&version=2


Processes 2021, 9, 440 2 of 15

found to have a slight change. The coal burnout is difficult to increase further by traditional
methods. Consequently, there is a need to develop a new blast furnace pulverized coal
injection technology. Therefore, a targeted oxygen-enrichment technology was proposed.

The environment state and reactions in the ironmaking blast furnace are very complex,
and the temperature in the raceway region is very high. Therefore, it is difficult to obtain
the combustion characteristics of pulverized coal in a practical blast furnace directly [14].
Fortunately, computational fluid dynamics (CFD) provide an effective method for the
investigation of pulverized coal injection [12,15]. Shen et al. [7,16,17] investigated the coal
flow and combustion characteristics in the ironmaking blast furnace using the CFD method.
Du et al. [14,18] investigated the effect of lance configurations on coal combustion using
the CFD method. The reliability and superiority of CFD in understanding pulverized coal
combustion have been fully proven [10,18–21].

In this study, the coal combustion process in an ironmaking blast furnace under
targeted oxygen-enrichment was investigated using CFD. The coal burnout had an obvious
increase under targeted oxygen-enrichment. Furthermore, the effect of coal particles
temperature based on targeted oxygen-enrichment was investigated. The coal burnout
was found to be further increased. The present study could provide useful insights into
the development of pulverized coal injection technology with oxygen enrichment on the
ironmaking blast furnace.

2. Geometry and Operating Condition

The study was based on a blast furnace of 120 m3 because a test oxygen blast furnace
of 120 m3 will be designed and built based on it. The raceway depth of the blast furnace
was about 700 mm. Previous studies showed most pulverized coal particles in the raceway
region flow around the tuyere centerline due to having a fast blast speed, and the burnout
at the end of the raceway represents that of the overall raceway [19]. Therefore, the raceway
was simply designed as a gradually expanding tube following others [10]. The geometric
details of the models are shown in Figure 1a,b. Furthermore, the diameters of coal and
oxygen lances were 15 mm and 20 mm, respectively. The model geometries simulated
include the lances, blowpipe, tuyere, and raceway of a blast furnace. For the base case, the
coal lance tip was located on the tuyere centerline, as shown in Figure 1a. For the targeted
oxygen-enrichment case, the oxygen lance tip was located on the tuyere centerline and the
coal lance tip was above the tuyere centerline, as shown in Figure 1b. In this model, the
hybrid mesh was used, as shown in Figure 1c,d.

Furthermore, the grid-independent has been checked. Three different numbers of
meshes were used for the mesh independence study. The simulation results under three
different numbers of meshes are shown in Table 1. Table 1a shows the coal burnout at
21% O2 using the base case model. Table 1b shows the coal burnout at 22% O2 using the
targeted oxygen-enrichment model. The results indicate that the mesh is proper.

The boundary conditions and operating conditions of the blast furnace are summa-
rized in Table 2. The properties of pulverized coal used in this model were shown in our
other study [22].

Table 1. The coal burnout of different numbers of meshes: (a) Base case; (b) targeted oxygen-enrichment.

(a)

Number of mesh 171,014 260,414 361,322

Burnout 73.28 73.16 73.24

(b)

Number of mesh 254,021 403,621 577,334

Burnout 83.66 83.75 83.72
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Figure 1. Geometry and mesh: (a), (c) base case; and (b), (d) targeted oxygen enrichment.

Table 2. Boundary conditions and operating conditions.

Hot blast

Temperature, K 1473

Volume, Nm3/t·HM 1127

Velocity, m/s 93.05

Oxygen content, % 21

Coal

Coal rate, kg/s 0.091

Coal ratio, kg/t·HM 150

Oxygen

Temperature, K 298

Content, % 1, 2, 3, 4, 5, 6

Velocity, m/s 8, 16, 24, 32, 40, 48

3. Model Description

The gas-particle flow and coal combustion in the tuyere and raceway region were
calculated based on the framework of the software package ANSYS-FLUENT (Qingdao,
China). Details of the model formulation describing the gas and particle phases were
provided previously [15,22,23]. An outline was provided below.
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3.1. Basic Equations

The governing equations for gas and particle phases have been fully described in
other studies [15,22,23]. Governing equations solved for the gas phase included mass,
momentum, turbulence kinetic energy, turbulence dissipation rate, enthalpy, and some
species mass fractions, as shown in Table 3a. The pulverized coal particles were treated as a
discrete phase, modeled using the Lagrangian method, where the trajectories of the discrete
particles were determined by integrating Newton’s second law of motion. Governing
equations solved for the particle phase included mass, momentum, and energy of particles
with the gas phase, as shown in Table 3b.

Table 3. Governing equations: (a) governing equations for the gas phase; and (b) governing equations for the particle phase.

(a)

Mass ∇(ρU) = ∑
nP

·
m

Momentum ∇(ρUU)−∇
[
(µ + µt)

(
∇U + (∇U)T

)]
= −∇

(
P + 2

3 ρk
)
+ ∑

nP

fD

Energy ∇
[
ρUH −

(
λ

CP
+

µt
σH

)]
= ∑

nP

q

Gas species ∇
[
ρUYi −

(
Γi +

µt
σY i

)]
= Wi

Turbulent kinetic energy ∇
[
ρUk−

(
µ +

µt
σk

)
∇k
]
= Pk − ρε

Turbulent dissipation rate ∇
[
ρUε−

(
µ +

µt
σε

)
∇ε
]
= ε

k (C1Pk − C2ρε)

(b)

Mass dmp
dt = − ·m

Momentum mp
dup
dt = − fD

− fD = 1
8 πd2

pρCD
∣∣U −Up

∣∣(U −Up
)

Energy mpCp
dTP
dt = −q

πdpλNµ
(
Tg − Tp

)
+ ∑

dmp
dt Hreac + Apεp

(
π I − σBT4

p

)
3.2. Reaction Process

To further illustrate the influence mechanism of the oxygen stream, the oxygen in
the hot blast and added oxygen were represented using O2 and 18O2 symbols during the
simulation process. The schematic diagram of O2 and 18O2 flow is shown in Figure 2. All
properties of O2 and 18O2 were the same in addition to symbols. Therefore, the reactions of
coal and their reaction rates’ expression are listed in Table 4.
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Table 4. Chemical reactions of coal and reaction kinetics [16,17].

Reacions Reaction Rate Reaction Kinetics

Raw coal→VM+Char R1

Raw Coal

{ K1→ α1VM1 + (1− α1)Char
K2→ α2VM2 + (1− α2)Char

dVM
dt = (α1k1 + α2k2)C0

k = A exp
(
−E/RTp

)
A1 = 3.7× 105s−1, E1 = 149.6 kJ·mol−1

A2 = 1.46× 1013s−1, E2 = 251 kJ·mol−1

α1 = VM(da f ) α2 = 1.25α2
1 + 0.92α1

VM+O2→CO+H2O+N2
CO+0.5O2= CO2
H2+0.5O2= H2O

VM+18O2→C18O+H2
18O+N2

C18O+0.518O2= C18O2 R6
C18O+0.5O2= C18OO
CO+0.518O2= C18OO
H2+0.518O2= H2

18O

R2
R3
R4
R5
R6
R7
R8
R9

ri = CA
ε
k min

(
[i]
v′t

)

Φchar+O2→2(Φ-1)CO+(2-Φ)CO2 R10 dmc
dt = − 3φ

1−e
MC

MO2

ρ∞
ρc

(
k−1

1 + (k2 + k3)
−1
)−1

mC A1 = 3.7× 105s−1, E1 = 18, 000K

Φchar+18O2→2(Φ-1)C18O+(2-Φ)C18O2 R11
2(φ−1)

2−φ = As exp
(
− Ts

Tp

)
A2 = 1.46× 1013s−1, E2 = 30, 189K

Φchar+C18O2→2C18O R12 k1 = D
r2

p
, D =

Dre f
ρ

(
Tp+Tg
2Tre f

)α
, k2 = (1− e) kc

rp

CA = 4.0Ac = 14m·s−1·K−1,
Tc = 21, 580K

Φchar+C18OO→C18O+CO R13 k3 = kcTp(βcothβ− 1)/β2α Ac = 20, 230m·s−1·K−1, Tc = 39, 743K

Φchar+H2
18O→C18O+H2 R14 kc = AcTp exp

(
−Tc/Tp

)
, β = R

(
kc

Dpea

)0.5 Ac = 606.9m·s−1·K−1, Tc = 32, 406K

4. Results and Discussion
4.1. Model Validation

Before applying this model to simulate the coal combustion process in a real blast
furnace, the validation had been conducted using a lab-scale drop tube furnace (DTF), as
shown in Figure 3. The DTF is 1850 mm high, and the isothermal zone is 1400 mm long.
The coal feeding rate was approximately 0.7 g/min. The effect of oxygen concentration
on coal burnout at 1173 K was investigated using the DTF and CFD model. Figure 4a
shows the effect of oxygen concentration on coal burnout, which is the average of three
experiments. The result shows a reasonable agreement between the values given by the
DTF and CFD models. Figure 4b shows the change of CO concentration at the outlet under
different oxygen concentration. The experimental data are in good agreement with the
theoretical data. The simulation results have some discrepancies against the experimental
data. This is because some experimental conditions were simplified in the simulation
process. Furthermore, some factors affects the experimental results, but the simulation
process is less affected.

Furthermore, the effect of oxygen concentration on coal burnout under simulated
blast furnace conditions was investigated by CFD model, as shown in Figure 5. When the
oxygen concentration had a 1% increase, the coal burnout had about a 1% increase. The
values show a reasonable agreement with that of Shen and Liu [10,11]. The comparisons
indicate that the simulated model is reliable.

4.2. Concept of Targeted Oxygen-Enrichment

Figure 6 shows the effect of oxygen concentration in hot blast on final coal burnout at
the raceway outlet. The coal burnout slightly increased with increase in oxygen content.
When the oxygen concentration increased from 21% to 27%, the coal burnout had an
increase of only 6.15%. This is in good agreement with the result of Shen [10]. For the
blast furnace, 1127 Nm3 hot blast and 150 kg of pulverized coal would be consumed for
producing one ton hot metal. In theory, the coal burnout would be increased by 11.39%
under 1% oxygen enrichment. That showed much oxygen was not utilized by coal particles
and the oxygen utilization was about only 10%. If all oxygen could be used by coal particles,
the coal burnout would significantly increase, even at lower oxygen enrichment.



Processes 2021, 9, 440 6 of 15Processes 2021, 9, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 3. Schematic diagram of the drop-tube furnace system. 

 
Figure 4. Effect of oxygen concentration on: coal burnout (left); CO concentration (right). 

Furthermore, the effect of oxygen concentration on coal burnout under simulated 
blast furnace conditions was investigated by CFD model, as shown in Figure 5. When 
the oxygen concentration had a 1% increase, the coal burnout had about a 1% increase. 
The values show a reasonable agreement with that of Shen and Liu [10,11]. The compar-
isons indicate that the simulated model is reliable.  

Sample Feeder 

Furnace 

Sample Collector 

21 22 23 24 25

29

30

31

32

33

34

35

Bu
rn

ou
t, 

%

Oxygen concentration, %

 Calculation
 Experiment

21 22 23 24 25

0.26

0.28

0.30

0.32

0.34

0.36

CO
 c

on
ce

nt
ra

tio
n,

 %

Oxygen concentration, %

 Calculation
 Experiment

Figure 3. Schematic diagram of the drop-tube furnace system.
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To further understand the reasons causing the aforementioned phenomena, the coal
burnout distribution at the raceway outlet was analyzed, as shown in Figure 7a. A signifi-
cant amount of coal particles with lower burnout were concentrated in the central area of
the coal particles cluster, where no oxygen could be found (Figure 7b). The phenomenon
was also shown in our previous study [24]. That meant a large number of coal particles
could not completely combust due to the lack of oxygen.

The coal burnout would increase only by increasing the oxygen concentration in the
lower-burnout area. Given this, the concept of targeted oxygen-enrichment was proposed,
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and the oxygen was enriched into the lower-burnout region, as shown in Figure 7c. A
targeted oxygen-enrichment method was proposed, in which the room-temperature oxygen
was injected by the oxygen lance, as shown in Figure 1b. The oxygen concentration in the
hot blast was 21%, and the other oxygen was added by an oxygen lance.
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4.3. Coal Combustion Characteristics under Targeted Oxygen-Enrichment

Figure 8a shows the effect of oxygen content on final coal burnout under targeted
oxygen-enrichment. When oxygen content was 22%, the coal burnout was 83.75%, an
increase of 10.59%, which was close to the theoretical increase of 11.39%. However, the coal
burnout slowly changed as more oxygen was added. The coal burnout was 86.29% at 24%
O2 content, an increase of 13.13%, which was the maximum. Then the coal burnout slowly
decreased as more oxygen was added.
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To further reveal the reasons causing the aforementioned phenomena, the change of
coal burnout across the whole combustion process was investigated, as shown in Figure 8b.
The coal combustion process was delayed under the effect of room-temperature oxygen,
which became more obvious as more oxygen was added. Du et al. [12]. also found
the same phenomenon. Significant devolatilization just starts around 600 K [25]. The
room-temperature oxygen first competed for limited heat with coal particles, and then
the combustion distance of char would be shortened. Some coal particles would leave the
raceway region without complete combustion even at rich oxygen concentration.

Figure 9 shows the distribution of coal burnout under targeted oxygen enrichment. It
showed that the higher-burnout area moved toward the center of the coal plume. The oxy-
gen stream flowed into the original lower-burnout region, where the coal particles rapidly
burnt. The higher-burnout area became larger with an increase in oxygen enrichment.
Furthermore, the coal particles were more dispersed under the effect of oxygen stream,
which was helpful to coal combustion. The factors caused a higher coal burnout under
targeted oxygen-enrichment.

Processes 2021, 9, x FOR PEER REVIEW 10 of 17 
 

 

oxygen, which became more obvious as more oxygen was added. Du et al. [12]. also 
found the same phenomenon. Significant devolatilization just starts around 600 K [25]. 
The room-temperature oxygen first competed for limited heat with coal particles, and 
then the combustion distance of char would be shortened. Some coal particles would 
leave the raceway region without complete combustion even at rich oxygen concentra-
tion.  

 
Figure 8. Effect of oxygen content under targeted oxygen enrichment: (a) final burnout; (b) combustion process. 

Figure 9 shows the distribution of coal burnout under targeted oxygen enrichment. 
It showed that the higher-burnout area moved toward the center of the coal plume. The 
oxygen stream flowed into the original lower-burnout region, where the coal particles 
rapidly burnt. The higher-burnout area became larger with an increase in oxygen en-
richment. Furthermore, the coal particles were more dispersed under the effect of oxy-
gen stream, which was helpful to coal combustion. The factors caused a higher coal 
burnout under targeted oxygen-enrichment. 

 
Figure 9. Coal particles combustion characteristics under targeted oxygen-enrichment. 

However, the new lower-burnout area occurred under targeted oxygen-enrichment. 
Figure 10 showed the coal particles that burnout was less than 0.5, which was described 
as targeted particles. For the base case, the targeted particles were mainly concentrated 
in the center region of the coal plume. However, the targeted particles were more dis-

73.16

83.75
85.72 86.29 86.15 85.44 84.29

21 22 23 24 25 26 27
60

65

70

75

80

85

90

Bu
rn

ou
t, 

%

Oxygen content, %
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10
20
30
40
50
60
70
80
90

Bu
rn

ou
t, 

m

Distance from coal lance tips, m

 21% O2

 23% O2

 25% O2

 27% O2

(a) (b) 

(a) 23% O2 (b) 25% O2 (c) 27% O2 

Figure 9. Coal particles combustion characteristics under targeted oxygen-enrichment.

However, the new lower-burnout area occurred under targeted oxygen-enrichment.
Figure 10 showed the coal particles that burnout was less than 0.5, which was described as
targeted particles. For the base case, the targeted particles were mainly concentrated in
the center region of the coal plume. However, the targeted particles were more dispersed
under targeted oxygen enrichment, which was distributed around the coal plume. This
was mainly because the oxygen stream flowed into the center of the coal plume, where the
coal particles rapidly burnt and dispersed toward the around region. The coal burnout
of targeted oxygen-enrichment was higher than that of the base case, but decreased with
an increase in oxygen concentration. The oxygen has exceeded that the coal combustion
needed, and the room-temperature oxygen had some adverse effect on coal combustion.
The benefits outweighed the injuries with an increase in oxygen content. Furthermore, it
was more difficult for oxygen to approach the newly targeted area. This further explained
the results shown in Figure 8.

Figure 11 shows the concentration change of several typical elements. The amount
of N2 kept the same, thus the concentration ratio of the element with N2 was used to
represents its concentration change. The CO concentration decreased with an increase
in oxygen enrichment. The concentration of C18O, 18O2, and C18OO increased with the
increase in oxygen concentration. The increase of C18O showed more carbon reacts with
18O2. The increase of C18OO indicated that more CO reacted with 18O2. When oxygen
concentration increased from 22% to 27%, the C18OO concentration had an increase of
0.75%, while the CO concentration was decreased by 3.01%. This indicated that the decrease
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of CO concentration was mainly caused by the reduction of carbon reacting with O2. The
carbon that reacted with 18O2 increased, but that reacted with O2 decreased. This resulted in
a slight increase in coal burnout with an increase in oxygen content. Figure 11D shows the
conversion ratio of 18O2 decreases with an increase in oxygen enrichment. The conversion
ratio of 18O2 was 88.58% at 1% oxygen enrichment, while the value was only 48.43% at 6%
oxygen enrichment. It indicated more oxygen was not utilized by coal particles with an
increase in oxygen enrichment. This further explained the result in Figure 8a.
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Figure 12 shows the distribution of 18O2 at the raceway outlet. The unreacted 18O2
was mainly distributed over the upper area. However, there was no 18O2 in the area where
the targeted particles were distributed. The 18O2 stream flowed into the original targeted
area, while the new targeted area was produced. It was more difficult for newly targeted
particles to obtain 18O2. This further explained why the coal burnout slightly changed
and the utilization of 18O2 decreased with an increase in 18O2. The combustion process
was controlled by the diffusion of 18O2. The coal burnout would be further increased by
promoting the diffusion of 18O2.
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4.4. Effect of Coal Particles Temperature

The cooling effect of room-temperature oxygen delayed the coal combustion process,
and some coal particles did not have enough time to combust. Niu et al. [26] revealed that
the pulverized coal preheating could promote early coal combustion. Because of this, the
effect of coal particle temperature under targeted oxygen-enrichment on coal combustion
was investigated. First, the effect of coal particle temperature at 21% O2 on coal burnout
was investigated, as shown in Figure 13. It shows that coal burnout slightly changed with
an increase in the coal particle temperature. It means the coal burnout would not increase
only by increasing coal particle temperature. The results show the limiting factor of coal
combustion was oxygen concentration.
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Figure 14 shows the effect of coal particle temperature on coal burnout under targeted
oxygen-enrichment. In general, the coal burnout was further increased by increasing
the coal particle temperature. When the coal particle temperature was 450 K, the coal
burnout was 84.16% at 1% oxygen enrichment, an increase of 11%; the coal burnout was
88.05% at 4% oxygen enrichment, an increase of 14.89%. The coal burnout continued to
increase with an increase in the coal particle temperature. In particular, when the coal
particle temperature was 600 K, the coal burnout was 85.48% at 1% oxygen enrichment,
an increase of 12.13%; the coal burnout was 91.12% at 4% oxygen enrichment, an increase
of 17.96%. The results show the co-work of temperature and oxygen is more helpful for
coal combustion.

To further understand the effect of coal particle temperature, the coal burnout at
different positions was investigated, as shown in Figure 15. In general, the coal com-
bustion process was enhanced, which became more obvious with an increase in the coal
particle temperature. The hysteresis of the coal combustion process caused by the room-
temperature oxygen disappeared with an increase in the coal particle temperature. This
is because the heat of coal particles makes up for the cooling effect of room-temperature
oxygen. The coal particles had more time to combust, meaning the coal burnout quickly
increased under sufficient oxygen.
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5. Conclusions

In this study, the coal combustion characteristics in the raceway region of a blast
furnace under targeted oxygen-enrichment were investigated. The main conclusions are
as follows:

(1) The coal burnout increases significantly under targeted oxygen-enrichment. When
the oxygen concentration is 22%, the coal burnout has an increase of 10.59%; when
the oxygen concentration is 24%, the coal burnout has an increase of 13.13%, which is
the maximum.

(2) The coal will increase only by increasing the oxygen concentration of the lower-
burnout region. The oxygen concentration of the lower-burnout region is greatly
increased under targeted oxygen-enrichment, while the coal particles are more dis-
persed under the effect of the oxygen stream.
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(3) When more oxygen is added, the increase of coal burnout is unclear. The coal burnout
of 22% O2 is 83.75%, but the value of 23% O2 is only 85.72%. This is because the
new lower-burnout region appears and is more dispersed under the effect of oxygen
stream. This will be the main direction for future investigations to promote the
dispersion of oxygen.

(4) The hysteresis of the coal combustion process caused by the room-temperature oxygen
disappears and the coal burnout is further increased by increasing coal particle
temperature. When the coal particle temperature was 600 K, the coal burnout was
85.48% at 1% oxygen enrichment, an increase of 12.13%; the coal burnout was 91.12%
at 4% oxygen enrichment, an increase of 17.96%.
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