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Abstract – Pulverized coal is the most common auxiliary fuel used in blast furnaces. Auxiliary 

fuels are used to replace expensive coke as a reducing agent for iron oxides. High amounts of 

pulverized coal injection lead to permeability changes in a blast furnace shaft together with an 

excess amount of unburnt coal. Permeability issues can be tackled with an adjusted charging 

program, but poor pulverized coal combustion will not enable cost efficient substitution of coke 

with coal. The only way to overcome this limit is to improve the conditions in pulverized coal 

combustion. The aim of this study was to create a combustion model for pulverized coal, which 

could be used to locate limiting factors in auxiliary fuel combustion in the actual blast furnace. 

Experimental results were used to validate the combustion model. The CFD model had a good 

agreement with experimental results with different types of coals. According to this study, this 

kind of combustion model can be used to study the blast furnace operation. 

 

1. Introduction  

The blast furnace is the most commonly used technology to produce pig iron. It is a shaft 

furnace, where in the case of the Raahe blast furnace, iron ore pellets and briquettes are 

charged from the top with the primary fuel coke. Auxiliary fuels (pulverized coal (PC), 

natural gas, heavy oil, tar, etc.) are injected into a blast furnace to reduce consumption of 

expensive coke, to decrease carbon dioxide emissions (through a higher H/C ratio), to 

stabilize the process and to increase productivity. Auxiliary fuels can replace coke in two 

ways, i.e. as a reducing agent for iron oxides, and by providing energy for the blast furnace 

operation [1].   

Pulverized coal injection (PCI) is used in the company SSAB’s Raahe mill blast furnaces, 

because of the high price of extra heavy oil. Combustion and gasification of the PC have to be 

optimized, because unburnt coal lowers the permeability of gases in the blast furnace. With 

low combustion efficiency, fine coal char accumulates on the surface of the hearth coke called 

the Deadman (Fig. 1) and makes it difficult to maintain stable blast furnace operation [2].  

http://www.ifrf.net/
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Figure 1. Schematic picture of the bottom part of blast furnace. 

In a blast furnace, nozzles, called tuyeres, are used to blow hot air blast into the lower part of 

furnace to provide oxygen needed for combustion and gasification of coke and hydrocarbons. 

Air blast forms cavity, called raceway, in the coke bed in front of the tuyere. The auxiliary 

fuel such as PC is injected into the air blast through lance in a tuyere. 

In the tuyere-raceway area of a blast furnace, experimental measurements are extremely 

difficult to take due to the harsh environment (high temperature, increased pressure and solid 

and molten materials), which creates the need for alternative research methods [3]. 

Computational fluid dynamics (CFD) modelling is chosen to study combustion and 

gasification of PC. Typically, these combustion models use only diffusion limited combustion 

models like the Eddy Dissipation Model (EDM) [4,5] or the Eddy breakup model (EBU) 

[6,7]. These kinds of models do not apply very well in blast furnaces because the temperatures 

are around 2800 K and oxygen levels are from 0.5 to 0.8 [2] of the stoichiometric ratio, which 

means that gasification reactions are important. Mixed-is-burnt models are not temperature 

dependent, which might lead to overestimation of PC burnout in the centre parts of the air 

blast, where temperatures are low due to devolatilization and poor mixing between the fuel 

and the air blast [1]. 

To overcome the shortcomings of the old models, the aim of this study was to create a 

combustion model for PC that is accurate enough to capture limiting factors of the injection 

process and can be used to improve injection methods in the tuyere area. Combustion of coal 

can be divided into five stages: heating, drying, devolatilization, volatile combustion and 

residual char combustion. An extensive model is needed for volatile combustion due to the 

high temperature and rich air-fuel mixture. The residual char combustion is described with 

reactions between char, oxygen, carbon dioxide and steam. The CFD model is created based 

on an experimental rig at BHP Billiton-BlueScope Steel [11] and the CFD model is validated 

with experimental results found from the literature [7]. 



 

© International Flame Research Foundation, 2016    3  

 

2. Model description 

The blast furnace in SSAB steel factory in Raahe, Finland, which has 21 tuyeres distributed 

symmetrically to the lower part of blast furnace, was chosen for analysis, with one tuyere 

chosen for modelling. 

Combustion of coal was divided into five stages as described in the introduction: heating, 

drying, devolatilization, volatile combustion and residual char combustion. Devolatilization 

was modelled with the Kobayashi model [8], which is an empirical model based on two 

competing overall reactions. It is a widely used model in coal combustion. The volatile 

combustion model was based on GRI-MECH 1.2 [9,10], which contains 22 species and 104 

reactions. The residual char combustion was described with reactions between char, oxygen, 

carbon dioxide and steam. 

2.1. Geometry, mesh and boundary conditions 

Geometry for the CFD model (Fig. 2) was created based on the BHP Billington-BlueScope 

Steel test rig [11]. The model was created with Ansys DesignModeler 16.0. It contained a 

blast pipe, a tuyere, a lance and a cylinder which models the raceway area. The inlet was 

placed in the beginning of the blast pipe and the outlet was in the end of the raceway. Inlets 

for the coal-nitrogen mixture (inner white circle) and cooling gas (outer white circle) were in 

the lance tip. 

In the model, the diameters of the parts were as follows: the blast pipe was 110 mm, the 

tuyere tip was 70 mm, the lance was 1.27 mm with an outer the wall thickness of 1.6 mm, the 

cooling shroud diameter was 19.05 mm with the outer wall thickness of 1.6 mm, and the 

raceway was 300 mm. The tuyere tip was about 140 mm in the Raahe blast furnace; therefore, 

the difference to the real case was 50%. The lance was similar to the actual blast furnace.  

For the CFD model the meshing was done with Ansys Meshing 16.0. The mesh consisted of 

about 713000 hexa- and tetrahedral computational cells. The mesh was dense in the tuyere 

area, where small surfaces exist as inlets for the cooling gas and nitrogen, and the velocity of 

the air blast is the highest.  

 

Figure 2. Geometry and the mesh of the CFD model. 

The experimental rig was built to evaluate the potential of different injection coals and their 

use in the blast furnace [11]. Its operating conditions were not a perfect match for an actual 

blast furnace, but the velocity difference (about 40 m/s) between the air blast and the injected 
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PC was similar. Also, the temperature of the air blast was at the same level as it is in an actual 

blast furnace. Therefore, the heat and mass transfer phenomena should have been similar in 

both cases and it was reasonable to use the test rig to create the combustion model for the 

blast furnace. The pressure was the only variable in the experimental rig that was not set at a 

realistic level, because the pressurized system would have been too expensive (according to 

Mathieson et al. [11]). In the blast furnace in Raahe, the pressure is about 3.56 atm, and in the 

test rig 1 atm. Operating conditions for the simulation are presented in Table 1. These 

conditions are based on the paper written by Guo et al. [7]. Boundary conditions other than 

the coal type and the coal amount were kept the same in all the simulations.  

Table 1. Operating conditions. 

Air blast 

flowrate 

300 Nm3/h 

Outlet pressure 1 atm 

Temperature 1473 K 

Coal 

temperature 

323 K 

Air blast O2 21 vol-% 

Cooling gas 

flowrate 

3.2 Nm3/h 

Conveying gas 

flowrate 

2.0 Nm3/h 

Cooling gas 

temperature 

600 K 

Conveying gas 

temperature 

323 K 

Proximate and ultimate analyses of the pulverized coals that were used in the simulation are 

given in Table 2. It can be seen that the coals were bituminous coals, but A was a medium 

volatile coal and coals B and C were high volatile coals [7,12]. 
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Table 2. Proximate and ultimate analysis of coals. 

 COAL A COAL B COAL C 

Moisture w-% 1.20 3.20 3.60 

Volatiles w-%  19.95 32.50 35.10 

Ash w-% 9.70 9.80 6.20 

Fixed carbon w-% 69.10 54.50 55.10 

Sulphur w-% 0.34 0.58 0.41 

    

C 89.10 83.50 82.60 

H 4.70 5.30 5.44 

O 4.10 8.60 9.50 

N 1.70 1.95 2.15 

S 0.37 0.60 0.30 

The cumulative volume distribution of coal particles is presented in Fig. 3. The mean particle 

size in cases A, B, C were 30 µm, 40 µm and 40 µm, respectively. Particle sizes from 1 to 200 

µm were used in the CFD model and they were divided into 12 groups. These distributions 

were approximated from Fig. 1, from Guo et al. [7], using the Weibull cumulative distribution 

function. The shape and scale parameters for coals A, B and C were 1, 43 µm, 1.1, 60 µm and 

1.2, 56 µm, respectively. Injections were released from the coal lance surface at the same 

angle as the coal lance outlet.  

 

Figure 3. Cumulative volume distribution of coal particles. 

2.2. Continuous phase 

The CFD modelling was done with Ansys Fluent 16.0 [13]. It used the Finite Volume Method 

(FVM) to discretize the flow domain and the governing conservation equations were 

integrated over each computational cell. The continuity equation used is written as: 
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𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�) = 0 (1) 

The momentum conservation equation in an inertial frame of reference was: 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) = −∇𝑝 + ∇ ∙ (µ [(∇�⃗� + ∇�⃗�𝑇) −

2

3
∇ ∙ �⃗�𝐼]) + 𝜌�⃗� + �⃗� (2) 

Turbulence was simulated with the realizable κ-ε model [14]. It is a two equation model, 

which is based on the modelled equations for the turbulence kinetic energy (κ) and its 

dissipation rate (ε). Realizability ensures the positivity of turbulent normal stresses and 

Schwartz’ inequality between any of the fluctuating quantities [13,14]. It prevents the 

turbulence model from producing unphysical results. In the realizable κ-ε model, turbulent 

viscosity is calculated differently from the standard model, where Cµ is a constant. More 

information about the model can be found in the article written by Shih et al. [14].  

2.3. Discrete phase  

The discrete coal phase was modelled with the Lagrangian method. This method is used to 

study the behavior of an individual particle. In the Lagrangian method particle trajectories are 

computed for each particle separately and therefore the particle properties are known at each 

step. The particle force balance is written as: 

𝑑𝑣𝑝

𝑑𝑡
= 𝐹𝐷(�⃗� − �⃗�𝑝) +

�⃗�(𝜌𝑝 − 𝜌)

𝜌𝑝
+ �⃗� (3) 

where the drag force FD is calculated for a spherical particle. Turbulent dispersion of the 

particles is taken into account with random the walk method [15]. 

The Lagrangian method makes it possible to calculate the burnout degree of all particles 

separately in their own size groups. The burnout degree B is calculated using Eq. 4: 

𝐵 =
1 −

𝑚𝑎,0

𝑚𝑎

1 −𝑚𝑎,0
∗ 100% (4) 

where ma,0 is the ash content of the initial coal particle and ma is the ash content at the current 

time step. 

2.3.1. Particle drying 

Coal particle moisture fractions varied between 1.2 to 3.6%. This was taken into account in 

calculations via droplet evaporation or via a boiling model, depending on the particle 

temperature. Evaporation was modeled with a convection and diffusion controlled model [16], 

which is meant for high Re flows, where convection is important.  
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𝑑𝑚𝑝

𝑑𝑡
= 𝑘𝑐𝐴𝑝𝜌∞ln(1 +

𝑌𝑖,𝑠 − 𝑌𝑖,∞
1 − 𝑌𝑖,𝑠

) (5) 

When the particle temperature reaches that of boiling water, Eq. 6 (for boiling) was used. 

𝑑(𝑑𝑝)

𝑑𝑡
=

2

𝜌𝑝ℎ𝑓𝑔
[
2𝑘∞[1+0.23√𝑅𝑒𝑑]

𝑑𝑝
(𝑇∞ − 𝑇𝑝) + 𝜀𝑝𝜎(𝜃𝑅

4 − 𝑇𝑝
4)] (6) 

The particle temperature was calculated using a heat balance between the sensible heat change 

in the particle and the convective and latent heat transfer in the particle and the continuous 

phase. 

2.3.2. Devolatilization 

During particle heating, the volatile matter is released from the coal particle. The model for 

devolatilization was based on the two competing reactions, where reaction rate constants were 

defined for low and high temperature reactions. The reactions consume coal and produce char 

and volatiles. The model parameters were taken from the article written by Du & Chen [17]. 

These parameters had a good fit to their experimental data. Devolatilizing species were 

calculated from the coal proximate and ultimate analysis (Tables 2-3). To simplify the 

reaction model, sulphur and nitrogen were not taken into consideration in the calculations, 

whereas they were modified to be presented as CxHyOz.   

Low temperature devolatilization was treated as presented in Eq. 7: 

𝐶𝑜𝑎𝑙
𝑘1
→𝐶ℎ𝑎𝑟 (1 − 𝛼1) + 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝛼1 (7) 

where α1 is the volatile yield. High temperature devolatilization was calculated similarly, but 

α2 was 1.5*α1: 

𝐶𝑜𝑎𝑙
𝑘2
→𝐶ℎ𝑎𝑟(1 − 𝛼2) + 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝛼2 (8) 

The rate constants k1 and k2 for the devolatilization were calculated from the Arrhenius 

equation, where A1, E1, A2 and E2 are 3.7E5, 7.4E7 J/kmol, 1.46E13 and 2.51E8 J/kmol, 

respectively. [17] 

The volatiles cracking method for smaller components is presented in Eq. 9: 

𝐶𝑥𝐻𝑦𝑂𝑧 →
𝑥 − 𝑧

2
𝐶2𝐻4 +

𝑦 − 4𝑥

2
𝐻2 + 𝑧𝐶𝑂 (9) 

The Arrhenius parameters [18] for the cracking were A = 2.119E11 and E = 2.027E8 J/kmol, 

taken from the Fluent coal calculator kinetics for two step coal combustion. 
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2.3.3. Char oxidation 

Char consumption is a very significant part of the coal reaction process. When considering 

coal combustion, it is the most time-consuming part. It is known that low-rank coal chars are 

more reactive than high-rank coal chars and thus a single model cannot explain all of the coal 

types accurately [18]. In this model the approximation was, however, based on the data 

collected from coals similar to the experimental coal. Char reactions occur between solid 

carbon and gas phase species. In this case the species were O2, CO2 and H2O. During 

combustion the particle diameter remains constant, but the density lowers as the combustion 

degree progresses. 

The exothermic partial oxidation of char with O2 is presented in Eq. 10. Gasification 

Equations 11 – 12 are endothermic, requiring heat, and they occur more easily when the 

temperature increases. 

2𝐶 + 𝑂2

𝑘3
→2𝐶𝑂 

(10) 

𝐶 + 𝐶𝑂2

𝑘4
→2𝐶𝑂 

(11) 

𝐶 + 𝐻2𝑂
𝑘5
→𝐶𝑂 + 𝐻2 

(12) 

The Arrhenius parameters A3, E3, A4, E4, A5 and E5 [19] for the Equations 10 – 12 were 2.013, 

7.9818E7 J/kmol, 3.1, 1.31E8 J/kmol, 1.33 and 1.15E8 J/kmol, respectively.   

2.4. Gas phase reactions 

In the blast furnace raceway the highest temperature is around 3000 K and the stoichiometric 

ratio is between 0.5 and 0.8 [2], which means that gasification reactions are important, 

because the mixture is fuel-rich and reactions occur through radicals. To model gasification 

and radical reactions a finite rate combustion model is needed; the Eddy Dissipation Concept 

(EDC) was chosen. The volatile combustion model was GRI-MECH 1.2 [9,10], which 

contains 22 species and 104 reactions. The reaction mechanism is available online [10]. The 

CHEMKIN-CFD solver was used to calculate chemical reactions.  

In EDC it is assumed that most of the reactions take place in the smallest scales of the 

turbulence, which are called the fine structures. These fine structures are treated as well-

stirred reactors. In Fluent, each computational cell is treated as a constant pressure reactor, 

where the initial conditions are the current species and temperature inside the cell. 

2.5. Heat transfer 

Forced convection dominated heat transfer in the test rig, because the air blast velocity could 

be over 120 m/s in the front of the tuyere. There were large differences (maximum 2477 K) in 

temperatures in the test rig, and the forced convection was weaker after the PC velocity 

increased. Because of this, the radiation heat transfer was included in the computation, and the 

Discrete Ordinates method (DO) was chosen to model it. The model includes as well the 

effect of the gray gases. PC and walls were assumed to be black bodies. The particle 
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scattering factor was set to 0.9, which is the recommended value for the coal combustion 

modelling in the user’s guide [18]. Adding the PC radiation interaction meant ignoring the 

scattering in the continuous phase.  

3. Results and discussion  

The observation plane for sampling was the cross section 1 m downstream from the tip of the 

injection lance. The measurements of the burnout degree in the test rig were done at the same 

spot. Results from the CFD calculations were compared to the experimental results from the 

literature [7] in Table 3. It can be seen that the burnout degree matches well with the 

experimental results. Results varied a little with different coal types. When the modelling was 

done with the A1 setup, the burnout degree was 64.8%, which overestimates the combustion 

degree by 1.7%. With the B1 setup, the CFD produced a result that underestimates the 

burnout degree by about 5.3%. In the C1 setup, the model results differed only 4.1% from the 

experimental results. The B3 setup produced the most accurate results, the experimental 

results and CFD not differing from each other in the first decimal. In this case the injection 

level was the highest, which is most important when considering the actual blast furnace case. 

The worst results were from the case A2, where the difference was 7.3%. According to Ishii 

[2], the burnout degree should be at least 70% to ensure a stable blast furnace process when 

the injection rate is about 200 kg/ton of hot metal (thm), and this may have been a cause of 

the difference. 

Table 3. Calculated and experimental burnout of coal particles. 

Case 
Flowrate 

[kg/h] 

VM 

[%] 

Stoichiometric 

ratio 

Burnout experimental 

[%] 

Burnout CFD 

[%] 

Coal A1 25.2 20.19 1.20 63.7 64.8 

Coal A2 35.9 20.19 0.84 55.5 59.9 

Coal B1 25.5 33.57 1.25 81.5 77.2 

Coal B2 40.0 33.57 0.80 75.5 74.8 

Coal B3 46.7 33.57 0.68 71.4 71.4 

Coal C1 23.5 36.41 1.37 78.9 75.7 

Coal C2 35.1 36.41 0.92 76.2 71.5 

From Table 3 it can be seen that the stoichiometric ratio had a strong effect on the PC 

burnout. The results show that cases with fuel-lean combustion conditions led to a higher 

burnout of the PC than fuel-rich conditions. The probability of collision and reaction between 

oxygen and fuel molecules increases with an increasing stoichiometric ratio. Oxygen that does 

not react with PC in the blast furnace will react with coke, which increases the fuel costs. The 

minimum stoichiometric ratio in the blast furnace is 0.70 to 0.75, below which blast furnace 

operation becomes unstable [2].     
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The combustion degree was strongly dependent on the particle size (Fig. 4). Almost all of the 

particles below 40 µm had enough time to burn during the 1 m flight. The biggest particles 

(200 µm) in the cases Coal A1, B3 and C1 had much lower burnout degrees of about 31.3%, 

42.7% and 45.2%, respectively. The burnout degree increased as the level of volatile matter 

got higher, since the devolatilization was faster than char combustion. 

 

Figure 4. Effect of particle size on combustion degree. 

These results show that the model overestimated particle combustion with oxygen when the 

medium volatile matter coal was used and underestimated the reaction rate in lower rank 

coals. Since the model is time-dependent, the results can be related to that also. Mixing 

changes a little during calculation, which might lead to different results from the experimental 

measurements. Changes in mixing are minimized with long sampling times and large 

sampling sizes over 20 000 particles.  

The moisture fraction in the PC was small, which means particles dried quickly (maximum 3 

ms). Devolatilization of PC (Coal B) is presented in Fig. 5. Particle sizes are based on the 

groups set as boundary values. Small particles lost their volatile matter quickly, but for the 

larger particles complete devolatilization took about 0.035 seconds. Devolatilization time 

increased linearly with the particle diameter.  

 

Figure 5. Particle devolatilization time. 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140 160 180 200

P
a

rt
ic

le
 b

u
rn

o
u

t 
[%

]

Particle diameter [µm]

COAL A1 COAL A2 COAL B1 COAL B2

COAL B3 COAL C1 COAL C2

0

0.01

0.02

0.03

0.04

0 50 100 150 200D
ev

o
la

ti
li

za
ti

o
n

 t
im

e 
[s

]

Particle diameter [µm]



 

© International Flame Research Foundation, 2016    11  

 

The particle residence time in the system affected the combustion degree and was dependent 

on the particle size, because larger particles accelerate slower. The typical time that an 

average particle spent in the test rig was between 0.03 to 0.06 seconds, which is very short 

time when considering PC combustion. Because of this, the particle burnout with medium 

volatile coal A was only about 60%. Because the residence time is short, the mixing between 

PC and air blast should be optimized to increase the burnout degree of the PC particles.  

The velocity at the tuyere nose both 3 cm above and below the centre was about 128 m/s (Fig. 

6), which matches well with the results from the same geometry by Shen et al. [20]. The PC 

lance (Z-axis 0.53 m) created an obstacle to the centre of the tuyere, which decreased the 

cross-sectional area of the tuyere and led to an increased velocity at the tuyere exit. At the 

centre the velocity was also lower, because of the retarding effect of the PC on the air blast. 

This was a result of the poor mixing, which is a well-known problem in PC injection systems. 

 

Figure 6. Air blast velocity along z-axis. 

Small particles released their volatile matter quickly, with combustion starting only 4 cm from 

the lance tip (Z-axis 0.53 m) (Fig. 7), consuming all the available oxygen from the PC dust 

cloud. Gaseous combustion reached a maximum temperature of about 2800 K, which seems 

reasonable when compared to the blast furnace study [21] which used a probability density 

function combustion model. Combustion occurs on the surface of the PC dust cloud and 

mostly devolatilization takes place in the centre of the flow. Mixing diluted the PC cloud 

enough to ignite the mixture in the centre line about 60 cm from the lance tip so that the 

temperature reached 2500 K, but the hottest temperatures were located 80 cm from the lance 

tip. 
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Figure 7. Gas temperature along z-axis. 

The experimental rig was not a perfect match for the actual blast furnace and was meant 

chiefly to evaluate combustion of different types of coals and their suitability as an injection 

material. The pressure difference between Raahe’s blast furnace and the test rig was about 

2.56 atm. Increased pressure leads to higher reaction rates and creates uncertainty in the 

combustion model. Another cause for possible errors is that there was no public gas phase 

measurement data available and thus the model could not be validated. The velocity 

difference between the air blast and PC after injection was on the same level in the test rig and 

the blast furnace. Therefore, the heat and mass transfer phenomena between continuous and 

discrete phases were similar. This is very important, because ignition should not take place in 

the tuyere area in the blast furnace, as it creates wear and ablation of the tuyere walls. The 

model predicted that the PC particles with a diameter less than 10 µm release their volatiles 

quickly after the injection and ignite close to the lance tip. This behaviour should be modelled 

and validated in an actual blast furnace. 

4. Conclusions 

The work in this paper focused on model creation and CFD modelling of combustion of PC in 

the blast furnace tuyere-raceway area of a test rig. The particle combustion degree was studied 

with three different types of coals and compared with the results from the existing literature. 

The amount of injected PC was also varied.  

The combustion model consisted of five steps, i.e. heating, drying, devolatilization, char 

combustion and gas phase combustion. CFD modelling predicted the combustion degree to a 

reasonable accuracy when compared to the experimental results. In the A2 case, the difference 

between experimental and computational results was 7.3%, which was the worst result. The 

best case was B3, where the difference was less than 1%. On average, the difference was 

about 3.6%. Lower rank coals have more reactive char than high rank coals, which can be 

seen from the results. The model overestimated the coal A reaction rate and underestimated 

the reaction rate of the coals B and C. 
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The residence time was less than 0.06 seconds in the tuyere-raceway area, which produced 

challenges for good combustion. This is why the mixing between fuel and air blast should be 

optimized when the aim is to increase combustion efficiency.  

The maximum temperature was about 2800 K, which was in good agreement with the 

literature. Based on the results, this model can be used to study limiting factors of combustion 

and gasification of PC in a blast furnace. This combustion model can be added to a more 

comprehensive CFD model of the blast furnace tuyere-raceway area. 
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Notation 

Ai pre exponential factor for the 

reaction i 
Red particle Reynolds number [-] 

Ap particle surface area [m2] Tp particle temperature [K] 

B burnout degree [%] t time [s] 

dp particle diameter [m] T temperature [ºC] 

Ei activation energy for the reaction i 

[J/kmol] 
T∞ continuous phase temperature [K] 

�⃗� External body forces [N] �⃗� velocity vector [m/s] 

FD drag force [N] �⃗�𝑝 Particle velocity [m/s] 

g gravity [m/s2] Yi,s vapour mass fraction at the surface [-] 

hfg latent heat [J/kg] Yi,∞ vapour mass fraction in the bulk gas 

[-] 

kc mass transfer coefficient [m/s] αi yield factor [-] 

ki reaction rate constant of reaction i εp particle emissivity [ ] 

ma ash content of the current time step 

[%] 
θR radiation temperature [K] 

ma,0 ash content of the initial coal particle 

[%] 
ρ density [kg/m3] 

mp particle mass [kg] ρp droplet density [kg/m3] 

p pressure [Pa] ρ∞ bulk gas density [kg/m3] 

R universal gas constant [J/kmolK] σ Stefan-Boltzmann constant 

[W/m2/K4] 

Re Reynolds number [-] PC pulverized coal 
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