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A B S T R A C T

Improving energy efficiency in a blast furnace (BF) has a significant effect on energy consumption and pollutant
emission in a steel plant. In the BF, the blast injection creates a cavity, the so-called raceway, near the inlet. On
the periphery of the raceway, a ring-type zone is formed which is associated with the highest coke combustion
rate and temperatures in the raceway. Therefore, predicting the raceway size or in other words, the periphery
of the ring-type zone with accuracy is important for estimating the BF’s energy and coke consumption. In the
present study, Computational Fluid Dynamics (CFD) is coupled to Discrete Element Method (DEM) to develop
a three-dimensional (3D) model featuring a gas–solid reacting flow, to study the transport phenomena inside
the raceway. The model is compared to a previously developed two-dimensional (2D) model and it is shown
that the assumptions associated with a 2D model, result in an overestimation of the size of the raceway. The
3D model is then used to investigate the coke particles’ combustion and heat generation and distribution in
the raceway. It is shown that a higher blast flow rate is associated with a higher reaction rate and a larger
raceway. A 10% increase in the inlet velocity (from 200 m∕s to 220 m∕s) caused the raceway volume to grow
by almost 40%. The DEM model considers a radial discretization over the particle, therefore the heat and mass
distributions over the particle are analyzed as well.
1. Introduction

The ironmaking industry produces 7% of the world’s total carbon
dioxide emissions [1]. The most frequent ironmaking process is the
blast furnace (BF), accounting for more than 70% of total energy
consumption in the ironmaking industry [2] and 90% of the CO2
emission [3]. As a result, lowering energy usage and gas pollution in
the BF ironmaking operations has received a lot of attention [4].

The region inside the furnace which is created by injecting hot blast
air into the coke bed is called the raceway. Its shape is affected by
different parameters such as blast velocity, the geometry of the nozzles,
and operational circumstances [5]. Therefore, the study of the raceway
is vital to analyze the gas species distributions and heat supplies which,
directly have an impact on the furnace’s productivity and efficiency.
As a result, the raceway has been comprehensively studied, especially
the principles of the particle scale. Experimental and computational
methods have been used extensively to study raceway phenomena
over the past few decades. As a consequence of the severe operating
circumstances within the actual BF process (e.g., high temperature and
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pressure situations), measurement during an experimental test is diffi-
cult to undertake and only a few studies have worked on this with very
limited data, such as gas species distributions [6]. For example, Matsui
et al. [7] used microwave reflection gunned via a tuyere to study the
BF raceway formation under heavy coal injection rate circumstances.
Sastry et al. [8] studied the particle system in a two-dimensional (2D)
cold model. In another study, Sastry et al. [9] conducted experimen-
tal research in a packed bed and found that the characteristics of
coke particles had a significant impact on cavity development and
breakdown. Zhang et al. [10] used an image-based flame detection
approach to investigate the combustion characteristics of a BF raceway
and discovered that the raceway temperature profile could fluctuate
considerably. These experimental studies despite helping us gain a
better picture of how raceways work can only explain BF functioning
at the macro-scale information such as pressure and temperature in the
local spots and are not able to obtain the micro-scale information such
as inter-particle/phase interactions, raceway shape/size, heat transfer,
coke combustion.
016-2361/© 2022 Published by Elsevier Ltd.
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Nomenclature

Physical constants/Greek symbols

𝛼 Heat transfer coefficient (W/(m2 K))
𝛽 Interphase momentum exchange (kg/(m3 s))
𝜖 Porosity (-)
𝜆𝑓 Thermal conductivity (W/(m K))
𝜇 Dynamic viscosity (Pa s)
𝜂 Weight of particle for porosity calculation (-)
𝛺𝑐 Implicitly treated drag term (1/s)
𝜌 Density (kg/m3)

Operators

𝜕 Differential operator (–)
𝛥 Difference (–)
∇ Nabla operator (–)

Scalars

𝐴 Surface Area (𝑚2)
𝑐𝑝 Specific Heat (J/kg K)
𝐶𝑑 Drag Coefficient (–)
𝑑 Particle diameter (m)
ℎ Convective heat transfer coefficient (W/(m2 K))
𝐼𝑖 Moment of inertia (kg m2)
𝑚 Mass (kg)
𝑚′ Mass source (kg/(m3 s))
𝑝 Pressure (Pa)
𝑞′ Heat source (W/m2)
𝑞′′ Heat flux (W/m2)
𝑟, 𝑅 Radius (m)
𝑅𝑒 Reynolds number (–)
𝑡 Time (s)
𝑇 Temperature (K)
𝑇𝑓𝑖𝑛𝑎𝑙 Length of simulation (s)
𝑉 Volume (m3)

Subscripts

𝑐 Cell
𝑐𝑜𝑛𝑑 Conduction
𝑑 Drag
𝑒𝑓𝑓 Effective values
𝑓 Fluid
𝑖, 𝑗 Particle
𝑛 Normal direction
𝑝, 𝑃 Particle
𝑠 Solid
𝑟𝑎𝑑 Radiation
𝑡 Tangential direction

Superscripts

𝑛 Geometry exponent
(𝑛) 𝑛th (time) step

In light of the limitations of experimental research and the dif-
iculty of performing accurate measurements, numerical simulations
re generally employed to study raceway phenomena. Numerical sim-
lations are divided into two common categories: Eulerian–Eulerian
2

nd Eulerian–Lagrangian. Mondal et al. [11] studied the influences of
(𝑛 + 1) 𝑛th (time) step +1

First order tensors (vectors)

𝐴𝑐 Acceleration on fluid cell due to explicitly treated
drag term (m/s2)

𝑔 Gravitational acceleration (m/s)
𝐹 𝑐 Contact Forces (N)
𝐹 𝑔 Gravitational Force (N)
⃗𝐹 𝑒𝑥𝑡 External Forces (N)

𝐹𝐵 Buoyancy Force (N)
𝐹𝐷 Drag Force (N)
𝑀𝑖,𝑗 Torque generated by inter-particle forces (N m)
𝑣𝑓 Fluid velocity field
�⃗�𝑖 Positional vector (m)
�⃗� Rotational velocity (rad/s)

the air blast velocity on the shape and size of the raceway zone in
a BF by using the Eulerian–Eulerian model. However, the Eulerian–
Eulerian model has no capacity of obtaining information such as par-
ticle and phase interactions, particle residence time, and particle tra-
jectory [12]. Besides the simple assumptions of inter-particle collisions
in this method make it difficult to adequately capture numerous in-
terparticle collisions near the tuyere and the quasi-static-regime in the
deadman region and the associated flow features [13]. Such difficulties
can be overcome by one of the important Eulerian–Lagrangian meth-
ods, the discrete element method (DEM) coupled with Computational
Fluid Dynamics (CFD) named CFD-DEM. In recent years, many studies
have applied CFD-DEM methods to investigate the raceway’s informa-
tion. For example, Xu et al. [14] proposed CFD-DEM methods to study
gas fluidization on fixed and fluidized beds. To comprehend raceway
formation, they illustrated that this method can capture gas–solid flow
characteristics ranging from large scale (such as processing equipment)
to little scale features (such as each particle). Feng et al. [15] developed
a 2-dimensional model to study the particle flow in the modeling of
BF, finding that both solid and gas phases flow are changed spatially
and temporally, in particular in the cohesive zone, which is affected by
the layered ore and coke particle structure. Yuu et al. [16] compared
the characteristics of the raceway such as depth and heights with
experimental data and additionally reported dynamic characteristics
such as the flow of solid particles, and the airflow around the raceway.
Hilton and Cleary [17] used a discrete approach and observed the effect
of injection velocity and bed pressure on the formation of raceway
and investigate those non-spherical particles, as opposed to spherical
particles, can form the raceways at higher gas input velocities. Wang
and Shen [18] developed a reacting model to study raceway formation
at the particle scale and discussed the impacts of several factors on race-
way combustion (such as inlet velocity, temperature, and oxygen mass
fraction). To examine raceway formation, Miao et al. [19] published
a 2D CFD-DEM model for full-scale BF conditions and showed that in
comparison to the studies in the laboratory circumstance, the raceway
parameters are substantially more complicated in full-scale BF. Cui
et al. [20] used a particle scale CFD-DEM method to study the raceway
cavity shape and its parameters such as heat source, mass source, and
chemical reactions and additionally the effect of the gas inlet velocity,
size of particles, and particle discharge rate on the raceway formation.
Dianyu et al. [21] also developed a 2D CFD-DEM model to analyze the
effect of parameters such as particle size and oxygen enrichment on
raceway formation and gasification rate. Recently, there has been an
increasing interest in operating furnaces using renewable fuels, such as
hydrogen, and many researchers have used CFD simulations to prove
their efficiency [22–24]. Though this study does not consider renewable

fuels, its findings can be applied to such endeavors.
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The present study emphasizes the superior ability of 3D models over
2D models to predict the behavior of raceways. Therefore a 3D particle-
scale CFD-DEM model of a BF raceway is developed. Using radial
discretization, heat and mass transfers within particles are solved,
therefore the internal gradients of particles are seen. The developed
model incorporates oxidation reactions within the particles and heat
and mass transfer between particles and the gas. Additionally, the
impact of parameters such as inlet velocity and particle mesh on
raceway size and temperature distribution is discussed. In Section 2
the governing equations of CFD and DEM models are presented along
with the details of coupling techniques. In Section 3 the results of
the validation of the 3D model is presented. Then, using the compar-
isons between the 2D and 3D models it is argued that the inherent
assumptions associated with 2D models make it unable to predict the
raceway dynamics with precision. In the same section the results from
the 3D model are presented and discussed. It is also shown that the
discretization of the particles in the DEM model can have significant
effect on the predicted size of the raceway and the gas temperature.

2. Model description

XDEM software [25] is used in the current work. This software uses
Eulerian-Lagrangian approach to for CFD-DEM coupling. Its multi-scale
and multi-physics framework considers particles as discrete entities
while fluid as a continuous medium.

2.1. Governing equations for discrete particles

XDEM predicts both dynamics and thermodynamics of the par-
ticulate system. The particle position, velocity and acceleration are
calculated with the dynamics module of the XDEM, where as the
temperature, and processes like combustion, gasification, drying etc are
calculated with the conversion module of the XDEM.

2.1.1. Dynamics module
The Discrete Element Method (DEM) used in the dynamics module

of XDEM is based on the soft sphere model. In this method, it is assumed
that the particles are deformable and can overlap each other, where the
magnitude of overlap is decided by the contact force using the force–
displacement law. The hardness of the particle is expressed via Young’s
Modulus, while the particle energy dissipation is described with damp-
ener and/or dashpot. The translational and rotational movements of
individual particles are tracked using the classical mechanics equations.
A detailed description of all the terms mentioned below could be found
in previous work [26]. A summary of the translational and rotational
motion equations is given below: Equations of particle motion:

𝑚𝑖
𝑑𝑣𝑖
𝑑𝑡

= 𝑚𝑖
𝑑2�⃗�𝑖

𝑑𝑡2
= 𝐹 𝑐

𝑖 + 𝐹 𝑔
𝑖 + ⃗𝐹 𝑒𝑥𝑡

𝑖 (2.1)

here ⃗𝐹 𝑒𝑥𝑡
𝑖 is the sum of all the external forces acting on the particle,

uch as buoyancy forces 𝐹𝐵 (Eq. (2.25)) and drag forces 𝐹𝐷 (Eq. (2.26)).

𝑖
𝑑𝜔𝑖
𝑑𝑡

=
𝑛
∑

𝑗=1
𝑀𝑖,𝑗 (2.2)

2.1.2. Conversion module
The particles a modeled with pores/voids. These pores are mod-

eled to have a gaseous mixture of different chemical species. Mass
conservation equation for fluid within particles pores:
𝜕
𝜕𝑡

(

𝜖𝑓 𝜌𝑓
)

+ ∇⃗ ⋅
(

𝜖𝑓 𝜌𝑓 𝑣𝑓
)

= 𝑚′
𝑠,𝑓 (2.3)

One dimensional transient energy conservation equations for particles:

𝜕𝜌𝑐𝑝𝑇 = 1 𝜕 (

𝑟𝑛𝜆𝑒𝑓𝑓
𝜕𝑇 )

− 𝑟𝑛
(

𝑣𝜌𝑓 𝑐𝑝𝑓 𝑇
)

+
𝑙

∑

�̇�𝑘𝐻𝑘 (2.4)
3

𝜕𝑡 𝑟𝑛 𝜕𝑟 𝜕𝑟 𝑘=1
The mass balance and transport equation of individual fluid species
within the particle pores:

𝜕
𝜕𝑡

(

𝜖𝑓 𝜌𝑓,𝑖
)

+ ∇ ⋅
(

𝜖𝑓 𝜌𝑓,𝑖 ⋅ 𝑣𝑓
)

= 1
𝑟𝑛

𝜕
𝜕𝑟

(

𝑟𝑛𝜖𝑓𝐷
𝜕𝜌𝑓,𝑖
𝜕𝑡

)

+ 𝑚′
𝑠,𝑓 ,𝑖 (2.5)

ollowing boundary conditions are applicable to the governing equa-
ions mentioned above:

−𝜆𝑒𝑓𝑓
𝜕𝑇
𝜕𝑟

|

|

|

|𝑟=0
= 0 (2.6)

−𝜆𝑒𝑓𝑓
𝜕𝑇
𝜕𝑟

|

|

|

|𝑟=𝑅
= 𝛼(𝑇𝑅 − 𝑇∞) + 𝑞′′𝑟𝑎𝑑 + 𝑞′′𝑐𝑜𝑛𝑑 (2.7)

−𝐷𝑖,𝑒𝑓𝑓
𝜕𝜌𝑖
𝜕𝑟

|

|

|

|𝑟=𝑅
= 𝛽𝑖

(

𝜌𝑖,𝑅 − 𝜌𝑖,∞
)

(2.8)

In Eq. (2.7), 𝑞′′𝑐𝑜𝑛𝑑 and 𝑞′′𝑟𝑎𝑑 are conduction and radiation heat source
espectively from the neighboring particles. The detailed description
f the conduction and radiation between particles is given in B. Pe-
ers [27].

In the conversion module of XDEM, a radial discretization is consid-
red to solve for heat & mass transfer within the particle. This radial
iscretization can be uniform or non-uniform, as shown in Fig. 1. In
he current work, non-uniform radial discretization is utilized. The non-
niform radial discretization allows to have smaller cell length near the
article surface that allows the model to capture the sharp temperature
nd mass flow gradients.

.2. Governing equations for fluid

In Eulerian volumetric average method, the conservation equation
f mass (Eq. (2.10)), momentum (Eq. (2.11)) and energy (Eq. (2.12))
re written over a representative volume, where porosity (𝜖 Eq. (2.9))
efers to the interstitial solid space particles. These governing equations
or fluids are given below. Detailed description of the porosity calcula-
ion can be found in [26], the porosity calculation in brief is as follows,
here 𝑉𝑐 is CFD cell volume, 𝑉𝑖 is the particle volume of 𝑖th particle in

he CFD cell and 𝜂 is weight for porosity calculation:

= 1 − 1
𝑉𝑐

𝑛
∑

𝑖
𝜂𝑖𝑉𝑖 (2.9)

Conservation of mass
𝜕
𝜕𝑡

(

𝜖𝜌𝑓
)

+ ∇ ⋅
(

𝜖𝜌𝑓 𝑣𝑓
)

= 𝑚′ (2.10)

Conservation of momentum

𝜕
𝜕𝑡

(

𝜖𝜌𝑓 𝑣𝑓
)

+∇ ⋅
(

𝜖𝜌𝑓 𝑣𝑓 𝑣𝑓
)

= −𝜖∇𝑝+ 𝜖𝜌𝑓 𝑔+ 𝜖𝜌𝑓𝐴𝑐 + 𝜖𝜇∇2𝑣𝑓 − 𝜖𝜌𝑓𝛺𝑐𝑣𝑓𝑐

(2.11)

Conservation of energy
𝜕
𝜕𝑡

(

𝜖𝜌𝑓ℎ𝑓
)

+ ∇ ⋅
(

𝜖𝜌𝑓 𝑣𝑓ℎ𝑓
)

=
𝜕𝑝
𝜕𝑡

+ 𝜖𝑣𝑓 ⋅ ∇𝑝 + 𝑞′ (2.12)

Chemical reactions are also considered in the CFD solver. In a
ultispecies gas mixture, the mass conservation equation for a species

, is given in Eq. (2.13):
𝜕
𝜕𝑡
𝜖𝜌𝑓,𝑖 + ∇ ⋅

(

𝜖𝜌𝑓,𝑖 ⋅ 𝑣𝑓
)

= 𝑚′
𝑖 (2.13)

2.3. Chemical reactions

The current study focuses on the raceway and areas immediately
next to raceway. In this region mainly gasification and combustion
reactions are observed in the particles, the (solid phase) reactions are
presented in Eqs. (2.14), (2.15), and (2.16). Considering the tempera-
tures in and near raceway, the reaction (2.14) producing CO is mainly

observed. Some small amount CO2 is produced as shown in reaction
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Fig. 1. Radial discretization for heat & mass transfer within a particle.
(2.15), but due to high temperatures (≥1073 K [28]) it quickly decom-
poses to CO as shown in gas phase reaction (2.16). The gasification
reactions are as follows:

C + 0.5O2 → CO (2.14)

C + O2 → CO2 (2.15)

C + CO2 → 2CO (Boudard’s reaction) (2.16)

As opposed to the previous reactions, reaction (2.17) is taking place
in purely gaseous state (handled by CFD solver). Due to the high
temperatures in the region of interest, it is observed that the CO2
produced from the following chemical reactions, converts back to CO
according to reaction (2.16).

CO + 0.5O2 → CO2 (2.17)

Generally reactions can be written as follows:
𝑁
∑

𝑖=1
𝜈′𝑖 𝑅𝑖 ⇌

𝑀
∑

𝑗=1
𝜈′′𝑗 𝑃𝑗 (2.18)

where 𝑁 denotes the number of reactants 𝑅𝑖, 𝑀 denotes the number of
products 𝑃𝑗 and 𝜈𝑖∕𝑗 represents the absolute values of the corresponding
stoichiometric coefficient.

�̇� = − 1
𝜈′𝑖

𝑑𝑐𝑖
𝑑𝑡

= 1
𝜈′′𝑗

𝑑𝑐𝑗
𝑑𝑡

(2.19)

The actual reaction rate �̇� may depend on species concentrations, the
available reactive surface 𝑂𝑠𝑝 and the temperature; so that in general
�̇� = 𝑓 (𝑐𝑖, 𝑐𝑗 , 𝑂𝑠𝑝, 𝑇 , …). Thus, an Arrhenius law is employed to describe
the temperature dependency of the reaction rate as

𝑘(𝑇 ) = 𝑘0 𝑒
( −𝐸𝑎

𝑅𝑇

)

(2.20)

where 𝑘(𝑇 ) represents the temperature dependent rate coefficient, 𝑘0
referred to as frequency factor and 𝐸𝑎 denotes the activation energy.

If thermodynamic equilibrium is reached, then an equilibrium con-
stant 𝐾eq,c, representing the thermodynamically equilibrium state, can
be obtained as

𝐾eq,c(𝑇 ) =
𝑘𝑓 (𝑇 )
𝑘𝑏(𝑇 )

=

∏𝑀
𝑗=1 𝑐

𝜈′′𝑗
eq,𝑃𝑗

∏𝑁
𝑖=1 𝑐

𝜈′𝑖
eq,𝑅𝑖

(2.21)

In the XDEM software, the equilibrium constant 𝐾eq,c(𝑇 ) is calcu-
lated as

𝐾eq,c(𝑇 ) = 𝑒
𝐴𝑒𝑞
𝑇 +𝐵𝑒𝑞 (2.22)

where 𝐴𝑒𝑞 and 𝐵𝑒𝑞 are constant values that may come from existing
tables or from equilibrium diagrams of phase diagrams (see Table 1).
4

Table 1
Chemical reaction rates.

Variable Reaction (2.14) Reaction (2.17)

𝐸𝑎 149,000 20,129
𝐴𝑒𝑞 0 2.24𝑒+08
𝐵𝑒𝑞 0 0
Temperature range 273 K to 1500 K 273 K to 1500 K

Fig. 2. Serial staggered coupling scheme.

2.4. CFD-DEM coupling

The CFD-DEM coupling is achieved through conventional staggered
approach. In this approach, the output from one simulation (solver) is
used as an input for the other. Considering current work, assume that
solver 𝑆1 is the CFD solver, and the solver 𝑆2 is DEM solver. The fluid
solver 𝑆1 solves the momentum, mass, reactions and energy equations
for the fluid. The fluid solver output such as the fluid velocity, temper-
ature, species mass fraction etc., are then used as boundary conditions
for the particles in DEM solver 𝑆2. The DEM solver 𝑆2 uses solution
from CFD solver, to compute various source terms by computing the
momentum and energy equations for particles. In the next time step,
these source terms are communicated to the fluid solver 𝑆1, which then
uses the solution from 𝑛th time step to get a new solution for the (𝑛+1)
time step.

𝑥(𝑛+1)2 = 𝑆(𝑛)
1

(

𝑥(𝑛)1

)

(2.23)

In Eq. (2.23), CFD solver 𝑆1 uses old time step’s boundary value (or in
case of first time step it can be the boundary conditions or an initial
guess), 𝑥(𝑛)1 to compute the values of 𝑥2 for next time step 𝑥(𝑛+1)2 . During
this time, DEM solver 𝑆2 waits for CFD solver 𝑆1 to compute solution
and exchange the updated solution 𝑥(𝑛+1)2 .

𝑥(𝑛+1)1 = 𝑆(𝑛)
2

(

𝑥(𝑛+1)2

)

(2.24)

In Eq. (2.24), the updated solution 𝑥2 is used to update the solution for
𝑥1 for the next time step. This can also be seen graphically in Fig. 2.

2.4.1. Fluid forces on particles
There are two types of fluid forces acting on the particles, namely

hydrostatic force and hydrodynamic force. The hydrostatic force is the
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buoyancy force which accounts for the pressure gradient around an
individual particle [29].

𝐹𝐵 = −𝑉𝑝𝑖∇𝑝 (2.25)

In the Eulerian–Lagrangian approach, the hydrodynamic force corre-
sponds to the fluid–particle interaction. This force depends on the
relative velocity of the solid particle and fluid along with the forces
acting due to presence of neighboring particles. The drag force acting
on the particle due the fluid for CFD-DEM approach is given as follows:

𝐹�⃗� =
𝛽𝑉𝑝

(1 − 𝜖)
(

𝑣𝑓 − 𝑣𝑝
)

(2.26)

The interphase momentum exchange 𝛽 is predicted according to Gi-
daspow [30]. Although to cover all range of void fraction (𝜖), Wen and
Yu [31] (𝜖 ≥ 0.8) and Ergun and Orning [32] (𝜖 < 0.8) equations are
included.

𝛽 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

150
(1 − 𝜖)2

𝜖
𝜇𝑓
𝑑2𝑝

+ 1.75(1 − 𝜖)
𝜌𝑓
𝑑𝑝

|𝑣𝑓 − 𝑣𝑝|, if 𝜖 < 0.8

3
2
𝐶𝑑

𝜖(1 − 𝜖)2

𝑑𝑝
𝜌𝑓 |𝑣𝑓 − 𝑣𝑝|𝜖

−2.65, if 𝜖 ≥ 0.8
(2.27)

where the drag coefficient 𝐶𝑑 is given as:

𝐶𝑑 =

⎧

⎪

⎨

⎪

⎩

24
𝑅𝑒

[

1 + 0.15(𝑅𝑒)0.687
]

, if Re < 1000

0.44, if Re ≥ 1000
(2.28)

and the Reynolds number for the particle is given as:

𝑅𝑒 =
𝜖𝜌𝑓 |𝑣𝑓 − 𝑣𝑝|𝑑𝑝

𝜇𝑓
(2.29)

2.4.2. Particle momentum source terms
In the fluid, the drag exerted by the solid particles is treated in semi-

implicit way according to the method proposed by Xiao and Sun [33].
The explicit momentum source term 𝐴𝑐 and implicit momentum source
term 𝛺𝑐 are as given in Eq. (2.30)

𝐴𝑐 =
1

𝜌𝑓𝑉𝑐
̃∑

𝑖
𝐵𝑖𝑢𝑝𝑖, 𝛺𝑐 =

1
𝜌𝑓𝑉𝑐

𝑐𝑛
∑

𝑖=1
𝐵𝑖 (2.30)

2.4.3. Particle heat and mass source terms
Fluid flow conditions such as fluid temperature, specific heat, ther-

mal conductivity, species mass fractions are exchanged from CFD to
DEM. These are used as boundary conditions for solving energy bal-
ance, mass balance and reaction equations for particles.

Based on the energy balance equations, heat loss/gain due convec-
tion or due to change in composition of particles is computed. This is
used as the (explicit) heat source in fluid energy equation. Similarly,
mass source and species mass fraction source are computed.

𝑞′𝑖 = ℎ𝑖𝐴𝑖(𝑇𝑝𝑖 − 𝑇𝑓 ) (2.31)

where ℎ𝑖 is the heat transfer coefficient for a given particle 𝑖, which is
function of 𝑅𝑒, 𝑃𝑟, 𝜆𝑓 , 𝑑𝑝 and cell porosity.

As there are different phenomenon driving mass transfer, such as
vaporation, mass flux due to the gradient of species concentration,
pecies production due to chemical reactions, a generalized way to
epresent individual species mass source is as follows:
′
𝑠,𝑓 ,𝑖 = (Area of Mass Transfer) × (Mass Transfer Coefficient)

× (Driving Force)
(2.32)

he total mass transfer is summation of all the species mass transfer
erms.
′ =

∑

𝑚′
𝑠,𝑓 ,𝑖 (2.33)
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Table 2
Simulation conditions for CFD.

Variable Value

2D grid 20 × 50
1000 Hex elements

3D grid 20 × 20 × 50
20,000 Hex elements

Inlet species mass fraction
CO 0.00 [–]
CO2 0.00 [–]
N2 0.79 [–]
O2 0.21 [–]

Species mass fraction inside simulation domain
CO 0.0 [–]
CO2 0.0 [–]
N2 0.79 [–]
O2 0.21 [–]

Time step length 0.005 s
Simulated time 20.0 s

Temperature
Inlet 1500 K
Internal domain 1500 K

Turbulence model 𝑘 − 𝜖 Reynold’s
Averaged Simulation (RAS)

2.5. Computational procedure

A schematic for the CFD-DEM coupling is shown in Fig. 3. For
the, XDEM and OpenFOAM libraries are linked together as a single
executable. The simulations starts after running the executable. In the
first step, DEM is initialized, where all the particles, walls, domain and
XDEM mesh are created. After creating the mentioned assets, initial
boundary conditions for the particles are applied. An initial porosity
(𝜖) field is computed. Next CFD is initialized, where geometry and mesh
is generated, boundary conditions on the fluid domain are applied, as
well as porosity is made available to CFD solver, so that CFD solver
takes into account the presence of particles from the first time step
itself. But, these particles do not contribute to any heat or mass source
terms of the fluid governing equations at the first time step. After all
the required initializations, the time loop starts. The fluid governing
equations are solved by the CFD solver developed with the assistance of
OpenFOAM. The data transfer between DEM and CFD is done via direct
read/write in memory. All the data is stored on the OpenFOAM mesh.
After exchanging the data from CFD to DEM, the CFD data is used as
boundary conditions for the particles. XDEM then solves the governing
equations for the particles, and writes output fields such as porosity,
momentum, heat, mass and species mass fraction source. After writing
the data, the time loop proceeds to next time step (𝑇 +𝑑𝑇 ). In this time
step, the data written by XDEM i.e various source terms, are injected
in fluid governing equations. In this way the simulation continues until
the specified end time 𝑇𝑓𝑖𝑛𝑎𝑙.

2.6. Simulation setup

For the simulations presented, the region of interest is only the
raceway, and not the whole BF. The raceway is modeled as a 3D box
of dimension 0.6 m × 0.6 m × 1.5 m. For the 2D case the cross-section
dimensions remain the same (0.6 m × 1.5 m) (see Fig. 4).

The boundary conditions for the CFD and DEM are described in
the Tables 2 and 3 respectively. It is assumed that the particles are
preheated to 1300 K and the inlet air enters at a temperature of 1500 K.
Since the primary purpose of this research is to demonstrate the effects
of 3D simulations and particle discretization, the particles are spherical

and of the same size to eliminate particle shape and size effects.
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Fig. 3. Flow chart of coupled OpenFOAM-XDEM solver showing calculation steps and
exchange of data.

Fig. 4. Simulation geometry and boundaries.
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Table 3
Simulation conditions for DEM.

Variable Value

Particle shape Spherical
Particle diameter 0.01 m
Particle density 1111.1 kg/m3

Particle initial temperature 1300 K

Particle composition
Char (Solid) 0.97 [–]
Light Ash (Solid) 0.03 [–]
Number of particles 10,000
Particle radial discretization 5 uniform cells
Time step length 0.005 s
Simulated time 20.0 s

Mechanical properties
Contact model Hertz Mindlin
Spring constant 100.0 kN/m
Viscous contact damping 2 420 000.0 N s/m
Friction coefficient 0.8 [–]
Poisson’s ratio 0.45 [–]
Young’s modulus 500 000.0 Pa/MPa

Thermal properties
Thermal conductivity 0.47 W/m K
Specific heat 1500 J/kg K
Molar mass 30 [–]

3. Results and discussion

3.1. Model validation

As it was explained in Section 2, the CFD-DEM model used in this
study is developed by coupling a CFD model in OpenFOAM and a
particle system model in XDEM. The validations of the coupling have
been presented in previous studies [25,34]. For verifying the particle-
scale reaction models and gas–solid reactive interactions, the resulting
gas composition from the 3D model is validated against an experimental
hot model [35].

Fig. 5 shows the comparison of the simulation results for oxygen, ni-
trogen, and carbon monoxide against the experimental measurements.
The results show that the model can predict the trend in coke com-
bustion (oxygen consumption and carbon monoxide production) to an
acceptable degree. However, there is a deviation between the predicted
and measured values for oxygen and carbon monoxide which suggests
and underestimated reaction rate for the coke combustion. The same
level of deviation was also observed in previous studies [21,35]. This
deviation is rendered as acceptable considering the harsh measurement
conditions inside the furnace and thus the uncertainty associated with
the measurements.

3.2. Comparison of 2D and 3D simulations of raceway

First, we propose to study the differences between 2D and 3D
simulations of the raceway. The 2D model is presented in a previous
work [34]. As mentioned before, there have already been a lot of efforts
in developing 2D models of the raceway and the BF. Simulations in
2D have the advantage of lower computational cost, but they come
at the expense of numerical accuracy. Undoubtedly there should be
a reasonable trade-off between the advantages and disadvantages. In
the present work, 2D and 3D simulations are compared and the results
reveal a significant discrepancy in raceway behavior. In order to make a
valid comparison, the 2D and 3D cases were similar in size and mesh in
the 𝑥 and z direction. There are also similar initial conditions, including
packed bed height and particle size.

Fig. 6 shows the comparison of the raceway cavity in 2D and
3D simulations of the dynamics of a BF raceway. It can be observed
that in 2D, the raceway cavity has larger dimensions compared to the
3D results. The height and width of the raceway in the 2D case are
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Fig. 5. Comparison of the measured and predicted gas compositions along the central
axis of the tuyere.

Fig. 6. The 2D and 3D dynamics simulation of a blast furnace raceway at three different
time steps. The 3D results are slices from the 3D packed bed cut between two XZ planes
on the two sides of the inlet.

respectively 100 cm and 38 cm, while in 3D they are respectively 30
cm and 12 cm. This notable discrepancy between the 2D and the 3D
simulations can be explained by the fact that in 3D, the momentum
of the inlet flow is partly consumed to expand the raceway in the
third direction, depth (which reaches up to 24 cm). Whereas in 2D
simulation the momentum of the inlet air is wholly saved to expanding
the raceway height and width, thus resulting in an unjustifiably large
raceway. The result is that in the 2D simulation, the packed bed is
expanded to fill the whole available domain whereas in reality the top
of the packed bed is just raised a fraction of the packed bed height.
This behavior can be observed in the previous study as well [21].
This phenomenon can be confronted by defining different initial or
boundary conditions to constrain the packed bed height or fill the
7

whole domain from the beginning but nevertheless, it would not change
the fact that the dynamics of the packed bed and the raceway are
misrepresented.

Moreover, the implicit assumption made for the 2D model by itself
leads to a significant gap between the model and actual physics. The
2D simulation of the raceway assumes a symmetrical placement of
the raceway in the BF. For 2D simulation to represent the real BF
raceway, either the BF should be a thin slice with two raceways on
the opposite sides, which is naturally far from the reality, where we
have a cylindrical furnace with multiple injection inlets located on the
periphery; or, the inlet of the raceway should be an open slit covering
the periphery which would lead to a torus raceway in the whole
furnace. None of these two cases mimic the actual physical geometry to
a good approximation. Due to such observations, the previous studies
have noted [13] that there should be special boundary conditions
defined on the domain for the 2D or quasi-3D model to represent the
physics better.

However, in a 3D simulation, the actual physics of the problem
is represented more accurately. As is presented in the following sec-
tions, the raceway enlargement is more confined and the packed bed
movement is very limited compared to a 2D simulation. Therefore, the
significant difference between the two cases led to the conclusion that
3D simulations, despite their computational costs, provide a much more
reliable insight into the physics of the raceway. Additionally, with the
increasing trend in computational power and thanks to parallelization,
3D simulations are becoming more affordable.

3.3. Typical transport phenomena of the raceway

Fig. 7 provides a series of snapshots from the 3D simulation of a
raceway section in an operating BF. The pictures depict the raceway
formation as a hot air blast is injected horizontally into the furnace via
the tuyeres. Following the blast, the raceway forms in the early time
steps. It first penetrates the packed bed to the maximum possible depth
in a horizontal direction which is approximately 24 cm, then adopts
an upward anti-clockwise direction to develop further in height and
eventually reach a maximum height of 33 cm from the bottom of the
furnace. As can be seen in the figures, by the time of 20 s the raceway
has already adopted a respectively steady shape and dimensions. Fig. 8
shows the penetration profiles of the raceway through time in X-
direction (depth), Z-direction (height) and Y-direction (width). This
plot supports the observations in Fig. 7, by showing that the raceway
dimensions achieve stability in all directions by 20 s, despite abrupt
fluctuations in the beginning. However, the width of the raceway shows
less stability because it is comparatively confined by the walls.

As a more clear depiction of the 3D case, Fig. 9 shows the location of
the raceway and the gas flow streamlines that start from the inlet and
spread all through the raceway. As can be seen in the figure, the gas
flow has a high velocity inside the raceway (more than 50 m∕s) and as
it penetrates into the packed bed, loses its momentum and its velocity
decreases drastically.

3.4. Heat and mass distribution in the packed bed

Fig. 10 demonstrates the particles and their respective temperature
at three different time steps on horizontal and vertical slices. These
horizontal and vertical slices are cut between two XY and XZ planes
respectively located at Z = 0.15 cm, Z = 0.21 cm, and Y = 0.27 cm,
Y = 0.33 cm. As can be seen in the XZ slices (subfigures a–c), the
packed bed has increased in height because of the minor fluidization
caused by the flow inside the raceway. The packed bed’s top surface
shows a downward slope from right to left, representing a general
anti-clockwise flow flowing through the packed bed.

The particles preheated to an initial temperature of 1300 K. Fig. 10
shows that as the raceway forms, the temperature of particles around
the ring-type zone rises. The ring-type zone is the boundary of the
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Fig. 7. Topological evolution of the raceway cavity at different time steps in the 3D simulation of a BF raceway with a blast velocity of 200 m/s.
Fig. 8. Temporal variation in depth (starting from tuyere tip in the direction of
inlet flow, i.e. inlet central line), height (starting from the bottom of the furnace
in the positive 𝑧-direction) and width (starting from inlet center line in the positive
𝑦-direction) of the raceway cavity calculated based on the porosity isoline of 0.7.

raceway and the location where the incoming air meets the coke
particles. The oxygen concentration in this zone is high, causing a high
rate of the exothermic oxidation reaction with coke. Heat is produced at
a faster rate when the reaction rate is higher, therefore the temperature
is raised faster in the areas close to the ring-type zone.

The distribution of O2 and CO at t = 0.1 s, t = 1 s and t = 20 s can
be seen in Fig. 11. In the initial time step (t = 0 s) the mass fraction of
both O2 and CO is zero and only Nitrogen (N2) is present(which is not
shown here for the sake of brevity). As the simulation process starts, O2
is blasted into the furnace and CO is produced. It can be observed that
the raceway region is the source of O2 and distributes it around the
packed bed. This explains the correspondence of the O2 distribution
with the raceway shape. However this correspondence is very rough
because some O2 distributes into the packed bed via diffusion and
convection and therefore go beyond the raceway perimeter. The O2
concentration is maximum in the raceway and zero beyond the ring-
type zone because the coke particles in the zone consume the O2 and
produce CO. Consequently, due to the outward flow direction around
8

Fig. 9. Streamlines of the flow passing through raceway for the 3D case with an
inlet velocity of 200 m∕s. The streamlines are colored by the flow velocity. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the raceway, CO transports away from the raceway. As a result, CO
concentrations inside the raceway are lower than outside.

3.5. Influence of blast flow rate

Inlet velocity is a physical parameter that can be manipulated to
achieve the desired outcome in the raceway. It directly affects the size
of the raceway and thus the distribution of temperature and gas species.
In this study, three test cases with inlet velocities of 180 m∕s, 200 m∕s,
and 220 m∕s are used to examine the effects of inlet velocity on raceway
transport phenomena.

In all the cases, the initial inlet velocity is 10 m∕s and it increases
linearly with time, up to the desired inlet velocity (180, 200, or 220 m∕s)
at t = 0.5 s. This gradual velocity increase was done both for the sake
of stability and imitating the actual process. As can be seen in Fig. 12,
increasing the inlet velocity results in a larger raceway, thus pushing
the ring-type zone outward. As the raceway approaches proximate
stability, the volumes of the raceway cavity for 180 m∕s, 200 m∕s, and
220 m∕s are respectively 4.24, 4.72 and 6.56 cubic decimeters. These



Fuel 334 (2023) 126574

9

N. Aminnia et al.

Fig. 10. Spatial distributions of coke particles in the raceway packed bed at different time steps in a horizontal slice cut from the 3D packed bad, between two XY planes on
the opposite sides of the inlet (a,b,c) and a vertical cut between two XZ planes on the opposite sides of the inlet (d,e,f). Particles are colored by the surface temperature of the
particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. O2 and CO mass fraction distribution in the gas (CFD) at different time steps of the 3D simulation on an XZ slice located on Y = 0.3 m which passes the inlet.
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Fig. 12. Comparison of raceway profile, temperature, CO concentration and O2 concentration along the horizontal line from the tuyere tip for three different velocities 180 m∕s
(black), 200 m∕s (red) and 220 m∕s (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
values are calculated based on considering the raceway as the region
with a porosity equal to or larger than 0.7.

Fig. 12b shows the variation of temperature along the horizontal
line starting from the tuyere tip. In all three cases, somewhere in
the middle of the horizontal line, there is a temperature peak. The
high combustion rate of the particles and the resulting heat causes
the temperature to rise. Based on the raceway profiles in Fig. 12a
these peaks occur in the ring-type zone which is located just outside
the raceway perimeter. The same behavior can be observed in O2 and
CO concentration profiles in Fig. 12. As is expected, at the ring-type
zone (for instance, between 0.2 m–0.4 m for 180 m∕s case), there is a
rapid consumption of oxygen, concurrent with the formation of carbon
monoxide, which reaches its maximum concentration at the end of
the probe line. This consistency of the temperature and concentration
profiles with the raceway profile can be observed for all three inlet
velocities. However, as the blast inlet velocity is increased, the ring-
type zone is pushed further outward therefore the temperature peak
and correspondingly the concentration profiles’ inclination, occur at a
further distance from the tuyere tip.

3.6. Heat and mass distribution within the particles

As described in Section 2.1.2, the DEM model used in this study con-
siders discretized particles. Therefore the heat and mass distributions
inside the particles are considered, featuring the internal gradients of
temperature and species concentration within the particles.

Fig. 13 compares the results between a case with 1-cell particles and
a case with 5-cell particles to demonstrate the significance of particle
discretization. The primary difference between a 1-cell and a 5-cell
particle is that in the 5-cell case there is a gradient of species and
temperature within the particle. Coke combustion is driven by oxygen
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which diffuses into the particle from the ambient gas. Therefore the
oxygen concentration has a profile within the particle, decreasing from
the surface to the center. The available oxygen concentration deter-
mines the rate of coke combustion. Therefore the combustion reaction
rate will have a negative gradient from the surface to the center,
resulting in more heat generation (due to the exothermic reaction of
coke combustion) in the cells near to the surface. Since the particle
surface temperature is higher in the 5-cell case, there is a stronger
heat convection with the surrounding ambient gas and the gas is thus
hotter. This anticipation is clearly demonstrated by Fig. 13(b). The case
with 5-cell particles shows a higher gas temperature peak in the ring-
type zone. This higher gas temperature creates a higher pressure inside
the raceway which pushes the raceway ceiling upward (as there is
less resistance to vertical expansion compared to horizontal expansion
which is limited by the right wall). This explains the larger raceway
cavity for 5-cell particles as illustrated in Fig. 13(a).

However, it is important to note that although in the 5-cell case
there is a gradient in reaction rate through the cell, the average reaction
rate, or in other words the coke and oxygen consumption is almost the
same in the two cases. Figs. 13(c) and (d) show respectively CO and
O2 concentration along the horizontal line from the tuyere tip. It can
be observed that there is almost no difference between the two cases
in O2 consumption and CO production.

The aforementioned gradient of temperature can be significant in
some particles that are subject to higher O2 concentration. Fig. 14
shows the temperature distribution over the particle radius for two
different particles located at different points in the packed bed. Both
of these two cases include particles with 20 cells so that this gradient
is expressed more clearly. One is inside the ring-type zone, undergoing
higher reaction rates and higher temperatures. The other particle,
particularly in the second half of simulation, experiences lower tem-
peratures, suggesting that it evaded being trapped in the ring-type zone
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Fig. 13. Comparison of raceway profile, gas temperature, gas CO concentration and gas O2 concentration along the horizontal line from the tuyere tip for two cases: particles with
one internal cell and thus no discretization (Orange) and particles with 5 cells (Red). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 14. Temporal and spatial distribution of temperature in two coke particles: (a) one, positioned inside the ring-type zone and (b) the other, further away from the ring-type
zone.
and maintained a position where heat loss and heat gain by the particle
are in equilibrium.

The figures demonstrate the particle discretization which is non-
uniform as it was explained in Section 2.1.2. The cell adjacent to the
particle surface adopts a minimum size and towards the center of the
particle the cell size increases according to a geometric progression.
It can be observed that in both cases there is a high gradient of
temperature near the surface and this gradient increases over time,
because of the low conductivity of coke. This sharp gradient would not
be captured in a particle with no discretization [18,20]. Therefore such
models in which the whole particle is considered as a single element
with a uniform temperature all over it, incorporate a rough temperature
11
in the Arrhenius model and thus underestimate the reaction rates at
the surface of the particle. As demonstrated in previous sections, in
an application such as a BF where there is a complex interdependency
between the heat transfer, reactions and the dynamics of the system,
such gaps in the model will introduce noticeable and unacceptable
errors.

4. Conclusion

A CFD-DEM model was developed to analyze the raceway transport
phenomena in an iron-making blast furnace. The study proposed the
significance of simulating the raceway in 3D. Based on the provided
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results, it was argued that the 2D model, due to the implicit assumptions
ssociated with it, overestimates the raceway size. Therefore the 3D
odel was used to simulate the raceway and analyze the dynamical

volution of the raceway, combustion of the coke particles, and heat
nd species distribution in the gas flow.

It was shown that the coke combustion rate is the highest in the
eriphery of the raceway, known as the ring-type zone. Therefore
lmost all of the incoming oxygen is consumed near the ring-type zone
nd the particles in this region experience the highest temperatures.
he discretization of the particles made it possible to analyze the heat
istribution within the particles. It was shown that for the particles
xposed to high oxygen concentration and high combustion rate, the
urface of the particle is subjected to a relatively high temperature
radient. Therefore, in a blast furnace where thermal conductivity of
oke particles is low but temperature levels are high, using a DEM
odel with discretized particles is an effective strategy for preventing

he underestimation of particle temperatures.
The influence of the gas inlet velocity was also investigated. It

as shown that higher inlet velocity results in larger raceway cavities
nd more penetration into the path of the packed bed. However, the
emperature ranges of the raceway and reaction rates do not follow

clear correlation with the inlet blast flow rate. These findings of-
er insight into the complex correlations between the dynamics and
hermodynamics of the raceway.
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