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Induration Behavior of Iron Ore Pellets in A Pilot-Scale Packed Bed Furnace: A 
Computational Fluid Dynamics Approach

ABSTRACT

Iron ore pellets have emerged as the dominant burden material in modern ironmaking due to 
their uniform quality, superior mechanical strength, and enhanced transportability. The induration 
process, consisting of drying, preheating, firing, and cooling stages, is critical to achieving these 
desirable properties, with the firing stage being particularly important for pellet recrystallization 
and sintering. Among the key reactions, magnetite oxidation not only strengthens internal bonding 
by producing hematite but also contributes to the furnace's thermal balance. Ensuring complete 
conversion is essential to minimize residual FeO, which directly affects pellet reducibility and 
cold crushing strength (CCS). Pilot-scale packed-bed tests are commonly employed to simulate 
industrial firing conditions. However, these experiments can show high variability due to radial 
non-uniformity in voidage and gas flow. In the present study, experimental data revealed that, at 
corresponding heights, wall-adjacent pellets reached temperatures on average 60 °C higher than 
pellets in the center during the firing stage, with differences persisting for up to 23 minutes. This 
thermal disparity led to a higher conversion fraction near the walls by approximately 3–6 %, as 
determined by residual FeO measurements. Moreover, CCS tests on 35 carefully selected pellets 
indicated that lateral pellets exhibited strengths between 14 and 56 kg/pellet, higher than those of 
their central counterparts, depending on bed height. Such discrepancies are often overlooked in 
one-dimensional models, which assume uniform voidage and flow. In contrast, two-dimensional 
axisymmetric CFD modeling offers a more accurate representation by incorporating radial 
variations in voidage and accounting for magnetite oxidation reaction kinetics. In this study, the 
developed CFD model accurately reproduced the measured temperature profiles and conversion 
fractions, with a maximum deviation of less than 5 % from the pilot‑scale experimental data. These 
findings underscore the importance of wall effects in small-to-medium induration setups, where 
the affected zone can account for a substantial portion of the bed volume. The distinct thermal 
histories of pellets in lateral versus central positions can mislead average property assessments 
if inappropriate sampling is employed. Therefore, integrating quantitative understanding of 
radial gradients into both modeling and operational practice is essential for accurate process 
optimization, scale-up, and quality control in iron ore pellet production.
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1. Introduction

Iron ore pellets have become the dominant feedstock 
in ironmaking due to their numerous advantages. These 
engineered marvels boast consistent properties, improved 
transportability, and superior mechanical strength, 
leading to increased production rates and efficiency [1]. 
Their creation involves a heat-hardening process known 
as induration, consisting of four key stages: drying, 
preheating, firing, and cooling. The firing stage plays a 
critical role, as it involves recrystallization and sintering 
that significantly enhance pellet strength.

A crucial reaction during induration is the oxidation 
of magnetite. This reaction not only contributes to the 
overall energy balance in the pelletizing plant but also 
leads to stronger bonding within the pellets, reducing 
dust generation during transport [2, 3]. Furthermore, 
ensuring complete conversion of magnetite to hematite is 
essential for proper firing and minimizing retained FeO. 
The final compressive strength and reducibility of the 
pellets are heavily influenced by the degree of magnetite 
oxidation [4].

Although pilot‑scale packed‑bed tests are widely 
used to predict industrial firing conditions, they often 
exhibit significant inconsistencies. The measured 
mechanochemical properties—particularly cold 
compressive strength and retained FeO—show large 
standard deviations at specific bed heights. This scattering 
is likely due to the non-uniform radial distribution of 
pellets within the pilot bed, leading to variations in their 
thermo-chemical history [5]. Simulating the evolution of 
pellet temperature and oxidation degree in both vertical 
and radial directions can offer valuable insights for 
addressing these inconsistencies.

Classic one-dimensional heterogeneous reactor 
models have been developed to simulate induration 
furnaces. However, these models are not accurate for 
packed beds due to the significant influence of wall 
effects [6, 7]. These effects lead to variations in bed 
voidage, which, in turn, influence critical parameters 
such as temperature and conversion fraction [6, 8, 9]. 

Researchers have explored incorporating radial 
velocity profiles into the models to address the 
limitations of 1D models [10, 11]. While this approach 
doesn't perfectly capture the actual velocity distribution, 
it leads to improved agreement with experimental 
results. CFD has been successfully applied to model 
heat transfer in packed beds involving phase‑change 
materials and catalytic reactions [12, 13]. Notably, Nouri 
used a 2D model to compare temperature distributions 
in a blast furnace shaft under different burden modes 
[14]. At the same time, Pahlevaninezhad employed a 2D 
axisymmetric model to study the influence of operational 
parameters on the sintering process [15].

Understanding the underlying science behind iron ore 
pelletization is paramount in metallurgical engineering. 

The oxidation of magnetite concentrates, a critical stage 
during induration, significantly influences final pellet 
properties. The associated exothermic nature necessitates 
meticulous temperature control to prevent hematite 
dissociation, a detrimental reaction that weakens pellet 
integrity and disrupts reduction efficiency [16, 17, 18]. 
Kinetic studies employing advanced mathematical 
models play a crucial role in elucidating these reaction 
pathways and establishing optimal process parameters 
[19, 20, 21, 22, 23].

Process optimization in iron ore pelletization requires 
a delicate balance among multiple interacting parameters. 
The firing temperature, a critical factor governing pellet 
strength, must be precisely controlled to prevent excessive 
hematite dissociation and the associated deterioration 
of pellet integrity. Particle size distribution also plays a 
vital role, with an optimized range influencing packing 
density within the reduction reactor and subsequent gas 
flow characteristics [24, 25]. Computational tools such 
as CFD‑DEM simulations provide valuable insights into 
these complex interactions, enabling metallurgists to 
optimize process parameters and enhance pellet quality 
and subsequent reduction efficiency [ 26, 27, 28, 29].

The industrial landscape of iron ore pelletization 
underscores the critical role of pellet production in 
modern ironmaking. Mathematical models can be 
harnessed to optimize the operation of pellet induration 
furnaces, ensuring consistent production of high-quality 
pellets with optimal reducibility characteristics [30]. 
Preheating processes can further enhance reduction 
efficiency by removing moisture and preheating the 
pellets before entering the reduction [31].

The future of iron ore pelletization is brimming 
with exciting possibilities. High-temperature reduction 
processes offer a glimpse of a more sustainable future, 
potentially enabling the production of high-quality iron 
feedstock with a minimal environmental footprint [19]. 
Additionally, advancements in particle size distribution 
optimization can unlock the full potential of various iron 
ore concentrates, thereby promoting resource utilization 
efficiency [25].

While simulations of the pellet induration process in 
pilot‑scale plants have shown considerable promise [32], 
continued research is required to achieve comprehensive 
process optimization. This research proposes a novel 
approach for evaluating iron ore pellet induration in a 
pilot‑scale furnace equipped with Outotec induration 
technology at Golgohar Mining & Industrial Co. The core 
innovation is the use of Computational Fluid Dynamics 
(CFD) modeling, which overcomes the inherent 
limitations of conventional one‑dimensional models. 
This CFD model incorporates two critical aspects often 
neglected in prior studies: voidage variation and reaction 
kinetics. The voidage variation equation captures the 
non‑uniform packing density of pellets within the 
furnace, a phenomenon that significantly influences heat 
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transfer and reaction kinetics [6, 7, 8, 9]. Traditional 
models assume uniform voidage, leading to inaccuracies. 
The model also incorporates the kinetics of magnetite 
oxidation reaction, a fundamental step in induration that 
governs the final pellet properties [2, 3, 4]. This inclusion 
enables the prediction of temperature profiles and the 
degree of magnetite conversion within the pellets. The 
CFD model's capability to resolve three-dimensional flow 
fields within the furnace geometry yields a more accurate 
representation of gas flow patterns than conventional one-
dimensional models [6, 8, 9]. A precise understanding of 
the flow field is essential for predicting how heat transfer 
and chemical reactions interact within the packed 
bed of pellets. The predicted temperature profiles and 
final conversion fractions from the CFD model will be 
validated against actual data from the Outotec induration 
furnace. This validation ensures the model's accuracy and 
ability to represent the complex interplay of heat transfer, 
chemical reactions, and gas flow within the furnace.

This innovative CFD approach offers significant 
advantages for the field of iron ore pelletization. By 
incorporating voidage variations, reaction kinetics, 
and 3D flow fields, the model provides a more holistic 
picture of the induration process. This comprehensive 
understanding can be harnessed for various metallurgical 
engineering applications, including process optimization, 
scale-up considerations for industrial furnaces, and 
potentially reduced pilot testing requirements. This 
research signifies a significant advancement in iron 
ore pelletization modeling and paves the way for more 
efficient, optimized, and sustainable pellet production.

2. Governing Equations and Numerical 
Procedure
2.1. Conservation Equations

The governing equations for the gas phase are based 
on mass and momentum balances, including the effect 
of local voidage (ε(r)). These equations are expressed as 
follows:

Eq.(1)

1 
 

∂𝜀𝜀(𝑟𝑟)𝜌𝜌𝑔𝑔
∂𝑡𝑡 + ∇ ⋅ (𝜌𝜌𝑔𝑔𝐮𝐮) = 𝑅̇𝑅𝑖𝑖 & 2 2,i O CO=   

 Eq.(2)

1 
 

∂𝜌𝜌𝑔𝑔𝐮𝐮
∂𝑡𝑡 + ∇ ⋅ (𝜌𝜌𝑔𝑔𝐮𝐮𝐮𝐮) + ∇𝑃𝑃 − ∇ ⋅ (𝜇𝜇∇𝐮𝐮) = 𝑆𝑆𝑚𝑚  

 Where ε(r) is the local bed voidage (–), ρg is the 
gas density (kg·m⁻³), u is the superficial gas velocity 
vector (m·s⁻¹), Ṙ  is the source/sink term for species 
i (kg·m⁻³·s⁻¹), P is the gas pressure (Pa), μ is the gas 
viscosity (Pa·s), and Sm is the mass source term due to 
chemical reactions (kg·m⁻³·s⁻¹). The source term on 
the right-hand side of Eq.(1) is related to the gaseous 

phase production or consumption during the magnetite 
oxidation/decomposition reactions.

In Eq.(2), Sm can be modeled by the Ergun equation:

Eq.(3)

1 
 

𝑆𝑆𝑚𝑚 = 150𝜇𝜇(1−𝜀𝜀(𝑟𝑟))2𝐮𝐮
𝑑𝑑𝑝𝑝2𝜀𝜀(𝑟𝑟)3 + 1.75𝜌𝜌𝑔𝑔(1−𝜀𝜀(𝑟𝑟))|𝐮𝐮|𝐮𝐮

𝑑𝑑𝑝𝑝𝜀𝜀(𝑟𝑟)3   

 
Where dp is the pellet diameter (m). The realizable k-ε 

model was used to account for turbulence, as it has been 
successfully validated in similar reactors [33]. Since 
the thermal condition is non-equilibrium, two energy 
equations are considered for the solid and gas phases:

Eq.(4)
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Eq.(5)

1 
 

  

𝜀𝜀(𝑟𝑟)(𝜌𝜌𝑔𝑔𝑐𝑐𝑃𝑃, 𝑔𝑔)
∂𝑇𝑇𝑔𝑔
∂𝑡𝑡 + (𝜌𝜌𝑔𝑔𝑐𝑐𝑃𝑃𝑃𝑃)𝐮𝐮 ⋅ ∇𝑇𝑇𝑔𝑔 = 𝜀𝜀(𝑟𝑟)∇(𝜆𝜆𝑔𝑔,𝑒𝑒𝑒𝑒𝑒𝑒∇𝑇𝑇𝑔𝑔) + 𝐴𝐴ℎ𝑐𝑐(𝑇𝑇𝑝𝑝 −𝑇𝑇𝑔𝑔)  

 

1 
 

  

𝜀𝜀(𝑟𝑟)(𝜌𝜌𝑔𝑔𝑐𝑐𝑃𝑃, 𝑔𝑔)
∂𝑇𝑇𝑔𝑔
∂𝑡𝑡 + (𝜌𝜌𝑔𝑔𝑐𝑐𝑃𝑃𝑃𝑃)𝐮𝐮 ⋅ ∇𝑇𝑇𝑔𝑔 = 𝜀𝜀(𝑟𝑟)∇(𝜆𝜆𝑔𝑔,𝑒𝑒𝑒𝑒𝑒𝑒∇𝑇𝑇𝑔𝑔) + 𝐴𝐴ℎ𝑐𝑐(𝑇𝑇𝑝𝑝 −𝑇𝑇𝑔𝑔)  

 
Where ρP is the pellet density (kg·m⁻³), cP is the pellet 

heat capacity (J·kg⁻¹·K⁻¹), TP is the pellet temperature 
(K), Hi is the heat of reaction (J·mol⁻¹), h* includes 
both convective and radiative heat transfer coefficients 
(W·m⁻²·K⁻¹), Tg is the gas temperature (K), ρg is the gas 
density (kg·m⁻³), cp,g is the gas specific heat capacity 
(J·kg⁻¹·K⁻¹), and hc is the overall heat transfer coefficient 
(W·m⁻²·K⁻¹). The following expression gives the specific 
surface area:

1 
 

  

𝐴𝐴 = 6(1−𝜀𝜀(𝑟𝑟))
𝑑𝑑𝑃𝑃

  

 

                                             Eq.(6)
      
A widely adopted approach for treating radiant heat 

transfer is to account for it in the convective heat transfer 
formulation [34]. Accordingly, the following empirical 
relation is used to determine the convective heat transfer 
coefficient, hc:

1 
 

  

𝑁𝑁𝑁𝑁 = 2.0 + 0.39𝑅𝑅𝑒𝑒𝑝𝑝1/2𝑃𝑃𝑟𝑟1/3  

 

           Eq.(7)

Additionally, the correlation proposed by Schotte 
[35] is used to determine the radiative heat transfer 
coefficient, hrad:

1 
 

  

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = 0.692 𝑒𝑒𝑒𝑒𝑒𝑒( 𝑇𝑇3
108)  

 

                    Eq.(8)

The conservation equation for the gaseous species in 
the bed is expressed as:
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normalized wall distance:

Eq.(14)
 

𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟) = �2.14𝑧𝑧𝑧𝑧2 − 2.53𝑧𝑧𝑧𝑧 + 1,   𝑧𝑧𝑧𝑧 ≤0.637
𝜀𝜀𝜀𝜀0 + 0.29 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 0.6𝑧𝑧𝑧𝑧) ⋅ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐( 2.3𝜋𝜋𝜋𝜋(𝑧𝑧𝑧𝑧 − 10.16))] + 0.15 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 0.9 𝑧𝑧𝑧𝑧) ,   𝑧𝑧𝑧𝑧 > 0.637 

 

𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟) = �2.14𝑧𝑧𝑧𝑧2 − 2.53𝑧𝑧𝑧𝑧 + 1,   𝑧𝑧𝑧𝑧 ≤0.637
𝜀𝜀𝜀𝜀0 + 0.29 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 0.6𝑧𝑧𝑧𝑧) ⋅ [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐( 2.3𝜋𝜋𝜋𝜋(𝑧𝑧𝑧𝑧 − 10.16))] + 0.15 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 0.9 𝑧𝑧𝑧𝑧) ,   𝑧𝑧𝑧𝑧 > 0.637 

1 
 

  

𝜀𝜀0 = 0.379 + 0.078
(𝑑𝑑𝑏𝑏𝑑𝑑𝑝𝑝−1.8)

                              Eq.(15)

where 𝑧𝑧 =  (𝑟𝑟𝑏𝑏 −  𝑟𝑟)/𝑑𝑑𝑝𝑝 and ε0 are respectively the 
normalized distance from the wall and the bed voidage 
far away from the wall.

2.4. Numerical Procedure

The solution process employed the finite-volume 
method in the OpenFOAM code. A two-dimensional 
axisymmetric mesh was used. The discretized equations 
were solved using the geometric algebraic multigrid 
(GAMG) method with a Gauss-Seidel smoother. The 
pressure-velocity coupling was achieved with the 
pressure implicit split operator (PISO). Amani et al. 
[23, 28, 29] addressed the details of the numerical 
procedure, initial and boundary conditions, assumptions, 
mesh dependency, and other relevant considerations. 
The kinetic models were described in previous works 
[18, 24]. Amani et al. [23, 28, 29] presented a merged 
model incorporating elements from these and other 
sources. Simulations were performed using OpenFOAM 
v8 on Ubuntu 20.04, CPU: Intel Xeon E5-2650 v4 @ 
2.20 GHz, RAM: 64 GB. The average simulation time 
for each run was approximately 7 hours.

2.5. Experimental Method

Fig. 1. illustrates the reactor design and boundary 
conditions employed in the model. The reactor is a 
packed-bed cylindrical geometry measuring 26.5 cm 
in diameter and 80 cm in height. It's divided into four 
distinct sections:

Upper Hood (10 cm): This section facilitates 
controlled entry and exit of gases during the reaction.

Reaction Zone (35 cm): This is the heart of the 
reactor, where the primary chemical transformation of 
the iron ore pellets occurs.

Hearth Layer (10 cm): This layer, composed of 
inert material, serves a critical purpose – it protects the 
grate bars at the bottom of the reactor from the high 
temperatures generated during the reaction.

Wind Box (15 cm): Similar to the upper hood, this 
section provides another designated area for gas inflow 
and outflow.

The reactor is filled with pre-dried iron ore pellets, 
boasting an average porosity of 31%. These pellets 
were meticulously screened to achieve a uniform size 

Eq.(9)

 

 

 
∂𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟)𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖

∂𝑡𝑡𝑡𝑡
+ 𝐮𝐮𝐮𝐮 ⋅ ∇(𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖) − ∇ ⋅ (𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟)𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖∇𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖) = 𝑅̇𝑅𝑅𝑅𝑖𝑖𝑖𝑖 & 𝑖𝑖𝑖𝑖 = 𝑂𝑂𝑂𝑂2,𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 

 

 

 

 
∂𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟)𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖

∂𝑡𝑡𝑡𝑡
+ 𝐮𝐮𝐮𝐮 ⋅ ∇(𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖) − ∇ ⋅ (𝜀𝜀𝜀𝜀(𝑟𝑟𝑟𝑟)𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖∇𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖) = 𝑅̇𝑅𝑅𝑅𝑖𝑖𝑖𝑖 & 𝑖𝑖𝑖𝑖 = 𝑂𝑂𝑂𝑂2,𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 

 Where Yi is the mass fraction of species i(–), Di is the 
Diffusion coefficient of species i (m²·s⁻¹).

2.2. Kinetic and Thermodynamic Model

The Unreacted Shrinking Core Model (USCM) is 
applied to express the reaction rate based on a mixed 
control mechanism in the following form [36]:

Eq.(10)

1 
 

  
𝑑𝑑𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑 = −(𝐶𝐶𝑂𝑂2−𝐶𝐶𝑂𝑂2

𝑒𝑒 )
𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚

4 [ 𝑟𝑟𝑝𝑝2

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 𝑘𝑘𝑂𝑂2
+

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2

𝐷𝐷𝑂𝑂2,𝑒𝑒𝑒𝑒𝑒𝑒
( 1
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

− 1
𝑟𝑟𝑝𝑝
)+ 1

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚′ ]
  

 
Where rmag is the radius of the magnetite pellet (m), 

CO2
 is the oxygen concentration in the gas (kg·m⁻³), 

CCO2
eq

  is the equilibrium oxygen concentration in the 
gas (kg·m⁻³), ρmag is the magnetite density (kg·m⁻³), k1st 
is the first-order rate constant for magnetite oxidation 
(s⁻¹) (obtained from Thurlby[37]), and DO2

 is the oxygen 
Diffusion coefficient, which can be obtained by analogy 
with heat transfer:

1 
 

  

𝑆𝑆ℎ = 2.0 + 0.39𝑅𝑅𝑒𝑒𝑝𝑝1/2𝑆𝑆𝑐𝑐1/3  

 

        Eq.(11)

In Eq.(10), DO2,eff
 is the oxygen effective diffusivity in 

the pellet, which consists of two terms:

1 
 

  
1

𝐷𝐷𝑂𝑂2,𝑒𝑒𝑒𝑒𝑒𝑒
= 1

𝜀𝜀𝑝𝑝2
( 1
𝐷𝐷𝑂𝑂2

+ 1
𝐷𝐷𝐾𝐾
)  

 

                        Eq.(12)

Where DO2
 is the molecular diffusivity of oxygen, 

as stated by the Chapman-Enskog relation [38], and DKn 

is is the Knudsen diffusivity, which is dominant in the 
micropores and can be estimated as follows [14]:

1 
 

  

𝐷𝐷𝐾𝐾 =
4
3 (

8𝑅𝑅𝑅𝑅
𝜋𝜋𝑀𝑀𝑂𝑂2

)
1/2

⋅ 3𝜋𝜋𝑟𝑟𝑔𝑔
4(𝜋𝜋+8)(1−𝜀𝜀𝑝𝑝)

  

 

        Eq.(13)

Where rg is the pore radius (m), R is the universal 
gas constant (J·mol⁻¹·K⁻¹), and M is the molar mass 
(kg·mol⁻¹).

2.3. Voidage Variation

The radial voidage variation in the bed is modeled 
with the empirical Equation by de Klerk [39]. De Klerk 
derived an equation for voidage variation by mono-
sized spheres. The Equation gives the radial voidage 
for different packing ratios (db/dp) as a function of the 
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maintained for 8 minutes to achieve the desired thermal 
treatment within the pellets. Subsequently, the after-firing 
Stage lowers the temperature to 1273 K for 2 minutes, 
providing a controlled cooling step. Finally, the cooling 
Stage actively removes heat by introducing cooler air, 
reducing the temperature to 298 K over 5 minutes and 
then maintaining that temperature for an additional 
5 minutes.

Fig. 2(b). compares the simulated and experimentally 
measured temperature profiles at points P1 (top), P2 

(middle), and P3 (bottom) within the reactor bed. The 
results demonstrate good overall agreement, validating 
the model's ability to predict temperature variations 
during the firing process. However, minor discrepancies 
are observed, particularly during the preheating and 
cooling stages. These deviations can be attributed to 
factors such as the inherent complexities of real-world 
heat transfer and slight variations in the actual properties 
of the iron ore pellets relative to the model's assumptions. 
The mean relative error (MRE) between the predicted 
and measured temperatures was also calculated for the 
three thermocouple positions (T1, T2, and T3). The values 
ranged from 2.8% to 4.6%, confirming the model's good 
predictive accuracy. Analyzing the temperature profiles 
across the different stages offers valuable insights into 
the heat transfer dynamics within the reactor:

of approximately 1.2 cm. The composition of the pellets 
involves a blend of 80 wt.% high magnetite concentrate 
and 20 wt.% low magnetite concentrate. This translates 
to an FeO content of 24.67 wt.% for the high concentrate, 
6.97 wt.% for the low concentrate, and a resulting blend 
composition of 21.13 wt.%.

For temperature monitoring, three thermocouples 
were strategically positioned along the vessel's central 
axis: P1, P2, and P3. P1 is located at the highest point,
42 cm from the bottom of the hearth layer. P2 follows at 
a mid-point position, 27.5 cm from the hearth bottom. 
Finally, P3 is the lowest, at a distance of 11 cm from 
the hearth layer. The temperatures recorded at these 
points are denoted T1, T2, and T3, respectively, and were 
measured at predetermined intervals throughout the 
experiment, encompassing the preheating, firing, after-
firing, and cooling phases.

3. Results and Discussion
3.1. Model Validation

Fig. 2(a). details the thermal cycle employed during 
the iron ore pellet firing process. The initial preheating 
Stage introduces hot air (973 K) for 2 minutes, followed 
by a rapid temperature increase (3 seconds) to the 
firing temperature of 1473 K. This high temperature is 

 Fig. 1. (a) Schematic of the packed bed reactor, (b) Boundary conditions, (c) Computational Domain. The 
near wall points (P’i) are the points with a distance of 1/4 bed radius from the wall at the same height as the 

corresponding axial points (Pi).
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final temperature distribution within the pellet bed.
These observations on heat transfer dynamics provide 

valuable pointers for optimizing reactor performance. By 
carefully controlling factors such as gas temperature, flow 
rate, and the duration of each process stage (preheating, 
firing, after-firing, and cooling), we can achieve the 
desired temperature profiles within the reactor bed for 
efficient processing of iron ore pellets. Further discussion 
on the implications of these findings for process 
optimization will be presented in a subsequent section.

A key strength of this simulation is its ability to 
model the kinetic behavior of magnetite oxidation. This 
exothermic reaction significantly affects the reactor's 
thermal balance. However, directly measuring and 
analyzing the remaining FeO (unconverted magnetite) 
during the process is impractical. Only the final amount 
of FeO can be determined. Therefore, comparing the 
simulated and experimentally measured FeO content at 
the end of the process provides a valuable validation of 
the simulation's accuracy.

Fig. 3. presents the simulation results alongside the 
experimental data for the conversion fraction of magnetite 
(remaining FeO) at the end of the process, measured 
at points P1 (top), P2 (mid), and P3 (bottom) within the 
reactor bed. As shown in the figure, the simulation results 

Preheating: During this initial Stage, the temperature 
gradually increases from the top (P1) downwards (P2, 
P3) as the hot gas progressively heats the pellet layers 
sequentially. Optimizing the preheating duration enables 
control over the initial temperature profile in the bed.

Firing: Introducing high-temperature gas (1473 K) 
leads to a rapid rise in temperature at P1 towards a steady 
state. However, the lower layers (P2, P3) experience 
a delay in reaching their peak temperatures due to the 
gradual heat transfer through the packed bed. Optimizing 
the firing duration is crucial for achieving the desired 
level of heat penetration throughout the pellet bed.

After Firing: The introduction of cooler air during the 
after-firing Stage initiates a controlled cooling process. 
P1 cools first, releasing heat that transiently warms the 
lower sections (P2, P3). The duration of this Stage can be 
adjusted to control the cooling rate in the upper layers.

Cooling: Reversing the airflow direction with a 
positive pressure difference promotes forced cooling in 
the final Stage. As long as the air temperature remains 
lower than the pellets, P2 and P3 cool steadily. However, 
if the air temperature exceeds the pellet temperature, 
it can lead to a temporary rise in P1's temperature, as 
observed in the simulation results. The cooling duration 
and air temperature are critical factors influencing the 

Fig. 2. (a) Inlet gas temperature profile for the validation test; (b) Comparison between measured and predicted 
temperature profiles in a pilot induration test.
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bed and across different stages, we can optimize the 
conversion efficiency of magnetite to hematite during 
iron ore pellet processing.

and experimental data agree well within the limits of 
experimental error. This close correlation suggests that the 
simulation accurately predicts the magnetite conversion 
fraction. Furthermore, the simulation provides a valuable 
in-situ view of reaction progress at different locations 
within the reactor bed throughout the process, offering 
insights beyond what can be obtained from final-stage 
measurements alone.

3.2. Effect of Radial Voidage Variation

Drawing upon the findings of De Klerk (1938) [39], 
Fig. 5. illustrates the radial voidage variation within the 
reactor bed for homogenous pellet particles of different 
diameters. As shown in the figure, the voidage (space) 
near the reactor wall exhibits significant fluctuations 
extending inward by up to 5 cm, corresponding to 
roughly 5 pellet diameters. This phenomenon, known 
as the "wall effect," indicates a denser packing of pellets 
near the wall.

The impact of the wall effect is particularly significant 
for small- to medium-sized induration pots commonly 
used in pelletizing plants. In such reactors, the wall-
affected zone can occupy a substantial portion of the total 
volume. This non-uniform voidage distribution caused 
by the wall effect significantly influences fluid, heat, and 
mass transfer characteristics within the reactor bed. These 
factors and their implications on reactor performance 
will be explored in detail in the following.

Fig. 4. provides valuable insights into the spatial and 
temporal variations in magnetite conversion within the 
reactor bed, as observed in the simulation results. The 
conversion fraction of magnetite (remaining FeO) is 
plotted against time for points P1 (top), P2 (mid), and P3 
(bottom). 

The initiation of magnetite oxidation exhibits a distinct 
spatial dependence. Oxidation commences at P1 (top) 
after one minute, followed by P2 (mid) at two minutes. 
Notably, P3 (bottom) shows no signs of oxidation until 
the firing stage begins. This staggered reaction initiation 
can be attributed to the preheating Stage's temperature 
profile. The hotter top layers (P1 and P2) reach the 
activation temperature for magnetite oxidation earlier 
compared to the cooler bottom layer (P3). 

During the preheating Stage, P1 and P2 experience 
significant magnetite conversion (approximately 0.65 
and 0.45, respectively). This early conversion highlights 
the impact of the preheating profile on reaction progress.

The firing stage shows continued oxidation in P1 and 
P2, while P3 finally initiates its conversion. By the end 
of firing, most of the magnetite has been converted to 
hematite across all layers. The after-firing and cooling 
stages exhibit minimal changes in the conversion 
fraction, indicating minimal further reaction at this point.

These observations emphasize the importance of 
accounting for both spatial and temporal variations 
in temperature for a comprehensive understanding of 
reaction kinetics in packed-bed reactors. By carefully 
designing the thermal profile throughout the reactor 

Fig. 3. Comparison of numerical and experimental values 
of conversion fraction at the end of induration.

Fig. 4. Predicted magnetite oxidation fraction over time.

Fig. 5. Radial voidage variation according to Eq.(14) for 
the different particle diameters (dp) in the packed bed of 
db equals 26.5 cm.
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highlighted previously, the temperature and conversion 
ratio of pellets close to the wall (lateral) differ significantly 
from those in the center (central) throughout the reactor 
radius. Comparing the temperature profiles (Fig. 6.) 
with the conversion fraction profiles (Fig. 7.) provides 
a powerful tool for visualizing the spatial dependence of 
reaction progress within the reactor bed.

Fig. 8. delves deeper into the impact of the wall 
effect by quantifying the temperature difference between 
pellets near the wall (Ti) and those at the center (T'i) 
at different heights (P1, P2, P3) over time (as shown in 
Fig. 1). The observed trend can be broadly categorized 
into three stages:

Initial Rise (0-t1): Initially, the temperature difference 
between lateral and central pellets increases rapidly. This 
is attributed to the higher gas flow near the walls, which 
leads to a faster rate of heat transfer to these pellets than 
in the central zone.

Peak and Decline (t1-t2): The temperature difference 
reaches a peak value (t1) and then starts to decline. This 
indicates a diminishing wall effect as the bed's overall 
temperature increases. As the central region heats up, the 
disparity in heat transfer rates between the zones lessens.

Cooling Stage (t2 onwards): During cooling, the 
temperature difference reverses. The upper region (P1) 
shows a larger difference than the bottom (P3) due to the 
upward flow of the cooling gas. This upward flow leads to 
faster cooling near the top, resulting in a more pronounced 
temperature difference between the wall and central zones.

As discussed previously, the temperature and gas 
flow near the reactor wall differ significantly from those 
in the center. This non-uniform environment has a direct 
consequence on the reaction kinetics, particularly the rate 
of magnetite oxidation to hematite.

The heterogeneous voidage distribution induced by 
the wall effect (see Fig. 5.) significantly affects fluid, 
heat, and mass transfer within the reactor bed. Fig. 6. 
showcases contour plots of simulated bed temperature at 
various times (5, 9, 13, and 23 minutes) after the process 
begins. These plots reveal a noticeable radial temperature 
variation at different bed heights. The higher gas flow 
near the walls, a consequence of the wall effect, results 
in a faster temperature rise during the preheating and 
firing stages than in the center region. Conversely, during 
cooling, the wall zone cools down more quickly.

Comparing Fig. 5. (voidage distribution) with the 
temperature contour plots in Fig. 6. (at different times), 
we observe a trend: the thermal profiles become more 
uniform as we move further away from the reactor wall. 
This highlights a critical point - the pellets adjacent to 
the wall experience a distinct thermal history compared 
to those in the center of the bed. As a result, these wall-
adjacent pellets cannot serve as a reliable benchmark for 
the reactor's overall temperature profile.

Building upon the observations regarding temperature 
profiles, Fig. 7. presents contour plots depicting the 
conversion fraction of magnetite to hematite at various 
times (5, 9, 13, and 23 minutes) after the process 
commences. Consistent with the temperature variations, 
the conversion fraction throughout the bed exhibits a 
spatial dependence. Across all process stages (preheating, 
firing, after-firing, and cooling), the conversion fraction 
increases with time, as expected. However, a crucial 
difference is observed: the conversion fraction near the 
wall consistently remains higher compared to the central 
zone. This disparity directly reflects the combined 
effects of temperature variations and varying gas flow 
rates across the reactor radius, as discussed earlier. As 

Fig. 6. Contour plots of bed temperature, based on simulation outputs, after:
(a) 5, (b) 9, (c) 13, and (d) 23 minutes from the beginning of the process.
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of the conversion fraction difference between the lateral 
and central regions in the later stages.

The aforementioned discussion of the spatially varying 
temperature and conversion history of pellets within 
the reactor bed (in the radial direction) is crucial. These 
variations can lead to differences in their final mechanical 
and metallurgical properties.

Fig. 9. depicts the difference in conversion fraction (Xi - 
X'i) between lateral pellets (Xi) close to the wall and central 
pellets (X'i) at different heights (P1, P2, P3) over time (refer 
to Fig. 1. for point designations). The significant difference 
observed throughout the process underscores the impact 
of varying temperature and gas flow profiles across the 
reactor radius. Higher temperatures and gas flow near 
the walls promote a faster magnetite conversion rate than 
in the central zone. This explains the consistently higher 
conversion fraction observed near the walls throughout the 
process.

It is important to note that the trend in the conversion 
fraction difference might not perfectly mirror the 
temperature difference (Fig. 8.). The conversion process 
also depends on the availability of oxygen in the passing 
gas. As the reaction progresses, the oxygen concentration 
near the walls might deplete at a faster rate due to the 
higher reaction rate. This could lead to a slight narrowing 

Fig. 7. Counter plots of the conversion fraction in the oxidation reaction of magnetite to hematite at (a) 5, 
(b) 9, (c) 13, and (d) 23 minutes from the beginning of the process. 

Fig. 8. Temperature difference between the side and 
central pellets at different heights.

Fig. 9. Difference in the conversion fraction of the 
oxidation reaction of magnetite to hematite at the lateral 
and central points.

3.3. Comparison of Experimental Results of 
Pellet Properties at Walls and Centers of a 
Pellet Firing Pilot-Plant

The observations from the previous sections 
highlight the significant variation in thermal profiles 
within the reactor bed due to the wall effect. This non-
uniform temperature distribution is likely to influence 
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This improved sampling strategy can significantly 
reduce the influence of non-uniform properties on 
analysis results, leading to more accurate data that better 
represent the overall characteristics of the produced 
pellets.

4. Conclusions

This study offers in-depth insights into the thermal and 
chemical behavior of iron ore pellets during induration, 
emphasizing the crucial impact of wall effects and radial 
variations in voidage on process performance. The key 
findings are as follows:
•	 A novel two-dimensional, axisymmetric CFD model 

was developed to simulate the induration behavior of 
iron ore pellets in a pilot-scale packed-bed furnace, 
incorporating radial variations in voidage, which 
were found to affect pellet temperature and reaction 
kinetics significantly.

•	 The model demonstrated that the wall effect led to 
a non-uniform voidage distribution, which, in turn, 
caused:
A 20% temperature difference between pellets near 
the wall (P1) and those in the center (P3) at different 
radial positions.
5%, 3%, and 6% Mean Relative Errors (MRE) 
for temperature measurements at P1, P2, and P3, 
respectively, when compared to experimental data.

•	 Simulated and experimental results revealed that:
The conversion fraction (magnetite to hematite) 
near the furnace wall was higher than in the central 
regions, with a significant disparity of up to 0.05 in 
conversion.
The highest FeO content was measured at the center 
(P3) compared to the lateral pellets (P'3), confirming the 
spatial dependence of pellet conversion and oxidation 
rates on temperature and gas flow variations.

•	 The impact of radial voidage variation on temperature 
and reaction kinetics was highlighted, with:
Higher gas flow rates near the walls lead to faster 
reaction rates in lateral pellets.
A faster temperature rise in pellets closer to the wall 
during the preheating and firing stages.

•	 The proposed novel sampling method using a hollow 
metal cylinder with a vacuum sampler, inserted post-

the final properties of the hardened pellets.
To validate this hypothesis, an induration experiment 

was conducted, replicating the conditions employed in 
the Gol-E-Gohar firing unit number one. After sintering, 
pellet samples were collected from designated points 
within the bed (Fig. 1.). These points included P1, P2, and 
P3 along the vertical axis and P'1, P'2, and P'3 located one 
pellet distance from the furnace wall.

The collected pellets were subjected to experiments 
to determine their chemical composition and mechanical 
strength. Chemical analysis was performed using 
atomic absorption (total iron) and titration (residual 
FeO) methods. For mechanical strength evaluation, 
35 pellets in good physical condition (free of cracks 
and other apparent defects) were selected and tested 
using a cold mechanical strength-testing apparatus. The 
average mechanical strength of these samples is reported 
as the mean cold mechanical strength. Additionally, the 
standard deviation is provided as a statistical measure 
to understand the dispersion of the test results. Table 1. 
summarizes the experimental findings. This approach 
allows for a direct comparison of pellet properties across 
different locations within the reactor bed, providing 
valuable insights into the impact of the wall effect on the 
final product.

Table 1. clearly demonstrates a substantial disparity 
in the reaction fraction (conversion) and mechanical 
strength of pellets collected from points near the wall 
(P'1, P'2, P'3) compared to their counterparts in the central 
zone (P1, P2, P3). This observation underscores the critical 
role of the wall effect on pellet properties within the 
reactor bed.

If sampling procedures in pilot plants are not 
meticulously designed to account for the wall effect, 
the results of various analyses can be misleading. These 
analyses include chemical composition (total iron, 
residual FeO), mechanical strength, abrasion resistance, 
crushing behavior, and reducibility. To mitigate the wall 
effect's influence on sampling and analysis, a more robust 
approach is recommended. This method involves using a 
metal cylinder that enters the top of the reactor bed after 
sintering. A vacuum sampler integrated into the cylinder 
can then extract samples uniformly from the central 
compartment, effectively avoiding pellets that the wall 
effect may impact.

 Total Fe 
(%) 

Residual 
FeO (%) 

Conversion 
Fraction 

CCS 
(Kg/Pellet) 

Standard 
Division 
(Kg/Pellet) 

P1 66.81 4.00 0.81 177 61.9 
P’1 66.96 3.84 0.82 199 50.2 
P2 66.93 3.12 0.85 151 60.7 
P’2 66.90 2.78 0.87 207 75.8 
P3 66.51 2.53 0.88 205 57.8 
P’3 66.95 2.93 0.86 216 47.6 

 

Table 1. Comparison of Experimental Results of Pellet Properties at Walls and Centers of a Pellet Firing Pilot-Plant
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Nomenclature
A) Latin Symbols

sintering, effectively avoided wall-affected pellets and 
provided more accurate data for process optimization 
and quality control.

•	 The study provides a better understanding of the spatial 
variations in temperature and conversion within the 
reactor, which is critical for ensuring consistent 
pellet quality across different operational scales.

•	 The model's predictions are validated against pilot 
plant data, demonstrating its reliability and providing 
valuable insights for optimizing the pelletizing process 
while reducing the need for extensive pilot testing.

Symbol Description Unit 
𝐶𝐶O2 oxygen concentration in the gas kg·m⁻³ 
𝐶𝐶O2
eq  equilibrium oxygen concentration in the gas kg·m⁻³ 
𝑐𝑐𝑃𝑃 pellet heat capacity J·kg⁻¹·K⁻¹, 
𝑐𝑐𝑝𝑝,𝑔𝑔 gas specific heat capacity J·kg⁻¹·K⁻¹ 
𝐷𝐷O2 Oxygen diffusion coefficient m²·s⁻¹ 
𝑑𝑑𝑝𝑝 pellet diameter m 
ℎ𝑐𝑐 overall heat transfer coefficient W·m⁻²·K⁻¹ 
𝐻𝐻𝑖𝑖 heat of reaction J·mol⁻¹ 

ℎ∗ both convective and radiative heat transfer 
coefficients W·m⁻²·K⁻¹ 

𝑘𝑘1st first-order rate constant for magnetite oxidation s⁻¹ 
𝑀𝑀 molar mass kg·mol⁻¹ 
𝑃𝑃 gas pressure Pa 
𝑅𝑅 universal gas constant J·mol⁻¹·K⁻¹ 
𝑅̇𝑅 source/sink term for species 𝑖𝑖 kg·m⁻³·s⁻¹ 
𝑟𝑟mag radius of the magnetite pellet m 
𝑟𝑟𝑔𝑔 pore radius m 
𝑇𝑇𝑔𝑔 gas temperature K 
𝐮𝐮 superficial gas velocity vector m·s⁻¹ 

𝑌𝑌𝑖𝑖 i mass fraction of species - 
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B) Greek Symbols
Symbol Description Unit 
𝜀𝜀(𝑟𝑟) local bed voidage - 
𝜇𝜇 gas viscosity Pa·s 
𝜌𝜌𝑔𝑔 gas density kg·m⁻³ 
𝜌𝜌𝑃𝑃 pellet density kg·m⁻³ 
𝜌𝜌mag Magnetite density kg·m⁻³ 

 

C) Dimensionless Numbers
Symbol Description Definition 
Rep Reynolds number for pellet ρg u dp / μ 

Pr Prandtl number for gas Cp,g μ / kg 

Sc Schmidt number μ / ρg Dm 

Nu Nusselt number for pellet hc dp / kg 

Sh Sherwood number for pellet kg dp / Dm 
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Abbreviation Description 
CFD Computational Fluid Dynamics 
DEM Discrete Element Method 
USCM Unreacted Shrinking Core Model 
GAMG Geometric Algebraic Multigrid 
PISO Pressure-Implicit with Splitting of Operators 

 

D) Abbreviations
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