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Abstract: This paper summarizes more than a decade of systematic studies of the flow field in an
iron ore pelletizing rotary kiln using computational fluid dynamics (CFD) on simplified models of a
real kiln. Physical, laser-based experiments have been performed to validate part of the numerical
results. The objective is a better understanding of the kiln aerodynamics and, by extension, its effect
on the combustion process. Despite all of the simplifications regarding the models studied in this
project, the results show the importance of correctly predicting the flow field in order to optimize
the combustion process. Combustion simulations revealed that the heat release from the flame does
not affect or change the flow field in any significant way; the flow field, however, governs the flame
propagation and affects the combustion process by controlling the mixing rates of fuel and air. Using
down-scaled isothermal water models for investigating kiln aerodynamics in general and mixing
properties in particular is therefore justified. Although the heat release from the flame cannot be
accounted for in isothermal models, valuable implications regarding the real process can still be
gained. To better model the actual process numerically, more advanced submodels for both the
combustion and especially the flow field are needed. The complex flow field in this type of rotary
kiln requires a careful choice of turbulence model to obtain accurate simulation results.

Keywords: rotary kiln; kiln aerodynamics; turbulence; mixing; combustion; CFD; experiments

1. Introduction

The pelletizing process, where the crude ore from the mine is upgraded, involves
several steps, including grinding, balling, and induration; see Figure 1 to the left. In the
grate-kiln induration process [1]—see Figure 1 to the right—the sintering is mainly taking
place in a rotary kiln, where the pellets increase their strength and metallurgical properties.
The kiln comprises a large, cylindrical, rotating oven with a burner in one end producing a
diffusion flame providing the necessary heat throughout the whole kiln and to the earlier
stages of the process. Maintaining a proper heat profile throughout the kiln is paramount
to obtaining the highest quality of pellets produced.

Figure 1. Production of iron ore pellets, process overview to the left, and grate–kiln indurating
machine to the right. Courtesy of Luossavaara-Kiirunavaara Aktiebolag (LKAB).
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The international mining and minerals group Luossavaara-Kiirunavaara Aktiebolag
(LKAB) in Sweden is one of the world’s leading producers of highly upgraded iron ore
products, including pellets. LKAB’s kilns are about 5–7 m in diameter and 35–43 m long
and differ from kilns used in other industrial processes in both geometry and operating
conditions. The crude ore in the mine consists mostly of magnetite, which, in the pelletizing
process, oxidizes to hematite, releasing a large amount of energy that is supplied back
into the process as heat. As much as two-thirds of the energy required originates from the
oxidation. A large amount of process gas, supplied through the kiln, is therefore necessary
in the process for complete oxidation to occur.

The process gas, consisting of air (called secondary air) both for the combustion and
the oxidation of the pellets, is supplied through the kiln hood; see Figure 2. There are
two inlets for the secondary air and in between the dividing wall, called the backplate;
the 50 MW burner is located where the primary air and the fuel (currently pulverized coal)
enters. As a comparison, the kiln of interest in this work has a mass flow ratio of secondary
to primary air of approximately twice that of typical cement kilns and more than four times
that of typical lime kilns. Relating the airflow to the fuel flow, an air-to-fuel equivalence
ratio of 4–6 is obtained in the kiln [2].

Figure 2. One of the two types of kiln hoods used in LKAB’s pelletizing processes, this geometry has
been the main focus of the work presented here. Courtesy of LKAB.

The secondary air is hot with a high oxygen/fuel ratio, and hence has a substantial
momentum. To enable combustion, the co-flowing air needs to be entrained into and mixed
with the fuel jet. The geometry of the kiln hood is quite intricate, with cross-sectional
changes and bends, which, in combination with a large amount of process gas supplied
asymmetrically, results in a complex flow field in the kiln. In addition, the backplate acts
like a bluff body in the flow, with vortices shedding and a wake forming behind it. All of
this has a significant impact on the fuel/air mixing and combustion process in general and
the flame shape and stability, as well as the combustion efficiency, in particular.

A common saying is that there are three Ts necessary for good combustion: time,
temperature, and turbulence. A sufficient residence time for reactions to occur, a required
temperature to ignite the fuel mixture, and proper mixing (turbulence) between the fuel
and oxygen. These three parameters govern the speed and completeness of the reactions
and hence the combustion process [3].

The first step in the mixing process is kinematic, involving large-scale vortical struc-
tures entraining ambient fluid into the jet as they undergo pairing. Turbulent, and, finally,
molecular diffusion then completes the mixing process at the smallest scales. The key step
in the mixing process is the rate at which ambient fluid is entrained [4]. In reactive cases,
the entrainment affects the residence time through the flame and the overall chemical reac-
tion, so it is of fundamental interest to study the flow field dynamics and the entrainment
process [5].

The heat flux characteristics of the diffusion flame (the length and luminosity) are
dominated by the mixing process of the fuel, air, and combustion products. The emissions
are also strongly influenced by the mixing field through their dependence on residence
time at a given local temperature and mixture fraction [6].
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Since the burner is in the back-end of the kiln, a long flame extending far into the kiln
is wanted to benefit the pellet oxidation in the preheat (PH) zone in the grate, as well as
the sintering process in the kiln. A luminous flame heats the bed mainly through radiative
heat transfer, though conduction from the kiln walls also contributes to the heat transfer.
The flame length is hence important, and a short flame can cause problems, with an uneven
heat load to the pellet bed [7]. A controlled and predictable flame reduces the fuel amount
needed and contributes to an increased process efficiency.

In order to achieve an optimal flame shape and heat flux profile with the most efficient
combustion possible, the mixing rate of fuel and air needs to be controlled. One issue
of reactive flows is that mixing and reactions interact with each other simultaneously,
making the understanding of mixing more challenging. It is therefore desirable to study
a mixing process with similar properties to a reactive flow, but without the effect of
the reaction [8]. This can be carried out by using scaling parameters based on theories
describing and defining the properties and mixing characteristics of an enclosed diffusion
flame. The density variations in combusting systems are accounted for by distorting the
nozzle diameter relative to the duct diameter (the kiln diameter in this case) or the nozzle
flow in the isothermal, non-reactive model. This ensures that the momentum ratio of the
co-flow relative to the jet in the model matches that of the reacting system [9,10]. The scaling
parameter enables isothermal models of reactive flows to study the mixing process in detail.

The dynamics of the flow field in the iron ore rotary kiln, the kiln aerodynamics, has
not been studied to any great extent in the literature. In general for rotary kilns, the focus
has mainly been on the burner and how to improve the combustion process, both in terms of
efficiency and environmental impact. However, the burner manufacturer is often separate
from the kiln manufacturer, and the burner design is therefore given little consideration in
terms of kiln aerodynamics. Hence, when installed, kiln burners often behave differently
than expected due to the non-optimal flow field deviating far from the operating conditions
assumed at design. This can lead to a very unstable flame that deviates from the kiln axis
and causes damage to the product at the bottom or the kiln walls. A reduced combustion
efficiency is another undesirable possible consequence [11].

There are several studies focusing on cement and lime kilns; Refs. [12–20] are some
examples, showing the flow field dynamics effect on the mixing of fuel and air, flame
properties and characteristics, and resulting emissions. There are similarities between the
different industries; however, the geometry and the excessive secondary air flow in the
iron ore kiln result in combustion conditions that are significantly different compared to
other processes [2]. To optimize the combustion process, it is therefore necessary to have a
good understanding of the kiln aerodynamics and the resulting mixing characteristics in
the flow conditions of the iron ore rotary kiln.

The global pressure to control and reduce pollutant emissions and greenhouse gases
has increased extensively over the last decades. Reducing or eliminating the use of fossil
fuels in the pelletizing plant is necessary to obtain a sustainable iron value chain. The rotary
kiln is one of the most difficult emission sources to abate, and LKAB is running several
projects directed at reducing emissions from their pellet plants, including both primary and
secondary measures. A summary can be found in [21].

One project is focusing on a systematic study of the iron ore rotary kiln aerodynamics
and, by extension, its effect on the combustion process. The rationale behind the project is to
control the flow field to optimize the mixing process of fuel and air and hence the evolution
of the flame and its properties. By achieving this, it is possible to make the combustion
process more efficient and reduce the amount of fuel used and, hence, the emissions, while
maintaining or even increasing the quality of the pellets produced by creating an optimal
temperature and gas profile throughout the kiln.

Since it is hard to perform measurements during operation due to the harsh envi-
ronment with dust, high temperatures, and large mass flows of gas, simulation models
can be a valuable tool for process understanding and control. Experimental validation
is, however, a prerequisite for accurate numerical modeling; hence, systematic studies
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of simplified and down-scaled geometries provide an efficient way of gradually moving
forward toward valid models. This paper summarizes the results and highlights the main
conclusions from over a decade of systematic studies of the kiln aerodynamics of an iron
ore pelletizing rotary kiln involving computational fluid dynamics (CFD) modeling and
validating experiments [11,22–31].

The paper is structured in four sections, where the working methodology is described
in Section 2. The results are then synthesized and discussed in Section 3, and the conclusions,
as well as planned future work, are presented in Section 4.

2. Methods

The approach of the project was to start as simple as possible using down-scaled,
isothermal models to investigate the cold flow field without combustion. The commercial
code Ansys CFX was used for the simulations. The code uses a coupled solver based on
the finite volume method with a fully implicit discretization of the governing equations
in every time step. The numerical results were validated against measurements in exper-
imental models using different laser-based optical techniques, including particle image
velocimetry (PIV), tomographic PIV, planar laser-induced fluorescence (PLIF), and laser
doppler velocimetry (LDV).

Modeling reality requires certain assumptions and simplifications. It is important
to identify the main physical parameters to be considered and those that can be omitted.
Boundary conditions and input parameters affect all results, and the sensitivity of the CFD
model must be carefully examined. The idea of the project was to gradually develop the
model and validate the simulation results against experimental data before increasing the
complexity and including more physics to better describe the reality. In a recent study,
a coal combustion model was also applied in the simulations to allow for an investigation
of the thermal effects of the flame on the surrounding flow field. These simulation results
were partially compared to temperature measurements from the corresponding real pilot-
scale kiln.

2.1. Geometries

Figure 3 shows the different geometries studied and the gradual shift toward more
realistic models.

Figure 3. Geometries studied in the project: (a–e) only secondary flow, no burner jet and (f–i) burner
jet included. (f) Single jet, (g) coaxial jets, (h) pilot-scale with coal combustion, (i) kiln with different
type of hood, no backplate present. Figures adapted from [11,23–29].
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The flow field and resulting mixing process were studied both without (Figure 3a–e)
and with (Figure 3f–i) the burner jet included in the model, and the burner jet was modeled
either as a single jet (Figure 3f) or coaxial jets (Figure 3g). Combustion was included in the
model (Figure 3h), and another type of kiln with a different hood without the backplate
was also studied (Figure 3i). The geometrical scale ranges from down-scaled lab models
to pilot-scale.

2.2. Scaling Parameters

Reynolds number and the Craya–Curtet parameter were used to scale the geometries
and the flows to account for isothermal conditions in the experimental models. The Craya–
Curtet parameter was chosen as the most appropriate scaling parameter in this work
when the burner jet is also included in the model [27]. It essentially corresponds to the
momentum ratio of the jets (the nozzle flow and surrounding secondary co-flow) and is a
measure of the dynamic mixing. It is always positive and varies between zero and infinity,
and, depending on the value of the parameter, the flame has different characteristics. Short
and intense flames have a higher Craya–Curtet parameter, whereas flames with a Craya–
Curtet parameter between 1 and 2 are characterized as long flames. If the Craya–Curtet
parameter is below 1, the flame tends to be long and lazy [32]. In this work, the Craya–
Curtet parameter, calculated based on real kiln process parameters, is around 1, depending
on the geometry (plant/real kiln) studied. The Reynolds number, Re, in the real full-size
kiln is approximately 3.5× 105, based on process parameters and kiln diameter. In the
project, a reduced Re is often used due to the physical limitations of the experimental set-
ups. This is not an issue though, since Re is still in the fully turbulent range, and reduced
Reynolds similarity holds for turbulent jets [33].

2.3. Governing Equations and Turbulence Models

The Navier–Stokes equations are the governing equations for fluid flow, here stated
for incompressible flow:

∂vi
∂xi

= 0, (1)

∂vi
∂t

+ vj
∂vi
∂xj

= −1
ρ

∂p
∂xi

+ ν
∂2vi

∂x2
j

, (2)

where vi are the fluid velocity components, p is the fluid pressure, and ν = µ/ρ is the
kinematic viscosity.

Applying Reynolds decomposition, where a velocity component is divided into an
average and a time-varying component (vi = vi + v′i) to the Navier–Stokes equations,
the Reynolds averaged Navier–Stokes (RANS) equations are obtained:

∂vi
∂xi

= 0, (3)

ρ
∂vi
∂t

+ ρvj
∂vi
∂xj

= − ∂p
∂xi

+
∂

∂xj
(τij − ρv′iv

′
j). (4)

The equations are formally identical to the Navier–Stokes equations, with the exception
of the additional term

τij = −ρv′iv
′
j = −ρ(vivj − vivj), (5)

which is the so-called Reynolds stress tensor. It represents the transfer of momentum due
to turbulent fluctuations and acts as additional stresses in the fluid. The equations used to
model the Reynolds stresses to close the system define the type of turbulence model.
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Two-equation turbulence models are based on the eddy viscosity hypothesis of Boussi-
nesq, where the Reynolds stresses are assumed to be linearly related to the mean velocity
gradients, with the eddy viscosity, µt, as the proportionality constant

− ρv′iv
′
j = µt

(
∂vi
∂xj

+
∂vj

∂xi

)
− 2

3
kδij, (6)

where k = 1
2 v′iv

′
i. One can also define the kinematic turbulent viscosity: νt = µt/ρ.

The turbulent viscosity is isotropic, but not homogeneous.
Two dominant properties of the turbulence field are used to define an expression for the

eddy viscosity: the turbulent kinetic energy, k, and its dissipation rate, ε, which determines
the turbulent length scale. Through dimensional analysis, the following relationship
is achieved:

νt = Cµ
k2

ε
, (7)

where Cµ is a model constant determined from experiments. Instead of using the dissipation
rate, one can use a characteristic frequency of the turbulence decay process, according to
ω = ε/k. The relationship between the eddy viscosity and the eddy frequency is

νt = Cµ
k
ω

. (8)

Reynolds stress turbulence models do not use the isotropic eddy viscosity hypothesis;
instead, individual transport equations for all components of the Reynolds stress tensor
and the dissipation rate are solved.

Another turbulence modeling approach is to use large eddy simulation (LES), where
the large-scale structures are resolved, whereas the smaller scales are modeled. This is
achieved through a spatial filtering operation applied to the Navier–Stokes equations.
The resulting filtered equations look similar to the RANS equations. It should, however, be
noted that, while the Reynolds stress tensor in the RANS equations includes all turbulent
effects in the momentum equation, the corresponding subgrid-scale stress tensor in the
LES filtered equations only includes turbulent effects smaller than those that the grid
can resolve.

The turbulence models used in this work include the two-equation models k− ε and
shear stress transport (SST) [34], the Reynolds stress baseline model (RSM-BSL) based on the
baseline ω-model by Menter [35], and the detached eddy simulation model (DES), a hybrid
RANS/LES model originally proposed by Spalart [36]. In the DES model, the large scales
are resolved by LES, whereas the smaller scales are modeled using SST [37]. The DES model
switches from SST to LES in regions where the turbulent length scale predicted by the RANS
model is larger than the local grid spacing; hence, great care must be taken when generating
the grid. The RANS model is used in both regions; in the LES region as subgrid-scale model.
In the RSM-BSL model, the ω-formulation is applied as the scale determining equation,
whereas the SST model is based on the hybrid k− ε/k− ω formulation, where k− ω is
used near the walls and the k− ε formulation is recovered in the bulk flow. SST is useful
in flows with an adverse pressure gradient or in separating flows. The Reynolds stress
model BSL solves six additional equations for the Reynolds stresses, with one equation for
the dissipation (in an ω-formulation) of the flow, and is suitable for more complex flows,
such as swirling, and secondary flows where the isotropic eddy viscosity assumption is no
longer valid. The disadvantage of the model is a decrease in the numerical stability and an
increased computational cost compared to a two-equation model [38].

When studying the simpler geometries, ω-based turbulence models were used since
the advantage of the ω-formulation in the near wall treatment makes it easier to avoid wall
functions and resolve the boundary layer, given that the grid requirements are met (y+ < 2
and 10–15 nodes in the boundary layer). The code used favors the ω formulation in the
near wall treatment. Resolving the boundary layer is especially important when modeling
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secondary flows: the flow in the transverse plane perpendicular to the mean axial flow that
develops in ducts with bends and/or non-circular cross-section, such as the secondary air
ducts to the kiln.

2.4. Boundary Conditions

To quantify the distribution of mass flow between the ducts, the momentum flow
ratio, Msec, based on the flow through each separate secondary inlet, is used in the project.
The momentum flow in each secondary inlet is approximated with the mass flow squared,
ṁ1, for the upper inlet and ṁ2 for the lower inlet, meaning that the momentum flow ratio
Msec ≈ (ṁ1/ṁ2)

2. This is a simplification, but the only purpose is to conveniently describe
the different mass flow distributions between the secondary fluid inlets. A momentum flow
ratio of one corresponds to a matched mass flow between the inlets, and increasing the
ratio means that the mass flow distribution becomes uneven with a dominating upper flow
if not explicitly stated otherwise. When the burner jet is included in the model, the momen-
tum flow ratio of the coaxial outer to inner jet is defined as Mjet = (ρoU2

o Ao)/(ρiU2
i Ai).

Mjet = 0 corresponds to a single jet. The momentum flow ratios Msec and Mjet are varied to
evaluate the effect on the flow field and the resulting mixing process between the different
flow streams.

In the CFD simulations, mass flow plug profiles with a turbulence intensity of 5%
were used as inlet boundary conditions. An average static pressure was employed at the
outlet with a relative pressure of zero Pa, averaged over the whole outlet. The walls were
smooth with no slip. The discretization schemes include a formally second-order accurate
scheme for the advection term (upwind) and the transient term (backward Euler) for the
unsteady cases. The turbulence equations were discretized using a scheme that blends
between first and second-order accurate upwind schemes. When LES was applied, the
advection term was discretized using a central differencing scheme. A converged steady-
state solution initialized the transient simulations, and a non-dimensionalized time step of
tUb/D = 0.01 (where Ub is the bulk velocity in the kiln and D the kiln diameter) was used
in the transient simulations.

Grid studies were conducted in all numerical work. Between 3–5 grids were used and
both local and global values of dependent, key variables were investigated to estimate the
grid dependence and the discretization error. The difference between the two finest grids
varied between approximately 1–2.7% depending on the parameter and case studied. Great
effort was spent on generating high-quality grids to reduce the discretization error.

The working fluid was water in all studies except the coal combustion simulations.
Water allows a smaller scale of the model kiln with lower flow velocities, facilitating the
experimental work, as previously mentioned.

Table 1 shows an overview of the cases studied in this project. For full details about all
studies summarized in this paper, including modeling assumptions, boundary conditions,
and numerical and experimental set-ups, the interested reader is referred to the cited
sources in the table below and in the following sections.
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Table 1. Boundary conditions.

Geometry [ref] Method Mesh Turbulence Model Flow Rates Mom. Ratio Other InformationSecondary Inlets (Total) Burner Jet

Figure 3a [23] CFD, PIV 12.5 M nodes, hexahedral RSM-BSL 3.95 kg/s, 7.9 kg/s N/A Msec = 1, 2.27, 5.44 Steady state, isothermal,
no wall func.

Figure 3b [24,25] CFD, PIV 18 M nodes, hexahedral SST, RSM-BSL, DES 7.9 kg/s N/A Msec = 1, 2.27, 5.44 Transient, isothermal, no
wall func.

Figure 3c–e [26] CFD 3 M nodes, hexahedral RSM-BSL 7.9 kg/s N/A Msec = 1 Transient, isothermal,
wall func.

Figure 3f [27] PIV, PLIF N/A N/A 2.16 kg/s 0.0315 kg/s Msec = 1, 2.26, 5.44 Single jet, isothermal

Figure 3g [28] PIV, PLIF N/A N/A 0.78 kg/s
Inner coaxial: 0.0133 kg/s;

Outer coaxial: 0, 0.0138,
0.0197, 0.0382 kg/s

Msec = 1, 5.44; Mjet = 0,
0.5, 1, 3.8; Coaxial jets, isothermal

Figure 3h [11] CFD 1.5 M nodes, tetra and prism k− ε 2914 kg/h 13 kg/h gas, 70 kg/h
pulverized coal Msec = 2.27 Steady state, coal comb.,

thermal, wall func.

Figure 3i [29] CFD 1 M nodes, tetra and prism k− ε, RSM-BSL 38.3665 kg/s 0.0374 kg/s N/A Transient, isothermal,
wall func.
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3. Results and Discussion

The flow field in the kiln is quite complex since it is highly turbulent and unsteady. Sev-
eral fluid mechanical phenomena are occurring, such as jet entrainment and recirculation,
in different areas throughout the kiln, both internal and external. Due to the confinement
and the velocity gradients between the different inlet streams, there are several shear layers
arising in the flow, some of them involving Kelvin–Helmholtz instabilities. There is vortex
shedding occurring behind the backplate and secondary flow arising in the transversal
plane perpendicular to the mean axial flow due to the geometry, which is most likely a
combination of turbulent and pressure-driven secondary flow since the air ducts have
bends and non-circular cross-sections [26].

The results focus on five main aspects and their effect on the mixing process and the
flow field dynamics:

• Mass flow distribution between the secondary inlets;
• Geometry of the kiln hood;
• Inclusion of the burner jet;
• Heat release from the flame;
• Choice of turbulence model.

The key findings from the different studies are highlighted and elaborated on in the
following subsections. The results of this project will also be put into a broader context
when the latest research advances in rotary kilns for mineral processing, and, in particular,
rotary kilns for iron ore pelletization, will be discussed at the end of this section.

3.1. Vortex Shedding

The vortex-shedding process results in large-scale oscillations and involves the most
energy-containing motions of the flow in the kiln [24,26]. Figure 4 shows the vorticity
field in the vertical center plane of the two simplest geometries without the burner jet
(for reference, see Figure 3a,b). Only the secondary fluid is modeled, and no burner jet
is present.

Figure 4. Vortex shedding behind the backplate, spanwise vorticity in the vertical symmetry plane
with velocity streamlines (for geometry, see Figure 3a,b). CFD results to the left and PIV results to the
right. Figure adapted from [39].

The shedding process highly depends on the mass flow distribution between the
secondary flow inlets. The largest oscillations of the flow field are seen when the mass flow
is evenly distributed, where Msec = 1. When one jet becomes dominant, the weaker jet is
entrained into the dominant one and the flow field is stabilized. The dominant frequency
of the vortex shedding in the simpler geometries is approximately 12 Hz, corresponding to
a Strouhal number of approximately 0.17 based on the height of the backplate. The vortex
shedding and the resulting large-scale oscillations in the flow means that the two secondary
jets are mixing faster when Msec = 1 [24]. The important aspect in this project, however, is
how the fuel jet from the burner is mixed with the secondary flow; this will be discussed in
a subsequent paragraph.

3.2. Recirculation Zone

An area of particular interest is the recirculation zone that develops in the wake behind
the backplate. From a combustion perspective, this region is important since the reversed
flow improves the flame stability and affects the combustion efficiency. Since the flow field
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is strongly affected by the geometry and the mass flow distribution between the inlets,
the appearance and length of the recirculation zone also depend on these parameters; see
Figure 5. In the simpler models with almost parallel secondary flow jets, the recirculation
zone in the wake behind the backplate is clearly seen. A completely different flow field
is seen when the geometry is developed towards a more realistic model. The jets are no
longer parallel, which has a great impact on the resulting flow field. Due to the geometry,
two main low-velocity regions develop, one behind the backplate and one below the jet
emerging from the lower inlet, resulting in several areas with recirculating fluid [26].

Figure 5. Recirculation zones in the vertical symmetry plane in the kiln, with PIV results to the
left (for geometry, see Figure 3b) and CFD results to the right (for geometry, see Figure 3e). Figure
adapted from [39].

3.3. Burner Jet

When introducing the burner jet in the model and studying only a single jet emanating
from the middle of the backplate, it is seen that the burner jet characteristics, as well as
the flow field surrounding the jet, are affected by the mass flow distribution between the
secondary flow inlets [27,28]. Figure 6 shows an overview of the flow field illustrating
the entrainment of the secondary flow into the burner jet. Again, varying the mass flow
distribution between the secondary inlets results in different external recirculation zones oc-
curring around the jet. For a combusting case, a reasonable amount of external recirculation
shows that the fuel/air mixing is complete, whereas the absence of recirculation indicates
that not all necessary secondary air has been entrained, leading to incomplete combustion
with increased emissions. A lack of external recirculation in a confined flame can also lead
to excessive expansion of the flame, which destroys the product and the refractory walls [9].
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Figure 6. Mean flow field in the vertical symmetry plane with a single burner jet included in the
model (for geometry, see Figure 3g), with Msec = 1 to the left and Msec = 5 to the right. The contours
show the burner jet axial velocity and the streamlines show the entrainment of the secondary flow
into the jet. Figure adapted from [28].

As previously mentioned, the vortex-shedding process and the resulting large-scale
oscillation of the flow field in the kiln increase the mixing of the secondary jets. The opposite
trend is indicated when the burner jet is incorporated and its mixing with the secondary
flow is scrutinized. The shedding process breaks up the burner jet on a large scale (see
Figure 7) but the mixing between the burner fluid and the secondary fluid, which takes
place on a small scale, seems to be promoted by a continuous shear layer, which results from
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an uneven mass flow distribution of the secondary flow [27]. It is clear from the experiments
that the secondary flow considerably affects the burner jet and the mixing characteristics.

Figure 7. Instantaneous PLIF images of the burner jet in the vertical symmetry plane (for geometry,
see Figure 3f), with Msec = 1 to the left and Msec = 5 to the right. Figure adapted from [27]. Reprinted
with permission from Springer Nature.

How the introduction of a coaxial outer stream affects the mixing process of the burner
jet and the secondary, co-flowing fluid has also been studied experimentally [28]. The main
objective was to investigate the possibility of controlling the burner jet length. How varying
the velocity ratio between the inner and outer stream affects the jet development, as well
as the effects of varying the mass flow ratio between the upper and lower secondary flow
inlets, were both investigated. The results show that it is possible to affect the mixing of the
central jet and the secondary fluid and, hence, affect the jet length by introducing a coaxial
stream. The outer coaxial stream shields the inner burner jet, decreasing the mixing with
the secondary, co-flowing fluid. Figure 8 shows probability density functions (PDF:s) of the
concentration in five points along the centerline, illustrating the mixing process. High and
narrow distributions indicate that the concentration does not vary much over time, and low
and wide distributions indicate that mixing is taking place. Note that the appearance of
the PDF:s of Mjet = 3.8 (Figure 8d) shows the closest resemblance to Mjet = 0 (Figure 8a).
The low and wide distributions for Mjet = 3.8, however, implies good mixing between the
inner and outer stream of the coaxial jets, but not with the secondary flow in the wake,
which is the case for Mjet = 0. It was also clear from the experiments that the secondary
flow distribution affects the shape and direction of the central jet.

Figure 8. Probability density functions along the centerline (for geometry, see Figure 3g). Msec = 1
for all cases. (a) Mjet = 0, (b) Mjet = 0.5, (c) Mjet = 1, (d) Mjet = 3.8. Figure adapted from [28].

3.4. Coal Combustion Modeling

In the most recent work of the project, a basic coal combustion model was included
in the simulations to investigate how the combustion process affects the flow field [29].
The pulverized coal was treated as Lagrangian particles undergoing devolatilization and
char oxidation, with gas-phase combustion of the released volatiles modeled using a single
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step eddy viscosity model. The discrete transfer model was applied to account for thermal
radiation. For details of the coal combustion modeling, see [29] and references therein.

Hot gas flow without and with combustion present was modeled in pilot-scale and it
was found that the combustion process with the resulting temperature rise and volume
expansion leads to an increase in the velocity in the kiln. The temperature rise is seen
throughout the kiln, but it is largest close to the flame, where the temperature is highest.
Apart from the velocity increase, the flow field looks similar whether or not combustion
takes place.

Figure 9 shows the evolution of the velocity in the transversal plane downstream
the kiln; also, here, it is obvious that no significant differences, apart from the velocity
magnitude, can be seen between the hot gas flow and the combustion case. The flow
develops similarly and the vortices occur in more or less the same places for both cases.
After the ignition of the flame and the start of the combustion process, the average velocity
in the transversal plane increases by about 30% for the combustion case compared to the
hot gas flow.

Figure 9. Velocity contours with tangentially projected velocity vectors at four transversal planes
downstream the kiln, with hot gas flow to the left and combustion to the right. Figure adapted
from [29].

Looking closer at the influence of the combustion process on the secondary flow
streams—see Figure 10—it is revealed that no substantial distortion occurs in the vertical
center plane. The merging streams are, however, closer to the centerline when combustion
is present compared to when it is not, leading to a suppression of the recirculation zone
that develops in the lower part of the kiln (Figure 10a,b). This is also clearly visible when
looking at the horizontal center plane, which also shows that the flow is pushed toward the
left side of the kiln (Figure 10c,d).

(a) (b)

(c) (d)

Figure 10. Velocity vectors tangentially projected on the vertical center plane on top, and the
horizontal center plane below. (a) Hot gas flow vertical center plane. (b) Combustion vertical center
plane. (c) Hot gas flow horizontal center plane. (d) Combustion horizontal center plane. Figure
adapted from [29].

The general conclusion from this study is that the overall flow field in this kiln is
not significantly affected by the heat release and gas volume expansion due to the flame.
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The flow field, however, governs the flame propagation and influences the combustion
process by controlling the mixing rates of fuel and air. A comparison of the simulation
results to the measurements in the real pilot-scale kiln was also carried out. A point
measurement in the kiln outlet under similar operating conditions showing a temperature
of 1320 ◦C agrees well with the simulated kiln outlet temperature, which varies between
1318 and 1411 ◦C over the area, with an average value of 1393 ◦C.

3.5. Kiln Hood without Backplate

Another type of kiln used by LKAB was also simulated, where the hood geometry
differs from the main geometry studied in this work; see Figure 3i [11]. There is no
backplate; instead, the burner is mounted like a lance, extending about one-third of the
kiln diameter into the kiln. In addition, part of the annular cooler is modeled to achieve
realistic inflow conditions for the kiln. The objective of the study was to evaluate the
possibility of predicting the flame shape through an isothermal CFD simulation of a down-
scaled, simplified model. The mixing process of the jet fluid and the surrounding flow
was investigated by solving a transport equation for a passive scalar defined as the burner
jet fluid. The simulation results were compared to recorded images of the flame during
operation in the real, full-scale kiln.

The results were promising, with the isothermal simulations capturing the main,
unsteady behavior of the flame seen in the real process; see Figure 11.

Figure 11. Images recorded in the real process showing the unsteady flame. Figure adapted from [11].
Reprinted with permission from the Society for Mining, Metallurgy & Exploration.

By plotting isosurfaces of a vortex identification parameter, it is possible to reveal the
flow structures. From Figure 12, it is seen that the unsteadiness evolves from the design
of the kiln hood. The ducting and the kiln hood geometry lead to the evolution of several
vortices in the area around the burner nozzle, which have a great impact on both the
resulting flow field in the kiln and the burner jet flow; see Figures 12 and 13.
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Figure 12. Visualization of vortices by isosurfaces of the vortex identification parameter, the Q-
criterion. Results from the two-equation turbulence model k− ε to the left and the Reynolds stress
model RSM-BSL to the right. Figure adapted from [11]. Reprinted with permission from the Society
for Mining, Metallurgy & Exploration.

Figure 13. Time-averaged streamlines in the kiln, where the black streamlines show the predicted
trajectory of the burner jet. Results from the two-equation turbulence model, with k− ε to the left
and the Reynolds stress model RSM-BSL to the right. Figure adapted from [11]. Reprinted with
permission from the Society for Mining, Metallurgy & Exploration.

Since the combustion is neglected, the volumetric expansion of the flame is missed,
along with temperature and density variations in the domain. This might change the
secondary air entrainment and the resulting mixing of fuel and air, which affects the burner
jet flame characteristics [9]. However, as seen in the combustion simulations of the pilot-
scale kiln described earlier, the heat release and the resulting gas volume expansion due to
the flame do not significantly affect the overall flow field. The flow field, however, governs
the flame propagation and influences the combustion process by controlling the mixing
rates of fuel and air. The results show the importance of taking the fluid mechanics in
general, and the kiln aerodynamics in particular, into consideration when designing the
burner to achieve optimal operating conditions of the kiln.

3.6. Turbulence Modeling

The simulation results of this project show that the turbulence models produce quite
different results, yielding various predictions of the flow field in the kiln [25]. Specifically,
the two-equation model SST cannot capture the unsteady flow with large-scale instabilities
that the geometry gives rise to behind the backplate. One probable reason for this is the
well-known deficiency of two-equation models, with over-prediction of the turbulent ki-
netic energy in regions with strong acceleration or deceleration, where too much kinetic
energy results in a high level of eddy viscosity that damps the vortex shedding. Simulations
on the simpler geometries also showed that the DES model is computationally demanding
and performed poorly on the grid applied. As stated earlier, careful grid generation is re-
quired. The Reynolds stress model (RSM-BSL) showed good results when validated against
experiments; see Figure 14. The model can show secondary flow, both turbulence and
pressure-driven ones, and gives a good overview of the most energy-containing motions
of the flow field without being too computationally expensive. How well the turbulence
model can predict the incoming flow from the secondary inlet ducts strongly affects the
evolution of the flow field in the kiln. This was clearly observed in the simulation work.
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Figure 14. Snapshots from the vortex-shedding cycle showing spanwise vorticity in the vertical
symmetry plane (for geometry, see Figure 3b). Comparison between simulations using the RSM-BSL
model (black contours) and PIV experiments (colored contours). Figure adapted from [25]. Reprinted
with permission from Springer Nature.

When the model was developed towards a more realistic geometry with more physics
(including the burner jet and, in one case, also coal combustion), wall functions were used
with both the RSM-BSL and the k− ε turbulence models, since it was too computationally
expensive to resolve the boundary layers. The k− ε turbulence model is commonly used
when modeling coal combustion in large-scale industrial furnaces, and it is one of the
most widely used turbulence models due to its robustness and ability to solve a wide
range of flow fields without being too computationally expensive. The results, however,
revealed that the model could not capture the unsteady flow field and the swirling motion
of the “flame” (burner jet) as well as the Reynolds stress model did; see Figures 12 and 13.
The isotropic Boussinesq assumption that two-equation models are based on leads to
poor predictions of three-dimensional effects in flows with strong separation and in fully
developed turbulent flow in non-circular ducts; this profoundly affects the resulting flow
field in the kiln, given the geometries studied in this work.

In general, the simulation results show that moving from a RANS formulation to
an eddy-resolving method such as DES does not necessarily yield improved or correct
predictions. Realistic inflow conditions, as well as grid-dependence and sensitivity studies
combined with validating experiments, are necessary to generate confidence in the results.
This justifies the strategy of the overall project with a gradually increasing complexity of the
model in the pursuit of a validated full-scale simulation model of the iron ore pelletizing
rotary kiln that can be used for process optimization.

3.7. Latest Research Advances in Rotary Kilns for Mineral Processing

Rotary kilns are used to process a variety of materials, the most common of which
are cement and lime, which naturally leads to the bulk of the literature being focused on
these processes, as described in the introduction. To put the results presented in this paper
in a broader context, some of the latest research regarding rotary kilns will be discussed,
with a focus on iron ore pelletizing rotary kilns. The common denominator of all research
on rotary kilns is that process optimization in terms of the yield, energy consumption,
and pollutant emissions is the main objective. Due to the complexity of the process, it is
difficult to obtain a complete picture of all influencing factors, and, therefore, limited and
well-defined parts of the process are studied in detail.

Edland et al. [2,21,40] have performed several numerical and experimental studies
focusing on combustion efficiency and NOx formation in iron ore pelletizing rotary kilns.



Fluids 2022, 7, 160 16 of 19

They found that the main contributor to NOx formation is the fuel-bound nitrogen, and that
the char combustion plays a significant role. Their results also showed that the choice
of the combustion process scaling parameter between pilot and full-scale is important,
and that the constant velocity scaling criteria commonly used provide an accurate scaling
of combustion settings and velocity and temperature profiles, but not the oxygen concen-
tration experienced by the fuel during char combustion. It is critical to be aware of the
differences induced by the scaling parameter since it has a major effect on the evaluation
of appropriate NOx abatement measures. They suggest two approaches to mitigate NOx
emissions: increasing the pyrolysis temperature to deplete the char of nitrogen or switching
to a fuel with a lower nitrogen content, which are both primary measures, because the large
volume of flue gas from the process makes secondary measures difficult and expensive.
They also underline the importance of taking the pelletizing process into account when
modifying the combustion process, since the sintering of pellets requires a controlled heat
and gas profile to generate a high-quality product.

The heat transfer in an iron ore rotary kiln, both with and without a bed of pellets
present, was modeled in full-scale and three dimensions by Gunnarsson et al. [41,42] using
a discrete ordinates method. The results showed that 80% of the total heat transfer to the
bed originates from radiation (whereas the rest is a result of conduction and convection),
implying the importance of the accurate modeling of the radiative heat transfer to pre-
dict the total heat transfer in the kiln. The model can be used as a submodel in a more
comprehensive combustion model.

Combustion using renewable fuels has been investigated experimentally by Wi-
inikka et al. [43] and Koveria et al. [44], where the latter study found that partially replacing
natural gas with biomass consisting of crushed sunflower husks generated enough heat to
obtain iron ore pellets with good strength. The results from Wiinikka et al. [43] showed
that it is challenging to entirely replace coal with biomass since the temperature profile will
be altered. A reduced oxygen content in the flue gas was also measured and the effect of
these two factors on the pellet quality needs to be further investigated. There is also a risk
for increased ash-related operational problems with biomass. Wang et al. [45] reviews the
deposit formation in coal-fired iron ore pelletizing rotary kilns, describing the mechanisms
to shed light on how to implement measures to prevent it in order to ensure the efficient
production of pellets.

Relevant studies of cement kilns recently published include the work of Nial et al. [13],
Lahaye et al. [19], and el Abbassi et al. [20]. All studies involve CFD simulation models
of combustion and fluid flow, and the aerodynamics of the kiln and how to utilize it to
optimize the flame and the resulting combustion process is in focus. It is found that the
distribution of the secondary air around the burner strongly affects the NOx formation,
and that a kiln hood geometry enabling a co-axial secondary air inlet promotes a lower
thermal NOx formation due to a more evenly spatially distributed heat release with lower
peak temperatures [19]. The results also show that two-dimensional models can provide
acceptable information regarding the thermal behavior, while accurate flow field prediction
requires a full three-dimensional model [19,20]. The central recirculation zone is important
from a flame stability perspective and, regarding the turbulence modeling, it is suggested
that the Reynolds stress baseline model (RSM-BSL) provides a good trade-off between
computational effort and flow details [13].

Although several of the studies mentioned here report results showing the importance
of the flow field, there are no detailed, systematic studies of kiln aerodynamics, apart from
the author’s own work, published in the literature.

4. Conclusions

Despite all of the simplifications regarding the models studied in this project, the re-
sults show the importance of correctly predicting the flow field in this type of kiln, where
there is a large amount of process gas circulating, in order to optimize the mixing and
combustion process. Since the combustion simulations revealed that the heat release does
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not affect or change the flow field in any significant way, the use of down-scaled water
models for investigating kiln aerodynamics in general and mixing properties in particular
is justified. Although the heat release from the flame cannot be accounted for in isothermal
models, important information regarding the real process is still gained. However, to better
model the actual process numerically, more advanced submodels for both the combustion
and especially the flow field are needed. The work shows that the complex flow field in
this type of rotary kiln requires a careful choice of turbulence model to obtain accurate
simulation results.

In terms of environmental impact, there is much to be gained by improving the current
pelletizing process to reduce the carbon footprint and NOx emissions. The next major step
in the near future is to replace the fossil fuels, coal and oil, in LKAB’s current processing
plants. Hydrogen is a likely fuel alternative as it can be produced on-site using electrolysis
without carbon dioxide emissions. However, it is not possible to directly replace the fossil
fuels with hydrogen in LKAB’s current rotary kilns [43].

As described in the introduction, the grate–kiln process depends on the burner pro-
ducing a long flame that generates heat throughout the whole kiln and to the earlier stages
of the process. In today’s coal flame, the slow reaction rates of the char, together with the
high inlet momentum of the solid fuel flow, are strong contributors to the flame length. In a
hydrogen flame, the flame properties will be dictated by the mixing of fuel and oxygen and,
to create a long flame, high inlet velocities must be combined with slow mixing between
the fuel and oxidizer. The task is complicated by the large amounts of hot process gas
supplied through the kiln hood.

Hence, changing the fuel completely alters the operating conditions, which will affect
the heat release and the temperature profile, which directly impact the pellet quality. A key
factor, therefore, is to understand how to fluid mechanically design the optimal thermal
and gas composition profile in the process to achieve the desired pellet quality regardless
of the fuel used.

One idea that has been initially studied (and shortly described in this paper) and will
be further explored is to introduce a coaxial flow stream surrounding the high-velocity fuel
jet in order to decrease the mixing rate to the degree needed to create the thermal and gas
composition profile desired for a high pellet quality. By fluid mechanically controlling the
resulting shear layers, the mixing of fuel and oxygen may be regulated, giving a possibility
to optimize the combustion process and flame properties. One unwanted side effect of
hydrogen combustion in the presence of air to be aware of, however, is the possibility of
generating thermal NO if the temperature gets sufficiently high [46].

Future work, therefore, includes investigating the feasibility of replacing solid fossil
fuels with gaseous hydrogen in the iron ore pelletizing rotary kiln. The main challenges
from a momentum, heat, and mass transfer perspective will be identified. Determining the
flame length achievable for a 100% gas-fired flame in the flow conditions of LKAB’s rotary
kiln is the first step on the way.
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