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Abstract

The flow field and coal combustion process in a pilot-scale iron ore pelletizing kiln is simulated using a computational fluid
dynamics (CFD) model. The objective of the work is to investigate how the thermal effects from the flame affect the flow
field. As expected, the combustion process with the resulting temperature rise and volume expansion leads to an increase
of the velocity in the kiln. Apart from that, the overall flow field looks similar regardless of whether combustion is present
or not. The flow field though affects the combustion process by controlling the mixing rates of fuel and air, governing the
flame propagation. This shows the importance of correctly predicting the flow field in this type of kiln, with a large amount
of process gas circulating, in order to optimize the combustion process. The results also justify the use of down-scaled,
geometrically similar, water models to investigate kiln aerodynamics in general and mixing properties in particular. Even if
the heat release from the flame is neglected, valuable conclusions regarding the flow field can still be drawn.

Keywords Rotary kiln - Computational fluid dynamics (CFD) - Coal combustion - Kiln aerodynamics

1 Introduction

One way to upgrade iron ore is to process it into pellets. This
is done through a pelletizing process involving several steps
including grinding, balling, and induration. In the Grate-
Kiln induration process [1], the sintering is mainly taking
place in a rotary kiln, where the pellets increase their strength
and metallurgical properties. The kiln burner produces a
flame that supplies the induration process with the necessary
heat. Large amounts of process gas are supplied through
channels with complex geometry, flowing through the kiln.
The flame properties and characteristics are highly linked
to the kiln aerodynamics due to the large amount of process
gas supplied through the kiln hood. Since the flame is
a diffusion flame, the mixing between the fuel (currently
pulverized coal) and the combustion air is an important step
of the combustion process and crucial for the combustion
efficiency. A controlled and predictable flame reduces the
fuel amount needed and hence the energy consumption
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decreases, and the greenhouse gas emissions become lower.
A long flame with an optimal temperature profile all the way
through the kiln is also essential for a high product quality.

Due to the harsh environment with dust, high temper-
atures, and large mass flows of gas, measurements under
operation are hard to perform; hence, simulation models can
be a valuable tool for process understanding and control.
Accurate numerical modelling relies heavily on experimen-
tal validation; therefore when striving toward valid models,
a systematic study of simplified and down-scaled geome-
tries provides an efficient way of moving forward step
by step. A systematic study of the factors influencing the
dynamics of the flow field in an iron ore grate-kiln pelletiz-
ing plant, by neglecting the combustion, has been performed
in an ongoing project that has been running for several years
[2-12]. Computational fluid dynamics (CFD) simulations
of both simplified and full-scale geometries have been per-
formed, as well as validating laser-based experiments in
down-scaled, isothermal models. The next step is to increase
the complexity of the model and include more physics to
better describe the reality.

The objective of this work is to apply a coal combustion
model in the CFD simulations of a pilot-scale kiln to
enable an investigation of thermal effects from the flame
on the surrounding flow field, such as volume expansion,
density variations and buoyancy. The simulation results are
partly compared to temperature measurements from the real
pilot-scale kiln.
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2 Method
2.1 Computational Model Overview

The software Ansys CFX 2020 R2 is used for the
simulations. It is an element-based finite volume method
code where the governing equations are discretized and
solved iteratively for each control volume defined by
the computational grid. The governing equations are then
integrated over each control volume such that the relevant
quantities like mass, momentum, and energy are conserved.
The result approximates the value of each variable at
specific points throughout the domain, giving a full picture
of the flow behavior [13].

A CFD model with coal combustion is employed for
solving the flow field. To be able to identify the combustion
effect on the flow field, simulations using a CFD model
with only the hot gas flows are also performed. Important
model simplifications include neglecting the pellet bed, the
diameter expansion, and the rotation of the kiln to empha-
size the focus on the flow field and combustion process.
Figure 1 shows the pilot-scale kiln geometry with a close-
up of the burner inlets. The kiln has a diameter of 0.65 m
and is 12 m long. Figure 2 shows the real pilot-scale
kiln. For details of the modelling equations, correlations,
and constants, the interested reader is referred to the cited
sources in the following sections.

2.2 Gas Flow Field

The turbulent flow field is solved by the three-dimensional,
steady, Reynolds averaged Navier-Stokes (RANS) equa-
tions. These are closed by the two-equation k — ¢ turbulence
model with scalable wall functions, where two extra trans-
port equations are solved — one for the turbulent kinetic
energy and one for the dissipation.

The k — & model is commonly used when modelling
industrial scale coal combustion in furnaces since it is

Fig.1 Kiln geometry with a
close-up of the burner inlets.
The red dot in the middle
corresponds to the coal and
transport air inlet. The green
surface shows the swirl air inlet
and the blue surface represents
the primary air inlet
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Fig.2 Photo of the pilot-scale kiln modelled in the present work

robust and less computational expensive compared to more
complex turbulence models. The drawbacks of the model
are well known, especially its inability to accurately predict
swirling flows with strong streamline curvature.

The energy equation, with the enthalpy as dependent
variable, is solved for the thermal heat transfer and temper-
ature field. In the combustion simulations, radiation plays
a significant role in heat transfer between fluid and solids,
and it is accounted for by adding a source term to the
energy equation. This source term equals the net radiative
heat flux in or out of the control volume and is obtained by
solving a radiation transport equation. The choice of ther-
mal radiation model affects both the quality of the solution
and the computational time. In this work, the discrete trans-
fer model is applied where the fluid domain is discretized
into a radiation grid. From the center of each bounding
surface, 32 rays are emitted, scattering radiation isotropi-
cally, and their paths are traced through the volume mesh.
A sufficient number of rays are required for accurate
calculation of thermal radiation in combustion processes.
The discrete transfer model is combined with the gray
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spectral model assuming that all radiation quantities are
nearly uniform throughout the spectrum; consequently, the
radiation intensity is the same for all frequencies [13].

2.3 Combustion
2.3.1 Particle Transport

The base of the combustion model employed consists of
a hydrocarbon fuel model, which offers a simple method
of creating a solid particulate combustion model starting
from the ultimate and proximate analysis of the fuel. The
pulverized coal is represented by a finite number of parti-
cles, tracked by a Lagrangian particle transport model. Each
particle is tracked through the flow field and represents a
sample of particles following an identical path. The parti-
cles are fully coupled to the gas flow, exchanging momen-
tum with the continuous phase, implying that the particles
affect the gas flow while the gas flow affects the particles
simultaneously.

Particles dispersed in a continuous fluid are subjected to a
number of forces. In this work, the drag force, the turbulent
dispersion force, and the buoyancy force are accounted for.
The drag force is calculated using the drag model of Schiller
and Naumann [14] which was derived for flow past a single
spherical particle.

Turbulent dispersion forces are important in turbulent
flows with significant interphase drag. The result is additio-
nal dispersion of phases from high to low volume fraction
regions due to turbulent fluctuations, caused by the combi-
ned action of turbulent eddies and interphase drag. The
turbulent dispersion force is active in regions where the
turbulent viscosity ratio exceeds a specified value; in this
work, the default value of 5 is used [13].

The difference in density between the solid and fluid
phases produces a buoyancy force which is accounted for in
the simulation model with the specification of gravity. The
buoyancy reference density is set as the average density of
the continuous gas phase (0.2 kg/m?).

The heat transfer between the continuous phase and the
particles is modelled by the well tested correlation by Ranz
and Marshall [15], which is based on boundary layer theory
for steady flow past a spherical particle.

The composition of the coal particles will change during
the combustion process. Since the particle emissivity de-
pends on the particle composition, the variation with tempe-
rature is accounted for in the calculation of the particles
effect in the radiation model.

As the particles are tracked through the flow domain,
source terms are generated in addition to particle forces.
The source terms account for heat release, consumption of
03, and production of CO, and H,O due to the combustion
reactions. The particle source terms acting on the fluid phase

are proportional to the number of physical particles that a
computational particle represents.

2.3.2 Particle Reactions

Three main reaction processes are modelled in coal com-
bustion: devolatilization, char oxidation, and combustion
of volatile matter. The initial drying of the coal particle
is assumed to occur instantly as the particle is exposed to
heat; hence, it is neglected in the model. The devolatilization
is modelled using a single reaction model where raw coal
is decomposed into char while volatile gases are released
from the particle. The volatile yield is obtained by multi-
plying the proximate yield with a factor of 1.25. During
the volatilization, the total amount of material released
is the actual volatile yield plus the moisture in the fuel.
The relative amounts of carbon, hydrogen, and oxygen in
the volatiles are calculated based on the ultimate analysis,
which in turn determines the stoichiometric coefficients in
the gas-phase combustion reactions involving the volatiles.
The devolatilization rate is calculated by an Arrhenius type
expression [13].

The remaining solids after the devolatilization consist of
char and ash, where the char is assumed to be pure carbon.
In the subsequent char oxidation model, a char particle is
considered spherical and surrounded by a stagnant boundary
layer through which oxygen must diffuse before it reacts
with the char. The char reaction is hence determined by both
the rate of oxygen diffusion to the surface and the oxidation
reaction at the surface. The overall char reaction rate is
controlled by the smallest of the two abovementioned rates
[16].

The only solid remaining after the char oxidation is
incombustible ash which can have a significant effect on
the heat capacity, radiative heat transfer, and char surface
reaction. To simplify the combustion model, the influence
of ash is neglected.

The gas-phase combustion of the released volatiles is
modelled by the single step reaction eddy dissipation model
which is valid in turbulent flows where the chemical
reaction rate is fast relative to the transport processes in
the flow [17]. The reaction rate is assumed to be inversely
proportional to a mixing time defined by the ratio of the
turbulent kinetic energy, k, and the dissipation rate of k, €.

2.4 Simulation Settings

The geometry is discretized into a grid consisting of 4.8
million tetrahedral and prism elements with 1.5 million
nodes. Several grid densities were generated in a systematic
way to check the sensitivity of the solution to spatial
resolution. Regardless of grid size used, the main flow
features in the kiln were the same. The details of the near
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wall flow were not of interest in this study; hence, wall
functions were used. Close to the burner, the grid was
refined to better capture the combustion Kkinetics. The
computational grid can be seen in Fig. 3.

The hot flow field without combustion was solved first
and the solution was then used to initialize the combustion
simulation. The coal size distribution is described by a
Rosin-Rammler distribution with a mean diameter of 42 um
and a spread constant of 1.008. The coal properties can
be seen in Table 1. One thousand representative particles
uniformly injected, equally spaced over the coal inlet, were
tracked in the combustion simulations.

Table 2 summarizes the boundary conditions used in all
simulations (no coal particles were though injected in the
hot gas flow simulations).

The solid surfaces are treated as opaque with an
emissivity varying between 0.6 and 0.93 depending on type
of wall. This implies that part of the radiation can travel
through the surface while the other part is reflected and/or
absorbed by the surface. An emissivity of 1 implies that the
surface is treated as a black body.

The mass fraction of oxygen is set to 23.2% (correspond-
ing to 21 vol%) at all inlet and outlet boundaries.

The gas species that are solved for are the mass fractions
of nitrogen (N3), oxygen (0O7), water (H>0), and carbon
dioxide (COy). Pollutants like CO and NO, are neglected
since they do not significantly affect the aerodynamics
which is the focus of this work. Their reactions are usually
modelled as a postprocessing step in the solver after the
combustion of coal and air; hence, their one-way coupling
has no effect on the combustion simulations and can
therefore be neglected. In general, the combustion model
was set up following the recommendations in the solver

Fig.3 Computational grid
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Table 1 Coal analysis

Proximate analysis (as received basis, wt%)

Ash 13.3
Moisture 0.9

Fixed carbon 64.4
Volatiles 21.4

Ultimate analysis (as received basis, wt%)

Carbon 75.2
Hydrogen 3.8
Oxygen 5.101
Nitrogen 1.37
Chlorine 0
Sulfur 0.337

Heating value 29.726 MJ/kg

documentation and default model constants are used in
the equations for the devolatilization, char oxidation, and
volatile combustion.

The high-resolution discretization scheme is used for
the advection term, and this includes a blend factor that
blends between first- and second-order accurate upwind
schemes, ensuring a robust solution also in regions where
the flow gradients change rapidly. The turbulence equations
are discretized using a first-order upwind scheme.

The convergence criterion was root mean square (RMS)
residuals below 10~® for the hot gas flow simulations.
The complex combustion simulations with strong coupling
between the different phases and fast reactions, often resul-
ting in instabilities, required a somewhat lower convergence
target of RMS residuals below 107>. Double precision

0.800 (m)
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Table 2 Boundary conditions

Gas mass flow rate (kg/h) Coal mass flow rate (kg/h)

Temperature [°C]

Coal inlet

Swirl air inlet

Primary air inlet

Upper secondary flow inlet
Lower secondary flow inlet
Outlet

Kiln wall

Chimney

Other walls

13 70 50
41 with 30° swirl - 50
35 - 50
1722 - 1075
1192 - 1035

Average static pressure, relative pressure of 0 Pa
No slip, smooth wall with heat transfer coeff. of 2.27 W/m2K
No slip, smooth wall with heat transfer coeff. of 20 W/m2K

No slip, smooth wall, adiabatic

was used in all simulations. In order to allow the flow
field to relax between the updates of the particle tracks
and source terms, 50 iteration steps between successive
calls to the particle solver were set in the combustion
simulations. Monitor points were placed in the domain
where the evolution of pressure, temperature, and velocity
values could be followed to ensure a steady state solution.
Mass imbalances of the final solutions were always well
below 1%.

3 Results and Discussion

The velocity in the YZ-center plane gives an overview of
the flow field in the kiln, see Fig. 4. As expected, the
combustion process with the resulting temperature rise and
volume expansion leads to an increase of the velocity in the
kiln. This is clearly seen in Fig. 4c showing the velocity
difference between the cases. Naturally the velocity increase

Fig.4 Velocity contour in the
YZ-center plane. a Hot gas flow. 2
b Combustion. ¢ Velocity e
difference between hot gas flow
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is largest close to the flame where the temperature is highest,
but it can be seen throughout the entire kiln. Apart from
that, the flow field looks similar regardless of whether
combustion is present or not.

The velocity along the centerline (Fig. 5) also shows
that the main difference between the cases is the velocity
magnitude. The graphs show how the central burner jet
emanates in the wake behind the so-called backplate
separating the two secondary flow inlets. The velocity
rapidly decreases initially until the flow from the lower
secondary inlet reaches the centerline. The velocity then
rapidly increases before reaching a local maximum. After
that, the centerline velocity again decreases. The sudden
peak around y = 0.3 m in the combustion graph corresponds
to the ignition point of the flame. The local minimum
around y = 1.5 m for the hot gas flow and y = 2.2 m for the
combustion case is an effect from the recirculation zone that
develops below the jet emanating from the lower secondary
flow inlet (see Fig. 4a and b). For the combusting case,
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Fig.5 Velocity along the 30
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this recirculation zone is smaller; hence, its impact on the
centerline velocity is less prominent which can be seen in
the graph.

To get a better understanding of the complex flow field
arising in the kiln due to the geometries of the secondary
flow channels, velocity streamlines can be seen in Fig. 6.
The streamlines are color coded depending on origin;
streamlines emanating from the upper secondary inlet are
red, streamlines from the lower secondary inlet are blue,
and the streamlines originating from the burner inlets are all
colored green. This makes it possible to get an idea of how
the different flow streams interact with each other.

As can be seen, the velocity streamlines are far from
straight and well-ordered, instead they are twisting and
turning due to the flow phenomena, like detachment and
recirculation, occurring in the kiln as a result of the complex
geometries of the secondary flow inlet channels.

Fig.6 Velocity streamlines in
the kiln. Red streamlines
originate in the upper secondary
flow inlet, blue from the lower
secondary inlet, and green
streamlines emanate from all
burner inlets. a Hot gas flow.

b Combustion
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By following the evolution of the velocity in the XZ-
plane downstream the kiln, it is again obvious that no
significant differences, apart from the velocity magnitude,
can be seen between the hot gas flow and combustion
case, see Fig. 7. The vortices occur in the same places
and the flow develops in a similar manner. Figure 8 shows
the average velocity in the XZ-planes downstream the
kiln. After the ignition of the flame and the start of the
combustion process, the average velocity in the XZ-plane
increases about 30% compared to the hot gas flow.

A closer look at the influence on the secondary flow
streams by the combustion process reveals that no substan-
tial distortion occurs in the YZ-center plane, see Fig. 9a
and b. The merging streams are though closer to the center-
line when combustion is present, suppressing the recircu-
lation zone that develops in the lower part of the kiln (the
blue zone below the jet emanating from the lower secondary
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Fig.7 Velocity contours with —_—
velocity vectors with tangential qf:
projection at four XZ-planes It
downstream the kiln. a Hot gas 12
flow. b Combustion

inlet). This is also clearly seen when looking at the XY-
center plane. It can also be seen that the flow is pushed
toward the left side (corresponding to the upper side in
Fig. 9c and d) and that a recirculation zone develops behind
the backplate separating the two secondary inlets (the blue
region near the burner inlet in Fig. 9c and d).

Since the focus in this work is how the combustion
process affects the flow field, a deeper discussion about
temperatures and species concentration fields etc. is left
out. However, two contour plots (Fig. 10) showing the
temperature in the YZ- and XY-center planes show how
the flame ignites a short distance from the burner just
outside the wake behind the backplate, and that the flame
is confined in the vertical direction by the secondary flow
streams, leading to an expansion in the lateral direction
instead. The flame, following the flow field, is also pushed
to the left side of the kiln, in accordance to Fig. 9. This is a
result of the geometries of the secondary flow channels with
complex cross-sections and bends in different directions,
resulting in the secondary flow having a large impact on the
flame propagation. Figure 11 shows an isocontour of COy
mass fraction corresponding to a value of 0.15, colored by
temperature. This image gives an idea about the predicted
flame shape and confirms the implications regarding the
flame expansion from Fig. 10.
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Fig.8 Average velocity in XZ-planes downstream the kiln

Velocity
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Regarding the comparison to the real pilot-scale kiln,
the only value applicable under similar operating conditions
is the outlet temperature which was measured to 1320°C
(a point measurement). In the combustion simulations, the
kiln outlet temperature varied between 1318 and 1411°C
over the area with an average value of 1393°C, so the
simulated temperature agrees well with the measured value.
Several measurement campaigns have been performed in the
experimental furnace and the present results regarding the
direction of the flame qualitatively agrees with for example
the work by Edland et al. [18]. It should though be noted
that the coal properties and operating conditions differ, so a
direct, quantitative comparison is not possible.

Several assumptions have been made regarding the
combustion simulations and the reaction steps. This is a
strong simplification from reality where several different
species are involved in a large number of simultaneously
occurring reactions. Nevertheless, it is clear from the present
work that the heat release from the combustion process
does not affect or change the overall flow field in any
significant way. It is rather the opposite, the flow field
affects the combustion process by controlling the mixing
rates of fuel and air and governing the flame propagation.
This shows the importance of correctly predicting the
flow field in this type of kiln, with a large amount of
process gas circulating, in order to optimize the combustion
process. The results also justify the use of down-scaled,
geometrically similar, water models to investigate kiln
aerodynamics in general and mixing properties in particular.
Even if the heat release from the flame is neglected,
valuable conclusions regarding the flow field can still be
drawn [19].

To better model the real process, more advanced submo-
dels for both the combustion and the flow field is needed.
The k—e& turbulence model used in this work was chosen due
to its robustness with less demands on computational power,
especially in complicated coal combustion simulations,
since the main focus was to disclose the combustion
process’ effect on the flow field. The choice of turbulence
model is of utmost importance to accurately describe the
complex flow field in this type of iron ore pelletizing rotary
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kiln, agreeing with previous conclusions in Larsson et al. [6,
8] and Granstrom [20].

4 Conclusions

The flow field and combustion process in a pilot-scale
kiln was simulated in the commercial code ANSYS CFX.
An initial coal combustion model was applied where
the pulverized coal was treated as Lagrangian particles
undergoing devolatilization and char oxidation with gas-
phase combustion of the released volatiles. The model can
be used to capture general trends in the kiln and to get an
overview of the process. It was concluded that the overall
flow field in this particular kiln is not significantly affected
by the heat release and gas volume expansion due to the
flame. The flow field though affects the combustion process
by controlling the mixing rates of fuel and air and governing
the flame propagation. The pellet quality depends strongly
on the temperature profile. A sound knowledge of the
kiln aerodynamics and the resulting flow field is therefore
necessary in order to optimize the combustion process to
maximize the quality of the iron ore pellets produced.
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