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Abstract

The impact of greenhouse gas emissions on climate change is causing significant concern for both
governments and the international community. This concern is driving the development for an
economy that is less dependent on carbon-emitting activities. The utilization of energy resources
is one of the primary sources of greenhouse gas emissions. Therefore, to achieve this ”low-carbon
society” our energy systems must make a transition from fossil-fuel sources to zero-carbon or re-
newable energy sources. Based upon the mass and volumetric energy densities, there are only a
few chemical energy carriers that can compete with fossil-fuels. One of these options is metal or
metal powders. This is a highly promising zero-carbon fuel option. Metal is such a promising
option because it can react energetically with oxygen and form stable reaction products, which
can be collected and recycled relatively easy.

The main focus of this graduation project is developing a model which can simulate the beha-
viour of metal fuels when combusted on an industrial scale. To do so, an existing particle model
is analyzed, improved and tested. The model is validated, and the possibilities of scaling are
investigated.

This is done by creating and comparing a computational version of a real-life setup, a Low-
Swirl Burner at the Eindhoven University of Technology in which methane, iron or both can be
combusted with air. Methane-air Low-Swirl Burners have already been investigated extensively,
and from these cases, the first validation of the computational approach is performed. After this
validation, several simulations are performed on the burner at the Eindhoven University of Tech-
nology: starting with pure methane-air. Different amounts of iron particles are added gradually
until a complete shift is made towards an iron-air flame. The modelling is done in ANSYS Fluent,
which lends itself perfectly for the simulation of methane combustion. For the combustion of iron,
a user-defined function is introduced, which, by using custom laws for discrete phase modelling,
defines the combustion of iron particles.

Following this approach, validation of the methane model is performed. First steps are taken
to validate the iron model, and further steps to properly validate the model are proposed. Con-
clusions are drawn about the particle size, iron mass flow and oxygen concentrations. Geometric
properties of the experimental setup are also investigated, and limits of this geometry are identi-
fied. The possibilities of scaling are touched upon, and a roadmap for the further development of
a numerical simulation of metal fuels is proposed.

The current model is not perfect, but it shows great potential. Although there are still many
challenges that lie ahead, this study can serve as a base for further development of a metal
combustion model. The model needs to be improved, validated correctly and scaled up significantly
.This model can be used to help Metal Fuels towards the next level, on its route to becoming a
significant component in meeting the global energy demand, without producing greenhouse gasses.
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Chapter 1

Introduction

The effects of greenhouse gas emissions on climate change is causing major concern for both gov-
ernments and the international community. This concern is driving development for an economy
that is less dependent on carbon emitting activities. The utilization of energy resources is one of
the main sources of greenhouse gas emissions. Therefore, to achieve this ”low-carbon society” our
energy systems must transition from fossil-fuel sources to zero-carbon and/or renewable energy
sources [29].

Setting aside the concern for the climate, a transition is also needed to cope with the finite
fossil-fuels. This transition is needed to offset the constraints on fossil-fuels that are associated with
future economic growth [26]. A widely discussed alternative is biofuels [6]. However, estimates
indicate that bioenergy alone cannot completely facilitate the transition from fossil-fuels due to
the low effective energies and power densities that are associated with photosynthesis [17].

Another challenge when replacing fossil-fuels is the storage capabilities of the fuel. Even when
energy is produced from clean energy sources, they cannot be stored or transported as easily as
fossil-fuels. For that reason a clean and sustainable energy carrier is needed that can be both
stored and transported easily. At the moment batteries and hydrogen are the most frequently
proposed energy carriers for a low carbon society [29, 17, 18].

Burning fossil-fuels in high-power-density internal combustion engines is an essential compon-
ent of today’s society. So it’s essential that any alternative can compete with fossil-fuels regarding
energy and power densities. Most suggested alternatives however, are far inferior to fossil-fuel
powered internal combustion engines. Society needs energy carrier alternatives that will be able
to replace or supplement the dominant fossil-fuels [31].

1.1 Alternatives for Fossil-Fuels

Based upon the mass and volumetric energy densities, there are only a few chemical energy carriers
that can compete with fossil-fuels. One of these options is metal or metal powders. This is a
highly promising zero-carbon fuel option. Metal is such a promising option because it can react
energetically with oxygen and form stable reaction products, which can be collected and recycled
relatively easy [33, 4].

Metals have a high energy density, which makes them a good, attractive option as a fuel.
Many metal fuels even have higher volumtric energy densities than fossil fuels when burned with
air. This can be seen in Figure 1.1 Both aluminum and magnesium are studied extensively and
have been considered as clean energy carriers [33, 36, 37]. Iron has been considered as both an
inexpensive and clean energy carrier [4, 28].

Silicon, magnesium, aluminium and iron are all metals with high energy density and specific
energy and are abundantly present. These properties make metals good candidates to be used
as a fuel (metal fuel). Metal fuels have energy densities that are superior to biomass, coal and
compressed gas, which are all shipped globally for the energy trade [10].

Creating a numerical model for burning metal fuels in industrial size burners 1
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Figure 1.1: The volumetric and gravimetric energy density for various metal fuels compared to
batteries, bio-derived fuels and fossil fuels. From: [6], page 370

1.2 Metal Fuels

The ability to effectively and efficiently store energy is what makes metal fuels so interesting for
the energy sector. This sector is very dependent on supply and demand, so storing energy could
be a real game changer. There is a big difference in demand between for example winter and
summer. In the winter period the energy demand is usually much higher than in the summer
period. During a period of high demand, renewable energy sources provide far too little energy
to satisfy this demand. The other way around, in periods of low demand renewable sources can
provide a surplus of energy, but this cannot be stored [3].

The difference between this high and low demand could be (partly) compensated by storing
excess energy in periods of low demand and access this stored energy in periods of high demand.
Metal fuels would be ideal for this type of storage. Next to the advantage of being able to use
more renewable energy, energy is generally much cheaper in periods of low demand. [1] This could
be a major advantage when looking into the price of metal fuels as a fuel for a power plant.

This difference between supply and demand is visualized in figure 1.2, as a function of the
solar power in Morocco versus the power demand in the Netherlands. This is just an example to
clarify the possible difference in demand. Solar power is a good example to make this comparison,
because this largely depends on seasons.

Figure 1.2: Solar power intensity trend as function of time in Morocco (a) and electricity demand
trend in the Netherlands (b) From: [8], page 17

Next to the advantage of being able to harvest energy on a yearly scale, there is also the ability
to counter peak demand on the energy market. This demand can vary not only over days, but is
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even monitored over 15 minute periods [2]. During this peak demand, there are periods in which
renewable energy cannot immediately supply the demand, for example, on a very hot, windless
day, where everyone turns on their air-conditioners. During this period the need arrises to directly
increase the energy production. It is impossible to create more solar or wind power on demand,
but it is possible to burn more metal fuels. So an other advantage of metal fuels is that it can be
used to ensure power grid stability.

1.3 Metal Fuels in a Conventional Power Plant

Prior to this graduation project, an internship has been done studying the techno-economic chal-
lenges on the supply side of metal fuels at a power plant [24]. The goal of the internship was
to make a reasonable assumption on whether it is possible to (partly) integrate metal fuels in an
existing conventional coal powered power plant.

The investigated metal fuel cycle is a cycle with zero associated carbon dioxide emissions.
The cycle consists of 4 major parts: generation of renewable energy, regeneration, transport and
combustion. A schematic overview can be seen in figure 1.3. The version of the cycle in this
report is one where the completed cycle is located in a small geographical area, greatly reducing
transport costs.

Figure 1.3: Schematic representation of the metal fuel cycle for a conventional power plant with
the efficiency for every part of the process. The 23 is the amount of electricity that is supplied to
the grid compared to the amount generated by renewable energy. From: [24]

When looking at the current available technologies, it seems realistic that metal fuels can be
burned in convention coal powered power plants. When looking at available flame speeds and
burning velocity combined with the energy densities of metal fuels they indicate that metal fuels
can be burned in power devices at nearly equivalent power densities to modern systems fuelled by
fossil fuels.

1.4 Lighthouse project

At the moment of writing, there is ongoing project investigating the possibility of burning metal
fuels in industrial size burners. After a proof-of-principle [23] by TEAM SOLID, a student team
of the Eindhoven University of Technology, the next step is to develop a 100 kW system fuelled
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by metal fuels. When successful, the goal is to scale the system to a 1 MW system. In this range
the system will enter the region where it is scalable to the size of an actual power plant, although
this is a very big step and still a long way away.
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Preliminaries

2.1 Description

The main focus of this graduation project will be creating a model that can simulate the beha-
viour of metal fuels when they are burned in a conventional coal powered power plant. Because
all current existing models that can model the combustion of metal particles are very rudimental,
combined with the time scope of this study, the full size of a power plant will in all probability
not be reached. Nevertheless, steps are taken, or proposed, to achieve such a model.

The model that will be created will be a (1,2 or 3D) mathematical model. This model will be
optimised for mass and heat transfer for burning metal fuel and might give directions on how to
operate metal fuels. The fuel can consist of different compositions: the burned metal can differ
(iron, aluminium, silicon etc.) and it can be pure (100% metal fuel) or a mixture (metal fuel-
coal, metal fuel-bio mass, etc.). The model will be solved numerically and will be validated by
comparing the results with known and/or experimental data.

2.2 Main Question

Creating a numerical model for burning metal fuels in industrial size burners

2.3 Sub Questions

• Main model architecture

– What are the existing models for burning metal fuels? (1D, CFD, Spence?)

– Can these existing models be used/altered or is it better to build a model from scratch?

– What are the boundary conditions for the model?

• Other questions

– What are the similarities and differences between a 1.1 GW power plant and a 0.1-1
MW burner?

Creating a numerical model for burning metal fuels in industrial size burners 5





Chapter 3

Modelling Metal Combustion

Multiple options have been considered for modelling the combustion of metals. Possibilities are de-
scribed first in this chapter, after which the decision on the final model is made and substantiated.
This model is then described in detail.

3.1 Different Metal Combustion Models

3.1.1 CHEM1D

One of the considered models is the model developed by Thijs Hazenberg (TU/e) during his
master Thesis [15]. This model uses a Eulerian description to solve a continuous gas phase and
a Lagrangian description to solve the dispersed phase. This numerical method is explained by
using the CHEM1D software [34]. While promising, this model is still far from a complete model.
The author himself concluded that the model is the first step to future research. Also, because
the model is currently only calculating one dimensional flows, it is not yet applicable to industrial
burners.

3.1.2 Furnace Model

Another option is using a furnace style model. These models are used in commercial software
like Spence. A furnace style model is a layered model with a segmental approach. This method
assumes all layers are perfectly stirred and is one-dimensional: this means that the flow is moving
in one direction and that only transport is possible from layer n to layer n + 1. A description of
the model can be seen in figure 3.1.

Figure 3.1: Schematic description of furnace model with segmental approach.
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Because of the simplicity, these models are beneficial for large scale reactors, for example, a GW
coal-fired power station. Currently, there are furnace models for fossil fuels and alternative fuels
like biomass, but no models for the combustion of metals are available. Because not all combustion
parameters for metal combustion are known, it is rather challenging to create a furnace model.
Therefore a correct particle model should be developed first, which then could be used to develop
such a furnace model to model larger setups.

3.2 Detailed Euler-Lagrangian Approach

The last considered alternative is using a CFD solver, for example the commercial software pack-
age Ansys Fluent R©. Fluent software contains broad physical modelling capabilities needed to
model flow, turbulence, heat transfer and reactions for industrial applications. In the standard
features of the code, there is no model for the combustion of metal particles, but Fluent can use
user-defined functions, or UDFs, which are functions that can be dynamically loaded within the
Ansys Fluent solver. With these user-defined functions boundary conditions, material properties
and source terms can be defined. It is also possible to specify custom model parameters like a
Discrete Phase Model.

Such an User-Defined Function for the combustion of iron particles has been created by
Schiemann et al. of the Ruhr-University Bochum [27]. This UDF models the combustion of
a single iron particle based on diffusion-limited conversion. Although rudimental to date, this
model is considered to be an advanced metal combustion model. Combined with the authors’
experience with Ansys Fluent the decision is made to use the model from Schiemann et al. as a
starting point. The model will be applied to low swirl burners, and improved and validated where
possible and/or necessary.

3.2.1 User-Defined Function

The decision is made to create a numerical simulation by using Ansys Fluent, which means a
User-Defined function will be needed because there is presently no model in Fluent that correctly
models the region of interest of this study, metal combustion. But what exactly is such a UDF?
Shortly summarized a UDF is:

• Adds functionality or modelling capabilities which are absent;

• A function that can be dynamically loaded with the Ansys Fluent solver;

• Is written in the C programming language.

In this case the UDF is used to customize material properties, reaction rates and source terms.
For iron particles these data are not available in Fluent, so it has to be defined. After the definition
of these custom parameters they are included in an enhanced version of the existing discrete phase
model.

In Fluent the UDFs can either be interpreted or compiled [16]. A compiled UDF is built the
same way the executables of Fluent itself are built. Interpreted UDFs are interpreted from source
files in a single-step process. This process occurs at runtime. When deciding which type to use,
the advice is to use interpreted UDFs for small, straightforward functions and compiled UDFs
for complex, CPU demanding functions (for example a UDF that is called upon every cell every
iteration). In this case, the decision is made to use a compiled UDF.

3.2.2 Mesh Terminology

The UDF will access data from the Fluent solver; therefore, one should understand the storage of
these data into the mesh before writing and using a UDF. Fluent uses a pretty straightforward way
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of defining a mesh; the mesh is broken up into control volumes (CV). These CV are characterized
by a set of nodes, the center of the CV, and the neighboring faces. A simple version of such a
mesh can be seen in figure 3.2

Figure 3.2: Simple two-dimensional mesh

Fluent uses threads to store information about a boundary or control volume zone. CV threads
are a grouping of control volumes, and face threads are similarly groupings of faces. These thread
data structures are used to access information about the boundary or CV zones. Typically, control
volumes and faces are grouped into a zone that is a physical representation of the model. This can
represent for example an inlet, outlet or wall. A domain is used to store the data of a collection
of nodes, face threads and control volume threads in a mesh.

3.2.3 UDF solution process

User-Defined Functions are called upon in the solution process at predetermined times. The UDF
used is solved by using the Pressure-Based Coupled solver, which is advised when simulating
high-density cases or cases with complicated physical conditions. The solution process for this
solver starts by initializing the solution outside the solution iteration loop. This initialization
sequence begins by initializing the equations by using user entered or default values. After this,
the initialization in the UDFs is called upon. This initialization defined in the UDF overwrites al
previous set initialization values. In the UDF used for metal combustion, the following values are
initialized:

• Particle temperature, Tp,

• Particle mass, mp,

• Particle diameter, dp,

The solution iteration loop first checks the UDF for any adjustments to the standard variable
that are not passed as arguments (for example flow variables as velocities and pressure). After this,
the coupled governing equations for continuity and momentum are solved. The energy, species and
other transport equations are then subsequently solved. The remainder of the solution consists
of updating the properties and checking for convergence. A schematic overview of the solution
procedure can be seen in figure 3.3.
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Figure 3.3: Schematic overview of the solution procedure a pressure-based coupled solver.

3.3 Thermodynamics of Metal Combustion

The combustion of metal particles with oxygen is unique because the adiabatic flame temperature
is a specific known value: the vaporization-dissociation, or volatilization temperature, of the metal
oxide [12]. This is due to the physical fact that the heat of vaporization-dissociation to form a
metal-oxide is greater than the available heat for raising the condensed state of the metal-oxide
above its boiling point:

∆Hvap−diss > QR −
(
H◦T,vol −H◦298

)
= ∆Havail (3.1)

where:

• ∆Hvap−diss is the heat of vaporization-dissociation of the metal oxide [11],

• QR is the heat of reaction of the metal at the reference

temperature 298[K],

•
(
H◦T,vol −H◦298

)
is the enthalpy required to raise the product oxide to its

volatilization temperature.

10 Creating a numerical model for burning metal fuels in industrial size burners



CHAPTER 3. MODELLING METAL COMBUSTION

To burn a condensed-phase fuel in the vapor phase, it is necessary that the flame temperature is
higher than the fuel saturation temperature. As a result, the fuel will vaporize and will become dif-
fuse. Metals, contrary to hydrocarbon fuels, have very high saturation temperatures. This means
that for a metal to be able to burn as a vapor, the oxide volatilization temperature must exceed
the metal boiling point. This particular effect is known as Glassman’s criterion. By comparing the
values for Tvol and Tb from table 3.1, it can be seen that iron will burn in the vapor phase in oxygen:

Table 3.1: Various properties of iron oxide

Metallic Compound Tvol ∆Hvol

(
H◦T,vol −H◦298

)
+ ∆Hvol ∆H◦f,298 Tb

[K] [kJ/mol] [kJ/mol] [ kJ/mol] [K]

FeO 3400 610 830 -272 3133

Values from the JANAF Tables [30].

By using computational fluid dynamics and the parameters found in the thermodynamic tables
[30], it is possible to calculate metal-oxygen flame temperatures. For metal oxides it is proven to be
difficult to define an equilibrium thermodynamic boiling point [?]. Instead, the term vaporization-
decomposition temperature is more suitable to describe the “boiling” point of a metallic oxide.
This temperature describes the point at which the volatilization of metallic oxides occurs, and can
be defined as: “volatilization temperature, exhibiting characteristics of a transition temperature
or boiling point”

The adiabatic combustion temperature for metal-oxygen combustion is mainly dependent on
the metal oxide volatilization characteristics, and the combustion temperature is limited to the
boiling point of the oxide [35]. The ability to calculate combustion temperatures has introduced
the “limiting temperature” concept [12]. This concept states that the enthalpy of combustion of
reactants at stoichiometric ambient conditions (298K) alone is not sufficient to volatilize all the
condensed-phase metallic oxides. In other words, the metallic oxide undergoes a phase change.

3.3.1 Metal-Oxide reactions

The general, stoichiometric, metal-oxygen reaction is:

xM (s) + yO2 (g)→MxO2y (s) (3.2)

Where x represents the atoms of the solid metal M which reacts with y moles of gas-phase
oxygen to produce one mole of a solid metal-oxide, MxO2y. For the oxidation of iron this reaction
becomes:

4Fe (s) + 3O2 (g)→ 2Fe2O3 (s) + 413 [kJ/Mol] (3.3)

During the combustion of iron, however, there are other iron oxide compositions present. These
compositions can be found in the equilibrium position of a stoichiometric iron-air mixture and
depend on the temperature [27]. To take into account these compositions, the following reactions
are considered as well:

2Fe (s) +O2 (g)→ 2FeO (s) (3.4)

3Fe (s) + 2O2 (g)→ Fe3O4 (s) (3.5)
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3.3.2 Iron particle model

As described in section 5.3, the combustion of metal can be described by using a temperature
limited approach: the combustion behavior depends on the different temperatures of the metal
and metal oxides. At these different temperatures, the metal and metal-oxides undergo different
phase changes. If the temperature exceeds the melting point, the metal starts vaporizing. The
rate of this vaporization depends on the specific vapor pressure. When this vapor pressure is low
at the adiabatic flame temperature, the combustion will occur at the surface of the droplet. If this
is the case, there are two possibilities for the combustion mode. The first occurs when the boiling
point of the reaction product is below the adiabatic flame temperature; then it will evaporate and
form aerosols. The second happens when the combustion takes place below the oxides boiling
point. In this case, little to no aerosols are formed. The assumption is made that for iron particles
at the micrometer scale the second combustion mode occurs.

The transition into a model which can be used in the Euler-Lagrangian framework is made
by using the thermo-physical restrictions defined above, the material properties and fundamental
combustion physics. The result is a temperature-limited model which takes the characteristic
temperatures for decomposition and phase changes into account. In this model, several steps are
taken to describe the heat release and mass conversion in time.

3.4 Computational Model

By using the assumptions in this chapter, a model is made that follows a set of different steps to
model the combustion of iron. In this section these different steps are described.

3.4.1 Heating of particles

Iron oxidizes at any temperature, the question is how fast the reaction will go. The temperature
dependency of the chemical reaction rate is generally modelled by using the Arrhenius equation.
Because not all required parameters are known and the real, correct mechanisms are still a point
of discussion, a different, simplified approach is chosen: using the ignition temperature. This step
is based upon the inert heating of cold particles until the point at which these particles reach a
pre-defined ignition temperature. To determine this pre-defined ignition point, thermogravimetric
analysis (TGA) mass gain experiments are executed [27]. During these experiments, the mass
gain of iron powder in air, which is exposed to non-isothermal TGA conditions, is measured in
two different TGA apparatus. The temperature condition in these TGA’s was dT/dt = 5K/min.

Two iron powders are used, with a different mass, 50 and 130 mg, respectively. The results of
these TGA-experiments can be seen in figure 3.4. From this figure, it can be seen that there is
a steep mass gain of the iron in the temperature range between 650 and 800 K. Therefore, the
ignition temperature point is chosen to be defined at 700 K.
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Figure 3.4: TGA mass gain curves for two iron powders: 50 mg (red-dashed) & 130 mg (blue).
From: [27].

3.4.2 Thermal runaway

When the temperature reaches the ignition temperature point, the next step in the model starts.
This step begins with thermal runaway; the particle temperature increases until the particle reaches
the boundary diffusion limit [25]. Because of the absence of detailed chemical kinetics for the
oxidation of iron in this temperature region, some assumptions have to be made during this step.
The chemical reaction considered in this step is the formation of magnetite:

3Fe(s) + 2O2(g)→ Fe3O4(s) + 374 [kJ/mol] (3.6)

The formation of FeO is neglected during this step because it is rare to be present in a solid iron
oxide sample. When iron oxidizes and the molar ratios of iron and oxygen are equal (Fe/O = 1),
the mixture will probably be one consisting of Fe and Fe3O4[32]. Fe3O4 sticks to the particle
during the oxidation, while O2 is consumed simultaneously. The rate at which this oxygen is
consumed, the transfer rate, is calculated from the mass transfer limit in the particle boundary
layer. This boundary layer consists of a gas film around the particle.

The particle temperature increases while heat exchange is calculated considering convection
and radiation. The oxidation rate is calculated by the following formula:

ṅO2 = 2πdp
DO2

RT∞
pO2,∞ (3.7)

where:

• ṅO2
is the oxygen consumption rate,

• dp is the particle diameter,

• T∞ is the temperature in the boundary layer ,

• pO2
,∞ is the partial pressure of oxygen in the free gas stream.
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The film temperature is an approximation of the temperature of the convection boundary layer,
and is calculated by using the particle temperature (Tp) and the free stream or gas temperature
(Tg):

Tfilm =
Tp + Tg

2
(3.8)

Based on the heat release of the particle, the particle temperature can be calculated by using
the following formula:

αAp (T∞ − Tp) + εpApσ
(
T 4
w − T 4

p

)
+
dmp

dt
∆hir = mpcp

dTp
dt

(3.9)

The emissivity of the iron oxides is taken from experiments [13]. During this experiment,
thermal radiation measurements were carried out on magnetite and hematite in the temperature
range between 773 and 1273 K. The results can be seen in figure 3.5. Ideally, the value would
adapt depending on the temperature and particle composition, however, this is not included in
the model yet. Currently a stationary value for the emissivity is chosen: εp = 0.75.

Figure 3.5: Comparison between the total emittance of hematite (green) and magnetite (blue)
From: [13]

The heat of reaction for the phase changes is taken from the NIST-JANAF Thermochemical
Tables [30], at the melting point at 1 bar:

[∆fusH
◦]Fe = 13.807

[
kJ/mol

]

[∆fusH
◦]Fe3O4

= 138.16
[
kJ/mol

]
3.4.3 Melting of Fe

When the particle temperature reaches the melting temperature of Fe, 1809 K[30], the Fe that
is still present in the particle starts melting. During this melting phase, the particle temperature
remains constant. Besides melting, the reaction from Fe to Fe3O4 continues during this step.

3.4.4 Ongoing reaction

When Fe is completely liquified, the reaction keeps on going which increases the particle temper-
ature until the melting temperature of Fe3O4 is reached.
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3.4.5 Melting Fe3O4

The melting point of Fe3O4 is defined at a particle temperature of 1860 K[30]. The same happens
as in the melting of Fe step: particle temperature remains constant while the Fe3O4 melts. The
reaction is still ongoing.

3.4.6 Decomposition

When the complete particle is liquified, the particle temperature starts to rise again due to the on-
going reaction. The temperature keeps increasing until the decomposition temperature of Fe3O4,
2358 K[30], is reached. This temperature point is set as the upper limit in the model. The reason-
ing behind this clear upper limit is that the only higher oxidation state, namely Fe2O3, does not
exist at these temperatures. At this decomposition temperature, the reaction rate is controlled by
the temperature boundary (which is determined by convective and radiative heat loss) or by the
diffusion limit of oxygen.

The diffusion limit reinforces the decision of the upper limit, because in high-density particle
mixtures, like the simulated burner, the combustion temperature will be limited by this diffu-
sion limit. It is therefore unlikely that the particle temperature can exceed the decomposition
temperature much.

3.4.7 Fe3O4

When all Fe is converted into Fe3O4, the reaction will obviously stop. At this point, the particle
starts to cool down, without any chemical reaction. The complete particle consists of pure, liquid
Fe3O4.

3.4.8 Solidification of Fe3O4

The particle temperature of the liquid Fe3O4 keeps on dropping until the melting temperature of
Fe3O4 is reached again. At this point, the solidification of Fe3O4 starts and continues until the
entire particle consist of solid Fe3O4. During the solidification, heat is released by convection and
radiation. In the model, the convection is coupled only to the gas phase. The radiation is coupled
with the gas phase, walls and the other particles.

3.4.9 Cooling

After the complete solidification of Fe3O4, the particle keeps cooling down until it reaches the
decomposition temperature of Fe2O3. This temperature is defined at 1735 K[30]. When this
temperature is reached, the next step begins.

3.4.10 Second reaction

After the decomposition temperature is reached, a new reaction starts; the transition from mag-
netite into hematite:

4Fe3O4 (s) +O2 (g)→ 6Fe2O3 (s) (3.10)

The reaction rate is limited by either the decomposition temperature, or the diffusion limit of
oxygen. In the case of a temperature limit, the particle temperature remains constant during the
reaction. Otherwise, in case of the diffusion limit the particle temperature drops.
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3.4.11 Converting and cooling

After all the Fe3O4 is converted into Fe2O3 the reaction stops. The only thing that happens after
this point is the cooling of the solid hematite particle towards the gas temperature.

3.5 Steps in the Model

The complete model has been described, and can be seen as a model with eleven steps. To create
a short overview, al the steps are shortly described in table 3.2:

Table 3.2: Overview of all the steps in the computational model

Step Name Description

1 Inert heating Particle heats up

2 Thermal Runaway Ignition temperature of 700 K is reached, ignition
starts

3 Melting of Fe Fe starts melting at 1809 K

4 Ongoing reaction Fe is completely liquid, keeps reacting into Fe3O4

5 Melting of Fe3O4 Fe3O4 starts melting at 1860 K

6 Decomposition Particle is completely liquid and reaches the

decomposition temperature of 2358 K

7 End of reaction 1 The first reaction stops when all Fe is consumed.

8 Solidification of Fe3O4 Temperature drops until the melting temperature of

Fe3O4 is reached again (1860 K) and the

particle solidifies

9 Cooling Cooling stops when the decomposition temperature of

Fe2O3 is reached.

10 Reaction 2 The second reaction starts. Fe3O4 converts to Fe2O3

11 Conversion & cooling The complete particle is Fe2O3, the reaction stops.

and the particle cools down to gas temperature

3.6 Drop Tube Simulation

To validate the computational model, simulations on a single particle in a drop tube furnace are
performed, which is a standard experiment for single particles. The advantage of such a simulation
is that due to the geometry of a drop tube, a laminar, one dimensional flow field exists. In this
case a two-dimensional drop tube is simulated, because the first simulations of the low-swirl burner
will also be executed in 2D. The dimensions of the drop tube in the simulation are rectangular,
with a height of 2000 mm and a width of 25 mm. The particle diameter of the iron particle is 50
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µm and the gas temperature within the drop tube is set at 933 K.

This results in the following particle temperature profile, where all the steps in model (defined
in table 3.2) can be seen. To clarify, a second figure is created, figure 3.7, where all the specific
steps from table 3.2 are marked.

Figure 3.6: Particle temperature of an iron particle (50 µm), simulated in a two dimensional drop
tube.

Figure 3.7: Figure 3.6, with all the steps from table 3.2 marked.
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The most important variables that are defined in the computational model can be found in
table 3.3. All other important variables that are used are imported from Ansys Fluent.

18 Creating a numerical model for burning metal fuels in industrial size burners



CHAPTER 3. MODELLING METAL COMBUSTION

T
ab

le
3.

3:
M

os
t

im
p

or
ta

n
t

va
ri

ab
le

s
d

efi
n

ed
in

th
e

co
m

p
u

ta
ti

on
al

m
o
d

el

M
a
te

ri
a
l

M
o
la

r

M
a
ss

[g
/m

ol
]

D
e
n

si
ty

[k
g
/m

3
]

M
e
lt

in
g

T
e
m

p
e
ra

tu
re

[K
]

D
e
c
o
m

p
o
si

ti
o
n

T
e
m

p
e
ra

tu
re

[K
]

F
o
rm

in
g

E
n
th

a
lp

y
@

2
9
8
.1

5
[K

]

[k
J
/m

ol
]

R
e
a
c
ti

o
n

H
e
a
t

[k
J
/m

ol
]

F
e 3
O

4
23

1.
53

50
00

18
70

23
58

-1
12

0.
89

4
13

8.
16

F
e 2
O

3
15

9.
69

52
40

-
17

35
-8

25
.5

03
-

F
e

55
.8

4
5

78
74

18
09

-
0

13
.8

07

O
2

16
.0

-
-

-
0

-

O
th

e
r

V
a
ri

a
b

le
s

V
a
lu

e

Ig
n

it
io

n
T

em
p

er
at

u
re

70
0

[K
]

E
m

it
ta

n
ce

0.
75

[−
]

G
as

C
on

st
an

t
8.

31
45

1
[J
/m

ol
∗
K

]

Creating a numerical model for burning metal fuels in industrial size burners 19





Chapter 4

Validation of Low Swirl Burner in
Fluent

Before the computational model is used in a more complex geometry and environment like a Low
Swirl Burner (LSB), a simpler case available from literature is modeled in Fluent. This results in
the simulation which is based upon the thesis (Ph.D.) of David Beerer of University of California,
Irvine [5].

4.1 LSB Beerer

4.1.1 Experimental setup

The experiments on this LSB are performed on a Low Swirl Burner in a pressure vessel which is
made optically accessible. The setup is located at the University California Irvine Combustion
Laboratory (UCICL). The geometry of the LSB consists of a 30 cm long premixing chamber with
a diameter of 31.75 mm and the main combustion chamber with a diameter of 150 mm and a
length of 230 mm. The geometry of the experimental setup can be seen in figure 4.1 and 4.2.

Figure 4.1: Cross section of pressure vessel and burner arrangement from thesis Beerer. From: [5].

Creating a numerical model for burning metal fuels in industrial size burners 21



CHAPTER 4. VALIDATION OF LOW SWIRL BURNER IN FLUENT

Figure 4.2: Low-swirl methane flame in the premixed and main combustion chamber. From: [5].

The principle of a LSB is using a Low-Swirl Injector (LSI), which produces a divergent tur-
bulent flow field, to create a stabilized detached or lifted flame that is propagating freely along
the flow field. In this case, the LSI is statically placed inside the premixing chamber. The LSI is
a circular device, consisting of two channels. The inner channel is a perforated plate; the outer
channel consists of multiple swirl vanes. The reactants pass the LSI as a premixed flow. The inner
channel creates a non-swirling inner region. It does, however, creates turbulence, the level of this
turbulence is determined by the hole pattern and hole size of the plate. The outer channel creates
a swirling outer region. This swirling motion of the outer region causes the flow to expand radially
outward. This expansion also induces radial divergence on the inner channel.

This divergence causes the mean axial velocity along the centerline of the flow field to decrease.
Decreasing this velocity is a critical ingredient in stabilizing the flame; the flame will propagate
along the centerline with characteristic speed ST,LD, until it reaches the point on the centerline
where the local velocity U is equal in size, but opposite in direction. This causes the velocities
to balance and creates a stationary, lifted flame. Contrary to High Swirl Burners, the LSI does
not create a swirl significant enough to create vortex breakdown or a recirculation zone within
the vicinity of the flame [22]. Therefore, a flow created by a LSI results in simpler aerodynamics.
Because of the simplicity of the flow field, a LSI created flow lends itself perfectly for computa-
tional simulations. An extra advantage of using a LSI is the lifted flame, which avoids complex
interactions with the walls and heating of the injection nozzle.

The LSI used during the experiments of Beerer is a scaled version of a LSI created by Robert
Cheng [22]. This is convenient, because the LSI used in the LSB at the Eindhoven University of
Technology is based upon the same LSI. The LSI used in Beerer’s study can be seen in figure 4.3.
The outer channel, has a radius (Ro) of 19 mm, the inner channel has a radius (Ri) of 13 mm.
In the outer channel 16 aerofoil shaped swirl vanes are positioned. These vanes have a discharge
angle of 37◦ relative to the flow direction. The perforated plate in the inner channel has 25 holes
with a diameter of 2.6 mm, arranged in a concentric pattern.
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Figure 4.3: Low Swirl Injector, back view (left) and front view (right). From: [5]

4.1.2 Experimental parameters

The most important parameters from the experiment can be found in table 4.1:

Table 4.1: Conditions of the experiment. From: [5]

Fuel Pressure Mass Bulk Temperature φ Adiabatic CH4 Heat

Flow Velocity reactants Flame Release

[atm] [g/s] [m/s] [K] [-] [K] [%] [kW]

CH4 4.1 185.6 50.5 418 0.715 1943 100 387

4.1.3 Translation to Fluent

Because the first simulations of the LSB will be done in a two-dimensional environment, some
assumptions need to be made to convert the design of the LSI in a correct two-dimensional rep-
resentation; it is not possible to correctly model a three-dimensional vane in a two-dimensional
environment. The first decision that is made is to model the LSI by using two mass flow inlets;
one representing the inner channel, the other one representing the outer channel. Here the first
obstacle rises: determining the mass flow for each separate inlet. To do this, Bernoulli’s energy
conservation equation is used:

ṁ = Aeff

√
2ρ∆PLSI (4.1)

where:

• ρ is the density of air,

• ∆PLSI is the pressure loss over the LSI,

• Aeff is the effective area.

∆PLSI = 13.1kPa [5] and the effective area, Aeff can be determined by using:

Aeff = ClossAgeo (4.2)

where:
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• Closs is the loss coefficient,

• Ageo is the geometric area.

Because the Bernoulli approach is an estimate to determine initial simulation values, the decision
it made to choose unity for the loss coefficient, which results in a updated version of equation 4.1:

ṁ = Ageo

√
2ρ∆PLSI (4.3)

For the inner channel, the geometric area is defined by the number of holes (Nholes), multiplied
by the area of a single hole (Ahole):

Ainner = NholesAhole (4.4)

For the outer channel, the geometric area is defined by the total area of the channel (Aout),
from which the area of the vanes is subtracted. The area of the vanes is calculated by multiplying
the number of vanes (Nvanes) with the cross-sectional area of a single vane (Avane). This results
in the following equation for the geometric area:

Aouter = Aout −NvanesAvane (4.5)

Using equation 4.3, the mass flow trough the two channels can be calculated:

ṁinner = Ainner

√
2ρ∆PLSI = 0.0432kg/s

ṁouter = Aouter

√
2ρ∆PLSI = 0.1329kg/s

(4.6)

The resulting total, calculated mass flow from equation 4.6 is 176.1 g/s. The calculated flow is
smaller than the mass flow measured during the experiment (185.6 g/s), but the difference is
considered small enough to be negligible. With the calculated flows, the mass fractions of the
inner and outer channel can be calculated:

Finner =
ṁinner

ṁinner + ṁouter
= 0.245 (4.7)

Which means that the outer mass fraction (Fouter) is equal to 1 − Finner = 0.755. As a con-
clusion, the mass flow split between the inner and outer channel is set at 1:3 (inner:outer). In
the outer channel, the vanes divert the flow outwards, with an angle of 37◦ away from the center
line. The turbulence parameters at the inflow can be calculated: a turbulent length scale and a
turbulent intensity. The turbulent length scale, lt, is defined for both channels; the inner channel
lt is equal to the diameter of the holes (2.6 mm), for the outer channel the inner channel diameter
is subtracted from the outer channel diameter (7mm). The turbulent intensity is calculated at
the centerline using the average velocity in the combustion chamber, taken from the experiment:
u′/U0.

All the important parameters used in Fluent for the two inlets can be seen in table 4.2:
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Table 4.2: Parameters used for Fluent simulations

Parameter Abreviation Inner Channel Outer Channel Units

Mass Flow Split − 24.5 75.5 [%]

Total Mass Flow ṁ 43.2 132.9 [g/s]

Equivalence Ratio φ 0.715 0.715 [−]

Axial Velocity U 27.8 63.6 [m/s]

Tangential Velocity W 0 44.6 [m/s]

Radial Velocity V 0 0 [m/s]

Turbulent Length Scale lt 2.6 7 [mm]

Turbulent Intensity u′/U0 5 5 [%]

Vane Angle αvane - 37 [◦]

Diameter D 26 38 [mm]

4.1.4 Settings in Fluent

Before simulating the combustion in the LSB, the non-reacting- or cold flow is simulated first.
Because non-reacting flows do not include chemistry, a lot less computational power is needed.
The solution will also converge earlier. Therefore it is easier to simulate the cold flow, analyzing
the results and correct setup parameters to improve the solution. The determined parameters of
the cold flow will be used as a starting point for the reacting- or hot flow.

The result of the most important determined simulation parameters can be found in table 4.3:
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Table 4.3: Modelling conditions.

General

Time Steady

Dimension 2D

Symmetry Axisymmetry

Materials

Mixture Methane Air 2-Step

Fluid Air

Density Ideal Gas

Solution methods

Scheme SIMPLE

Discretisation Second Order Upwind

Solver Pressure-Velocity Coupling

Models

Energy On

o f Turbulence κ− ε model, Enhanced Wall Treatment

Species Transport Volumetric Eddy-Dissipation

Boundary Conditions

Inlet Mass-flow-Inlet

Outlet Pressure-outlet

Walls Constant Heat Flux, No Slip

Geometry

Length of domain 290 [mm]

Width of domain 75 [mm]

Minimum element size 10−4[m]

Maximum element size 10−3[m]

Number of mesh elements 46,752
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4.2 Non-Reacting Simulations

For the non-reacting simulations, the data of the non-reacting experiment are used and compared.
From the experiments, velocity profiles are available; the axial velocity is measured in the radial
direction and at the centerline. To mimic these velocities, the geometry of the experiment has to
be translated into Fluent first. The computational domain to consider can be seen in figure 4.4.
A close-up from the inlet region is given in figure 4.5:

Figure 4.4: Sketch of the computational design

Figure 4.5: Sketch of the premixing zone

The results of the non-reacting simulations on this domain can be seen in figures 4.6 and 4.7.
In 4.6, the axial velocity profile in the radial direction is given. This profile is measured 7 mm
after the end of the premixing zone. The temperature in the computational domain is 450 K and
the inlet velocity, U0, is 47 m/s.
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Figure 4.6: Axial velocity profile in the radial direction. T = 450K,U0 = 47m/s.

Figure 4.7: Axial velocity on the centreline. T = 450K,U0 = 47m/s.

When studying the axial velocity profiles, the conclusion is drawn that the used parameters and
settings are validated. The main difference between the experimental and computational results
is the difference between the axial velocity in the inner zone. This is the region between 0 and 0.5
r/R0 in figure 4.6. A lot of assumptions have been made to transfer the LSI from three into two
dimensions, which might explain this difference. The validated setup can now be used to take the
next step: model the reacting phase.

4.3 Reacting Simulations

To model the reacting flow, all settings remain the same as for the non-reacting flow. The only
difference is that the species transport model (Volumetric Eddy-Dissipation) is switched on. To
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validate the model, the results of the simulation will be compared with photos from the experiment
[5]. In figure 4.8 a photo is compared with the simulated temperature contours, figure 4.9 the photo
is compared to the reaction rate.

Figure 4.8: Comparison between the simulated temperature contours and a photo from the flame.

Figure 4.9: Comparison between the simulated reaction rate contours and a photo from the flame.

Because of the similarity between the photo and the reaction rate contours, in combination
with the matching velocity profiles, the conclusion is drawn that the computational model for the
LSB is validated. This model can now be used to model the LSB used at the Eindhoven University
of Technology.
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Chapter 5

Low Swirl Burner of Eindhoven
University of Technology

In this chapter, simulations will be performed on the experimental low swirl burner setup at
the Eindhoven University of Technology. The first step is to model pure methane combustion,
after which the iron particle combustion model will be implemented step-wise, creating a hybrid
metal-methane-air mixture. The last step is to explore the possibility of pure iron combustion.

5.1 The Burner

A CAD drawing of the experimental burner setup can be seen in figure 5.1. Note that in this
figure only the burner is shown, the iron dispersion system is not shown. The burner is built from
five different parts: four brass parts and a swirler made out of titanium. The first three parts,
labelled 1, 2 and 3, are used to increase the turbulence of the flow carrying the iron-air dispersion
to prevent particles sticking to the walls and/or falling back down into the burner. Part four and
five are the focus area of this study. Part 4 is a straight guide with a diameter of Dguide = 25
mm. Part 5 is the swirl element. A schematic drawing of the swirl element can be seen in figure
5.2. The dimensions of the swirl element of the experimental setup are:

• α is 37o, the vane angle,

• R is 50 [mm], the length from the vane until the expansion,

• Rh is 44 [mm]the length from the center plate until the

expansion,

• Uin is 7.5 [mm], the radius of the center plate,

• Uo is 5.0 [mm], the width of the swirler.

The translation into a geometry that can be modelled using CFD is done the same as in chapter
4. A summarizing sketch of the computational design can be seen in figure 5.3 and 5.4. More
detailed drawings can be found in Appendix E.
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Figure 5.1: Graphical description of the Low Swirl Burner

Figure 5.2: Schematical drawing of the swirl element

Figure 5.3: Sketch of the computational design for LSB TU/e
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Figure 5.4: Sketch of the premixing zone for LSB TU/e

5.2 The Dispenser

To add iron particles to the burner, a dispenser is used which combines particles and air and
injects this dispersed flow into the burner. This dispersion system is currently the bottleneck of
the experimental setup. There are problems with leakage, maintaining a constant flow and creating
uniform dispersion of particles in the airflow. The system will be improved, so the assumption for
this study is made that the system function perfectly, and the parameters for the iron-air flow,
used for the simulations, are taken from this dispersion system.

A summarizing figure of the dispenser can be seen in figure 5.5, and consists of 3 main com-
ponents: transporter disks, a hopper and a dispenser. The hopper, which can be seen on the right,
stores and feeds the iron powder to the disks. The disks transport the powder via a groove to the
dispenser, which can be seen on the left. The dispenser mixes the iron powder with air and injects
the dispersed flow into the burner. In the center a spring can be seen, which compresses the two
disks. To transport the iron powder, the disks turn, powered by a motor. A cut through of the
dispenser can be found in Appendix E.

Figure 5.5: Computer aided design of the dispenser.
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5.3 Methane Combustion

The first simulations done on the TU/e LSB are the combustion of methane (CH4). These
simulations are compared with the validated burner in chapter 4.The computational parameters
used for this simulation are largely the same as for the validated burner and are summarized in
table 4.3.

The main differences are the geometry and inlet boundary conditions. These are summarized
in table 5.2 below:

Table 5.1: Parameters used for Fluent simulations LSB TU/e

Parameter Abreviation Inner Channel Outer Channel Units

Mass Flow Split − 24.5 75.5 [%]

Total Mass Flow ṁ 1.27 4.38 [g/s]

Equivalence Ratio φ 0.76 0.76 [−]

Axial Velocity U 0.54 1.53 [m/s]

Tangential Velocity W 0 1.21 [m/s]

Radial Velocity V 0 0 [m/s]

Turbulent Length Scale lt 7 7 [mm]

Turbulent Intensity u′/U0 5 3.9 [%]

Vane Angle αvane - 37 [◦]

Diameter D 15 25 [mm]

This results in the following temperature profile for the LSB:
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Figure 5.6: Flame temperature profile for methane flame of the TU/e LSB.

This temperature profile is compared with the profile from the validated burner, figure 4.8.
The maximal flame temperature of both LSB’s is very similar (1826 vs 1798 K). Also, the velocity
profiles and turbulence intensity shows significant similarity. The shape of the flames is different,
however. This difference can be explained by the bigger pressure of the validated burner (4 vs 1
atm) and the limited geometry versus the bigger (open) geometry of the TU/e LSB.

Figure 5.7: Flame temperature profile for methane flame of the TU/e LSB (Left) and the validated
burner (Right).

5.3.1 Validation

From the first comparison between the TU/e LSB and the validated LSB, many similarities can
be seen. However an extra validation is performed to check if the simulation is correct; the static
temperature profile at the axial distance from the burner front is compared with another similar
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burner (Low Swirl, methane combustion) from literature [20]. In hindsight, this setup shows a lot
more similarities with the TU/e LSB and would have been a more suitable choice to perform the
initial validation. Due to time limitations and enough confidence in the original validation being
correct, the validation is not done again on this burner. However, it is used to validate the LSB
TU/e by comparing the temperature profile, which can be seen in figure 5.8. As seen in the figure,
the velocity profiles follow the same line, where the main difference is that the distance of the lift
is lower for the LSB TU/e.

At this point the conclusion can be drawn that the LSB is validated and simulations with iron
combustion can be performed. In Appendix B more figures and data from the simulations of the
LSB with methane can be seen.

Figure 5.8: Flame temperature profile as function of the axial distance. For the LSB TU/e (blue)
and a LSB from literature [20].

5.3.2 Grid independence study

Before continuing the simulations a grid independence study was conducted, to determine if the
solution is grid independent. First four different meshes were used in simulations, where the
mesh size was determined by using face sizing. Because of the simplicity of the geometry, square
elements can be used. The four different face sizes, in m, used are:

• 1.0 ∗ 10−3

• 1.0 ∗ 10−4

• 7.5 ∗ 10−5

• 5.0 ∗ 10−5

To check for independence, the static temperature at different axial distances is compared.
This is similar to the validation done in figure 5.8. The results of the temperature profiles are
presented in figure 5.9. There is no clear difference anymore between the profiles of the face sizes
7.5 ∗ 10−5 and 5.0 ∗ 10−5 m. Therefore, the mesh with a face size of 7.5 ∗ 10−5 could be adopted
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as a suitable mesh. However, simulations on this mesh are very time-consuming. Therefore, the
decision is made to create a new mesh and improving the mesh size locally. Especially around the
inlet area and the walls, the cell number of the mesh is increased. This results in a simpler mesh
with fewer elements.

The mesh created by only using face sizing of 7.5 ∗ 10−5 consisted of more than 1.5 ∗ 106

elements. The mesh created by refining locally consists of 74,464 elements. This refined local
mesh, however, results in precisely the same temperature profile as the mesh created by using
face sizing. Because simulations on this mesh with fewer elements are less straining and therefore
quicker, this mesh is adopted for all further calculations.

The reason that the locally refined mesh can achieve similar accuracy with significantly fewer
elements, lies in the geometry of the burner. To model the open flame, the domain after the
expansion of the swirler is rather large. Most of the reactions, however, happen around this inlet.
So the need for a large amount of elements is higher in this region than it is in the rest of the
domain.

Figure 5.9: Flame temperature profile as function of the axial distance. For different sizes of the
generated mesh.

5.4 Iron Combustion Principles

5.4.1 Iron Powder

There are two types of powder that are used during experiments on the LSB, which can be seen
in table 5.2:
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Table 5.2: Iron powders used for experiments

Name Company Type Size Purity

FE300 CNPC Sponge Iron 45 [µm] > 99%

44890 Aldrich Carbonyl Iron 5-9 [µm] > 99.5%

Simulations will be performed with both types of powder. To check the behavior of the different
powder both diameters are used. The assumption is made that both particles consist of 100% pure
iron.

5.4.2 Inert heating

To check the behavior of the different sized iron particles, first, they will be modelled as inert
particles. The particles are injected as a single particle into the fully converged solution of methane
combustion. The iron particles will be compared with an inert particle from the standard discrete
phase model. This inert particle uses the material properties of anthracite: Cp= 1680 J/kgK and
ρ = 1550 kg/m3

To calculate the temperature of a single particle, a heat balance is used in FLUENT. This
heat balance relates the particle temperature, Tp(t), to the convective heat transfer and to the
absorption/emission of radiation at the particle surface. This heat balance is:

mpcp
dTp
dt

= hAp(T∞ − Tp)+εpApσ(θ4∞ − T 4
p ) (5.1)

Equation 5.1 only holds if the particle temperature is less than the vaporization temperature,
Tvap, or:

Tp < Tvap (5.2)

When the particle reaches Tvap, mass transfer laws need to be obeyed. This could complicate
the simulations, as mass transfer is not (yet) considered in the UDF of the iron particles. For
inert simulations, however, this limit is not reached. So, in this case, the stated problem does not
exist. In figure 5.10 the inert heating of an iron and an anthracite particle can be seen. Both
particles follow the same flame temperature profile as in 5.8, but do not reach the same maximum
temperature. This is expected because the time frame in which the particles are heated is small:
the particles reach a maximum axial (X-direction) velocity of 21.1 m/s .

The difference between the iron and the anthracite particle is also expected: because of the
lower specific heat for iron this particle will heat up and cool down quicker than the anthracite
particle. Adding heat to a low specific heat compound will increase its temperature more quickly
than adding heat to a high specific heat compound.

38 Creating a numerical model for burning metal fuels in industrial size burners



CHAPTER 5. LOW SWIRL BURNER OF EINDHOVEN UNIVERSITY OF TECHNOLOGY

Figure 5.10: Flame temperature profile as function of the axial distance. For a single inert iron
and anthracite particle (45 µm).

A simulation is also performed with the two different iron particle sizes (45 and 5 µm). The
two different sizes are injected into the burner at two different locations; in the central region and
in the swirler region. For the 5 µm particle at the centre this resulted in an error. As stated
before, the particle temperature cannot exceed the vaporization temperature. This was the case
for this particle.

To overcome the problem, the model is adjusted slightly for only this specific simulation: Tmelt

for Fe and Fe3O4 was set to 1900 K. This solved the error, the maximum temperature of the 5
µm particle appeared to be slightly higher than the set decomposition temperature: 1831.44 K.
The original decomposition temperature was 1809 K.

The result of the inert heating of the various particles can be seen in figure 5.11. The most
important conclusion that can be drawn from this figure is that for both particle sizes, and at
both inlet locations, the particle temperature will exceed the ignition temperature (700 K). This
means, at least for single particles, that iron combustion will occur when adding particles to the
methane flame.
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Figure 5.11: Flame temperature profile as function of the axial distance. For different particle
sizes and inlet locations.

5.5 Iron and Methane Combined

In this section different amounts and size of iron will be added to the methane flame. The
advantage of numerical simulations is that there is virtually no limit on the different (boundary)
conditions that can be set. In this case there is no specific limit set by the experimental setup.
For example, if the burner performs much better with a wider outlet, this can be determined by
using the simulations and given as a recommendation for the experimental setup. As a starting
point, however, the conditions of the experimental setup will be used.

5.5.1 Experimental Setup Conditions

The relevant mass flow controllers (MFC) of the experimental setup are summarized in table 5.3.
The maximal values that can be obtained for these controllers are measured in L/min.

Table 5.3: Mass Flows controllers of the experimental setup

Controller Flow Maximal value

MFC1 Airflow 228 [L/min]

MFC3 Methane flow 20 [L/min]

MFC4 Dispersion flow 38 [L/min]

Before calculating the stoichiometric combustion ratios for iron, methane and air, simulations
are performed where different amounts of iron are added to the converged solution of methane
combustion (section 5.3). Using the converged solution means that the amount of oxygen and
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methane (and all other reaction products) are predefined at the moment the iron is injected: iron
will be added to a stable methane flame. For example, in the first simulations, no extra oxygen is
added; only pure iron particles are injected.

5.5.2 Simulations with small amounts of iron

For the first simulation, only 1.0 ∗ 10−20 kg of iron is injected, with a particle size of 45 µm. The
particle tracks of the iron particles can be seen in figure 5.12. The particle tracks are colored by
the temperature of the particle.

Figure 5.12: Particle tracks of iron particles, colored by particle temperature
.

When looking at the temperature profile of different particles during the combustion, it can
be seen that the profile follows the expected temperature profile; the paths are almost identical to
the path created by the drop tube simulation (figure 3.6 & 3.7).
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Figure 5.13: Temperature profile for iron particles. (1 ∗ 10−20 kg, size: 45 µm).

When performing the same simulation with the smaller, 5 µm particles, the results deviate
from the results with the larger particles. It appears that the 5 µm particles combust too quickly
in the methane flame: you see them combusting, start cooling down and then heat up again by
the methane flame. Additional simulations need to be performed to find if there are boundary
conditions that are better suited for the smaller particles. The temperature profile from a single
particle track can be seen in figure 5.14.

Figure 5.14: Particle track and temperature profile for a 5 µm particle in the methane flame.
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Using such small amounts of (iron 1 ∗ 10−20 kg) does not lead to any significant changes in
the temperature of the methane flame. This is expected, the mass is simply too small to make an
impact. To make an approximation about the mass needed to make an impact on the temperature
of the methane flame, some back-of-the-envelope style calculations are made. First, the generated
power by combusting iron is calculated with equation 5.3:

P = ṁu (5.3)

where:

• P is the generated power in Watts [W ],

• ṁ is the mass flow in grams per second [g/s],

• u is the energy density, for iron a value of 5.2 [kJ/g] is taken.

Using this equation, a simple linear increase in the amount of generated power is realized when
the mass flow is increased. When keeping the amount of methane constant, and increasing the
amount of iron, the percentage of the power generated by iron can be calculated. At 0.1 g/s
iron, this percentage is 4 %. Therefore, the first simulations will be performed with a mass flow
starting at 0.1 g/s. Following the results from these simulations, the mass flow will be increased
or decreased. When comparing the amounts of iron and methane, the ratio between iron and
methane is 1:2,25 when adding 0.1 g/s of iron. So a significant amount of iron will be a part of
the fuel.

5.5.3 Iron 0.1 g/s

Performing the simulations with the smaller 5 µm leads to strange and unrealistic results. The
cause lies probably in the combustion rate of the smaller particles, as mentioned in section 5.5.2
and figure 5.14. Also, when performing the real-life experiments on the setup at the TU/e, a mode
in which a stable flame was obtained was not found. Combining these two factors leads to the
decision to shift the focus on only the 45 µm particles.

Adding the 45 µm particles leads to the graph in figure 5.15, and does not deviate from the
expected result; the beginning of the profile does not change, there is no combustion in this
region. The maximum temperature rises a little, which can have multiple causes; there is a rise
in temperature because of the heat generated by the iron particle combustion and the equivalence
ratio becomes closer to 1 because oxygen is consumed.
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Figure 5.15: Temperature profile when adding 0.1 g/s of iron 45 µm particles in a methane flame.

5.5.4 Increasing the amount of iron

After the successful result of adding a first, small amount of iron, the amount of iron will be
increased. The simulations will be performed by incrementally increasing the amount of iron in
the fuel; the steps taken are summarized in table 5.4 below. Taking into account the dispenser of
the experimental setup, the maximum airflow that can be added to the iron particles is 38 L/min,
or 0,633 L/s. This airflow is added to the particles, increasing the total mass flow of air to 6,41
g/s.

Table 5.4: Amount of iron added to the fuel

Amount of iron kg/s Ratio Fe : CH4 Result

2.25 ∗ 10−4 1:1 Stable

4.00 ∗ 10−4 1.78:1 Stable

8.00 ∗ 10−4 3.56:1 Stable

1.50 ∗ 10−3 6.67:1 Stable

3.00 ∗ 10−3 13.3:1 Unstable

Again the temperature profile is plotted, now for every different fuel composition. This can
be seen in the graph in figure 5.16. In this graph, it is shown that increasing the amount of iron
leads to a temperature increase of the flame. There is, however, a point where the flame becomes
’saturated’ with fuel (or depleted of oxygen). This can be seen when increasing the amount of iron
from 1.5 to 3.0 g/s; at this point, the flame temperature drops significantly. The reason for this
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drop is the amount of oxygen present in the flame. At one point, there is no more oxygen left for
the combustion reactions (equation 3.2).

The lack of oxygen can also be seen when looking at the temperature profile of a single particle.
There are no more jumps or plateaus in the profile, just a gradual increase and decrease of the
temperature. The conclusion taken from this profile is that the particle heats up, and thus takes
out the heat of the flame. No reactions occur anymore. The profile can be seen in figure 5.17.
When performing simulations, the first point at which the quenching of the flame can be seen
lays around 2 g/s. At this point almost no CH4 combusts anymore, and the iron flame is highly
saturated: φ = 1,49 (if no CH4 combusts).

The temperature contours for the different iron amounts are pictured in figure 5.18. Here it
can be seen that the basic shape of the flame stays the same, only the temperature rises when the
amount of iron in the fuel is increased. Note that the colormaps on the different images are scaled
to fixed values. The pictures with an unscaled colormap can be found in appendix D. A picture
of the quenched flame at 3 g/s can be found here as well.

Figure 5.16: Temperature profile when adding different amounts of iron 45 [µm] particles in a
methane flame.

Creating a numerical model for burning metal fuels in industrial size burners 45



CHAPTER 5. LOW SWIRL BURNER OF EINDHOVEN UNIVERSITY OF TECHNOLOGY

Figure 5.17: Temperature profile for a single iron 45 [µm] particles when adding 3 [g/s].

Figure 5.18: Temperature contours for the different amounts of added iron.

The contours of the mass fractions of CH4 and O2 can be found in figure 5.19 and 5.20 below.
From these contours it can be seen that when increasing the amount of iron, the amount of oxygen
decreases. Also, the amount of reacting methane decreases: less and less methane combusts when
the mass of iron particles increases. The mass fractions as a function of the axial distance can
be seen in figure 5.21. In the graph in figure 5.21 a strange observation can be made: at 0.4 m
from the inlet the mass fraction of CH4 starts decreasing, but a this point all oxygen is already
depleted. A explanation is that at this point the methane diffuses, as the mass fraction is measured
on a straight line. However, this does not explain the difference between the 8.00 ∗ 10−4 and the
1.50 ∗ 10−3 flows.
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Figure 5.19: O2 mass contours for the different amounts of added iron.

Figure 5.20: CH4 mass contours for the different amounts of added iron.
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Figure 5.21: CH4 and O2 mass fraction as a function of the axial distance.

5.6 Iron Combustion

5.6.1 Stoichiometric Combustion of Iron

In the previous section, different amounts of iron where added to the methane flame. To take the
next step of burning pure metals, stoichiometric conditions have to be calculated. This is done by
determining the Fuel-to-Air ratio; the ratio is the mass of iron divided by the mass of air:(

F/A

)
st

=
MFe

MO2
+MN2

(5.4)

Again the equation for creating hematite is used (equation 3.2) along with the following ma-
terial parameters:

Table 5.5: Material parameters used for stoichiometric calculations

Fe O2 N2 → Fe2O3 N2

M 4 3 11.285 2 11.285

Mw [(g/mol)] 55.85 31.99 28.01 159.69 28.03

Mass [g] 223.38 96.00 316.14 319.38 316.14

Using the parameters from table 5.5, the stoichiometric fuel-to-air ratio is calculated to be
0.542. The equivalence ratio is defined as the fuel-to-air ratio divided by the stoichiometric fuel-
to-air ratio:

φ =

(
F/A

)
(
F/A

)
st

(5.5)
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For stoichiometric combustion the equivalence ratio, φ, is equal to 1. Introducing the air dens-
ity, ρair of 1.30 kg/m3 and multiplying this with the equivalence ratio leads to the stoichiometric
concentration:

φ =
σp(

F/A

)
st
× ρair

= 1.419σp (5.6)

This finally leads to the stoichiometric concentration of iron: 705 g/m3. This stoichiometric
concentration has to be converted into a mass flow that can be used in the burner. To achieve
this conversion, the design of the dispenser has to be taken into account:

ṁ =
(
F/A

)
v̇ (5.7)

Where v̇ is the airflow in the nozzle, calculated by using the exit velocity of the flame, v, and
the area of the nozzle, Anozzle:

v̇ = Anozzlev (5.8)

In the simulated burner this concentration would translate to an iron mass flow of 0.83 g/s.
This calculated stoichiometric concentration functions as a starting point for the simulations of
pure iron and air. The parameters for the simulations are kept the same as the ones for the methane
combustion, which are summarized in table 4.2. The only exception is that the concentration of
methane is set at zero. The mass flow of the iron is set at 0.83 g/s.

5.6.2 Non-combusting flow

Before simulating combustion, cold flow simulations are performed. During these simulations the
particle tracks of the 45 µm particles can be inspected: they follow the velocity profile of the cold
airflow. The particle tracks are colored by the velocity in the axial direction. These particle tracks
can be seen in figure 5.22. Also, these simulations will be used as the base for the hot flow, or
combusting, case. The cold flow case is run without any reacting species and consists of an airflow
(0.21 % O2) and an iron dispersion flow, consisting of pure iron particles.

Figure 5.22: Particle tracks, coloured by axial velocity, for non-combusting flow.
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5.6.3 Combusting flow

After running the cold-flow simulations, and obtaining a converged solution, the combusting case
is investigated. This is done by ’igniting’ the cold flow. Normally reactions have to be turned off
during cold-flow simulations, but not in this case: because the only species present are oxygen and
nitrogen at 300 K. This flow is interacting with the Discrete Phase Model, but these conditions
do not cause ignition in the particles.

To do so, the entire region after the expansion of the inlet is patched at 1000 K, a temper-
ature above the ignition temperature (700 K) of the model. This causes the iron dispersion to
start combusting, and an iron-oxygen flame is obtained. When looking at the general shape of
temperature-, velocity- and other relevant contours, the pure iron flame does not differ much from
the methane-iron flame. The maximal temperature in the pure iron flame is even a little higher
than the methane-iron flame; 2427 K vs 2385 K. The conclusion is drawn that the effect of the
methane is relatively insignificant; the combustion properties of the iron are dominant. When
adding a stoichiometric concentration of iron to a stoichiometric methane flame, the mass per-
centage of methane in the fuel is 21%; which also contributes to the low impact on the combustion
dynamics.

There are, however, some differences between the two flames. For example, the total heat
generated by the flame is of course greater for the methane-iron flame; more fuel is combusted
in this flame. This can be seen, for example, in the temperature profile at the axis, which is
pictured in figure 5.23. The maximal temperature point is quite similar, but after this point, the
temperature of the iron flame drops quicker. Another big difference between the two flames is the
amount of carbon-oxides in the flame. Because of the absence of carbon-based fuel, there is no
CO2 or CO present in the flame.

Figure 5.23: Temperature profile for pure iron and methane-iron combined, both with 8.3 ∗ 10−4

kg/s of iron.

To perform some validation, the flame temperature of the pure iron flame is compared to
measurements performed on iron particles: the McGill University in Montreal, Quebec performed
experiments in a reduced-gravity environment, and flame temperatures were measured [14]. Dur-
ing these experiments, the flame temperature for different sized particles of stoichiometric iron
combustion was determined. One of the measured particles has a size of 44.6 µm (Particle D
in [14]). The measured flame temperature of this particle is 2410 K. This is very close to the
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simulated flame temperature of 2427 K.

The temperature contours of the flame can be found in figure 5.24. The oxygen mass fraction
contours can be found in 5.25.

Figure 5.24: Temperature contours for 0.83 g/s iron with 1,35 g/s of air

Figure 5.25: Oxygen contours for 0.83 g/s iron with 1,35 g/s of air

Extra figures from these simulations can be found in appendix C.

5.7 Swirler Position

As stated before, an advantage of computational fluid dynamics is that geometries can be adjusted
easier than in real life. In the experimental LSB setup at the TU/e, the position of the swirler
can be adjusted. Currently, experiments with the different positions have not been performed,
but they could be done very well to validate the CFD model. Because the experimental setup
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performs a lot better when a small part of the fuel consist of methane to sustain a stable flame,
these simulations will be performed with a methane-iron flame. So, the fuel consist of 21% (0,226
g/s) methane, and 79% (0,830 g/s) of iron. The oxidizer consists of 6.41 g/s of air.

The swirler can be set at different positions, which varies the length of the inlet before the
sudden expansion. The swirler can be set so the length of the inlet is 50, 100 or 150 mm. When
looking at literature, the ideal length after the swirler and before the expansion lays between 1
and 3 times the diameter of the swirler [21]. In the case of the LSB TU/e setup, this would mean
a distance between 25 and 75 mm.

This optimal length can be seen when simulating the different positions. It can be seen that
the flame temperature drops for the positions at 4 (100 mm) and 6 (150 mm) times the swirler
diameter. The flame shape for the 50 and 100 positions stills shows a lot of similarities, for the
150 position, however, the flame shape is different; instead of a lifted flame, the starts burning
inside the inlet. This can be seen in figure 5.26, where the temperature contours for different inlet
lengths are displayed.

Figure 5.26: Temperature contours for pure iron combustion for different inlet lengths (TL: 50
mm, TR: 100 mm, B: 150 mm)

The temperature profile for these different inlets is displayed in figure 5.27. Another interesting
graph is the axial velocity profile, at a set distance after the sudden expansion. The distance is
set at 7 mm. This data was used earlier to validate the methane combustion model, in section 4.2
and figure 4.6. These axial velocity profiles can be seen in figure 5.28. In this figure the change of
the flame shape for the swirl position of 150 mm can be observed as well.
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Figure 5.27: Temperature profile at the axis for different inlet lengths.

Figure 5.28: Axial velocity profile in radial direction for different inlet lengths.
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Validation of the Iron Combustion
Model

In this chapter, advice is given to validate the computational model. First, comparisons with
experiments on iron combustion from literature are made, after which methods to validate the
model at the experimental setup at the Eindhoven University of Technology are suggested.

6.1 Validation by flame temperature

The first validation is done by comparing the flame temperature of different particle sizes to
measurements performed on iron particles: the McGill University in Montreal, Quebec performed
experiments in a reduced-gravity environment, and flame temperatures were measured [14]. Dur-
ing these experiments, the flame temperature for the combustion of different sized particles was
determined. One of the measured particles has a size of 44.6 [µm (Particle D in [14]), which can
be compared to the particle size used in the simulations of chapter 5. The other particles in the
experiment had a size of 9.6 [µm (Particle B) and 13.7 [µm (Particle C). Simulations are run with
these particle sizes.

The measured flame temperature for the stoichiometric combustion of these particles can be
found in table 6.1. When comparing the experimental and computed flame temperature for particle
C and D, it can be seen that they match pretty closely. The particle size of 9.7 µm could not
be simulated, for the same reasons as for the 5 µm particle in chapter 5. When looking at the
experimental flame temperature of this particle, a possible explanation is found for being unable
to simulate this particle: the measured temperature is 1820 K. In the model used, and explained
in chapter 3, this temperature resides in a crucial part: between the melting temperature of Fe
and Fe3O4. Further investigation into the model is needed for this region of particle sizes.

Table 6.1: Flame temperature for different particle sizes

Powder dp [µm] Tflame measured [K][14] Tflame computed [K]

B 9.6 1820 No Result

C 13.7 2140 2237

D 44.6 2410 2427
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6.2 Validation by Combustion Products

Another observation that is made during the reduced-gravity experiments by McGil is that for low
oxygen concentrations there is an absence of hematite (Fe2O3) [14]. This is also the case for the
model: by gradually decrease the amount of oxygen in simulated Low-Swirl Burner, the temperat-
ure profile of the particles changes. In the current model it is not possible to see the mass fraction
of the different iron species (wüs-, magne- and hematite), but because of the characteristic profile
for particle temperature, conclusions can be drawn from here. For low oxygen concentrations,
there are no more distinct phase changes or plateaus in the profile after the magnetite profile.
This can be seen in figure 6.1. From this figure the conclusion can be drawn that in the simulated
flame, for lower oxygen concentrations, there is no hematite produced, which confirms the findings
from the experiments. If the oxygen concentration becomes even lower than used in figure 6.1
the profile quenches. This is similar to the findings in section 5.5.4. However, because there are
no more distinct features in the temperature profile at these concentrations, it is not possible to
determine the composition of generated oxides.

Figure 6.1: Temperature profile for a single particle for low oxygen concentrations.

6.3 Validation by Velocity Profile

In an other experiment, the velocity profiles for a variable swirl number in a low swirl burner are
measured.[9] During this experiment, the swirling flame dynamics of a methane flame equipped
with an adjustable swirler are measured. The swirler is adjustable by moving the blades, creating a
different vane angle. One of the configurations during the experiment was 380. This configuration
is compared with the LSB TU/e, which has a vane angle of 370 (Table 4.2).

The measurements of the axial velocity for this vane angle are compared with the velocity
profile obtained from simulations of the stoichiometric combustion of 45 µm iron particles. The
shape of the two different velocity profiles can be seen in figure 6.2. The conclusion from this figure
that can be drawn is that the general shape of the two profiles is similar. There are, however,
to much differences between the two setup to conclude that this validates a part of the model.
It does show that it is possible to obtain such a profile from a experimental setup, which can be
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compared with the simulations to validate the model.

Figure 6.2: Axial velocity profile at different radius. (Experimental profile from: figure 3 in [9])

6.4 Advise for Validation

In the previous sections, a few attempts are performed to validate the developed model. Although
the results look promising, they are not enough to conclude that the model is validated. A large
advantage of this study is that the whole geometry used for the boundary conditions is based upon
a real life setup. Therefore, performing a proper validation of the computational model is possible.

To do so, two experiments are proposed: Determining the temperature profile of the flame at
the axis, and determining the axial velocity profile at a set distance above the inlet. The temper-
ature profile of the flame could, for example, be measured by using an infrared system [19]. This
technique shows good results when comparing the flame temperature profiles with for example a
thermo-couple, but is less invasive.

The axial velocity profile at a set distance could be determined with a laser Doppler velocimeter
(LDV)[9]. Normally a flow needs to be seeded with, for example, oil droplets. Because there are
already particles in the iron flow, this would not be necessary. The exact approach, however, to
execute such measurement lies outside the scope of this study.
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Scaling the model

7.1 Scaling

At this point, there is a working model which can be used to create a two-dimensional thermo-
dynamic analysis of the combustion of iron powder. The setup modelled, however, generates 4.16
kW for stoichiometric combustion of iron. This is a big difference compared to the 100 kW com-
bustion currently tested in the lighthouse project, and an even bigger difference when compared
to for example a coal fired power plant with a capacity of 1000 MW .

One of the advantages of a Low-Swirl Burner is that uniform scaling up of the design is
rather easy, when maintaining a constant velocity criterion. The only adjustment that has to be
made is scaling the flow number of the burner independently by using a constant residence time
criterion [7]. For a premixed burner like the LSB TU/e, the scaling formula for the flow velocity
is determined by using the thermal input:

U∞ =

ṁair/ρair + ṁfuel/ρfuel
A

(7.1)

With this formula, the reference flow velocity can be determined by using the mass flows of
the fuel and the air combined with the cross sectional area of the burner. All these parameters
are known for the LSB TU/e. Once this reference velocity is determined, the burner can be scaled
by using the constant velocity criterion: U∞ has to remain constant. Following this approach the
radius of the burner can be scaled to the desired size, by increasing the thermal inputs.

Following this approach, the geometry of the LSB can be scaled up: to generate 100 kW of
power, the diameter of the burner has to be 10 cm. This means the geometry of burner has to be
scaled up with a factor 4. This can be done easily in Ansys Fluent, by using the scale up function.
The design is scaled non-uniform, by defining a scale factor in both the x− and y−direction. After
scaling the design, a new mesh is generated, on which the same calculations are performed as on
the original mesh. To get a feeling what the effect of scaling on the model is, a stepwise approach
is taken towards the size of the 100 kW burner: the first scaling factor simulated is 1.5, after
which 2.0 and 4.0 are used.

When taking a first look at the different sizes of the domain, the conclusion can be drawn that
scaling up the model does not result in a different shaped flame. There are only minor differences
when looking at different contours for the four domain sizes. To give a visual representation of
these similarities, the familiar temperature profile at the axis is given in figure 7.1, where the
length of the axis is normalized (R/R0).
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Figure 7.1: Temperature profile for different sizes (scaled) of the geometry.

Scaling towards a diameter of 10 cm posed the first problem during the scaling process: the
generated mesh of the setup consisted of 524,480 elements. The limit, however, for the student
license of Ansys Fluent, which is used for this study, is 500,000 elements. To be able to perform
the simulation, mesh sizing is performed to generate a mesh below the mesh limit. There are some
adjustments that can be made to the mesh to stretch this limit: the mesh could be coarser than
the current setup, and probably still produce correct results. Also, the outlet area or combustion
area is relatively large and could be made smaller. In this way a larger setup could be achieved,
but the size is obviously limited. Also, the question is if it is desirable to go even bigger. At these
mesh sizes not only the student license is a limiting factor, the available computational power is
not sufficient to perform these kind of simulations.

7.2 Towards 1 GW

Potentially, with more computational power, a two-dimensional analysis could be made for, for
example, a coal fired power plant with a capacity of 1100 MW . Of course there are a lot of steps
that have to be taken before this is realistic. When modeling a combustion system from this size,
a lot more parameters have to be taken in account then the ones that can be determined with
the current model. For example, particle size is constant in the model. In real life, particles will
grow in size when they oxidize. Another function missing in the model is determining the exact
composition of the reaction product. In a power plant, the shape, weight and composition of the
reaction products are essential parameters, as the combustion chamber is only a small part of the
complete installation.

However, when focussing on the combustion chamber only, the model already ticks a lot of the
necessary boxes. Especially when looking at the way combustors of this size are modelled cur-
rently. These, so-called, furnace models do not model individual particles in the entire combustion
chamber. Calculations would become too complex and requires immens amount of computational
power. Instead, a segmental approach is suggested, which is already described in figure 3.1

To use such a furnace model, the behavior of the particles under different combustion condi-
tions should be known. Performing experiments for all different conditions is a near impossible
task, but becomes a credible option with a validated particle model. If the iron particle combus-
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tion is properly validated by performing experiments, and extended to incorporate more material
parameters, it could function as a base for simulations on the GW -scale.

7.2.1 Towards 100 kW

As described, the steps towards GW -sized models are still big ones. On a shorter timescale
however, and with less adjustment needed, the model could be used to model for example the 100
kW installation TEAM SOLID is building and testing at the time of writing [23]. When the model
is properly validated on the experimental setup of the Low-Swirl Burner, a next step could be to
model the burner in the installation of TEAM SOLID, which should be fully functional by then.
This would be a next step in the validation of the model, and the next step towards simulating
iron combustion on the scale where it can amount for a significant amount of the global energy
demand.
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Three-Dimensional

To further investigate the possibilities of the model, some first attempts are made to use the
model in a three-dimensional geometry. The first results look promising, but the computational
limits of the hardware used in this study were reached quickly. Also, it is worth considering if it
necessary to model the combustion of iron in three instead of two dimensions, and what the added
value of the extra dimension would be. Currently, there is a lot of research in the field of iron
combustion that still needs to be done, which could very well be performed in two-dimensional
analysis. Nevertheless, some results are summarized shortly in the sections below.

8.1 Three-Dimensional Drop-Tube

The first three dimensional analysis of the model is performed by Martin Schiemann et al., in
which a drop tube simulation is performed. The geometry of this drop tube is relatively simple,
and similar to the geometry of the 2 dimensional drop tube in section 3.6: a diameter of 25 cm and
a length of 1,5 m. The temperature in the drop tube is uniform at 900 K, and the particle size is
50 µm. The result of this simulation is a particle temperature profile identical to the simulation
performed on the two dimensional drop tube. Therefore, a first conclusion is drawn that the model
works on both two- and three-dimensional geometries.

8.2 Three-Dimensional Low-Swirl Burner

Next, an attempt is made on simulating the LSB from this study in a three-dimensional analysis.
Similar problems as in previous chapters where encountered: due to the fact that the design of
the swirler is quite complex, it is difficult to create a mesh that does not exceed the element
limit of the Ansys Fluent Student License. In order to achieve a mesh below this limit, which
still has an acceptable accuracy, the design is simplified: instead of an expansion, the swirler is
modelled inside an enclosed tube. This immediately eliminates the option to compare the two-
and three-dimensional models. However, it is still valuable to see if the model works in such an
environment.

Cold flow simulations on this geometry can be performed without problems, as well as a re-
acting flow without the iron particle model enabled. When enabling the iron model, and letting it
interact with the continuous phase of the flow, again a hardware limit is encountered: after a few
iterations the computer runs out of memory. Again a concession is made and the interaction with
the continuous flow is disabled. This means the particles can react and combust, but the heat
generated during this combustion is not transferred to the fluid domain. In this case this means
that the temperature of the fluid domain remains constant at 900 K.
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The result is a rudimental simplified model, but the particles model does function: the iron
particles heat up, undergo phase changes and cool down again. The particles tracks colored by
velocity and by temperature can be found in the figures 8.1 and 8.2 below. From these first steps
the conclusion is drawn that in theory the model lends itself for three dimensional simulations.
To transfer from theory to practice, however, a lot of steps still need to be taken. As mentioned
earlier, the question remains if it is currently useful to invest a lot of time and resources in a three-
dimensional model, when there are still a lot of steps that can be taken with two-dimensional
analysis.

Figure 8.1: Velocity tracks for the three-dimensional simulations.
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Figure 8.2: Temperature tracks for the three-dimensional simulations.
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Conclusions

In this chapter, recommendations are given on how to proceed with the development of the iron
particle combustion model. Afterwards, the conclusions that are drawn from this study are given.

9.1 Recommendations

The recommendations can be divided into three main topics: recommendations on improvements
on the model, recommendations for the validation of the model and proposed steps forward.

9.1.1 Improvements of the model

One of the steps which are currently being undertaken for improving the model is introducing
an Arrhenius-reaction instead of an ignition point, which is currently the first step in the model.
Using an ignition point is a simplification: iron oxidizes at every temperature, but the reaction
rate is different.

Another useful addition to the model is plotting or printing the mass fractions of the different
iron oxides. All mass fractions are calculated, but currently, it is not possible to see how the
reaction products are built up.

The last addition is changing or adding different materials than iron to the model. A version
with lithium has already been investigated. Of course the combustion modes of the different metal
fuels are different, but if the particle model for iron is fully developed, it can serve as an excellent
framework to create models for other materials.

9.1.2 Validation of the model

The iron combustion model is validated partly by comparing the results of the simulations with
experiments from literature. The similarities between these two components lead to the tentative
conclusion that the model is a correct representation of actual iron combustion. Iron combustion
remains, however, an extremely complex process, and the complete understanding of the process
is still a long way away.

However, after this study, an opportunity presents itself to take a big step forward in the field
of numerical simulation of iron particle combustion. The computational domain of this study is
based upon an active, real-life experimental setup, which means the results that are obtained by
simulation can be validated by performing experiments on said setup. From this validation there
are two approaches that can, or need, to be followed: the model is either validated and can be
scaled up towards bigger and more powerful combustion systems, or the model can not be valid-
ated correctly, and improvements must be made on the model. Either way, the next step should
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be performing experiments that are in line with the performed simulations.

Two different experiments are proposed: determining the temperature profile in the flame, for
example at the axis, or determining the velocity profile at a set distance from the inlet. Techniques
proposed are LDV or infrared measurements, but the topic has not been investigated thoroughly
enough to state that these are the best techniques or even the optimal parameters to determine
during experiments.

9.1.3 Proposed steps forward

The proposed steps forward after this study have already been touched upon briefly in the pre-
vious section but can be summarized by a timeline, which is pictured in figure 9.1 below. A few
small adjustments are suggested for the model, after which the model needs to be validated by
experiments. This will either lead to proceeding to the next step or taking a step back and improve
the model again.

The step after correctly validating the model is scaling up the simulations: take the step from a
Low-Swirl Burner to a more significant, more powerful combustion installation. After successfully
modelling such an installation, the process returns to validating the results by experiments. Again
the same procedure applies: validation or back to improving the model. By following this approach,
step-by-step the ultimate goal is reached: being able to model a GW combustion chamber, (partly)
fueled by metal fuels.

Figure 9.1: Proposed approach for future study.

9.2 Conclusions

The title of this graduation report is: ’Creating a numerical model for burning metal fuels in
industrial size burners’. This main question, or task, cannot be answered with a simple yes or
no, and the first conclusion is that the main question is only answered partly: after finishing
this study, there is no simple, easy-to-use, numerical simulation which can be used to simulate
the combustion of metal powered fuels in an industrial-sized combustion system. However, the
first steps are taken successfully towards this goal, and a roadmap to achieve such a numerical

68 Creating a numerical model for burning metal fuels in industrial size burners



CHAPTER 9. CONCLUSIONS

simulation is proposed.

When looking at the sub-questions of this study, the first two questions can be answered relat-
ively easy. The options for existing models to simulate the combustion of metal fuels are limited,
and the models that do exist are all rudimental. This leads to the answer to the second question:
is it better to alter existing models or to build one from scratch? In the opinion of the author
altering an existing model is preferred. Because most models are rudimental, improving these
models will lead to quicker steps forward compared to starting from scratch. Combining this with
the current timeline of the development of the combustion of metal fuels makes having a model
that can correctly predict combustion behaviour, even if it is rudimental, extremely valuable.

The last two subquestions are answered partly. Although the boundary conditions are not
given for an industrial-sized burner, boundary conditions are defined for a smaller burner. When
scaling up the model, some boundary conditions may change, but the vast majority of the con-
ditions will remain the same. The similarities between a 100 kW and an 1 GW burner have
not been investigated. The reasoning behind this is that there are still many steps between 102

and 109 W , and the model currently is not suited for the larger scale. A way to achieve such a
model, however, is proposed: using a segmental, one-dimensional approach. If the particle model
can provide an accurate list of combustion parameters for different conditions, a database can be
built which can be used to create a simplified, segmented version of an 1100 MW combustor. All
reactions would be calculated in such a segment, and only combustion product would move on
into the next segment, after which the process repeats itself.

In this study, after investigating different options for modelling iron combustion, the decision
is to focus on an existing User-Defined Function (UDF), improve this UDF, use it to perform sim-
ulations and take the next step in numerically simulating metal combustion. The software used
to execute the UDF is ANSYS Fluent. The combustion of iron particles is discussed briefly, after
which the different steps and assumptions that make up the model are explained and exemplified.
The UDF is based upon a diffusion-limited approach, where different temperatures for heating,
ignition and phase changes are defined.

Because of the availability of an experimental Low Swirl, or Weak Swirl, Burner (LSB), the
decision is made to focus on this type of burners. First, to get acquainted with modelling such a
burner, a methane low swirl burner that is experimented on extensively, and has similar geometry
and boundary conditions as the available burner, is recreated in a two-dimensional numerical sim-
ulation.

After validation of this burner, the available low swirl burner is recreated following the same
approach, using methane as a fuel. After successfully creating this setup, the transition is made
from methane combustion towards iron combustion. Following a step-wise approach, first the
amount of iron in the fuel is increased, and finally, the amount of methane is decreased.

Different conclusions can be drawn from the simulations. The first conclusion is that it is
possible to simulate an iron fueled flame on an LSB, which shows many similarities with other
experiments and therefore can be partly validated. When adding iron particles to the fully con-
verged methane flame and letting them react inertly, they follow the flow profile inside the burner
and heat up as expected. Different heating times can be seen when compared to, for example,
coal particles, and when comparing different iron particle sizes.

When looking at particle sizes, the model starts to behave inappropriately when the particle
size drops below 5 µm. Further investigation is needed to conclude if this is due to an error, or
lacking function in the model, or due to the difficulty combusting anything this size at these condi-
tions: at the time of writing a stable flame with these particles is not obtained on the experimental
setup. Combusting 45 µm particles does lead to a stable solution, and because of the availability
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of these particles at the experimental setup, most calculations are performed with these particles

When adding these particles to the lean methane flame, an increase in the flame temperature
is observed. The increase in temperature matches the expected increase, compared to the heating
values and energy density of iron particles. Also, an upper limit is encountered for the amount of
iron that can be added to the methane flame: at some point, oxygen depletion quenches the flame
and stops the combustion of iron.

To investigated scaling, adjustments to the geometry are made in the computational domain
that can also be made on the experimental setup: the length of the expansion tube of the LSB
can be varied. In the literature it is found that the optimal length for the expansion tube lies
between one and three times the diameter of the tube. The simulations performed confirm this
theory. This means that from the different positions on the experimental setup, two, four and six
times the diameter, only the first position is suitable.

To conclude this graduation report, there is still a long way to go, and there are many prob-
lems that still need to be tackled before a validated, simple model for the combustion of metal
combustion becomes a reality. Hopefully, the research done in this study will contribute towards
this model and will make the steps that need to be taken more clear and easy.
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Appendix B

Low Swirl Burner Eindhoven
University of Technology Methane
Combustion

The modeling conditions for pure methane combustion in the LSB at the Eindhoven University of
Technology are summarized in tabel B.1. The mesh that is used can be seen in the figure below.
After the table a variety of figures with different results can be found.

Figure B.1: Mesh used in simulations
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Table B.1: Modelling conditions.

General

Time Steady

Dimension 2D

Symmetry Axisymmetry

Materials

Mixture Methane Air 2-Step

Fluid Air

Density Ideal Gas

Solution methods

Scheme SIMPLE

Discretisation Second Order Upwind

Solver Pressure-Velocity Coupling

Models

Energy On

Turbulence κ− ε model, Enhanced Wall Treatment

Species Transport Volumetric Eddy-Dissipation

Boundary Conditions

Inlet Mass-flow-Inlet

Outlet Pressure-outlet

Walls Constant Heat Flux / Adiabatic

Flow domain No b.c. prescribed (Free flow)

Geometry

Width of domain 1550 [mm]

Height of domain 300 [mm]

Minimum element size 1e−5[m]

Maximum element size 5e−4[m]

Number of mesh elements 74,464
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Figure B.2: Temperature contours in Kelvin K.

Figure B.3: Velocity contours in meters per second m/s.
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Figure B.4: Turbulent kinetic energy contours m2/s2.

Figure B.5: Turbulent intensity contours %.
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Figure B.6: Mass fraction CH4 contours.

Figure B.7: Mass fraction O2 contours.
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Figure B.8: Velocity vectors in meters per second m/s.

Figure B.9: Velocity pathlines in meters per second m/s.
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Low Swirl Burner Eindhoven
University of Technology Iron
Combustion

In this appendix, a variety of figures can be found that are obtained by modeling the stoichiometric
combustion of iron with air.

Figure C.1: Temperature contours in Kelvin K.
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Figure C.2: Velocity contours in meters per second m/s.

Figure C.3: Turbulent kinetic energy contours m2/s2.
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Figure C.4: Turbulent intensity contours %.
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Unscaled figures of methane and
iron combustion

Figure D.1: Unscaled temperature contours for methane and different amounts of iron (TL: 1e−4,
TR: 2e−4, BL: 8e−4, BR: 15e−4
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Figure D.2: Unscaled temperature contours for methane and 3 [g/s] of iron.
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Figure D.3: Unscaled comparison of pure methane and methane and 8e−4 [g/s] iron.
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Low Swirl Burner of Eindhoven
University of Technology Design

Figure E.1: Intersection of the computer aided design of the burner.
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Figure E.2: Close up of the swirler inside the burner.
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Figure E.3: Technical drawing of the upper part of the burner.
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Figure E.4: Intersection of the computer aided design of the dispenser.

Creating a numerical model for burning metal fuels in industrial size burners 91


	Contents
	List of Figures
	List of Tables
	List of Symbols
	Introduction
	Alternatives for Fossil-Fuels
	Metal Fuels
	Metal Fuels in a Conventional Power Plant
	Lighthouse project

	Preliminaries
	Description
	Main Question
	Sub Questions

	Modelling Metal Combustion
	Different Metal Combustion Models
	Detailed Euler-Lagrangian Approach
	Thermodynamics of Metal Combustion
	Computational Model
	Steps in the Model
	Drop Tube Simulation

	Validation of Low Swirl Burner in Fluent
	LSB Beerer
	Non-Reacting Simulations
	Reacting Simulations

	Low Swirl Burner of Eindhoven University of Technology
	The Burner
	The Dispenser
	Methane Combustion
	Iron Combustion Principles
	Iron and Methane Combined
	Iron Combustion
	Swirler Position

	Validation of the Iron Combustion Model
	Validation by flame temperature
	Validation by Combustion Products
	Validation by Velocity Profile
	Advise for Validation

	Scaling the model
	Scaling
	Towards 1 GW

	Three-Dimensional
	Three-Dimensional Drop-Tube
	Three-Dimensional Low-Swirl Burner

	Conclusions
	Recommendations
	Conclusions

	Bibliography
	Appendix
	Appendix
	LSB Eindhoven University of Technology Methane Combustion
	LSB Eindhoven University of Technology Iron Combustion
	Unscaled figures of methane and iron combustion
	Low Swirl Burner of Eindhoven University of Technology Design

