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Abstract

Global warming and climate change are the result of combusting fossil fuels for heavy duty
purposes like energy supply and transportation. To mitigate global warming, the use of fossil
fuels must be reduced and �nally abandoned. A sustainable carbon-free energy cycle is required.
Metal fuels are promising as an sustainable and recyclable energy carrier due to their high energy
density and their potentially carbon-free cycle. Iron is one of these promising metal fuels. Both
combustion time and temperature of iron particles are not well documented. These two parameters
depend on particle size and oxygen concentration. Therefore this thesis will focus on combustion
time and temperature of iron particles as function of particle size and oxygen concentrations. Iron
powder is sieved into three narrow size ranges (20-25�m, 36-38�m, 50-53�m) using a sonic sifter.
A high voltage dispersion system is used and modi�ed to disperse the iron powder and produce
a stable single particle jet which is ignited by two focused 450nm lasers. Combustion times are
measured using a high speed camera and analyzed using the integrated intensity. Combustion
temperatures are measured using a colored CCD camera. The two-color method is used to obtain
the temperature from long exposure photographs captured by the colored CCD camera. The
experimental setup is equipped with auxiliary optical instruments and �lters. The results are
presented and discussed.
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Chapter 1

Introduction

The way of living has changed dramatically. Technological abilities and growing wealth have
enriched our lives. Mobile phones, cars and airplanes have become indispensable. However, due
to the technological abilities, growing population and wealth the energy consumption has doubled
over the last decades and is still growing at a high rate [1]. Approximately 90% of our total energy
production is still fossil fuel related although renewable energy sources made their entry. To meet
our energy consumption, enormous amounts of fossil fuels like coal, gas and oil are combusted for
heavy duty purposes like transportation and power supply. Combustion of all those fossil fuels leads
to depletion of fossil fuel resources, air pollution and carbon-dioxide (CO2) emissions. Carbon-
dioxide is one of the key greenhouse gasses causing global warming. Other key greenhouse gasses
contributing to global warming are methane and water vapor. The impact and consequences of
global warming are clear and concerns are rising. Global warming and air pollution threaten many
human lives, animals and vegetation. To mitigate global warming, CO2 emissions must be reduced
and �nally eliminated. To accelerate the reduction of CO2 emissions, 195 countries signed the
Paris agreement of 2015 in which they agreed upon reduction of greenhouse gas emissions of 40%
by 2040 compared to 1999 and keep the global average temperature below 2°C above pre-industrial
levels [5]. To meet this agreement and to mitigate global warming a sustainable carbon-free energy
cycle is required.

Renewable energy sources like wind and solar energy are used at increased rate to replace
fossil fuels. Wind mills and photo-voltaic panels start to dominate the horizon. Despite all e�ort
put in production of energy using these renewable energy sources, this will only solve a part
of the problem. Wind and solar energy highly depend on time and season. Periods of high
energy demand and high energy production do not necessarily coincide and mismatches in energy
demand and energy supply will occur. To overcome those mismatches, energy must be stored
using sustainable energy carriers to create a sustainable carbon-free energy cycle. Sustainable
energy production is not the largest barrier anymore, but sustainable energy storage certainly is a
challenge. Bergthorson [4] enlisted criteria for potential sustainable energy carriers that must be
met. Sustainable energy carriers must be carbon-free, abundant and globally-tradable which:

� provide high energy densities.

� can be created using renewable energy sources.

� can be safely transported.

� can be safely stored inde�nitely with minimal loss.

� can be used for transportation and stationary power generation.

� are available in large quantities.

� are recyclable.
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CHAPTER 1. INTRODUCTION

Figure 1.1: Speci�c energy and energy density of hydrocarbons, metals, hydrogen, batteries and
bio-fuels. O represent liquids, # represent gases and � represent solids. Reprinted from [9]

The most common known sustainable energy carriers are (lithium-ion)batteries and hydro-
gen. However, as shown in Figure 1.1, neither show energy densities which are comparable with
hydrocarbons like coal, gasoline and diesel, which are used for transportation and energy sup-
ply nowadays. Next to the low energy density, hydrogen also has safety issues like accidental
explosions. However, the energy density and speci�c energy of pure metals is comparable with
hydrocarbons. The energy density of pure lithium is an order/orders of magnitude larger than for
a lithium-ion battery, indicating use of metals in batteries may not be the best option for energy
storage for heavy duty purposes. Direct combustion of metals seems more suitable to retain the
energy density as well as the speci�c energy. When metals are pulverized to micron sized particles,
they can be ignited and combusted. During the combustion, an exothermic oxidation reaction of
the metal particles will take place and a lot of energy is released. The energy can be used for
heating residents, transportation or power production. After oxidizing, the oxides formed can be
collected and reduced to metal again using e.g. hydrogen. During the oxidation and reduction
reaction of metals, no carbon-dioxide is formed. The only reaction products of metal combustion
are metal oxides. So, the oxidation and reduction of metals form a closed loop carbon-free cycle
if renewable energy sources are used for reduction. Oxidation and reduction of metals can be
repeated inde�nitely. The so called metal fuel cycle is presented in Figure 1.2.

Metals can be used as potential energy carrier and seem very promising because of the high
energy density. The periodic table of elements contains many metals, but only a few metals can
serve as a metal fuel. Two criteria, additional to the criteria given by Bergthorson for sustainable
energy carriers, are given by Julien et al. [14]. These criteria are speci�c for metals and to guide
to a select number of metals which can be used as a metal fuel. Those criteria are:

� the metal must react with oxygen. Metals can react with many oxidizers like e.g. water,
carbon-dioxide and oxygen. Oxygen is the most important of these oxidizers. Because of
practical and economic considerations a metal should react with oxygen, present in ambient
air. Noble metals like e.g. gold do not oxidize when exposed to oxygen and therefor are no
metal fuel candidate.

� no toxic and radioactive elements. Some metals e.g. lead are toxic and some are radioactive
e.g. uranium. To protect human health and the environment, these metals cannot serve as
a metal fuel.
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CHAPTER 1. INTRODUCTION

Figure 1.2: Proposed metal fuel cycle. Adopted from [4]

The number of metal fuel candidates is reduced enormously. Only a few metal fuel candidates
are left. Aluminum, zinc, boron, iron, magnesium, titanium and silicon are the only metals that
can serve as a metal fuel. Aluminum, iron and silicon are one of the most abundant metals on
earth and therefor these metals are the most promising metal fuel candidates. This does not mean
these metals are the only candidates. Boron, for example, has a much higher energy density and
speci�c energy than aluminum, iron and silicon and can be used in speci�c niches where very high
energy densities are required.

As mentioned before, one of those promising metal fuel candidates is iron. Iron can be found
in large quantities, is abundant and is a�ordable, but the mayor advantage of iron over aluminum
and silicon is the combustion temperature of iron. The combustion temperature is expected to
be below the boiling point. Therefor iron will not evaporate. Combustion of evaporated metal
particles will give nano-scale oxides, which are much more di�cult to collect after combustion
and collection of oxides is of vital importance for closed loop metal fuel cycle. Iron can react to
multiple oxides, depending on oxygen concentration. These oxides are FeO, Fe3O4 and Fe2O3.

Combustion of iron particles for sustainable energy storage is a new development. Combustion
characteristics like combustion time and temperature are unknown. Since combustion time and
temperature depend on particle size, it is necessary to measure those combustion characteristics as
function of particle size. To this end, the research goal of this thesis is to measure the combustion
time and temperature of iron in three narrow particle size ranges (20-25�m, 36-38�m, 50-53�m).
Due to a time limit, only the size range 50-53�m is investigated. This thesis will start with back-
ground information and a brief overview of past research to metal fuels, single particle combustion
and �nally combustion of single iron particles. After the background information the experimental
setup used in this research will be explained. The metal fuel burner, the used iron powder and
production of narrow particle size ranges will be discussed here. After the experimental setup, the
combustion time experiment will be explained. The theory of used method will be discussed �rst
after which the results of the experiments will be presented. The next chapter will focus on the
combustion temperature of iron particles. First, the used method and theory will be discussed
and �nally the results. At the end of this thesis a conclusion and suggestions for future work and
research are presented.
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Chapter 2

Background

Combustion of metal fuels has been a �eld of research for decades although this was for di�erent
purposes. In the past, research focused on metals as fuel additives, propellants and pyrotechnics
because of the high energy density of metals. Metal fuels as energy carrier and combustion of metal
fuels for usage in high power engines is our interest. For accurate modeling of metal combustion
and production of reliable high power metal fuel engines, one �rst needs to understand the complete
combustion process of metal fuels. Metals are mostly combusted in three di�erent ways. First,
they are combusted in hybrid ames in which metals are added to another fuel to increase the heat
release. It is very di�cult to produce a stable self sustaining metal ame, but metals can be added
to other fuels like methane and still produce a stable and self sustaining ame. The methane ame
stabilizes the metal ame and ignites the metal particles. Secondly, metals are combusted in dust
ames. Although it is di�cult to produce a stable and self sustaining metal ame, it is possible
to produce such a ame for a short period of time. For research this is enough to conclude on
e.g. ame temperature and velocity. Finally, metal particles are ignited and combusted one by
one. The base of understanding the combustion of metal fuels lies in the understanding of single
particle combustion. Single particle combustion means no interactions with and no inuence of
other particles, because of the relatively large distance between particles. In practical applications
combustion of metal dust will take place instead of single particles.

2.1 Combustion modes and phase changes

Single metal particles can burn in di�erent modes. Bergthorson et al. [9], showed three
combustion modes in which single particles can burn. The combustion process of metal particles
will either be: A) vapor phase combustion, B) heterogeneous combustion forming gaseous oxides
or C) heterogeneous combustion forming a porous oxide shell, shown in Figure 2.1. Fuel and
oxidizer are not in the same state when burning in the heterogeneous regime. This means that,
when the oxidizer is a gas (the oxidizer mostly is oxygen in air), then the fuel is either a uid or
a solid. Both the oxidizer and the fuel are in the same state when combustion takes place in the
homogeneous regime. In what mode a metal will burn depends on the combustion temperature
and boiling point of the metal and the oxides. If the combustion temperature of a metal exceeds
the boiling point, it will evaporate and burn in mode A. If a metal is likely to burn in mode B or
C depends on the boiling point of the oxides, shown in Figure 2.2. If the formed oxides do not
evaporate, it is likely that this metal will burn in mode C. As shown in Figure 2.1, metals that
burn in mode A, like aluminum evaporate and will form nano-scale oxide particles whereas metals
in mode C will grow as a result of oxides added to the particle to form an oxide shell. One of the
metals that is assumed to burn in mode C is iron.
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CHAPTER 2. BACKGROUND

Figure 2.1: Combustion modes of metal. Reprinted from [9]

Figure 2.2: Classi�cation of metals. Copied from [9]

Since metals are in the solid phase while on ambient temperature and in liquid or gas phase
once ignited, phase changes will occur. Dreizin [6] investigated the phase changes of various metals
e.g. iron under high pressure using metal rods. The results show what products are formed on the
edges, where phase changes occur, as a function of oxygen concentration and temperature. Dreizin
also reports the onset of the second stage combustion being associated with a phase change.

2.2 Combustion time of single particles

An important parameter in combustion is the combustion time of burning particles. Particles
can burn in the kinetic regime, the di�usion regime or a mixed regime. For both the kinetic and
di�usion regime the particle combustion time is related to the particle size (diameter in case of
spherical particles)[7].
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CHAPTER 2. BACKGROUND

tb;kin =
�sd0

2im0;1ks
(2.1)

Here,
�s: the particle density
d0: the particle diameter
i: the mass stoichiometric index
m0;1: the mass fraction of oxygen
ks: the kinetic rate constant

tb;diff =
�sd2

0
8�D ln(1 + im0;1)

(2.2)

Here,
�: gas density
D: di�usivity of the gas

Equation 2.2 presents the d2 law. This theoretical combustion time are used as a guidance
for many combustion time experiments. Sometimes dn is used where 1 � n � 2. Wright also
presented results for the burning of iron as a function of particle size. A mixture of oxygen and
argon ows trough a ceramic tube. A tube furnace keeps the temperature inside the tube constant
at 1000K. A particle feeder system is used to inject particles. A high speed camera is used to
record the combustion.

Figure 2.3: Combustion time of iron. Copied from [7]

The combustion time of �ne aluminum particles is report by Gill et al. [12]. A CO2 laser
is used to ignite the particles and photo multiplier tubes are used to measure combustion time.
The results are compared with other results on combustion time of aluminum for various oxygen
concentrations and oxidizers. Shown in Figure 2.3 is the combustion time for aluminum particles
in air. The widely adopted dn law, where the burn time is related to the particle diameter, can
be �tted through their results with a power of less than one for particles burning in air.

Combustion of micron sized iron particles 7



CHAPTER 2. BACKGROUND

Figure 2.4: Combustion time of aluminum particles as function of diameter. Adopted from [12]

Research to the combustion times of magnesium [16], titanium and zirconium [3] has been done
recently.

2.3 Combustion temperature of single particles

The combustion temperature for various oxygen concentration is reported for aluminum particles
by Badiola et al [8]. An array of photo multiplier tubes (PMT) is used for optical pyrometry.
The results are shown in Figure 2.5. Temperatures of 2000-3000K are found for di�erent oxygen
concentrations.

Figure 2.5: Combustion temperature of aluminum particles as function of particle diameter at
various oxygen concentrations. Copied from [8]
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CHAPTER 2. BACKGROUND

A temperature pro�le for an burning iron particle is modelled by Schiemann [10]. This is shown
in Figure 2.6. A particle is heated to around 700K. The particle ignites and the temperature
increases to a temperature of 1811K. Here the iron melts and the reaction from FeO to Fe3O4
continues. At 1863K the Fe3O4 is melting. After the Fe3O4 is completely melted the temperature
increases to the decomposition temperature of Fe3O4 (2358K). After the reaction is completed,
the particle cools down. At a temperature of 1863K solidi�cation of Fe3O4 takes places. After
Fe3O4 is completely solid the particle cools down further to 1280K. This is the decomposition
temperature of Fe2O3. After completion of the reaction the particle cools down to surrounding
temperature.

Figure 2.6: Combustion temperature of a 90�m iron particle. Copied from [10]
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Chapter 3

Experimental setup

3.1 Iron powder

Single particle combustion experiments are necessary to understand combustion and to con-
clude on several combustion properties. Those properties heavily depend on particle size and so
experiments must be done with varying particle size. Particle size is not a straightforward term
since it is not always clear what is meant with particle size. In case of spherical particles, the
diameter is a measure of size. In case of variable or irregular shaped powder i.e. volume can be a
measure of size. In this case it is more complicated to de�ne a speci�c size. In our experiments
spherical iron powder by TLS spezialpulver is used with a purity of 99,8% and particle size 20-
50�m. SEM images of the powder are shown in Figure 3.1. Most particles are spherical, but some
irregular shaped particles and cracked particles are found.

(a) Spherical particles of uniform size (b) Irregular shaped and cracked particles

Figure 3.1: SEM images of the TLS 50-53�m iron particles

Combustion of micron sized iron particles 11



CHAPTER 3. EXPERIMENTAL SETUP

3.2 Sonic sifter

A sonic sifter is used to sieve the iron powder into three narrow size ranges (20-25�m, 36-38�m
and 50-53�). The sifter consists of a speaker to produce vertical air vibrations. The speaker is
placed on top of a cone to connect the speaker with a sieve stack (Retsch high precision test
sieves). Below the stack an "airbag" is installed to expand and shrink due to the air displacement
by the speaker. This will introduce an air ow upwards and increases the e�ciency of the sifter.
Particles are vibrating and go through the mesh due to the air vibrations. A collector pan is
installed at the bottom to collect the �nest particles and to seal the sifter. A picture of the sonic
sifter is shown in Figure 3.2.

Figure 3.2: The sonic sifter

3.3 High voltage dispersion system

A high voltage dispersion system, shown in Figure 3.3, is used to disperse the powder and
to produce a stable ow of particles. This dispersion system is based on the design of Shoshin
[17]. Particles are loaded on a capacitor on which a high voltage is applied. Particles are charged
and repelled by the capacitor. Above the capacitor a grounded top plate is installed to discharge
particles. Particles loose their charge, fall down and are charged again when the capacitor is
touched. Charging and discharging of particles is repeated and creates a dispersed powder between
the capacitor and the top plate. The particles density can be adjusted by the voltage applied.
Particles are entrained by a central jet ow and leave through a 0,5mm hole in the top plate. A
shroud ow is introduced to stabilize and to protect the central jet ow from surrounding air ows
around the burner. Both ows are controlled using high accurate Bronkhorst mass ow controllers
and a gas board is used to control the gas composition. A porous ring uniformly disperses the
shroud ow and so a stable uniform ow is created around the central jet ow. On top of the top
plate a syringe needle is soldered to vertically align the central ow with the entrained particles.

12 Combustion of micron sized iron particles



CHAPTER 3. EXPERIMENTAL SETUP

A cylinder with perforated plate is placed around the syringe needle to uniform the shroud ow.
Particles are ignited 3-5mm above the needle tip. Two 450nm diode lasers of 25W in total are
focused above the needle tip and heat particles above their ignition temperature.

(a) Schematic of the high voltage dispersion system (b) Photograph of the high voltage dispersion
system

Figure 3.3: High voltage dispersion system

Combustion of micron sized iron particles 13





Chapter 4

Combustion time

Combustion time is an important parameter in combustion theory and models. Much attention
is paid to combustion time experiments. It is already well documented in literature for many metals
like aluminum. Combustion time experiments are mostly performed using a photo multiplier tube
(PMT) or high speed cameras. Both devices have their advantage and disadvantage. A PMT can
operate at very high sample rates up to 44khz or even higher (depending on the data aquisition).
The amount of data is limited, because the recorded data is the intensity. High speed cameras need
images of the whole trajectory of a burning particle and there for need a large window of interest
to get an accurate result. This reduces the maximum frame rate that can be used enormously.
The images are stored on the hard disk of the camera or directly streamed to a computer. The
capacity of the hard disk of the camera or data streaming is also limiting the maximum frame
rate due to the maximum number of images that can be stored. A higher frame rate reduces
the recording time and increased the amount of data. Processing images is an advantage as well
as a disadvantage. Processing images requires a lot of storage space, but also gives the ability
to process all particles in an image separately, which cannot be done with a PMT. All particles
in view of a PMT contribute to the same signal and cannot be distinguished. Images can also
be used to check what occurred during combustion when an unexpected result is obtained. In
our experiments a Photron SA-3 high speed camera is used with a frame rate of 2000-5000FPS.
The high speed camera is equipped with a powerful Nikon lens with 85-180mm focus length. As
mentioned before, particles are ignited by two focused 450nm diode lasers of 25W in total. A
650nm high pass �lter is attached to the lens to block reecting laser light by particles, shown in
Figure 4.1. This will not inuence the results since the intensity of the emitted light is higher for
higher wavelengths. A schematic of the setup is shown in Figure 4.2.

Figure 4.1: Reection of laser light by particles. Left: no �lter; Right: 650nm high pass �lter.
The small white dots in the left image are reection of laser light by particles

4.1 Integrated signal intensity

The grey level, also referred to as signal intensity, is integrated over the particle area to obtain
the combustion time of particles. Matlab software is used for particle detection, particle tracking
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Figure 4.2: Schematic of the setup

and integrating the intensity over the particle area. A threshold value of intensity is set to extract
the burning particles from the background. Another threshold is set for the minimum particle
area. Once a particle is found meeting both requirements the software will track this particle in all
consecutive images containing this particular particle to build a particle trajectory. A maximum
travel distance in consecutive images is set to prevent the software from tracking the wrong particle
in an image. All potential ignited particles are analyzed. All particles that have a very high
intensity in their last image of their trajectory are discarded. Images with particles with very high
intensity at the boundary are discarded as well. These particles are (partly) moved out of the
window of interest of the camera and no complete combustion is recorded. Particle trajectories
that do not exceed a minimum number of images are discarded as well. These particles are
probably cracked (see Figure 3.1) or the particles are only heated, but are not ignited. Particles
that er not ignited rapidly cool down. The area of the particles that meet the requirements as
mentioned above, is integrated in all images of the particle trajectory. This will give the integrated
signal intensity at each image of the particle trajectory. When the number of frames is divided by
the frame rate, the combustion time is found. Images may contain saturated pixels since signal
intensity still increasing while the particle temperature is rising. Photon energy of saturated
pixels partly dissipates to neighbouring pixels. Either these pixel have a higher intensity or, when
saturated, will dissipate photon energy to neighbouring pixels again. This will increase the particle
area and there for still increasing the integrated signal intensity, see Appendix A. Since interest
goes to the shape of particle trajectories and speci�c points of the particle trajectories, which can
still be found, it does not matter whether the ’real’ integrated signal intensity is higher or lower.
The combustion time does not change. Sometimes a particle explodes (micro explosion), shown
in Figure 4.3. A high peak in the integrated signal intensity is observed when a particle explodes.
Particles with dramatic micro explosions are discarded. A relatively large part of the particle is
separated from the main particle which may inuence the results.
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Figure 4.3: Streaks with integrated signal intensity below. Left: no micro explosion and Right:
micro explosion

4.2 Minimum frame rate

The minimum frame rate required depends on the combustion time. Of course this is not
known in advance, but the expected combustion time is 10-100 milliseconds. A frame rate of
2000-5000FPS should be high enough. To make sure this frame rate is high enough, the integrated
signal intensity of two trajectories are looked into. Figure 4.4 shows both normalized trajectories.
The top trajectory is taken with 2000FPS and the bottom trajectory is taken with 5000FPS. As
can be seen, no obvious di�erences can be found. All details are visible in both trajectories. A
frame rate of 2000FPS is enough to show reliable results.

Combustion of micron sized iron particles 17
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Figure 4.4: Normalized integrated signal intensity for top: 2000FPS and bottom: 5000FPS

4.3 Start and end of combustion

The start of combustion cannot be seen clearly from the trajectory. Since particles are heated
by a laser, they will already emit intense red light while heated but not ignited. Although particles
that are only heated but not ignite are discarded, the integrated signal intensity of trajectories of
particles that do ignite still contain the part where the particles are heated but not ignited. To
�nd the point of ignition, particles are heated in a ow (both central and shroud ow) of purely
nitrogen. These particles cannot ignite, since there is no oxidizer. The thresholds mentioned before
are modi�ed in such a way that the software will detect these heated particles. The integrated
signal intensity of heated particles is compared with the signal of ignited particles. The result is
shown in Figure4.5. Both heated and ignited particles show a constant integrated signal intensity
(sometimes this part is not constant, but decreasing). The constant intensity indicates that the
laser power is just enough to ignite a particle. When a particle is heated (far) above the ignition
temperature, it will cool down �rst to a stable ignition temperature before is ignites as shown in
Figure 4.6 [11]. The heated particle starts to cool down while the ignited particle heats up and
shows an enormous increase of signal intensity which indicates combustion and so the particle
must have been ignited. There for the end of this horizontal part is taken as point of ignition
and start of combustion. The end of combustion is taken at the peak of the integrated signal
intensity. Here the temperature is maximum or a micro explosion will occur (sharp peak) and
the particle starts to cool down. The (major)reaction is �nished. The time di�erence between a
micro explosion and maximum without micro explosion is neglected since micro explosions occur
close to or at the maximum temperature. The integrated signal intensity of a particle trajectory
is analyzed and start and end of combustion are manually selected. A second peak in integrated
signal intensity is observed in every particle trajectory. Also the streaks (shown in Figure 4.3)
show a second combustion. The duration of this second stage combustion is measured as well.
The start of this combustion is at the well between both peaks and the end of combustion is taken
at the end of the (almost) horizontal part at the peak. Start and end for both stages are shown
in Figure 4.7.
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Figure 4.5: Start of ignition. Shown are the integrated signal intensities of Top: ignited particle
in air and bottom: heated particle in N2. The dashed red line indicates the point of ignition and
start of combustion

Figure 4.6: A particle is heated by a laser far above the stable ignition temperature. The particle
�rst cools down to the stable ignition temperature before it ignites. Adopted from [11]

Combustion of micron sized iron particles 19



CHAPTER 4. COMBUSTION TIME

Figure 4.7: Start and end of the �rst and second stage of combustion. 1: start of the �rst stage;
2: end of the �rst stage; 3: start of the second stage; 4: end of the second stage

4.4 Results and discussion

Results of the �rst stage combustion are shown in Figure 4.8. The x-values represent the oxygen
concentration and the y-values represent the average time from ignition to maximum integrated
signal intensity. The error bars represent one standard deviation in time to maximum integrated
signal intensity. A minimum of 35 particles are analyzed for each oxygen concentration which
results in small error bars. The time to the maximum integrated signal intensity or explosion
is 22ms when particles are combusted in air (21% oxygen). The combustion time decreases for
higher oxygen concentrations to 11ms for 36%.

Figure 4.8: Combustion time of the �rst stage for 50-53�m iron particle
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Figure 4.9: Combustion time of the second stage for 50-53�m iron particle

The combustion time for the second stage is shown in Figure 4.9. Again the x-values represent
the oxygen concentration and the y-values represent the average combustion time from the well
to the end of the horizontal part at the peak. The error bars represent one standard deviation in
second stage combustion time . In contrast to the �rst stage, the second stage combustion is a
constant. The combustion time is 4.6ms for the second stage combustion irregardless the oxygen
concentration. This indicates that the second stage combustion is not a real combustion otherwise
the combustion time is expected to decrease with increasing oxygen concentration like the results
of the �rst stage combustion show. A temperature measurement can show whether the second
stage is a real combustion. A comparison with the dn law cannot be made up from one size range.
A comparison with the d2 law is di�cult as well. In our experiment the combustion time of two
stages is determined. The results indicated that there is no second stage combustion. The d2 law
considers the complete combustion time which is to complete burn out. This is not measured in
our experiments.
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Combustion temperature

The combustion temperature of single iron particles is not well documented, although for iron
dust ames some measured temperatures can be found as well as for the theoretical adiabatic
temperature of single iron particles. Temperature measurements are mostly performed using a
optical pyrometer, spectrometer or two-color spectroscopy. For our temperature measurement,
two-color spectroscopy is used. The paper of Huang and Yan [13] is taken as a reference.

5.1 Two-color spectroscopy

The two color spectroscopy is based on Planck’s law of black body radiation.

M(�; T ) = ��
C1

�5 e
� C 2
�T (5.1)

Here,
M: monochromatic radiation or exitance [W=m2=�m],
��: monochromatic emissivity [-],
�: wavelength [�m],
T: temperature [K],
C1 and C2: Planck’s constants

The greylevel output of the imaging system is proportional to the exitance, i.e.

G(�; T ) = RS���
C1

�5 e
� C 2
�T (5.2)

with:
R: the instrument constant [-],
S: the spectral sensitivity [-],
G: the greylevel [-]
The ratio of greylevel G(�1; T ) and G(�2; T ) is calculated as follows:
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From equation 5.3, the temperature T is found:
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The ratio S(�2 )
S(�1 ) is called the instrument factor. C2=14387.752�mK Calibration is necessary to

�nd the instrument factor, see Appendix B. All other parameters are known except the temper-
ature. The ratio of grey levels is measured and the ratio of the emissivities is equal to 1, so that
ln (S(�2 )

S(�1 ) ) = 0. Iron particles are considered to be a grey body. The emissivity of a grey body is
independent of the wavelength for a given temperature.

5.2 Setup and crossing channels

Our temperature measurement is performed using the two-color method and a setup consisting
of a Flir Grasshopper 3 colored CCD camera, Sigma EX lens and LaVision image doubler equipped
with on the left side: 680nm narrow band �lter, 650nm high pass �lter and a 0.1 transmission
grey �lter and on the right side: 510nm narrow band �lter and a 550nm low pass �lter, shown
in Figure 5.1. The wavelengths 680nm and 510nm are the wavelengths �1 and �2 respectively in
equation 5.4. Since the narrow band �lters do not have a 100% accuracy, a high pass and low pass
�lter additionally to the narrow band �lters are used. As shown in Figure 5.2, all RGB channels
are sensitive to a wide range of wavelengths. When light of other wavelengths than the narrow
band �lter still can pass, it has a negative inuence on the results and there for the high pass and
low pass are added. Although the high and low pass �lters do not have a 100% e�ciency as well,
the light of other wavelength than the narrow band �lters is reduced enormously.

Figure 5.1: Schematic of the used setup

Particle streaks show great di�erence in intensity over the trajectory as shown in Figure 4.3. A
high pixel depth is necessary to cover the complete intensity range. Since no available camera has
a pixel depth high enough to cover the whole range this has the consequence that either the start
of the second stage of combustion is not intense enough and equal to background noise or the peak
of the �rst stage is too intense and shows pixel saturation. This is presented in Figure 5.3 and 5.4.
Both the peak temperature of the �rst stage combustion and the temperature at the start of the
second stage combustion are interesting. The peak temperature of the �rst stage is the combustion
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temperature of iron and the temperature of the start of the second stage may give insight in why a
second stage of combustion appears. Pixel saturation must be avoided, in contrast to combustion
time measurements, since a ratio of grey values is needed. As mentioned before, each RGB channel
is sensitive to a wide range of wavelengths. The green channel is sensitive to light penetrating the
680nm narrow band �lter and the red channel is sensitive to light penetrating the 510nm narrow
band �lter. So the light penetrating the 680nm narrow band �lter can be read in both the red and
green channel. Due to the lower sensitivity of the green channel to 680nm it will be less intense
as in the red channel. The same is found for the light penetrating the 510nm narrow band �lter.
There for the particle streak is divided in two parts. For the very intense �rst stage combustion
crossing channels is used. Here the light penetrating the 680nm band �lter is read from the green
channel and the light penetrating the 510nm band �lter is read in the red channel. For the peak
temperature and the temperature at the start of the second stage combustion, the colors are read
in the corresponding channels. Now both parts of the streaks are covered and the ratio of grey
levels can be found for both �rst and second stage of combustion. An additional calibration for
crossing channels is necessary. So the advantage is that the whole streak can be covered and the
disadvantage is that a second calibration is necessary.

Figure 5.2: Spectral sensitivity of the Grasshopper 3 CCD camera

Figure 5.3: No saturation in the �rst stage combustion, but second stage combustion not visible
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Figure 5.4: Saturation in the �rst stage combustion. The second stage combustion is visible

5.3 Results and discussion

For our measurements an image doubler is used. Image doublers are accurate and show a
doubled image if the distance to the object is large, but during our experiments the distance is
short. This distance has to be short, because particles are very small and a very high zoom is
necessary. No such lens meeting the requirements was available. When the distance becomes very
short the images of the image doubler are not exactly equal anymore. The streaks of the particles
are not equal and there for the temperature cannot be measured on all points of the streak. Only
the temperature of speci�c points is measured. These speci�c points are the peak temperature
of the �rst stage of combustion, the temperature at start of the second stage of combustion and
the peak temperature of the second stage of combustion. Equation 5.4 is used to calculate the
temperatures. The results for the peak temperature of the �rst stage combustion, the start of
the second stage combustion and peak temperature of the second stage combustion are shown in
Figure 5.5-5.7.
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Figure 5.5: Peak temperature of the �rst stage combustion

Figure 5.6: Temperature at the start of the second stage combustion
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Figure 5.7: Peak temperature of the second stage combustion

The x-values represent the oxygen concentration, the y-values represent the temperature and
the error bars represent one standard deviation of the mean temperature in Figures 5.5-5.7. At least
10 measured temperatures are used to calculated the average temperature. The peak temperature
of the �rst stage is increasing from 1761K for 21% oxygen to 1947K for 36% oxygen. These
temperatures are lower than the adiabatic combustion temperature of 2250K [7]. The calibration
presented in Appendix B shows an underestimation of almost 400K for very high temperatures.
So the real temperature of the particles may be somewhat higher. The error bars only show
the standard deviation of the measured temperatures. The temperature at the start of the second
stage combustion and the peak temperature of the second stage combustion are constant at around
1420K and 1460K. The di�erence between those temperatures is less 3%. Due to the error in
calibration one cannot conclude this is a real temperature rise, because it is in range of the error.
Also the number of measurements is not very high so an larger error in temperature can occur.
The peak temperature of the second stage combustion is almost equal to the temperature of
the start of the second stage combustion, meaning there is no second stage combustion. This
results supports the result of the combustion time. Here the combustion time of the second stage
combustion did not change with oxygen concentration, which is already indicating there is no
combustion. A phase change or decomposition can change the emissivity and the signal intensity.
Schiemann [10] already presented a theoretical temperature pro�le of a burning iron particle with
explanation. The peak temperature of the �rst stage combustion in 21% oxygen which is 1761K,
is above the melting temperature of FeO. Due to underestimation of the temperature it can be
that the real temperature is above the melting temperature of Fe3O4. This is in good agreement
with Schiemann’s paper. Since the peak temperature of the second stage combustion is around
1460K it may not be the decomposition temperature of Fe2O3 which is 1280K according to his
paper. Due to the underestimation of 400K and an average temperature of 1460K, it can also be
the melting temperature of Fe2O3 which is 1812K. A phase change of liquid Fe2O3 to solid Fe2O3
may change the emissivity and there for a second stage combustion is visible. Dreizin [6] reported
already on the second stage combustion associated with a phase change. This thesis con�rms this
association.
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Recommendations and future
research

This thesis focused on the combustion time and temperature of iron particles in three ranges.
Only the 50-53�m size range is taken into account since there was no more time to �nish the
experiments of the other two size ranges. A �rst step is to �nish the other size ranges to get
a clear view of the combustion time to complete burn out and temperature for various particle
size and oxygen concentrations. Than a comparison can be made with the classic dn law and a
value for n can be found. Also the dependency of the combustion temperature to particle size can
be found. The temperature measurement showed that the second stage combustion is not a real
combustion since the temperature is constant over the second stage. It is still speculating about
what oxides are formed during the combustion.

(a) Cooling of the heated particle versus the cooling after
the �rst stage combustion

(b) Cooling of the heated particle versus the cooling after
the second stage combustion

Figure 6.1: Comparison of the cooling of a heated and ignited particle

Figure 6.1 shows the integrated signal intensity of a heated particle shifted to the same integ-
rated signal intensity at the cooling after the �rst and second stage combustion. The cooling of the
heated particle shows good comparison with the cooling after the second stage combustion of the
ignited particle. The small di�erence is caused by a di�erence in particle size. On the other hand,
if the cooling of the heated particle is compared with the cooling after the �rst stage combustion,
a clear di�erence is observed. This is not only because of the di�erence in particle size. Some
weak reaction may still be going on. The heat loss by the particle is exceeding the heat release
of this reaction and there for still cools down. To conclude on this a particle with pure cooling
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should be modelled and compared with the cooling of the ignited particle. Both the temperature
at the peak of the �rst stage and at the start of the second stage are known and the time can be
obtained from the combustion time measurements. Then the heat release can be computed. This
can give information about what reaction is going on.

The temperature measurement performed in this theses shows an error of almost 15%. The
calibration is very sensitive to window selection. The wire of the thermocouple is circular so the
intensity is not uniform over the width of the wire. A at surface with uniform temperature would
already decrease the error. Also there is no time information when a CCD camera is used. It
would be better to perform a temperature measurement using one or more high speed cameras. A
diechroic mirror or beam splitter can be used to split the light beam. If the mirror or beam splitter
is placed in an angle, the light beam is divided into two separated light beams, one beam for each
camera. Both cameras are in the same line of view, so the image is exactly the same for each
camera. When the cameras are synchronized and triggered at the same time, both recordings are
equal ad particles can be matched. Then the greylevel ratio and there for temperature is known
for the complete combustion of a particle.
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Appendix A

Camera response

The camera intensity response to photon energy is linear when no saturation of pixels is
present. When pixels get saturated the photon energy can dissipate, ow to neighbouring pixels
or a combination of both. A simple experiment is performed to check on this matter. A small LED
lamp is used as point source and placed at a large distance of the camera. The camera is focused
on the point source. The shutter speed is varied from a low speed (no pixel saturation) to a very
high speed (pixel saturation). The integrated signal intensity, as presented in chapter 4, is used
again. The result is presented in Figure A.1. The integrated signal intensity is plotted against
the shutter speed. Linearity is observed for low shutter speeds. No pixel saturation is found here.
When pixels are saturated, linearity does not hold anymore, but still the integrated signal intensity
is monotonically increasing. Even though pixel saturation is present, images containing saturated
pixels can still be used for combustion time determination.

Figure A.1: Camera response to intensity. Plotted are the Integrated signal intensity against
shutter speed

The integrated signal intensity can still increase when some pixels are saturated because of
two reasons. Either the non-saturated pixels become more intense and/or photon energy ows
to neighbouring pixels. There for two images are compared, shown in Figure A.2. On the left
an image without pixel saturation and right an image with pixel saturation. The particle with
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Figure A.2: Point source with: left: no saturation and right: saturation.

pixel saturation is larger than the particle without pixel saturation. This indicates that photon
energy ows to neighbouring pixels. If those pixels are saturated as well, the photon energy can
(partly) ow outwards to the next pixels until non-saturated pixels absorb the remaining photon
energy. Clearly, only a part of the photon energy ows to neighbouring pixels otherwise no energy
is dissipated and the curve in Figure A.1 would be linear.
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Appendix B

Calibration

Calibration of the camera setup, consisting of the CCD camera, image doubler and �lters, is
necessary before the two-color spectroscopy and equation 5.4 can be applied to combustion of the
iron particles. A constant and well known temperature source is needed for calibration. Thermo-
couples or tungsten lamps are commonly used for the calibration procedure. Thermocouples are
no temperature source so e.g. burner must be used to heat the thermocouple. For the calibration
of our setup, described in this thesis, a at methane-air burner is used to heat the thermocouple. A
type-S (platinum-rhodium) thermocouple is used for the calibration. These types of thermocouples
can handle very high temperatures up to 2100K. Since very high temperatures are expected for
the ignited iron particles a temperature source close to this temperature is advisable. A National
Instruments NI9211 data aquisition is connected to the thermocouple. Labview software is used
to process the results.

Figure B.1: The thermocouple is placed above and in the center of the at methane-air burner
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The camera setup is placed in front of the burner and focussed on the horizontal wire of the
thermocouple. Both images of the imagedoubler may not overlap since it will change the greylevel
and there for the ratio between the greylevels. The thermocouple is placed above and in the
centre of the burner so the temperature is constant. The horizontal wire of the thermocouple is
set parallel to the front of the image doubler. Figure B.1 shows the thermocouple which is installed
above and at the center of the methane-air burner. If the thermocouple is heated, the wire of the
thermocouple colors red (left) and green (right) when the narrow band �lters are installed on the
image doubler shown in Figure B.2.

Figure B.2: The thermocouple when heated. The left side turns red and the right side turns green

A small window of 5-by-5 pixels with uniform greylevel is selected close to the junction at
exactly the same position of the platinum side (negative side) of the thermocouple for both the red
and green colored image, see Figure B.3. This window should be uniform since the temperature
is constant over the thermocouple. The greylevel is integrated over the window area. A ratio
between the greylevels is found. This ratio is �lled in Equation 5.4 to �nd the instrument factor
for di�erent temperatures. This instrument factor ideally is a constant.

Figure B.3: Window selection for the green channel. Left: selected window and right: enlarged
picture of the selected window

The only missing parameter of Equation 5.4 is the emissivity of platinum at 680nm and 510nm
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Figure B.4: Platinum emissivity as function of temperature for numerous wavelengths. 1: 10�m,
2: 5�m, 3: 4�m, 4: 3�m, 5: 2�m, 6: 1�m, 7: 0,9�m, 8: 0,8�m, 9: 0,7�m, 10: 0,6�m, 11: 0,5�m,
12: 0,4�m. Reprinted from [2] and modi�ed

at the measured temperatures. In literature the emissivity of platinum is found for temperatures
up to 1600K [2]. Since higher temperatures are necessary for this calibration, extrapolation is used
to approximate the emissivity at temperatures up to 2000K. This is shown in Figure B.4. Linear
interpolation is used for the right wavelength. Two calibrations are necessary for the instrument
factor. One for the wavelength of 680nm in the red channel and 510nm in the green channel (low
temperature calibration) and one for 680nm in the green channel and 510nm in the red channel
(high temperature calibration). The instrument factor is calculated for 1650K-1900K in steps of
50K for both calibrations. The results are shown in Figure B.5.

(a) High temperature calibration (b) Low temperature calibration

Figure B.5: Instrument factor for the high and low temperature calibration
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The instrument factors for the high and low temperature calibration are 4.2 and 30.1 re-
spectively. A validation using a tungsten light bulb is done using these instrument factors. The
emissivities for both wavelengths are approximated using equation B.1 [15].

For 450-680nm:

�(�; T ) = 0; 4655 + 0; 01558�+ 0; 2675 � 10�4T � 0; 7305 � 10�4�T (B.1a)

For 680-800nm:

�(�; T ) = 0; 6552 � 0; 2633�� 0; 7333 � 10�4T + 0; 7417 � 10�4�T (B.1b)

For T a temperature of 2887K is used. This is the measured temperature using a spectrometer.
For the high temperature and low temperature validation a temperature of 2490K and 2477K are
found respectively, using the corresponding instrument factors. The temperature is underestimated
around 400K. The error is 13,75% for the high temperature and 14,2% for the low temperature
calibration. This is a large error, but this method is very sensitive to window selection. A few
pixels up or down can already result in a di�erent ratio and there for a di�erent instrument factor.
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