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Abstract

Aluminum is a promising carbon-free energy carrier. The combustion of aluminum
in steam offers a novel method for the simultaneous production of hydrogen and
heat through the reaction: 2Al + 3H,O = Al;O3 + 3H. + heat. A comprehensive
understanding of the combustion mechanism is crucial for predicting and optimizing
the performance of aluminum-fueled devices.

This thesis develops different lab-scale aluminum combustion devices and multiple
optical diagnostic techniques for flame characterization. Aluminum combustion
setups, ranging from single droplets to collective dust flames, are established to
provide stable and controllable research targets. The combustion phenomena are
inherently complex due to factors such as spatial scales ranging from nanometers to
micrometers, transient processes occurring on millisecond timescales, multi-phase
dynamics, and extremely high temperatures. To address these challenges, various
spatiotemporal diagnostic methods are employed to study key combustion
parameters.

A specially designed platform produces single burning aluminum droplets of initial
sizes from around 100 um to 500 um. The droplets are burning in an adjustable
oxidizing environment ranging from an H.O/N mixture to an H,O/N2/O, mixture.
The single droplets burning in distinct stages offer unique opportunities for
fundamental characterization. Furthermore, a lifted aluminum dust flame is
established using aluminum fine powers. This dust flame provides a good target to
study flame stabilization, particle-particle interactions, and nano-oxide formation.

Spatiotemporal diagnostic techniques are developed to characterize aluminum
flames from different perspectives. First, high-speed incandescence-shadowgraph
imaging captures the flame morphology evolution and oxide smoke distribution,
simultaneously. The technique determines key parameters, including the flame
standoff distance, flame sheet thickness, evaporation rates, and Stefan flow velocity.
Second, high-speed RGB pyrometry imaging spatially resolves the surface
temperatures of different parts over a burning aluminum droplet and measures the
temperature evolution along the wire ignition process and the droplet development
process. Then, spatially resolved laser absorption spectroscopy is established to
guantify the aluminum atom profile around a burning aluminum droplet. Finally,
darkfield and brightfield microscopy quantifies the size and volume of nano-oxide
particles in the condensation trail of a jetting aluminum droplet within a dust flame.

With that, the thesis herein contributes key datasets and delivers new knowledge to
advance the understanding of aluminum combustion.



Popular summary

Have you ever imagined burning metals in a power plant instead of fossil fuels like
coal? It might sound far-fetched, but metal combustion can turn ordinary metals into
potent energy sources. Just think of the brilliant fireworks that light up the festive
nights. Those dazzling bursts are only a glimpse of what metal combustion can
achieve. But there is much more to the story. Aluminum, for example, releases a
tremendous burst of energy when it reacts with oxygen or steam. It is not only the
star of pyrotechnics but also a workhorse in applications like solid propellants,
underwater propulsion, nanoparticle synthesis, hydrogen production, and thermal
spray coating. With its high energy density, abundant reserves, and high reactivity,
aluminum emerges as a promising candidate for powering a sustainable future.

In recent years, the vision of a carbon-neutral, green energy cycle based on
aluminum has captured growing attention. Imagine a closed-loop system in which
burning aluminum produces heat, while the product, aluminum oxide, is recycled
using renewable energy like wind or solar to regenerate pure aluminum. In this
cycle, aluminum serves as an energy carrier, efficiently transferring renewable
energy from regions of surplus to those with high energy demand, all while
producing zero carbon emissions. Particularly in a steam-rich environment,
aluminum combustion releases half of its energy as heat and harnesses the other half
as hydrogen gas, offering dual benefits and vast industrial potential.

To turn the green circle into reality, understanding how aluminum burns is essential.
Aluminum combustion typically initiates at the single-particle level, making the
study of tiny particle combustion crucial for designing and optimizing large-scale
aluminum-fueled applications. This thesis delves into the intricate world of
aluminum combustion, focusing on the behavior of micrometer-scale aluminum
particles. Although aluminum is solid at room temperature, once ignited, it burns in
the vapor phase, leading to complex chemical kinetics. Additionally, the combustion
process produces alumina particles ranging from nanometer to micrometer scales
through condensation. These fine spatial scales present both challenges and
intriguing research opportunities. Moreover, explosive droplet eruptions and
fragmentation add complexity to the process, sparking further curiosity about this
vigorous phenomenon. These fascinating aspects guide our exploration into the
fundamental nature of aluminum combustion.

This thesis develops novel aluminum combustion platforms and employs state-of-
the-art optical methods to investigate various aspects of micrometer-scale aluminum
droplet combustion, including combustion temperature, flame structure,
intermediate species, and nano-oxide formation. We believe that these findings not
only deepen the understanding of aluminum droplet combustion dynamics but also
provide a robust theoretical foundation for utilizing aluminum as a carbon-free
energy carrier in future energy systems.
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1. Introduction

1.1 Metal-based energy cycle

Global concerns over climate change and energy shortage have intensified the need
to transition from fossil-based energy systems to renewable energy solutions [1,2].
The ongoing energy transition is marked by increased electrification and a
significant rise in power generation from renewable sources, particularly solar and
wind, which hold the greatest potential for renewable electricity production [3].
However, the inherent fluctuations in electricity generation from these sources
create a temporal mismatch between supply and demand [4]. To address this,
sustainable solutions for storing and transporting renewable electricity are essential
to bridge the spatial and temporal gaps between availability and demand.

An innovative carbon-free metal-based solution has recently been proposed [5-9],
as depicted in Figure 1.1. This concept utilizes metals, such as aluminum or iron, as
energy carriers in a sustainable energy cycle. In the storage phase, renewable
electrical energy is chemically stored in metals via direct electrochemical or
thermochemical reduction using green hydrogen [10,11]. These metals can be
transported to regions with energy demand. In the release phase, the stored energy

Renewables Metals  due )

/ Heat
\ T
Storage‘.

H
} ﬁ Release =P Hydrogen
¥ 7w
_—
Power

Figure 1.1: A schematic of the metal-based clean energy cycle. Figure adapted from [9].




is recovered through combustion or low-temperature oxidation, generating heat
and/or hydrogen. The produced metal oxides, typically solid under standard
conditions, can be collected and reduced back to pure metals, thereby completing
an energy cycle.

Metal fuels offer significant advantages as globally carbon-free energy commodities.
First, metals provide high energy densities, as shown in Figure 1.2, which compares
the energy density and specific energy of various metals (Al, Fe, Mg, B, Si) with
fossil fuels and other carbon-free fuels (H. and NHs). This high energy density
underscores their potential as viable fuels. Additionally, metals are carbon-free,
permit safe storage with minimal loss, and enable secure long-distance
transportation. They are abundant, recyclable, and potentially adaptable to various
energy demands, from stationary power generation to portable vehicle engines.
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Figure 1.2: Specific energy and energy density of common fuels. Data sources: [5,12,13].

1.2 Aluminum as fuel

Aluminum (Al) is regarded as one of the most promising energy carriers [10,14,15].
It is the most abundant metal and the third most abundant element in the crust of the
earth, comprising approximately 8% by mass [16]. Over bulk aluminum, a thin
dense oxide layer naturally forms on the surface upon exposure to air and other
oxidizers. This passivating layer, only a few nanometers thick, blocks the material
from further oxidation under ambient conditions, preventing energy loss and
ensuring safe long-term storage and transportation. Additionally, aluminum is
highly reactive and can burn in various oxidizers, including Oz, H20, COz, and Nz0.
In the past, aluminum powders have been utilized as fuel additives in pyrotechnics
[17,18], solid propellants [19,20], explosives[21,22], and underwater propulsion



systems [23,24]. Aluminum combustion can occur in steam (H20), releasing heat
and hydrogen, or in oxygen (O.), releasing heat, according to the reactions below.

2A1(s) + 3H,0(g) = Al,04(s) + 3H,(g), AH = 950 k] - mol™1,298 K, 1 atm
2Al(s) + 30,(g) = Al,04(s), AH = 1676 k] - mol™%,298 K, 1 atm

In the context of a clean energy cycle, the combustion of aluminum in high-
temperature high-pressure steam, in particular, offers an efficient method for
simultaneously producing high-quality heat and hydrogen, without generating
pollutants [25,26]. Recently, Halter et al. [27] experimentally demonstrated the co-
generation of heat and hydrogen by high-temperature oxidation of aluminum
powders in steam. It provided empirical support for this energy concept. When
aluminum burns in steam, approximately half of its chemical energy is released as
heat, while the other half is stored in Hz, which can be used in fuel cells, turbines,
or heat engines. Therefore, the Al-H,O combustion enables in-situ hydrogen
production, offering a convenient solution for hydrogen supply while eliminating
the safety concerns associated with large-scale hydrogen storage and transportation.
Additionally, direct Al-air combustion is a promising approach to maximize power
density. The approach offers alternative way for using aluminum as a fuel to meet
diverse power requirements.

1.3 Thesis overview and structure

The primary aim of this thesis is to advance our fundamental understanding of
aluminum droplet combustion. To this end, various laboratory-scale aluminum
combustion setups have been established, ranging from single-droplet combustion
to collective powder dust burning under different conditions. Accordingly,
advanced optical diagnostic techniques have been developed to characterize key
aspects of the flames, including flame structure, combustion temperature, nano-
oxide formation, and intermediate species. These techniques offer in-situ
characterization with high spatiotemporal resolution, providing new insights into
the complex burning phenomena.

The thesis is structured as follows:

Chapter 2 introduces the general knowledge of aluminum particle combustion and
highlights several key research questions.

Chapter 3 details the development of lab-scale aluminum flames, including the
experimental setups and flame conditions, which serve as the primary targets for
investigation.



Chapter 4 describes the various optical diagnostic methods developed for
aluminum flame characterization, covering the principles, experimental setups, and
data analysis.

Chapter 5 presents the experimental highlights and key findings of this thesis.
Chapter 6 summarizes the present work and elaborates on future research.



2. Aluminum combustion analysis

In this chapter, the fundamental background of aluminum combustion is introduced.
Metal particles can combust in different modes depending on the physical-chemical
properties of the particles and the oxidizing environments. Typical combustion
stages for micrometer aluminum particles are introduced. Somes key aspects of
aluminum combustion, including gas-phase kinetics, alumina condensation, and
aluminum flame spectroscopy are discussed.

2.1 Metal combustion modes

Metal fuels exhibit distinctive combustion characteristics compared to traditional
hydrocarbon fuels. For liquid hydrocarbons, the droplet flame temperature
significantly exceeds the boiling point of the fuel, enabling vapor-phase combustion
as the fuel vaporizes and diffuses toward the oxidizer. In contrast, metals have much
higher boiling points, fundamentally altering their combustion behavior. According
to Glassman’s criterion [28], a metal must have a flame temperature exceeding its
boiling point to undergo vapor-phase combustion. The flame temperature is often
limited by the vaporization-dissociation point of the condensed metal oxide. This is
because the heat of vaporization-dissociation of the metal oxide is higher than the
heat available to raise the condensed state of the oxide above its boiling point [28].

The description of metal combustion modes typically starts with single, isolated
metal particles. For particles burning in oxygen, combustion modes are classified
based on how the metal is oxidized to its initial suboxides. This oxidation can occur
either homogeneously via vapor-phase reactions or heterogeneously via surface
reactions. Based on these criteria, metal combustion can be categorized into three
modes [29]:

A. Vapor-phase combustion of the evaporated metal.
B. Heterogenous combustion forms volatile oxides or suboxides.

C. Heterogenous combustion forms non-volatile oxide that dissolves in the
metal droplet.

For a metal whose flame temperature is higher than its boiling point, combustion
occurs in the vapor phase, referred to as mode A in Figure 2.1. In this case, the metal



particles are heated to their boiling point, causing the metal vapor to diffuse outward
and react with the oxidizer, forming a diffusion flame around the droplet. If the
flame temperature is below the boiling point of the metal, combustion occurs
through heterogeneous multi-phase surface reactions. This process can proceed in
two distinct modes. In mode B in Figure 2.1, the combustion heat is sufficient to
vaporize the metal oxides, leading to the formation of gaseous metal
oxides/suboxides on the metal surface, which then diffuse away and condense in the
condensation zone. In contrast, if the combustion heat is insufficient to vaporize
either the metal or its oxides, the combustion follows mode C in Figure 2.1, where
liquid oxide forms on the metal surface. The physical properties of aluminum, boron,
and iron, along with their burning temperature in air, are listed in Table 2.1.
According to this classification, aluminum, boron, and iron represent typical
examples of metals that combust in modes A, B, and C, respectively.
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Figure 2.1: Combustion modes of metals. Figure reproduced from ref. [5].

Table 2.1: Physical properties of aluminum, iron, bone, and their oxides, as well as the combustion modes.

Metals and oxides Melting Boiling Point  Burning temperature Combustion
point /K /K (condensed phase) in mode
air /K
Aluminum (Al) 933 2790 ~3400 [30,31] A
Alumina (Al,O3) 2327 ~4000
Boron (B) 2450 3931 ~3000 [32,33] B
Boron oxide (B,03) 723 2316
Iron (Fe) 1811 3135 ~2500 [34,35] C
Iron oxide (Fe;03) 1838 2896




2.2 Aluminum particle combustion stages

Aluminum is one of the most promising metal fuels. Intensive experimental and
theoretical investigations on aluminum combustion have been conducted during the
past decades. However, obtaining a complete understanding of aluminum
combustion has been challenging, due to multiple reasons: (1) combustion occurs
on a micrometric scale within milliseconds under very high temperatures, (2)
combustion varies significantly over experimental conditions (oxidizers,
temperature, etc.), (3) a wide variety of experimental methods have been employed,
resulting in substantially scattered experimental results. Based on available studies,
an overview of the particle combustion process is briefly discussed. For a single
micrometer aluminum particle burning in oxidizers (02, H.O, CO2, N:0), the
particle follows distinct combustion stages as depicted in Figure 2.2: (1) raw
aluminum particle, (11) ignition, (111) symmetric combustion, and (IV) asymmetric
combustion.
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Figure 2.2: Typical burning stages of micrometer aluminum particles.

2.2.1 Ignition

Raw aluminum particles are typically covered by a stiff alumina layer of
approximately 4 nm thick. Aluminum ignition is triggered by the rupture of this
oxide layer. Sundaram et al. [36] summarized the ignition temperature for particles
of various sizes. They suggest that the ignition temperature decreases with
decreasing particle size, from about 2330 K at 100 um to about 1000 K at 100 nm.
Initially, the aluminum particle is heated to the melting point of the aluminum core
(933 K). As the core temperature increases, its volume expands by about 11% due
to the reduction in aluminum density, creating tensile stress that fractures the oxide
layer. These fractures expose the aluminum core to oxidizers, allowing oxidation to
occur. The heat released during this oxidation can ignite nanometer particles.
However, in micrometer particles, the heat generated is insufficient due to their
higher volumetric heat capacity. These larger particles must instead be heated to the
melting point of the alumina layer (2327 K) to achieve ignition.



Due to the inert oxide layer, igniting aluminum is not a straightforward task in
experimental practice. For single-particle combustion, most studies employ high-
power lasers [37-42], hydrocarbon flames [43-45], or plasma discharge [46,47].
These ignition facilities introduce additional complexities to the overall combustion
system. The challenges in igniting individual aluminum particles also complicate
the ignition and stabilization of aluminum dust flames. Thus, one of the major tasks
of this work is to develop stable and repeatable aluminum combustion to facilitate
advanced optical measurements.

2.2.2 Symmetric combustion

After ignition, the molten alumina shrinks into a small cap attached to the aluminum
droplet surface, leaving the majority of the surface exposed to the surrounding
oxidizers. Aluminum vaporizes from the surface and contacts the oxidizers, forming
a diffusion flame encapsulating the droplet core, as shown in Figure 2.2(I11). A large
amount of hot condensed alumina products form in the flame region. The heat from
the flame is conducted back to the surface to sustain evaporation. The droplets
maintain a quasi-steady combustion state. During this stage, the small oxide cap has
a negligible effect on the distribution of aluminum vapor velocity profile.

The symmetric stage represents an important process for understanding the
fundamentals of aluminum combustion [48]. Key parameters during this stage, such
as combustion temperature (temperature of aluminum and alumina), aluminum
evaporation rates, flame standoff distance, intermediate species distribution, and
oxide condensation, are significant for the build-up and validation of a reliable
combustion model. For instance, during symmetric combustion, temperatures of
different parts within the burning droplet, including the aluminum core, the
condensed alumina product, and the gas-phase species between the droplet and
flame front, are to be quantitatively evaluated. The structurally resolved temperature
of the burning droplet is essential to get a full picture of the droplet combustion.
Besides, aluminum droplets keep evaporating during combustion and the size
change of the droplet is important for evaluating the heat and mass transfer rates
between the flame and the aluminum droplet. However, experimental determination
of these parameters requires spatiotemporal diagnostics combined with proper
combustion targets, which have been challenging to achieve within the metal
research community, and only a few groups have provided such results. One of the
highlights of this thesis is the detailed, spatially resolved characterization of the
aluminum droplet combustion.

2.2.3 Asymmetric combustion

Asymmetric combustion is an intrinsic and unique characteristic of aluminum
combustion. At the end of the symmetric combustion phase, the oxide cap grows as



the alumina smoke coalesces with the central aluminum core. The resulting droplet
consists of two immiscible components, liquid aluminum, and alumina, with
comparable volumes, described as a ‘Janus’ droplet. Combustion then transits to an
asymmetric mode, where the flame front envelops the aluminum portion, while the
alumina cap remains exposed to the surrounding environment, as illustrated in
Figure 2.2(1V). Note that the emissivity in the visible range of molten alumina is
typically several (3-5) times higher than the pure liquid aluminum at the same
temperature [49,50], thus the alumina side is brighter than the aluminum side, which
helps to distinguish the structure evolution. During the asymmetric stage, the oxide
cap keeps growing due to oxide coalescence, which is a key feature. Gallier et al.
[51] proposed that thermophoresis is an effective mechanism driving the oxide
smoke back to the aluminum surface, hence a major contributor to cap development.
During this process, in addition to the heat feedback from the flame, the
accumulation of hot oxides also provides heat for aluminum evaporation through
thermal conduction.

The oxide cap plays a predominant role in shaping the burning behavior [52].
Compared to the symmetric stage when the effect of the cap can be neglected, the
cap in this stage covers a larger portion of the aluminum surface, which stops
aluminum evaporation from the covered region. Thus, it distorts the profile of
aluminum evaporation velocity, temperature, alumina production, and other
guantities around the droplet. Moreover, the oxide cap also contributes to unsteady
combustion, such as droplet eruption and fragmentation, commonly occurring at the
end of the burning process [53]. Overall, the existence of the oxide cap can lead to
complex unsteady combustion behaviors.

Key aspects in this stage include oxide cap evolution, unsteady combustion
behaviors, and temperature variation. For instance, how the cap evolves will directly
determine the structure of the Janus droplet that decides the area of evaporation from
the exposed aluminum. The cap growth rate also accounts for the heat conduction
rate from cap to aluminum that supports its evaporation. Additionally, unsteady
burning behaviors, like eruption and fragmentation, are significant features that
affect the combustion rate and product size distribution. Detailed characterization
of these behaviors are desirable, which call for spatiotemporally resolved
experimental investigations.

2.3 Vapor-phase reactions

Vapor-phase reactions dominate the aluminum combustion process [54]. Therefore,
the gas-phase chemical mechanism plays a significant role in the prediction of the
combustion process. Several kinetic models have been proposed for the Al/O/C/H
system [55-58]. For example, Huang et al. [56] presented an aluminum-containing



sub-mechanism consisting of 15 species and 22 reactions. For the gaseous
aluminum-steam system, two reactions of the Al atoms and H,O molecules are
considered as the principal chain initiation channels: (1) Al + H,O = AIO + H,, and
(2) Al + H20 = AIOH + H. They suggested that the rate constant of the channel (1)
is much higher than that of the channel (2). The dominant oxidation pathway for the
Al-H0 reaction system is presented in Figure 2.3. In this system, H.O molecules
dissociate or react with Al species and produce H and OH, but not significant
amounts of O atoms. In the Al-O; system, O, molecules can dissociate or directly
react with Al following the chain initiation reaction Al + O, = AlO + O. This
process generates a large amount of O atoms which help to accelerate the formation
of Al>Os. This explains why the burning rate is much slower when aluminum burns
in steam than in oxygen [59,60].
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Figure 2.3: Dominant reaction pathways for the gaseous aluminum-steam reaction system. Figure
reproduced from ref. [56].

However, large uncertainties still exist on the reaction rate constants and key
reaction pathways. Further optimizations require more theoretical analysis and
experimental investigations. Some key species, such as Al, AlO, and AIOH, are
generally recognized by most of the models, which motivates experimental efforts
in the investigation of these species. For example, Bucher et al. [41,42] conducted
Planar laser-induced fluorescence (PLIF) to map out the AlO distribution and the
AlO gas-phase vibrational temperature field in the flame envelope of individual
droplets burning different oxidizers. Besides, Vilmart et al. [61] detected the Al
atom in a solid-propellant flame using Al-PLIF. Similar laser-based explorations for
the quantitative determination of the key species can provide valuable data for
optimizing the kinetic models.

2.4 Alumina condensation

Another feature of aluminum combustion is the formation of condensed-phase
alumina. Theoretical studies [62-65] have stressed that alumina condensation
contributes a large amount of heat release that can be comparable to the heat release
from chemical reactions. It emphasizes the significant role of oxide condensation in
aluminum combustion.
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The formation of alumina aerosol particles mainly follows three processes: (1)
homogeneous nucleation, (2) condensational growth, and (3) coagulation.
Homogenous nucleation from gaseous Al>Oz is the predominant process during the
initial combustion stage, followed by alumina droplet growth mainly in two ways:
either by condensation of Al,O3(g) molecules on the previously formed alumina
droplets, or by heterogeneous reactions on the droplet surface involving aluminum
sub-oxides, i.e., AlO, AlO,, Al,O,, etc., and atomic oxygen. Meanwhile, coagulation
happens due to Brownian motion or turbulence leading to larger droplets. Due to
the modeling complexity, several models [52,66,67] simplified their condensation
models as a pure homogenous nucleation process, and only a few studies [63,65]
have taken the whole three stages into account.

A complete understanding of the condensation mechanism is crucial for predicting
and controlling the product size distribution and heat release rate. Condensed
alumina particles generally range from nano-to-micrometer scale. Detailed in-situ
guantification of alumina particle formation relies on advanced microscopic optical
diagnostic technigues. On the other hand, since condensation significantly
contributes to the heat released during combustion, the condensed alumina droplets
typically possess high temperatures. The majority of heat transfer from aluminum
combustion to the surrounding environment occurs through thermal radiation
emitted by these hot alumina droplets [68]. Therefore, knowledge of the radiative
properties of nano-to-micrometer alumina droplets is critical in estimating the
radiative power of an aluminum flame.

2.5 Emission spectroscopy

Aluminum flames, either a flame around a single particle or an aluminum dust
flame, are characterized by their intense luminosity. A flame is shown in Figure
2.4(a). The corresponding emission spectra, shown in Figure 2.4(b), featured three
main components associated with aluminum: (1) continuum thermal radiation
extending from infrared to near-ultraviolet, (2) aluminum monoxide (AIO)
molecular bands primarily in the ~ 460-520 nm range, and (3) atomic aluminum
(Al) lines centered at around 394 nm and 396 nm.

2.5.1 Thermal radiation

The intense luminosity mainly arises from the thermal radiation of condensed-phase
emitters within the flame, including hot aluminum droplets and alumina products.
Notably, numerous alumina droplets in nano-to-micrometer scale, are produced at
temperatures exceeding 3000 K [69-71]. These high-temperature emitters generate
strong incandescence via thermal radiation.
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Figure 2.4: (a) Aluminum dust flame. The red dashed box indicates the region where the spectra are
taken. (b) The flame spectra, as well as the Al atomic lines and the AIO emissions.

2.5.1.1 Blackbody radiation

The radiation energy emitted by a blackbody per unit time and unit surface area is
proportional to the fourth power of the absolute temperature, which is described by
the Stefan—Boltzmann law [72] in Eq. (2.1):

I, = oT* 2.1)

where I}, is the total blackbody radiance, o is the Stefan—Boltzmann constant, and
T is the absolute temperature of the surface in K. The spectral blackbody radiance
Iy, ; is described by Planck’s law in Eq. (2.2), which quantifies the amount of
radiation energy about the wavelength 1 emitted by a blackbody at a temperature of
T per unit time, per unit surface area, and per unit wavelength.

21hc?
Ty (AT) = e, T)— it 22)
A5 (eZkT — 1)

where £(4, T) denotes the emissivity that is one for a blackbody. c is the speed of
light, h is Planck’s constant, and k is the Boltzmann constant.

The wavelength dependence of the spectral blackbody radiance is plotted in Figure
2.5. Thermal radiation is a continuous function of wavelength. At a certain
temperature, the radiation increases with wavelength, reaches a peak, and then
decreases with wavelength. At any wavelength, the amount of emitted radiation
increases with increasing temperature. As the temperature increases, the peak of the
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curve shifts toward shorter wavelengths. The peak wavelength for a specified
temperature is given by Wien’s displacement law in Eq. (2.3):

_ 2897.8
Amax = T pm (2.3)
Planck’s law is the theoretical foundation for surface temperature measurements
using multi-spectral pyrometry, which is introduced in Section 4.2.
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Figure 2.5: The variation of the blackbody radiance with wavelength at temperatures from 100 K to
5000 K. The dot on each curve marks the peak.

2.5.1.2 The emissivity of alumina

The emissivity (4, T) is the ratio of radiation emitted by a surface to that emitted
by a blackbody at the same temperature. It varies between zero and one (0 < € <
1), with ¢ = 1 indicating a perfect blackbody. Emissivity serves as a measure of
how closely a real surface behaves like a blackbody and varies with both
temperature and wavelength. When the emissivity is independent of wavelength, the
surface is referred to as a graybody. Since alumina oxides are the major source of
the continuum radiation in an aluminum flame, understanding the emissivity of
alumina oxides is essential for accurately determining aluminum flame temperature.

So far, the emissivity of alumina particles remains unclear, especially in nano-to-
micrometer scale [73]. Assumptions about the spectral dependence of alumina
emissivity vary widely, from graybody behavior to A" dependence, where n is
commonly -1 or -2. For instance, Poletaev and Florko [74] suggested that the
spectral emissivity of aluminum dust flames is wavelength-independent. In contrast,
Goroshin et al. [31] reported that the spectral emissivity of aluminum flames scales

13



as A%, Few studies reported the measurements on the emissivity of alumina particles.
Lynch et al. [50] found that the micrometer alumina particle could be approximated
as a graybody at high temperatures (3000-3300 K), while nanometer particles
exhibited a wavelength dependence of A at 2824 K. Using a similar setup, Kalman
etal. [75] observed that the emissivity of optically thin micrometer alumina particles
followed a 2 ** dependence in the 2800-3500 K range, whereas nanoscale alumina
particles displayed a weaker wavelength dependence of 22 Overall, nanometer
scale alumina particles (typically ~100 nm), being smaller than the wavelength of
light, exhibit strong wavelength-dependent emissivity. In contrast, micrometer scale
alumina particles tend to approximate graybody behavior, especially at high
temperatures.

2.5.2 Al spectroscopy

One of the key features of the aluminum flame spectra is aluminum atomic lines
centered at 394.4 nm and 396.152 nm. The two lines originate from the 2Sy, — 2Py
and 2Sy; — 2Pg, transitions, respectively.

A neutral aluminum atom has a ground-state electron configuration in 3523P, where
one unpaired electron is beyond a closed shell. The ground term 2P is split by fine
structures in two sublevels: P12 and 2Psp.. 2Py is the absolute ground-state and 2P
is a slightly higher sublevel (112 cm™ above the absolute ground) [76], as illustrated
in Figure 2.6. Relative populations of the aluminum atoms at the two levels are
estimated by a Boltzmann distribution [77]:

M9t (BB
n, g» P kT
where the subscripts 1 and 2 indicate the 2Py, and 2Ps; state, respectively. n
represents the populations of Al atoms, T is the temperature, E denotes the energy
levels, and g is the degeneracy of the two states.

(2.4)

In an aluminum flame, the aluminum atoms are excited from its ground
configuration 3S23P to 3524S. More specifically, the transition populates the excited
state with the term symbol 2S;,. Once populated, those excited aluminum atoms
relax via electric dipole transitions back to ground level, as illustrated in Figure 2.6.
The transitions produce the lines shown in Figure 2.4. The spectroscopic data of the
two transitions are listed in Table 2.2. The theory provides the fundamental
background for the experiments of laser absorption spectroscopy of the Al atom,
which will be introduced in Section 4.3.

14



Table 2.2 The spectroscopic data of the two transitions

Transition A Ay Ex Ei Ok gi
k—i /nm /108s™t /cm-1 /cm-1

%Sy — 2Py 394.4 0.498 25347.756 0.000 2 2
2Sy), — 2Pgp 396.152 0.982 25347.756 112.061 2 4

A: wavelength, A: Einstein coefficients, E: energy level, g: degeneracy

28 112
excited state
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Figure 2.6: Transitions of the aluminum atoms: (1) 2Sy, — 2P1; at 394.4 nm, (2) 2Sy, — %P3, at
396.152 nm.

2.5.3 AlO spectroscopy

Another key feature of the flame spectra is the AIO bands in the blue-green region,
which originates from the X?z*-B2Z* molecular transitions. AlO is a diatomic
radical with several low-lying electronic states, the most important of which for
spectroscopic studies are labeled X2z*, AZI*, and B2Z* [78]. The commonly
observed electronic transition is from the ground state X?X* to the excited state B2X".
The three most intense bands within the electronic transition come from the
vibrational transitions: Av = 0, -1, and +1, as shown in Figure 2.4. Several studies
[31,79,80] derived the aluminum flame temperature by fitting the spectral shape of
the AIO Av =-1 molecular band, due to the sensitivity of its shape to the temperature
over the range encountered in aluminum combustion.
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3. Aluminum combustion setups

Two combustion setups were designed to study aluminum combustion in different
forms: (1) single droplet combustion, and (2) dust flame.

3.1 Single droplet combustion

3.1.1 Setup design and flame conditions

The setup consists of a modified porous plug burner with central jets and a
positioning device for aluminum wires, as shown schematically in Figure 3.1(a).
The aluminum wire is held by two horizontally arranged ceramic tubes and is
automatically positioned above the central outlet of a burner at a height of 4 mm by
a rotation stage. The stage can send out TTL signals for synchronization of
measurement devices. Figure 3.1(b) presents a flat flame burner [81] that is modified
to provide an oxidizing environment for aluminum ignition and combustion. Two
concentric tubes in the center of the burner are used to form an H»/O; diffusion flame.
The inner diameters of the H, and O tubes are 1.5 and 5.0 mm, respectively. The
diffusion flame heats the aluminum wire to its ignition temperature (melting point
of alumina, 2327 K). A premixed Hz/O,/N; flat flame provides a hot co-flow in the

@

Figure 3.1: Experimental setup. (a) overall setup, (b) burner design.
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surroundings. The premixed flame can be changed from fuel-rich to lean conditions
by varying the gas supply. Thus, the gas composition in post-flame regions can be
altered from H>O/N; to HO/N2/Os.

The novelty of this design is that an appropriate high-temperature region in the
burner center can be generated to facilitate the formation of one single aluminum
droplet. Once the wire moves to the burner center, it gets molten, breaks up, and
generates one single burning aluminum droplet that moves upward following the
ambient flow. The method demonstrates a reliable way for single aluminum droplet
generation that is quite different from previous studies using either wire chopping
[42] or direct particle seeding [82]. The single droplet generation process is highly
reproducible in experimental practice. The initial size of the produced droplets
varies by less than 5% across more than 30 trials.

Table 3.1 summarizes the H flame conditions used in this work, labeled from F1 to
F6. For the central diffusion flame, the O supply is kept as half of the H, supply for
complete consumption of the central H.. In the premixed flat flame, six cases
(F1~F6) with varying H,0O, O, and N2 concentrations in the post-flame gases are
considered. The proportions of H,O, O, and N of the premixed flat flame are
estimated assuming the complete consumption of H, while N2 only acts as the
dilution gas. For the first three cases (F1-F3), the equivalence ratio of the flat flame
is set to 1.0, and therefore only H.O and N exist in the post-flame gases. Assuming
complete consumption of Hy, the proportion of H,O varies from 30.6% to 18.4% by
mole fraction from case F1 to F3. For cases F4-F6, the fraction of O, varies from
30.7% to 10.7% while the concentration of H,O is maintained at ~25%. When
transitioning the flame conditions from F1-F3 to F4-F6, the oxidizers for aluminum
combustion change from an H>O/N: mixture to an H>0/O2/N: mixture. A key
advantage of this setup is its ability to sustain a hot steam environment, facilitating
the investigation of the Al-H-O reaction. Notably, very few experimental studies to
date have offered a detailed characterization of Al-H.O combustion [60].

Table 3.1: Operating conditions of the burner: the central diffusion flame and surrounding premixed flame.

Central diffusion flame

reactants (SLM) ® Surrounding premixed flat flame

Flame
cases " o Reactants (SLM) Products (vol%) ©
’ ’ H:  0s N ®° 0, HO N,

F1 0.50 0.25 6.30 3.15 14.30 1 0 306 69.4
F2 0.50 0.25 520 260 1595 1 0 246  75.4
F3 0.50 0.25 400 2.00 17.75 1 0 18.4 816
F4 0.40 0.20 533 913 9.29 029 307 253 440
F5 0.40 0.20 526 7.00 11.49 0.38 207 249 544
F6 0.40 0.20 530 490 1355 054 107 251 642

aStandard liter per minute.
b-Equivalence ratio
¢Products of the premixed flat flame assuming complete consumption of H,
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Additionally, the total mass flow rate of the gas supply remains constant at
23.75 L-min through all tests, to achieve a comparable velocity field for different
cases. Note that the burnt gases from both the diffusion and premixed flames build
the oxidizing environment for aluminum combustion. However, in the low central
region (r<5mm, h<15mm), the diffusion flame dominates the oxidizing
environment for aluminum droplets, while the premixed flat flame rather provides
a hot co-flow. The setup for single droplet combustion is employed in Papers I-V.

3.1.2 Burning aluminum droplets

Aluminum wires with diameters of 250 pm, 125 pum, and 65 pm are used. The length
of the aluminum wires used for each trial is around 3 cm. The purity of the wires
(Goodfellow GmbH) is around 99.5%. Figure 3.2 shows a typical long-exposure
photo that integrates the entire combustion process, including droplet generation,
steady combustion, and unsteady combustion. Once the aluminum wire moves to
the burner center, an individual aluminum droplet is generated from the molten wire.
The droplet moves upward following the flow field. It goes through a steady

Unsteady
Combustion

Steady
Combustion

e —
roplet. "~
generation

Figure 3.2: A typical long-exposure (1.6 s) image capturing the entire combustion process of an
aluminum wire in case F4, including aluminum droplet generation, steady combustion, and unsteady
combustion.

18



combustion characterized by a smooth trajectory, followed by an unsteady
combustion stage with spiral-structure trajectory and droplet fragmentation. The
combustion process happens at a micrometer scale in milliseconds.

Representative sequences of ignition and combustion of aluminum wire
(D =250 pum) in flame case F1 and F4 are shown in Figure 3.3(a) and Figure 3.3(b),
respectively. The images are taken by a high-speed color camera with high
magnification (8.7 um/pixel).

Figure 3.3: Sequential images of the aluminum combustion process, including the droplet generation
and steady combustion processes. The sequence is taken from a color high-speed camera at 4 000 fps.
(a) aluminum wire D = 250 ym burning in flame F1, (b) aluminum wire D = 250 ym burning in flame F4.

The process in Figure 3.3(a) can be described in the following stages:

1) Wire ignition and droplet generation: The wire reaches the center position
at 0 ms and gets ignited as the alumina coating collapses at 0.25 ms. By
2 ms, a liquid aluminum cylinder roughly 1.6 mm in length is formed and
encapsulated by a vapor-phase flame layer. Due to the upward laminar flow,
the visible flame front is lifted further from the top of the molten aluminum
cylinder than from the bottom. Aluminum sub-oxides generated by
homogeneous gas-phase reactions subsequently condense into alumina
clusters or nanoparticles. These alumina products then agglomerate into
micrometer particles downstream, which are more prominent on the top side
of the flame front due to convective flow. At 2.5 ms, the wire breaks up
under surface tension, forming a burning aluminum droplet approximately
500 um in diameter. Similar ignition phenomena are observed for wires
tested in both flame F1 and flame F4.

2) Flame development: From 5.75 ms to 20.75 ms, the flame front envelops
the aluminum droplet as the standoff distance between the droplet surface

19



and the outer flame front continuously increases until it stabilizes. The
flame front is characterized by a thin bright layer composed of high-
temperature condensed alumina droplets. The aluminum droplet vibrates
due to the drag force resulting from the wire breakup. The flame shape
closely follows the morphological changes of the droplet during the
vibration, indicating the prompt formation of the flame front at a new
position whenever the aluminum surface shifts.

3) Symmetric combustion: Between 31.75 ms and 67.5 ms, symmetric steady
vapor-phase combustion is observed until the particle moves out of view.
During this period, a thin flame front fully envelops the central aluminum
droplet, representing the symmetric phase of aluminum combustion.
Additionally, a small oxide cap attached to the aluminum droplet surface is
observed, believed to originate from the melting and shrinking of the
alumina coating layer due to surface tension during the wire ignition
process.

Figure 3.3(b) illustrates the ignition and combustion of the wires in flame F4, where
an aluminum droplet of similar size forms under a symmetric combustion phase.
Compared to the process in flame F1, significantly more oxide particles are
generated that are visibly distributed throughout the flame front in flame F4,
indicating that aluminum burns more rapidly in the oxygenated environment.
Additionally, the emission intensity of the case in flame F4 is approximately six
times higher than that observed in flame F1. These differences highlight the
enhanced combustion of aluminum in an oxygen-contained atmosphere.

Figure 3.4(a) and (b) display sequential images illustrating the ignition of thinner
(D =125 pum) aluminum wires in flames F1 and F4, respectively. An oxide cap is
identified as the bright part of a burning droplet due to its relatively higher
emissivity compared to aluminum. For the thinner wires, two different burning
states are observed depending on the initial size of the oxide cap on the aluminum
surface. In addition to the symmetric combustion phase, an asymmetric phase shows
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Figure 3.4: Sequential images of aluminum combustion process from droplet generation to asymmetric
combustion stage. The sequence is taken from a color high-speed camera. (a) aluminum wire
D = 125 ym burning in flame F1, (b) aluminum wire D = 125 pym burning in flame F4.
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up, during which the flame sheet can only envelop part of the aluminum droplet. If
the initial oxide cap is relatively small, the burning aluminum droplets will go
through a symmetric phase in the observation period, like the behavior of the droplet
presented in Figure 3.3. However, if the covered area of the initial oxide exceeds a
certain limit, the burning aluminum particle will quickly transform into an
asymmetric combustion phase as shown in Figure 3.4. The larger oxide cap occupies
a bigger portion of the aluminum surface and partly blocks the evaporation of
aluminum, which distorts the flame front. The oxide cap keeps growing due to the
continual oxide deposition and the particle keeps spinning.

3.1.3 Burning Al-Mg alloy

The combustion of Al-Mg alloy is experimentally studied using wires with a
diameter of 200 um. The wires have a composition of 96.5% Al, 3.1% Mg, 0.1%
Fe, 0.2% Si, and 0.1 % others. The sequence of a typical combustion process is
shown in Figure 3.5.

The wire ignition and combustion process are depicted in Figure 3.5(a). Compared
to pure aluminum wires in Figure 3.3 and Figure 3.4, major differences have been
observed in the ignition behavior during 0-15 ms, when localized ignition events
happen at certain points due to surface oxidation. The localized ignition
phenomena are initialized by gradual shedding of the alumina coating, highlighted
by the blue dashed circle at 3 ms. The failure of the protective coating exposes the
metal core to oxidizers, and then local oxidation occurs indicated by the bright
spots (red dashed circles at 3.25 ms). Similar local ignition behaviors repeat and
heat the wire until its complete ignition at around 16 ms. Unlike the ignition of the
pure aluminum wires which lead to reproducible droplet generation, the entirely
different behaviors of the alloy wires cannot generate single burning droplets in a
stable manner. During 16-25 ms, vapor-phase combustion happens along the
wire. This stage is characterized by the breakup of the molten coating, the outward
effluence of liquid metals, and the formation of ball-shaped burning tips. A faint
flame is instantly formed around the tip, and clouds of bright micrometer particles
are then observable at the top due to the upward co-flow. The wire is consumed
by the detached diffusion-flame around the metal balls, which regresses rapidly
back to the ceramic tube holders. The energy released during the combustion
continuously provides latent heat for the evaporation of the metal, and a gas-phase
combustion is self-sustained.

Due to wire break-up or micro explosion, a single burning droplet can be
occasionally produced after wire ignition, as shown in Figure 3.5(b). After
preheating, a short portion of the wire, indicated in the red dashed circle at 2 ms,
breaks up and ignites. It shrinks into a spherical droplet (D = 250 um) and the
vapor-phase combustion starts. Similar droplet combustion phenomena are
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observed as the ones in Figure 3.3 and Figure 3.4. More descriptions of the
combustion of Al-Mg alloy wires are presented in Paper V.

Figure 3.5: Sequential images of Al-Mg wire (D = 200 ym) burning in flame F1. (a) wire ignition and wire
combustion. (b) droplet generation and droplet combustion.

3.2 Aluminum dust flame

Figure 3.6(a) shows a schematic of the flat flame burner and the particle feeding
system. A modified flat flame burner fueled with premixed Ar/CH4/O, mixture
(mass flow rates of 16.8, 6.0, and 20.0 L.min, respectively) is employed to produce
a laminar flat flame, thus generating a high-temperature and controllable oxidizing
environment for the ignition and combustion of aluminum particles. The
composition of the burnt gases downstream of the flat flame is calculated to be O;
(18.7%), CO; (14.0%), H,O (28.0%), and Ar (39.3%) assuming that CH, goes to
complete oxidization with O, and produces CO- and H2O only. The temperature of
the exhaust gas along the centerline of the burner at different heights (height above
the burner, HAB) is measured using a B-type thermocouple (OMEGA, P30R-008,
D =200 um). The uncertainty of the readout temperature from the thermocouple is
about +5 K. As shown in Figure 3.6(b), the temperature along the centerline
increases from around 1750 K at 3 mm HAB to around 2000 K at around 9 mm
HAB and maintains around 1950-2000 K between 9-21 mm HAB.

The aluminum particles used (GoodFellow Cambridge Limited, AL00-PD-000131)
are generated by air atomization and have a purity of > 99.9%. The particles have
irregular shapes as shown in the Scanning Electron Microscope (SEM) images in
Figure 3.6(c). The frequency histogram of the area-equivalent particle diameter is
determined by a calibrated optical microscope (Olympus). It is shown that the
majority (over 75%) of the particles have diameters less than 5 pm. The powder is
placed onto the positive electrode of a capacitor and aerosolized between the
electrodes by activating a high voltage of around 13 kV. An air flow transports the
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aerosolized particles through the central tube (inner diameter 1 mm) towards the
burner where the aerosol exits at a nominal velocity of 0.25 m/s.
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Figure 3.6: Dust flame burner design. (a) powder supply with burner schematic, (b) temperature along
the burner centerline, (c) SEM images of aluminum powders and their size distribution.
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Figure 3.7: A photograph of the lifted aluminum dust flame acquired with a digital camera (exposure time:
1/800 s).
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Figure 3.7 depicts a photograph of the lifted aluminum particle cloud flame acquired
with a digital camera. The incandescence of the burning particles thus appears as
bright traces in the image. The fresh particles are ignited at around 7 mm HAB as
visualized by the strong and sudden increase in light intensity. The flame extends to
about 25 mm HAB. Unlike the setup in Figure 3.1 where a hot diffusion flame is
introduced as an igniter with a temperature above 2600 K, the key feature of the
dust flame is that the temperature of the ignition source, i.e. the pilot methane flame,
does not reach the alumina melting point (2327 K). By increasing the powder supply
density thus strengthening the particle-particle interaction, a lifted aluminum dust
flame can be ignited and stabilized. The setup of aluminum dust flame is employed
in Paper VI and Paper VII.
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4. Optical diagnostic methods

Various optical diagnostic techniques are developed to catch the transient aluminum
combustion process at a micrometer scale, including (1) high-speed incandescence-
shadowgraph imaging, (2) high-speed RGB pyrometry imaging, (3) spatially-
resolved laser absorption spectroscopy, (4) darkfield and brightfield microscopy.

4.1 High-speed incandescence-shadowgraph imaging

A novel optical diagnostic setup is designed to simultaneously image the flame
incandescence and shadowgraphs of burning aluminum droplets. The incandescence
images capture the morphological evolution of the wire melting, the formation of
the aluminum droplet, and the aluminum droplet combustion. The shadowgraph
images are used to show the generation and the distribution of alumina smoke, and
the droplet size changes. The simultaneous detections enable quantitative
determination of key burning parameters, such as flame standoff ratio, flame
thickness, and droplet evaporation rate, with high spatiotemporal resolution.

A typical optical layout is schematically shown in Figure 4.1. A continuous wave
(CW) laser at wavelength 405 nm and average power 8 W is used for backlight
illumination. The 405nm wavelength is chosen to efficiently suppress the
incandescence emission from the hot droplets. The laser beam is expanded and re-
collimated by a telescope made of spherical lenses. Two diffusers provide
homogeneous illumination of the field of view (FOV). A 50/50 beam splitter
separates the signals behind a Nikon objective (focal length 135 mm, f#11). Two
high-speed cameras (Phantom VEO 710L) are operated at 10 000 fps with a sensor
of 600 x 1280 pixels. A long extension tube is inserted between the Nikon objective
and the cameras to allow for magnified imaging, which yielded a FOV of
~5.2 x 11.1 mm? and a projected pixel size of ~8.7 um/pixel. The transmitted light
is filtered with an interference filter (405 £ 5 nm, Edmund Optics, #65-678), thus
imaging the shadowgraphs of the particles onto the first high-speed camera. The
reflected light is filtered with a long-pass filter (> 450 nm, Edmund Optics, #64-
698), thus imaging incandescence onto the sensor of the second high-speed camera.
The cameras are synchronized and simultaneously triggered with the wire
positioning device. The exposure time for the camera imaging shadowgraphs is 5 ps,
while the exposure time for the camera imaging incandescence is adjusted between
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3 us and 9 ps, for imaging optimization. The cameras are arranged in a way that
they visualize the same FOV.

S - LP: long-pass filter, >450 nm
AWINWE BP: band-pass filter, @405 nm

Camera 2 BS: beam splitter

= - )

—mair =135 mm, f#11

|

Cameré 1 Objective 405 nm-8W

Figure 4.1: Setup for incandescence-shadowgraph imaging.

Figure 4.2 shows a typical burning aluminum droplet in the symmetric phase. The
bottom image shows the incandescence signal and the top image shows the
corresponding shadowgraph of all the condensed phases within the FOV. The
alumina smoke of nano-to-micrometer droplets downstream can be captured in the
shadowgraph images whereas the incandescence images show mostly larger
micrometer alumina droplets. The simultaneous recordings complementarily reveal
the multi-phase combustion behaviors. The incandescence-shadowgraph technigque
is employed in Paper | and Paper Il1I.

Alumina smoke Flame front Al droplet

12 1 10 9 8 7 6

Figure 4.2: Simultaneous imaging of a burning Al droplet. The bottom image shows the incandescence
and the corresponding shadowgraph is shown at the top.
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4.2 High-speed RGB pyrometry imaging

4.2.1 Theoretical background

Multi-spectral pyrometry is a common method for surface temperature
measurements [83]. It measures the radiation intensities in several wavelength
ranges, and the ratios of these signals are used to derive the temperature. In this
work, a high-speed color camera (Photron AX100) with three color channels, i.e.
red (R), green (G), and blue (B), is used to determine the surface temperature in the
transient combustion process. Thus, the method is named RGB pyrometry.

RGB pyrometry requires a good characterization of the spectral responses for the
whole imaging system. Figure 4.3 presents a normalized spectral response for the
three channels provided by the manufacturer. The curves display the spectral
response of the sensor in the wavelength range from around 350 nm to 700 nm.
However, we found in our measurements that there might be an infrared light
leakage on the blue channel. Meanwhile, the signals detected by the red channel are
generally much higher than the other two channels. Thus, proper optical filters are
needed to block the IR transmission and to balance the signal level over the three
channels. The study uses a 2 mm thick 50 x 50 mm? Schott filter BG38. The chosen
glass filter has a transmission curve as shown in Figure 4.3, and can effectively
suppress the red signals while maintaining the sensitivity of green and blue channels.
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Figure 4.3: Solid curves: normalized response curves of the R/G/B channels of the RGB camera and
the transmission curve of the BG38 and BG39 filters. Dashed curves: calculated blackbody radiation
distribution at different temperatures covering from 2200 K to 4000 K.
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It is worth noting that the sensor response might be different from the specification
of the manufacturer for individual cameras.

The dashed lines shown in Figure 4.3 present the black-body radiation for
temperatures from 2200 K to 4000 K. According to Wien's displacement law, the
peak wavelengths for the curves are generally longer than 720 nm, which is outside
of the sensor transmission cut-off wavelength (= 700 nm). Consequently, within the
wavelength and temperature range of interest, a monotonic relationship between the
intensity ratio (between the R/G/B channels) and temperature is guaranteed in the
RGB pyrometry.

The theoretical foundation of RGB pyrometry is Planck’s Law introduced in Section
2.5.1. For a surface of temperature T, the thermal radiative emission power I(4,T)
per unit area and solid angle is determined by Eq. (2.2). Therefore, the detected
signal over one camera channel, E., can be expressed as an integral of 1(4,T) over
the response curve of the channels,

Az

E.= rf n(A) I(A,T)dA 4.1)
A

where 7 indicates the integral time, n(4) accounts for the spectral response of the

imaging system. 4, and A, are the low and high limits of the filter bandwidth, which

are approximately 400 and 700 nm. Thus, the temperature-ratio look-up table Ry

can be derived through Eqg. (4.2).
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Here, n., (1) and n., (1) denote the effective response function over wavelength for
each color channel. It is worth noting that during the calibration procedure, both
signals on the green and red channels are generally more than five times higher than
the blue one over the approachable temperature range. Owing to the relatively low
signal-to-noise ratio of the blue channel, only the green/red (G/R) ratio is employed
for direct temperature measurement in the current study.

4.2.2 Calibration

According to Eq. (4.2), a ratio-temperature (R-T) relationship is determined based
on the spectral responses shown in Figure 4.3 and the graybody assumption. The
calculation is shown as the dashed line denoted as ‘Initial calibration’ in Figure 4.4.
Due to the uncertainty of the spectral responses of the sensor, more direct
calibrations on calibration targets with known temperatures are conducted to get an
optimized R-T lookup table. As illustrated in Figure 4.4, three different targets

28



covering different temperature ranges have been used: (1) B-type thermocouple
(OMEGA, P30R-008), 1626-1953 K, (2) SiC fibers, 1788-2028 K, (3) liquid
alumina at its melting point (2327 K). The calibrations lead to an ‘optimized
calibration’ curve in Figure 4.4, which is used for temperature determination.

An uncertainty analysis has shown that the detection noise of the camera sensor
results in a +60 K error. This value reflects the uncertainty of the relative
temperature difference obtained in the work. Moreover, due to the lack of calibration
in the temperature range higher than 2400 K, a systematic uncertainty would be
introduced from the extrapolation. As shown in Figure 4.4, the optimized calibration
curve is located in between the linear fitting and the initial calibration curve. At a
temperature of 3200 K derived from the current calibration, the temperature
difference between the three curves is about + 300 K at the same ratio. Therefore,
we estimated that the system error of the absolute temperature value at 3200 K is
within +300 K and the systematic error would increase when the temperature
increases and decreases when the temperature drops. The RGB pyrometry technique
is employed in Paper I1.
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Figure 4.4: Calibration curves of the RGB pyrometry with the images of the calibration targets. The
BG38 filter is used.

4.2.3 Optimized RGB pyrometry

The RGB pyrometry is further optimized in two aspects: 1) the blue channel is
included for temperature determination; 2) calibrations in the high-temperature
range (>3000 K) are conducted.

In the previous section, the G/R ratio is used to determine temperature. However, at
high temperatures, the G/R ratio becomes less sensitive to temperature changes,
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because of the narrow separation in wavelength of the transmissions over the two
channels. Consequently, even significant temperature fluctuations result in only
small variations in the G/R ratio, resulting in an increased measurement uncertainty.
In contrast, the blue/red (B/R) ratio has higher sensitivity to temperature, as the
wavelength separation between these two channels is wider. To use this ratio, the
relative signal level on the blue channel compared to the red channel should be
enhanced to improve the signal-to-noise ratio. Therefore, a BG39 filter is used, the
transmission of which is presented in Figure 4.3. Compared to BG38, BG39
suppresses the red and green transmission while largely maintaining the blue signal.

Calibrations in the high-temperature range are performed using a tungsten filament
(Thorlabs SLS301B) as the calibration target. Previous studies [84,85] have shown
that tungsten is not a perfect graybody, i.e., has an emissivity varying with
wavelength. Specifically, from 400 to 700 nm, the emissivity decreases linearly by
approximately 10% from 0.46 to 0.42 at 2800 K. This emissivity variation is
accounted for in the calibration procedures. By adjusting the power source, the
tungsten filament temperature is varied from around 2600 K to 3200 K. The
filament temperature is determined by fitting its spectra to Planck’s law. In addition,
calibrations in the lower temperature range are conducted using a thermocouple and
melting alumina. The final calibration curves, illustrating R-T relationships, are
presented in Figure 4.5. Due to its high sensitivity to temperature, the B/R
relationship is used for temperature determination. The measurement uncertainty of
the optimized RGB pyrometry originating from the sensor noise is around + 60 K.
It should be noted that the alumina droplets in the current work are simply treated
as graybody for simplification. However, as stated in Section 2.5.1, the emissivity
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Figure 4.5: Calibration curves for the optimized RGB pyrometry. The BG39 filter is used.
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of nano-to-micrometer alumina droplets remains largely unknown, and they may
not behave as perfect graybody. This uncertainty will also introduce systematic
errors in the temperature measurements.

4.3 Spatially-resolved laser absorption spectroscopy of
Al atom

4.3.1 Experimental setup

Spatially-resolved laser absorption spectroscopy (SLAS) and a shadowgraph
imaging system are implemented simultaneously to detect the distribution of Al
atoms around a burning aluminum droplet. SLAS utilizes a single-mode tunable
diode laser (TOPTICA, DL Pro100) with a laser linewidth below 1.0 MHz as the
illumination source. The diode laser wavelength is tuned from 396.000 to
396.300 nm, encompassing the peak absorption line of the Al atom at 396.152 nm
corresponding to the 2Ps, — 2Sy;, transition. The laser beam is expanded and
recollimated using a set of mirrors and lenses before entering the flame region. The
transmitted laser light is then captured by high-speed camera#l (Photron
FASTCAM SAD5). In this configuration, the camera detects light extinction resulting
from both the absorption by Al atoms and the scattering and absorption of
condensed-phase materials, including the aluminum droplet core and alumina
products.

The shadowgraph system utilizes a continuous wave (CW) laser at 532 nm. The
laser beam is aligned with the path of the diode laser and is directed to high-speed
camera#2 (Photron FASTCAM AX200). At this wavelength, light extinction
occurs solely due to the absorption and scattering by the aluminum droplet core and
alumina products. Consequently, the shadowgraph images provide detailed
information on the location and size of the aluminum core and the alumina
condensation layer. This capability is particularly important when the edges of the
aluminum droplet cannot be discerned in images from camera #1, due to strong
resonant absorption near wavelength 396.152 nm.

The beam from the diode laser first passes through a beam sampler (M #1, Thorlabs
DMSP425), directing 1% of the light to a wavelength meter (HighFinesse WS5) for
wavelength measurement with an absolute accuracy of 3.0 GHz. To guide the
396 nm and the 532 nm laser beam into the same optical path, a short-pass dichroic
mirror (M #4, Thorlabs DMSP425, 425 nm cutoff) is used to transmit 396 nm laser
light while reflecting 532 nm laser light. Subsequently, both laser beams are guided
by two high-reflection mirrors (M #5 and M #6), then expanded and collimated
using a combination of concave and convex lenses. It produces cylindrical laser
beams that illuminate the entire FOV. After passing through the burning aluminum
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droplet, the transmitted signals are focused by an objective lens (Nikon, 135 mm,
f/16). Another short-pass dichroic mirror (M #7) is used to ensure simultaneous
recordings of the two high-speed cameras. Camera #1 is equipped with Bandpass
Filter#1 centered at 394 nm (full-width at half maximum [FWHM]: 10 nm,
Edmund Optics, #65-192), and camera #2 is equipped with Bandpass Filter #2
centered at 532 nm (FWHM: 3.7 nm, Edmund Optics, #68-970). Both cameras are
triggered by the wire feeding device and synchronized to operate at a framing rate
of 6 400 Hz. The FOV is optimized to approximately 5.7 x 5.7 mm2 with a sensor
of 1024 x 1024 pixels, resulting in around 5.6 um/pixel. The exposure times are set
to approximately 10 us for camera #1 and 3.3 ps for camera #2.
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Figure 4.6: Experimental setup for simultaneous spatially-resolved laser absorption spectroscopy and
shadowgraph imaging.

4.3.2 Number density determination from SLAS measurements

The number density of Al atoms around a burning aluminum droplet is determined
following the Beer-Lambert law [86,87]:

Ie(v) _ —av)
Iy(v) - ¢

where v is the light frequency, I,(v) and I, (v) are the incident and transmitted laser
light intensity, respectively. a(v) denotes the frequency-dependent absorbance,
which is proportional to the absorption cross-section a(v), optical path length L,
and the number density N of Al atoms at the P, state:

(4.3)

a(v) =o(v)LN (4.4)
o(v) is expressed as:
o) = thBlz)(C(v, N,T) (4.5)

where h is Planck’s constant, v, is the central frequency of the absorption, B;,
represents the Einstein absorption coefficient, y(v,N,T) indicates the area-
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normalized line shape function, T is the temperature, and c is the speed of light. The
Einstein coefficient B,, can be calculated as:

3
9> c
B = (2) (s ) 4 5
12 I <8nhv3> 21 (4.6)
where g, and g, represent the degeneracy of states 2 and 1 of the transition,
respectively and A, is the Einstein spontaneous emission coefficient. The constants

are presented in Table 2.2. By substituting Eq. (4.5) into Eq. (4.4), rearranging and
then integrating Eq. (4.4), we can determine the number density N as follows:

c
N =
hvyB;,L

f a()dv .7)

According to Eq. (4.7), the determination of fv a(v)dv is the key step to obtain the
number density N.

In the SLAS measurements, both the incident light intensity I,(v) and the
transmitted light intensity I, (v) are recorded. Thus, the absorbance a(v) can be
determined according to Eq. (4.3). By scanning the laser frequency around the
central resonant frequency, the absorbance a(v) is obtained at various frequencies.
The measured absorbance a™(v) is then fitted using a Voigt profile [88] which
accounts for both the Doppler and collision broadening effects. From the fitted
absorbance af (v), the number density N is calculated based on Eq. (4.7). It is
important to note that the experiments only measure the number density of Al atoms
in the 2Ps2 ground state, excluding those in the 2Py state. The number density of
atoms in the 2Py, state is subsequently determined using Eq. (2.4). Adding up those
two groups presents the total atom population in the ground state. The combined
absorption-shadowgraph technique is used in Paper V.

4.4 Darkfield and brightfield microscopy

4.4.1 Optical layout

Figure 4.7 shows the optical layout of (a) darkfield and (b) brightfield microscopy,
employed to image light scattering and extinction, respectively. Light from two
LEDs (Roschwege UV-LED, 405 nm, FWHM: 10 nm) is used to illuminate the
FOV on the centerline of the aluminum dust flame. The two LEDs are alternately
pulsed by a diode driver (Picolas, LDP-V 50-100 V3.3) to image either transmission
or scattered light. The pulse durations are 2.2 and 0.5 us for darkfield and brightfield
microscopy, respectively.
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In the darkfield microscopy, the light from the LED is collected by an aspheric lens
(f=16mm, d=25mm) and imaged onto the spherical condenser lens
(f=75mm, d =50 mm) with a magnification of approximately 25. An aperture
with a diameter of 20 mm blocks the central part of the beam between the collector
and the condenser. The light passes a beam splitter (Edmund Optics, 5176 mm?, 70%
transmission and 30% reflection at 405 nm) and the condenser focuses the light and
illuminates an area of around 2.5 x 2.5 mmz2 in the FOV. Blocking the central part
of the beam ensures that only light with a numerical aperture greater than that of the
microscope objective (0.15) illuminates the FOV. Consequently, light is only
collected and imaged when objects, i.e., particles and droplets, in the FOV refract,
reflect, or scatter the incident light, otherwise, the image remains dark.

In brightfield microscopy, the light is collected and directed toward the condenser
lens. The LED is imaged with a magnification of 12.5 onto the condenser, ensuring
that the numerical aperture of the illumination matches that of the collecting
microscope objective. Consequently, the brightfield image displays transmitted
light that has been attenuated by condensed-phase materials, effectively enabling
shadowgraphy.

On the detection side, a microscope (Infinity K2 DistaMax, CF-4 front lens) images
the transmitted or scattered light onto the camera (Photron SA-Z) sensor. This
yielded a projected pixel size of 2.5 pm/pixel. The focal depth of the imaging system
is found to be around 130 um. The exposure time is set to 2 us in all measurements.
To suppress natural incandescence from hot aluminum and alumina, a bandpass
filter centered at 405 nm (Edmund Optics, #65-678, FWHM: 10 nm) is inserted into
the microscope. The camera is operated either in full resolution (1024 x 1024 pixels)
at 20 000 fps or with a cropped sensor (160 x 384 pixels) at 200 kfps. The latter
with an interval of 5 ps between two frames is employed for quasi-simultaneous
imaging of light extinction and scattering.

(a) Beam splitter

. Condenser  Microscope

Collectors 'T
objective

t’ILED

4056 nm

Figure 4.7: Top view of the optical layout of (a) darkfield microscopy and (b) brightfield microscopy.
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4.4.2 Volume and size determination for droplets in the Rayleigh regime
Similar to Eq. (4.3), light extinction 7, is defined based on the Beer-Lambert law:

I
T. = —log (—) (4.8)
Io
The transmission after light extinction, le, is expressed as:
le =1y — (Ss,total + Sa) (4-9)

where Sswom and S, are the light intensities that are lost due to scattering and
absorption, respectively. We define the transmission after scattering only, Iy = I, —
Sstotar» and the transmission after absorption only, I, = I — S,. Assuming that
absorption and scattering are independent, and both cause exponential attenuation,
we decompose the Eq. (4.8) into two separate terms:

Iy

r, = —log <E) (4.10)
Is

T, = —log (E> (4.11)

Thus, light extinction t, in the probing volume is the sum of light absorption ,,
and scattering, g, I.6. Te = T, + Ts.

The volume fraction f, of particles in a suspension can be related to light extinction
as follows [89]:

AT
KL

Here, K. is the dimensionless extinction coefficient, L is the path length through the
extinction medium, and A is the wavelength of the light. In principle, when knowing
Ke, the volume fraction can be calculated from the measured transmission. However,
Ke is a complex function of the particle shape, particle diameter D,, and complex
refractive index m. Meanwhile, K is the sum of the respective dimensionless
absorption and scattering coefficients K, = K, + K. Inserting this into Eq. (4.12)
and rearranging it, the relation becomes:

Ka'fv'L Ks'fV'L
= 4.13
Tt (4.13)

Separate two components in Eq. (4.13) and designate them as absorption (t,),and
scattering (), respectively. By considering only the absorption component, we
obtain the following relation:

fv (4.12)

Te

A1,

=%t (4.14)
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For spherical particles in the Rayleigh regime, i.e., ”'TD" < 1, Kg, K, and K. can be

expressed analytically. While Ke and K are functions of the particle size even in the
Rayleigh regime, K, becomes a size-independent function of the absorption function
E(m) of the material [90]:

K,=6-m-E(m) (4.15)

The absorption function, E(m), is obtained from the complex refractive index, m, of
aluminum. The refractive index for aluminum at around 3500 K is taken as
1.84+0.01i and consequently, the absorption function is 0.0038 [89]. As the exact
absorption path length is not known at every pixel, the total volume, i.e., integrated
along the line-of-sight, of the nanoparticles at that pixel can be quantified instead
by multiplying Eq. (4.14) with L and the square of the projected pixel size, Lpixel:

A1, )
V= TE(?’TI) ) Lpixel (416)

In this work, the quantification is made on the nanoparticles that lie in the Rayleigh
regime. At 405 nm, the maximum particle size in this regime, i.e., ”'TD" =1,

becomes 130 nm. The following quantifications on the nano alumina droplets only
consider the size range below 130 nm.

Figure 4.8 shows the absorption and scattering cross sections and the single-
scattering albedo of alumina at 3500 K as a function of droplet size. The cross
sections are calculated from Mie theory [73] implemented from ref. [91]. The single-

scattering albedo is the ratio of scattering and extinction ——, which is equal to the

T
Tg+T,'

. As in the Rayleigh regime, the

Cs

ratio of the corresponding cross sections,

cs+ca
absorption cross-section scales with D, while the scattering cross-section scales
with DS, the former is larger for small particles. The albedo increases from near 0
at 1 nm to 0.95 at 130 nm. Thus, the particle size linking to the albedo in the
Rayleigh regime can be used to determine the particle size.

In the experiments, the bright-field microscopy captures the extinction from both
scattering and absorption, while the dark-field microscopy detects the scattering
only. Combining the two measurements with proper postprocessing, light
absorption, and scattering can be decomposed experimentally. Consequently, the
determination of the absorption 7, allows the quantification of nanoparticle volume
based on Eg. (4.16), meanwhile, the nanoparticle size can be determined by
measuring the single scattering albedo. Darkfield and brightfield microscopy are
utilized in Paper VII.
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Figure 4.8: Absorption and scattering cross sections and the single-scattering albedo
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5. Aluminum combustion
characterization

The transient micro-structures of aluminum flames are characterized by different
well-designed optical diagnostic techniques. Section 5.1-5.4 presents the results on
single aluminum droplets. Section 5.5 shows results from measurements of the
aluminum dust flame.

5.1 Flame structure of single burning aluminum droplets

5.1.1 From wire ignition to symmetric combustion

Figure 5.1 shows a representative sequence of ignition and combustion of the
250 pym aluminum wire in the steam case F1, captured with the incandescence-
shadowgraph imaging. The processes can be described in the following three stages:
() aluminum ignition and droplet generation; (I1) droplet evaporation and flame
development; and (111) steady combustion. Detailed descriptions of these processes
are provided in Section 3.1.2. The top row of each stage shows the incandescence
images, and the corresponding shadowgraph images are shown beneath.

Compared to Figure 3.3, Figure 5.1 offers additional insights into the distribution of
alumina products through simultaneous shadowgraph recordings. During the third
stage (19.6 ms to 47.6 ms), the droplet maintains a quasi-steady, diffusion-limited
combustion mode. Numerous alumina droplets continuously emerge on the thin,
bright flame sheet and subsequently detach from the flame at the top. Due to the low
Stokes number, the alumina droplets (nano-to-micrometer) tend to follow the
surrounding gas flow, making them effective tracers for the flow field around the
burning droplet. Throughout the steady combustion stage, the flame standoff
distance remains nearly constant, indicating that the alumina layer encapsulating the
aluminum droplet forms a stagnation plane with zero radial velocities. Newly
generated alumina droplets on the flame sheet slip upward along the stagnation
plane, agglomerate into larger particles, are transported downstream by the gas flow,
and detach from the flame sheet at the downstream tip. Moreover, the thickness of
the flame sheet is analyzed using Abel inversion of the projected profile of the flame
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incandescence and optical depth in the shadowgraph, revealing a flame thickness of
about 50 um for the burning droplet in Figure 5.1. The flame standoff ratio is around
1.75 and it slightly increases with decreasing droplet size. Details of the flame
thickness determination and flame standoff ratio are introduced in Paper I.

Al ig(r!%tion
&

droplet <
generation

(1N
Droplet
evaporation
& 9

flame 500 pm i ; . b % - g

development 53 ¢ LS ; 2
» . > o, o ) ..
\

(1)
Steady <
combustion

Figure 5.1: Ignition and combustion sequences of the 250 ym aluminum wire in steam case F1 from the
simultaneous recording of incandescence and shadowgraph. The whole process can be divided into
three stages: (I) aluminum ignition and droplet generation, (II) droplet evaporation and flame
development, and (Ill) steady combustion. The top row of each stage shows the incandescence
emission, and the image beneath shows the corresponding shadowgraph.
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Ddz

Based on the shadowgraph images, the evaporation rate, 8, = %, of the Al

droplets is determined from the shrinking rate of the droplet projected area. Table
5.1 summarizes the evaporation rates of aluminum droplets with different initial
sizes in flame cases F1 and F4. More than five samples are averaged in each case.
First, the evaporation rate is highest in case F4. The oxygen addition to the steam
environment approximately doubled the evaporation rate. Second, a size
dependence on the evaporation rate is also found, where £, decreases as the droplet
size decreases. The size dependence is attributed to the difference in the convective
effects with varying droplet sizes. Higher slip velocities for larger droplets enhance
the mass transfer by displacing the species near the flame front, thus creating a
steeper concentration gradient and enhancing the evaporation rate. At the same time,
the higher slip velocities cause an enhanced heat transfer between the surrounding
gas flow and the flame sheet. It may also enhance the evaporation of the larger
droplets.

Table 5.1. Experimental evaporation rates (8,) of aluminum droplets.

By [Mm?/s]
Flame cases
Dy~550 ym Dy¢~240 pm Dg~110 uym
F1 1.0+£0.2 0.6+0.1 0.35%+0.1
F4 - 1.2+0.2 0.8+0.1

5.1.2 Unsteady combustion

The unsteady combustion behaviors of an aluminum droplet with an initial diameter
of 110 um are shown in Figure 5.2. From 0-10 ms, a burning aluminum droplet is
generated and goes through a symmetric combustion stage, like the larger one
shown in Figure 5.1. During this period, alumina products condense into droplets
and are trapped in the thin layer of the flame sheet, gradually agglomerating into a
large alumina satellite droplet orbiting the aluminum core. This satellite,
approximately 110 um in size, reaches a temperature of about 3420 K.

At 10.4 ms, the alumina satellite starts to collide with the central aluminum core.
Then, the two immiscible parts coalesce into one binary Janus droplet, with an
alumina cap on one side and aluminum on the other. As the alumina cap is more
than 600 K hotter than the liquid Al, the temperature difference between the two
parts triggers the ejection of aluminum vapor between 11-11.6 ms. The heat transfer
from the hot alumina cap to the contacted aluminum produces large amounts of
aluminum vapor, leading to a ‘cone-shaped’ ejection from the interface between the
liquid aluminum and the oxide cap. The ejected Al vapor is mixed with the
surrounding oxidizer and gets quickly oxidized and condenses into numerous nano-
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to-micrometer alumina droplets, shown as a plume of smoke in the shadowgraph
images. The rapid evaporation leads to a dramatic size shrinking of the aluminum
core.

By 11.7 ms, the alumina cap nearly encapsulates the remaining aluminum core, and
the ejection pauses. Still, thermal equilibrium has not yet been reached within the
droplet. The vapor pressure of the aluminum core continuously increases with the
increased temperature until a rapid expansion of the oxide shell, resulting in droplet
fragmentation at 11.8 ms shown as a micro explosion of the droplet. At 12.3 ms, the
largest fragment, containing both alumina and aluminum, shows a cap structure like
that at 11 ms, allowing the asymmetric combustion to continue. The comprehensive
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Figure 5.2: Sequential image pair of simultaneously recorded incandescence and shadowgraph of
burning aluminum droplets (Da = 110 pm), showing ignition, symmetric combustion, eruption, and
fragmentation in the oxygenated case F4.
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characterization of the Janus droplet structure, temperature evolution, and nano
oxide formation during the unsteady combustion is described in Paper I11.

5.1.3 Theoretical analysis during symmetric combustion

A conceptual model is proposed to describe the symmetric combustion of an
aluminum droplet, as illustrated in Figure 5.3. The proposed model incorporates a
laminar flow field around the burning aluminum droplet and the distribution of
alumina products. Aluminum atoms vaporized from the droplet surface form a
strong Stefan flow. This evaporation is sustained by the heat feedback from the
flame sheet via thermal conduction and radiation. The aluminum vapor is oxidized
when it mixes with the surrounding oxidizer, forming a thin diffusion flame. A
flame sheet represented by a thin layer of hot nano-to-micrometer alumina droplets
is located at a relatively stable distance from the aluminum droplet surface,
indicating a stagnated flow pattern around the droplet. With zero radial speed in the
flame region, the alumina droplets move along the flame sheet downstream and
accumulate at the trailing edge of the wake. The conceptual model enables
guantitative analysis of heat release, heat transfer, and droplet evaporation.
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Figure 5.3: Conceptual model of the flame structure around a burning aluminum droplet in a laminar
flow.
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The heat of reaction for aluminum/steam oxidation under 1 atm and 2600 K is given
by Al(g) + 1.5H,0(g) = 0.5Al,05(1) + 1.5H,(g), AH = —690 kJ/mol. The
enthalpies of the chemical species are taken from ref. [92]. The mass flow rate, 7,
of the aluminum vapor from the droplet surface is calculated as:

dm w

=3 = 2P 1Paby (5.1)

where the density of liquid aluminum at 2650 K, p;, is taken from ref. [93]. D4
denotes the droplet diameter and t is the burning time. The total heat release is
estimated from the one-step reaction assuming a complete consumption of the

vaporized aluminum, @q,ction = m = 20.8 W. The latent heat for

droplet evaporation in Figure 5.1 is estimated to @,,, = Ah, X m = 8.87 W, where
Ah, = 10.9 MJ/kg [93]. The latent heat is provided by the flame sheet. For this

droplet, a rough estimation suggests that around —Peva_ ~ 40% of heat released

reaction

from aluminum combustion is provided for aluminum evaporation in the steady
combustion stage.

The flame sheet sustains aluminum evaporation through thermal conduction and
radiation, i.e. @oyq = Peons + Praq, Where @, < denotes the conductive heat flow
at the droplet surface and &,,4 denotes the radiation heat flow. As the surface
temperatures are constant throughout the investigated period of evaporation, the
heat and mass transfer occur in a steady state. To determine the contribution of
thermal conduction and convection (Stefan flow) in evaporating the droplet, the
one-dimensional temperature profile between the flame sheet and the droplet
surface is required. Based on the combustion model sketched in Figure 5.3, the
steady-state one-dimensional energy conservation equation in the gas phase
between the droplet surface and the flame sheet is formulated as [94]:
dT d ( 5 dT)

r pCpUE = E T dr

where the left-hand side represents the change in the internal energy of a fluid
element due to convective effects, i.e., the Stefan flow, and the right hand side
represents thermal conduction. Note that the radiative effects only involve the
boundary condition, and the gas between the flame and the droplet does not absorb
or emit heat. Several assumptions are made in the following analysis, including (a)
constant physical and chemical properties along the radius, e.g., thermal
conductivity k and heat capacity c,, (b) chemical reactions releasing heat occurring
at the flame position r = r¢, (c) spherical symmetry, (d) quasi-steady state, and (e)
Lewis number, Le = 1. We consider the following cases:

(5.2)

1) First, when neglecting the Stefan flow (vs=0), it becomes a pure
conduction process (the left side of Eq. (5.2) becomes zero) between the
droplet surface (r = r; = 275 um) and the flame (r = r¢ = 480 um) with
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corresponding temperatures, T, and T¢. Then, Eq. (5.2) can be simplified as

% (krz Z—:) = 0 with ry; < r < ry. Integrating the equation with respect to

r and applying the boundary condition T = 2650 K, T; = 3400 K, we can
derive the temperature profile and its gradient, as shown in Figure 5.4. The
thermal conductivity of aluminum vapor is taken as 0.1 W/(K-m) at around
3000 K. Thus, calculating the conductive heat flow to the droplet surface

yields @eon s = Ak(50)s = 0.61 W.

2) Then, if we take the Stefan flow into consideration, integrating Eqg. (5.2) to
r and applying the temperature boundary conditions as well as the constant
mass flow rate condition, m = 4nr?pv = 4nr2psvg, the temperature
profile and its gradient are derived and shown in Figure 5.4. The conductive

heat flow at the droplet surface, in this case, is @con s = Ak(%)5=0.40 W.
This indicates that heat conduction is weakened due to the Stefan flow effect.

3) Significant uncertainties may come from the assumption of constant
thermal conductivity. Near the aluminum surface, the gas is dominated by
aluminum vapor. So, the thermal conductivity at the droplet surface, ks, is
assumed to be around 0.1 W/(m-K). While at the flame position rr, we
assume the reactants, Al(g) and H20(g), are consumed, and the gas mixture
consists of 55% H; and 45% N by mole. The thermal conductivities of H.
and Nz at 3400 K are 1.3 [72,95] and 0.1 W/(K-m) [96], respectively.
Therefore, the thermal conductivity of the gas mixture in the flame sheet, ks,
is estimated to be around 0.76 W/(K-m). Assuming a linear distribution of
k, we get the thermal conductivity k(r) = —0.7854 + 3219.5r. Again,
applying the boundary conditions for Eq. (5.2), we get the temperature
profile as shown in Figure 5.4. Therefore, at the droplet surface, the

conductive heat flow becomes @, s = Akg (j—:)s =143 W.

In the scenarios discussed above, the thermal conduction, @.,,s, alone is
insufficient to compensate for the latent heat of vaporization, @,,,. Additionally,
uncertainties may arise from the assumption that heat release occurs exclusively at
the flame sheet. In reality, chemical reactions may also take place between the flame
sheet and the droplet surface, significantly altering the temperature profile.
Therefore, additional heat source terms should be incorporated into Eq. (5.2), which
requires more detailed studies of the chemical kinetics.

For a discussion on radiative heat transfer, we assume a spherical shell with the
same radius (r¢) and temperature (T%) as the flame sheet, and a droplet with the same
radius (rg) and temperature (T) as the aluminum droplet sitting at the center of the
shell, the radiation heat flow from the shell to the droplet surface can be calculated
as [72]:
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oAs(Tf* = Ts*)

(’Drad = l 1— & E 5
Es &f (Tf)

(5.3)

where o denotes the Stefan—Boltzmann constant. Ay is the droplet surface area.
is the emissivity of aluminum at 2650 K, which is taken as 0.2. & is the emissivity
of alumina at 3400 K, which is taken as 0.8. Finally, the radiation heat from the
flame to the droplet, ®@,,4, is around 0.9 W. The estimation presented herein
assumes the flame sheet to be a solid shell with emissivity equal to that of alumina.
However, the flame sheet is an optically thin layer composed of humerous nano-to-
micrometer alumina droplets. Consequently, the radiation emitted from this
optically thin layer is weaker than that from a solid shell with the same emissivity
and temperature. Therefore, the actual radiation heat absorbed by the droplet can be
lower than the previously calculated value. Additionally, it is important to note that
these calculations provide only preliminary estimates, and the accurate
determination of thermal radiation remains largely uncertain due to several factors:
(1) The flame sheet contains many fine alumina droplets at high temperatures,
whose thermal radiation characteristics are not well understood. (2) The size
distribution and number density of alumina droplets within the flame sheet remain
unknown. Therefore, understanding the alumina condensation mechanism is crucial
for accurately analyzing radiation heat transfer in aluminum combustion.
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Figure 5.4: Radial dependence of temperature and temperature gradient in between droplet surface and
flame sheet.

Based on the analysis above, the total heat transfer through conduction and radiation
IS Peon + Praq = 2.33 W, which accounts for only about 30% of the latent heat of
evaporation. Therefore, additional heat sources must significantly contribute to
droplet vaporization beyond thermal conduction and radiation from the flame sheet.
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One hypothesis is that surface reactions generating gaseous species produce heat on
the droplet surface, thereby facilitating the phase change of aluminum. For example,
the two principal chain initiation channels, i.e. Al+ HO =AIO + H;, and (2)
Al + H,0O = AIOH + H, are both exothermic [97]. The water molecule might diffuse
through the flame sheet and react with aluminum on the surface, generating heat
that enhances the aluminum phase change. Nevertheless, this analysis provides only
a brief overview of heat transfer around a burning aluminum droplet.
Comprehensive simulation studies that integrate detailed chemical kinetics with
alumina condensation are necessary for future optimizations.

5.2 Aluminum combustion temperature

5.2.1 Temperature evolution during wire ignition and combustion

Figure 5.5 presents the temperature variation during wire ignition and combustion.
The average temperature of the ignition part (360 pm length) on the wire is
measured, as indicated in the wire image at 118.29 ms in Figure 5.5. When the
aluminum wire is positioned on the burner center, it is heated up from around
2000 K to approach the alumina melting point (2327 K) in about 118 ms. Once the
protective oxide coating gets melted, the wire temperature dramatically increases to
above 2700 K. Five typical instants at t; to ts are shown in Figure 5.5 to illustrate the

t1=118.13ms t,=118.29 ms t;=118.45 ms
1 360 um
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Figure 5.5: Temperature evolution during wire ignition and combustion (250 um diameter wire in the
steam case F1). The wire morphology from t; to ts is presented within the diagram. The temperature
values are the average temperature of the part with a length of 360 um as indicated in the images.
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wire morphology evolution. When the aluminum core is exposed to the oxidizer, a
flame front characterized by the bright alumina products builds up immediately,
encapsulating the aluminum cylinder. The alumina temperature reaches more than
2800 K and it heats the aluminum core to 2327 K. Detailed temperature maps of the
wire during ignition and combustion are introduced in Paper I1.

5.2.2 Temperature evolution during droplet development

Aluminum droplets generated from the wire breakup go through a flame
development process, during which the position of the flame sheet moves away from
near the aluminum droplet surface to a stabilized position. Figure 5.6 presents the
changes in the droplet morphology (top row) and the corresponding temperature
distribution (bottom row) when burning in the steam case F1. At 0 ms and 7.66 ms,
two regions indicated by the blue and red dashed circles, respectively, represent two
typical regions on the burning droplet. Within the blue circle area (droplet region),
as the flame sheet is optically thin and encapsulates the aluminum droplet, surface
radiation from both the aluminum droplet and the flame sheet contributes to the
camera signal. Thus, the temperature derived originates from both the aluminum
droplet and the flame sheet. Between the blue and red circles, signals are obtained
from the flame region consisting of numerous hot nano-to-micrometer alumina
droplets. Incandescence in this area comes from flame only, thus the temperature
derived represents the flame sheet temperature. Due to the line-of-sight imaging, the
incandescence intensity in this region increases from near the droplet surface to the
outside flame layer. Thus, the outside flame layer has a higher signal-to-noise ratio,
which might lead to lower random errors in temperatures.

As shown in Figure 5.6, the temperatures from both the droplet region and the flame
region increase from 0 to 11 ms. The average temperature of these regions and the
overall incandescence intensity are presented in Figure 5.7. The overall intensity
increases due to increases in temperature and the amount of alumina products. The
temperature of the flame rises from around 3000 K to 3380 K, which is mainly due
to the increase in the generation rate of alumina droplets. More alumina condenses
into a liquid phase in the condensation layer, releasing large amounts of heat. It
significantly increases the local temperature of the condensation layer. Meanwhile,
the condensation layer with increasing temperature sends back more heat to the
aluminum core, resulting in a higher temperature of aluminum and thus higher
evaporation rate. The more aluminum evaporates, the more alumina droplets
condense and the higher flame temperature. It forms a positive loop in enhancing
the combustion rate. At 16.88 ms, the droplet reaches a quai-steady combustion state,
and the flame temperature remains roughly constant. At the same time, the apparent
temperature of the droplet region increases from around 2800 K to 3180 K during
0-14 ms, which is generally 200 K lower than the temperature of the flame region.
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Figure 5.6: Droplet burning morphology (top row) and the corresponding temperature distribution
(bottom row) during the flame development process in the steam case F1.
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Figure 5.7: Temperature evolution of the flame region(blue line) and the droplet region (green line).
Evolution of the overall incandescence (orange dotted line).
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Although the data do not represent the accurate temperature of the aluminum droplet,
the trend reflects its temperature evolution. At 0 ms, the aluminum core formed from
wire ignition is close to the alumina melting point (2327 K). As flame develops, its
temperature approaches the aluminum boiling point (2790 K).

5.2.3 Temperature distribution during symmetric combustion

The temperature and incandescence distribution of the droplets during the steady
symmetric combustion are presented in Figure 5.8 and Figure 5.9. The former figure
shows the same droplet (Dg = 550 pum) as the one in Figure 5.6 and the latter figure
shows a smaller droplet (Dq = 240 um) burning in the same flame condition (steam
case F1). Figure 5.8(c) plots the temperature and incandescence distribution along
the blue dashed line in Figure 5.8(a). The incandescence is represented by the signal
intensity in the R, G, and B channels. The temperature decreases from around 3400
K in the flame region to around 3200 K in the droplet region. In contrast, the small
droplet in Figure 5.9 shows a lower combustion temperature. As shown in Figure
5.9(c), the temperature of the flame region is around 3200 K, and the value is around
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Figure 5.8: Temperature and incandescence distribution of the droplet (Dg = 550 um) in Figure 5.6 at

22.8 ms. (a) incandescence, (b) temperature map, (c) temperature and emission intensity along the blue
dashed line indicated in (a) and (b).
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Figure 5.9: Temperature and incandescence distribution of the droplet (Dq = 240 pm) burning in the
steams case F1. (a) incandescence, (b) temperature map, (c) temperature and emission intensity along
the blue dashed line indicated in (a) and (b).

49



2900 K in the droplet region. The lower burning temperatures for the smaller
droplets might be linked to their smaller evaporation rates as shown in Table 5.1.
The higher evaporation rates of larger droplets result in a higher amount of heat
release from both chemical reactions and condensation, which might lead to higher
flame temperature, i.e. temperature of the alumina products.

5.2.4 Temperature distribution during asymmetric combustion

Figure 5.10(a) shows an aluminum droplet burning in the steam case F1 during the
asymmetric stage. Part of the aluminum surface is covered with liquid oxide,
forming an oxide cap. It stops the aluminum evaporation from the covered region.
Thus, there is no flame overlap above the cap, and the temperature on the cap region
directly represents its temperature. Figure 5.10(b) presents the temperature map and
Figure 5.10(c) shows the temperature and the incandescence distribution along the
blue dashed line in Figure 5.10(a). Note that the droplet size is similar to the one in
Figure 5.9. and the temperature of the flame regions is roughly the same as well. In
the cap region, the incandescence intensity is more than three times higher than the
neighboring aluminum part, due to the higher emissivity of liquid alumina. The cap
temperature is around 2700 K, which is slightly below the boiling point of aluminum.
More information on the cap temperature under different flame conditions is
introduced in Paper I1.
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Figure 5.10: Temperature and incandescence distribution of the droplet (Dgq ~ 240 um) burning in the
steams case F1. The droplet is burning under an asymmetric state where an oxide cap exists on the
aluminum droplet. (a) incandescence, (b) temperature map, (c) temperature and emission intensity
along the blue dashed line indicated in (a) and (b).

5.3 Aluminum atom profile around a burning droplet

Figure 5.11 presents typical snapshots of the extinction of burning aluminum
droplets detected by the laser absorption spectroscopy. The top row displays
shadowgraph images captured by camera #2 with back illumination at 532 nm. The
bottom row shows the corresponding signal images from camera #1 which is
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illuminated by the diode laser tuned from 396.000 to 396.300 nm. The light
extinction in the top row results from the condensed-phase materials, including the
central aluminum droplet and the alumina products, while the extinction in the
bottom row originates from both the above condensed-phase materials and the Al
atoms. The images in the top row serve as references to the aluminum droplet
position for the corresponding bottom image.

In the bottom row, when the wavelength of the diode laser shifts from 396.000 to
396.152 nm (resonant wavelength), the region with extinction higher than four
(more than 98% of light extinct) expands from the central aluminum droplet region
to the region even outside of the alumina condensation layer (equivalent to the flame
sheet, see Section 5.1). For example, at 396.000 nm, the bottom image shows only
a slight difference compared to the image acquired at 532 nm, suggesting negligible
aluminum atomic absorption at this wavelength. However, at the resonant
wavelength of 396.152 nm, the high-extinction region (>4) extends to positions
where r/ro exceeds three, while the alumina condensation layer is located around
r/ro ~ 1.8 (where ro denotes the droplet radius). This indicates that aluminum atoms
exist outside the flame sheet, contributing to strong absorption. When the central
wavelength of the diode laser is tuned to 396.300 nm, the opposite trend is observed:
the boundaries of the high-extinction regions contract from areas outside the flame
sheet toward the surface of the central aluminum droplet. This contraction occurs
because the concentration of aluminum atoms decreases radially from the center of
the droplet. At off-resonant wavelengths, the absorption cross-section a(v)
diminishes, resulting in strong absorption only in regions with high aluminum
concentrations.
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Figure 5.11: Comparison of instantaneous absorbance measured simultaneously by camera #2 (532
nm CW laser, top) and camera #1 at different wavelengths (396.000~396.300 nm diode laser, bottom).

Moreover, the atomic absorption happens almost in the entire range from 396.000
t0 396.300 nm at the position near the aluminum droplet surface. In this region, the
absorption line width is around = 50 GHz, which is much wider than the line width
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(~ £ 4 GH2) reported by previous studies [77,86,98]. Compared to the previous
studies under conditions of low temperature (~ 400 K) and low pressure (~ 50 pbar),
the temperature of the Al atoms in the current study reaches over 2600 K and the
pressure is 1 atm. Higher temperatures and pressures significantly broaden the
absorption line shape due to Doppler and collisional effects. Another feature is that
no atomic absorption is observed around the alumina products at the tip of the flame
sheet. This indicates these droplets are stable and there is no obvious dissociation
generating Al atoms even at temperatures of around 3500 K.

The number density of Al atoms along the radius direction is shown in Figure 5.12.
The quantification is conducted according to Eq. (4.7) in Section 4.3.2. However,
as the laser light is completely absorbed at 396.152 nm in the region r/ro = 1.2 ~ 3.0,
a peak absorbance is unavailable for the fitting of the Voigt profile. Therefore, we
define the regions with r/ro < 3.0 as optically thick regions, while the region with
r/ro > 3.0 is the optically thin region. In the optically thick region, the number
density is determined by fitting the ‘wings’ of the absorbance following the Voigt
profile, using a similar method introduced in previous studies [87,99]. Detailed
fitting of the Voigt profiles for all the wavelengths can be referred to in Paper IV.
Finally, the number density of Al atom drops from ~1.1 x 1022 m= at r/ro = 1.3 to
~3.5 x 10® m2at r/ro = 2.9. However, due to the limited datasets for optically thick
conditions, the reconstructed absorption profiles might contain large uncertainties
thus resulting in large errors in the results of Al number density. This can be
improved by employing finer wavelength steps so that more data points can be
obtained for the ‘wing’ in the absorption profiles to improve fitting accuracy. In the
optically thin region, the Al concentration keeps dropping to ~7.0x10%° m= at
r/ro = 4.9.
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Figure 5.12: Aluminum atom distribution profile around a burning aluminum droplet with a diameter of
around 240 pm.
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5.4 Nano-oxide formation in the dust flame

Figure 5.13 displays two sequences of consecutive transmission and scattered light
images within the dust flame. In sequence 1 at 0 ps, two aluminum particles are
observed: the lower particle has just begun to melt and develop a flame, while the
upper particle remains solid, as indicated by its irregular shape. At 50 ps, light
scattering reveals the expansion of hot alumina particles from the flame toward the
solid upper aluminum particle, leading to its melting by 100 ps, as shown by the
spherical shadowgraph. By 150 ps, scattered light surrounding the particle indicates
the formation of the flame. Throughout the sequence, the two droplets remain close,
with their flames partially overlapping. These observations illustrate a crucial
ignition mechanism in dust flames with high particle concentrations: the deposition
of hot alumina products onto the surfaces of aluminum particles melts the oxide
coating, thereby igniting neighboring aluminum particles. This mechanism explains
why the temperature of the heating source required to ignite a dust flame does not
need to reach the alumina melting point. The high concentration of particle supply
enhances particle—particle interactions, leading to the ignition and stabilization of
aluminum dust flames. The particle-particle interaction is discussed in Paper VI
and Paper VII.

Sequence 2 depicts an aluminum droplet transitioning from symmetric to
asymmetric combustion. At 0 us, the flame in the lowest shadowgraph appears
perturbed and partially extinguished on the right side of the droplet. This local
extinction of the flame is thought to be attributed to the deposition of hot alumina
particles (T = 3500 K), which locally cover the cooler aluminum droplet
(T = 2700 K). At 100 ps, the perturbed region abruptly shifts to the left side of the
droplet, indicating a clockwise rotation. Between 150 us and 250 ps, droplet
eruption occurs, forming a condensation trail on the upper side of the aluminum
droplet. Strong light extinction and light scattering of the trail are observed at 200 ps
and 250 ps, respectively. The eruption results from the sudden and intense
emergence of aluminum vapor due to the coalescence of alumina products. This
behavior is similar to the jetting observed in the single isolated droplets shown in
Figure 5.2 and discussed in Paper I1I. It is also important to note that nearly all
aluminum droplets in the dust flame experience eruption approximately 100-300 ps
after ignition. Thus, droplet eruption is a significant event in the dust flame,
generating large amounts of nanometer-sized particles.

Based on light extinction and scattering, quantification of the nanoparticles is
conducted using a self-developed imaging processing scheme (details found in
Paper VII). Figure 5.14 shows an example of the transmissions after (a) absorption
and (b) scattering, (c) the single scattering albedo, and (d) the nanoparticle volume
and (e) size. The nanoparticle particle size is around 50 nm close to the droplet and
increases along the trail and to the sides of the nanoparticle region to around 100 nm.
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Nanoparticles with diameters above 100 nm are rarely found. More examples
showing the nanoparticle volume and size are presented in Paper VII.

OMS' 50|.Js 100 ps EEIEN 200 us 250ps

Figure 5.13: Sequences of consecutive transmission and scattered-light images showing (1) particle
melting, ignition, and collision, and (2) droplet eruption.
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Figure 5.14: Transmission after (a) absorption and (b) scattering, (c) single-scattering albedo, (d)
nanoparticle volume, and (e) size distribution.
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6. Summary and outlook

6.1 Summary

This thesis presents different lab-scale aluminum flames and multiple optical
diagnostic methods developed and applied for the characterization of aluminum
droplet combustion. The novel design of aluminum combustion setups from
individual micrometer droplets to collective particle dust provides stable targets for
in-situ optical investigations. The established spatiotemporal optical techniques
scrutinize aluminum combustion from different perspectives, including flame
structure, combustion temperature, Al atom concentration, and nano-oxide
formation.

To advance the understanding of the aluminum-steam reaction for the simultaneous
production of heat and hydrogen, a combustion platform for single aluminum
droplets burning in high-temperature steam was developed. A flat flame burner was
modified to create an adjustable oxidizing environment, ranging from H>O/N: to
H>0/02/N2 mixtures. Integrated with an aluminum wire positioning device, this
setup allows for the stable generation of individual burning aluminum droplets with
good control over their initial size and combustion behavior. Aluminum droplets
with diameters between approximately 100 um and 500 um are produced by
varying the sizes of the aluminum wires used. Moreover, aluminum alloy wires were
also used to study the effects of composition on combustion behaviors.

Besides, a lifted aluminum dust flame was established using fine aluminum powders
(75%, D <5 um). The powders are aerosolized by a high-voltage capacitor and
carried by air into a flat methane flame at approximately 2000 K. By increasing the
capacitor voltage to enhance the powder supply, the aluminum dust ignites and
stabilizes. In contrast to the single droplet flame, this dust flame provides
opportunities to study flame stabilization, particle-particle interactions, and nano-
oxide formation.

In-situ characterization of burning aluminum droplets is challenging due to their
intrinsic complexity in several aspects, such as nano-to-micrometer spatial scale, the
transient process in milliseconds, multi-phase dynamics, and extremely high
temperature. Several spatiotemporal optical diagnostic techniques were developed
to study different key parameters:
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1) High-speed incandescence-shadowgraph imaging. The technique captures
the flame morphology evolution and condensed-phase droplet distribution
simultaneously. The two complementary views help to determine key
parameters, including the flame standoff distance, flame sheet thickness,
evaporation rates, and Stefan flow velocity.

2) High-speed RGB pyrometry imaging. It spatially resolves the surface
temperatures of different parts over a burning aluminum droplet, like the
temperatures of the aluminum core, the alumina cap, and the alumina
droplets on the flame sheet. Besides, temperature dynamics along the wire
ignition process and the droplet development process are also studied.

3) Spatially resolved laser absorption spectroscopy on Al atom. The technique
quantifies the Al atom concentration profile around a burning droplet.

4) Darkfield and brightfield microscopy. The technique captures the
combustion behavior of individual particles within the dust flame. It
guantifies the size and volume of nano-oxide particles (D < 130 nm) in the
condensation trail of a jetting aluminum droplet.

Overall, this thesis delivers key datasets and generates new knowledge that helps to
advance the understanding of aluminum combustion.

6.2 Outlook

The use of aluminum as a fuel in clean energy cycles is an emerging field, with
aluminum-steam combustion remaining relatively underexplored. This thesis
studies aluminum droplet combustion in different aspects, however, more guestions
remain unexplored and require future efforts.

First, the emissivity of alumina droplets in nano-to-micrometer scales remains
largely unknown. It is crucial for the determination of the burning temperature and
thermal radiation power of aluminum flames. For example, the graybody
assumption (constant emissivity) is often applied in the surface temperature
measurements of alumina, which might cause large errors, especially for the
nanometer particles. Thus, systematic investigations on the alumina emissivity
particularly from nanometer to micrometer size in the range of 2000—4000 K are
necessary. Second, the heat transfer of a burning aluminum droplet is still unclear.
This thesis conducts a simplified analysis of heat transfer in single burning droplets
based on experimentally determined evaporation rates. The findings indicate that
conductive and radiative heat transfer are insufficient to provide the latent heat of
evaporation. This discrepancy suggests that surface reactions producing gaseous
oxide species may play significant roles. Future theoretical studies should
incorporate chemical kinetics to develop a comprehensive heat balance model for
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single aluminum droplet combustion. Furthermore, alumina condensation is a
critical process that requires detailed experimental investigation. Building on the
single aluminum droplet studies in the thesis, in-situ quantification of alumina
particle formation on the flame sheet, such as growth rates and size distributions,
could enhance the understanding of condensation mechanisms. Additionally,
intermediate species like Al and AIO are essential for elucidating the chemical
kinetics of aluminum combustion. While this thesis quantifies Al atoms using laser
absorption spectroscopy, it encounters challenges due to strong resonant absorption,
which leads to complete extinction near the aluminum droplet surface and results in
high uncertainty in Al atom number density measurements. Future efforts should
focus on optimizing measurement techniques to improve accuracy. Furthermore,
laser absorption spectroscopy of AlO offers a promising approach for determining
the AlO concentration profile.

Moreover, additional advanced laser/optical diagnostics are promising and available
for the characterization of aluminum combustion in the future, as summarized in the
latest review by M. Aldén [100]. Techniques such as Raman scattering could be
utilized to measure major components like Hz, H-O, and N2, while single- and two-
photon absorption laser-induced fluorescence (LIF) can enable the detection of
essential radicals including AlO, OH, Al, O, and H. Tomography could facilitate
three-dimensional reconstruction of combustion processes, and Rayleigh scattering
is able to be employed to measure the gaseous temperature field. Particularly,
incorporating Structured Illumination strategies into these advanced techniques
would be favorable for suppressing interference from sources such as laser
scattering and thermal radiation, thereby significantly improving the signal-to-noise
ratio in aluminum combustion studies. Additionally, the integration of ultrafast
(ps/fs) lasers into these methods would be desirable for detecting transient events
during aluminum combustion.

Additionally, experimental investigations into aluminum combustion typically
begin with the development of particle combustion facilities. Future efforts should
emphasize the establishment of standardized combustion setups across various
scales. A well-designed combustion platform can significantly mitigate the
challenges associated with flame characterization. For example, precise control of
particle seeding in single-particle combustion or dust flame is crucial for generating
stable and controllable aluminum flames as research targets. Besides, standardized
setups should accommodate key variables such as particle size, oxidizer type (Hz0,
02, CO., etc.), temperature, and pressure, thereby enabling systematic database
development and facilitating comparisons among different research groups.
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