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ABSTRACT
Aluminum is an energy-dense metal that reacts exothermically with oxygen, in addition to
a range of other oxidizers, making it a potentially useful fuel for thermal propulsion and power
applications. Fine aluminum dusts, with particle diameters on the order of micrometers, can be
aerosolized and mixed with a gaseous oxidizer to produce dust flames from which heat can be
extracted. The reactive properties of aluminum, combined with its natural abundance and long-term
stability, make it a prospective replacement for fossil fuels in some energy or power systems. In
order for the potential utility of aluminum-air dust flames to be assessed, understanding of the
fundamental combustion behavior, such as the burning velocity and temperature, is necessary.
Laminar aluminum-air dust flames have been previously studied at atmospheric pressure to
measure the burning velocity and flame temperature. Typically, the effects of varying stoichiometry
and particle size are reported. However, limited information exists on the effects of pressure and
turbulence, which are often present in practical systems. This thesis will investigate aluminum-air
dust flames with a focus on the effect of polydisperse particle size distributions, pressure, and
turbulence intensity on the resulting burning velocity. Temperature fields of aluminum-air dust
flames will also be investigated and reported for the first time.
An experimental system was developed that allows metal dust flames to be observed within
an optically-accessible high-pressure chamber. Using a high-speed camera, aluminum-air flames
were imaged through two narrowband interference filters (700 nm and 900 nm). The images were
used to calculate burning velocity along with a two-dimensional temperature field of the flame. All
experiments were performed with fuel-rich aluminum-air mixtures. Three micron-scale aluminum
powders with different size distributions of particles were tested at atmospheric pressure. The
laminar burning velocity was found to increase with decreasing average particle size. A single size
distribution of particles was tested at pressures ranging from atmospheric to ~105 psi. Laminar
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burning velocity was found to decrease with increasing pressure (P), with an approximate
proportionality to P-0.6 over the range of pressures tested. This was potentially due to the decrease
in interparticle spacing and enhanced particle-particle interactions as pressure increased. A single
particle size distribution was also tested at four different turbulence levels. The turbulence intensity
at each level was measured using particle image velocimetry in a representative non-reacting flow.
Burning velocity was found to increase with increasing turbulence intensity (TI), with an
approximate proportionality to TI1.0 over the range of conditions tested. Two-dimensional
temperature fields were measured for two size distributions of particles and at elevated pressures
up to ~105 psi using two-color ratio pyrometry. However, due to spectrally-dependent
scattering/absorption and unknown emissive properties of the collected incandescent signal, only
relative comparisons between the temperature measurements could be made.
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Chapter 1

Introduction

1.1 Research motivation
The oxidation of metal particles, such as aluminum, has the potential to be a viable fuel
source in thermal energy or power systems that would benefit from the high energy density and
temperatures associated with metal combustion. For decades, metal particles have been added to
solid rocket propellants to increase combustion temperature and reduce instabilities. More recently,
metal particles are being considered as a standalone fuel for propulsion [1,2], as a means of
producing gaseous hydrogen [3], and as a potential carrier for energy storage and transport [4].
Propulsion applications for metal particles vary from combustion with carbon dioxide for rocket
propulsion on Mars [1] to combustion with water for undersea propulsion [2]. The metal-water
reaction produces hydrogen gas that can be used for a variety of power and propulsion applications
such as land-based electrical power generation and hydrogen engines/fuel cells [3]. Due to its
natural abundance, high energy density, and long-term stability, aluminum has been evaluated as a
potential low-carbon replacement energy carrier for traditional liquid hydrocarbons [4]. Beyond
specific applications and with the development of low-carbon reduction processes, metal fuels have
the potential to be a “green” replacement for some fossil fuel-based systems, contributing to a future
low-carbon economy and slowing anthropogenic climate change.
Metal combustion is highly exothermic and can produce flame temperatures greater than
that of hydrocarbon fuels [5]. As shown in Fig. 1-1, some metals have specific energies similar to
and energy densities higher than that of common fossil fuels [6–8].
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Figure 1-1: Energy density and specific energy of different metal fuels compared to common
fossil fuels and liquid hydrogen.

These energy attributes, in addition to being nontoxic and relatively low cost, make certain
metals such as aluminum, silicon, iron, and magnesium viable alternative fuel options. Although,
for their energetic potential to be fully realized, further understanding of metal particle flames
(often called metal dust flames) and their fundamental physics and chemistry is necessary. In order
to extract heat generated by metal dust reactions, combustors are needed that can stabilize such
flames and efficiently couple to an energy or propulsion system. However, due to the discrete and
multi-phase nature of metal dust flames, hydrocarbon combustion knowledge cannot typically be
directly applied for analysis of “premixed” metal dust flames and their combustors [9]. Further, the
high-temperature condensed-phase reactants and products of metal dust flames make them unique
from hydrocarbon flames and difficult to model due to the potentially strong influence of radiation
heat transfer on flame propagation [10]. Therefore, the study of “premixed” metal dust flames must
be treated separately from premixed hydrocarbon flames and will be the focus of this work.
Micron-scale aluminum powder is attractive from a practical perspective because it is
chemically stable, transportable, and commercially available at relatively low cost. Air is the
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ubiquitous oxidizer, and as such, the aluminum-air reaction can be readily compared to existing
literature and will be the focus of this thesis. Solid aluminum fuel reacts with gaseous air through
the following ideal global reaction:

2𝐴𝑙(𝑠) + 1.5(𝑂2 (𝑔) + 3.76𝑁2 (𝑔)) → 𝐴𝑙2 𝑂3 (𝑠) + 5.64𝑁2 (𝑔)

(1-1)

The products of this reaction are solid aluminum oxide and gaseous nitrogen (assumed to not
actively participate in the chemistry). With all elements except aluminum oxide in their standard
state, aluminum oxide dictates the heat release of the reaction. The formation enthalpy of aluminum
oxide is -1676 kJ/mol, making the enthalpy of combustion equal to 1676 kJ/mol of aluminum oxide.
Converting to a fuel mass basis, the enthalpy of combustion is equal to 31 kJ/gram of aluminum.
The adiabatic flame temperature of this reaction is ~3500 K, higher than that of any hydrocarbon
fuel. This basic thermochemical information provides a foundation for understanding the potential
usefulness of the aluminum-air reaction, but in order to begin to bridge the gap between theory and
application, further fundamental information such as the mixture burning velocity is necessary.
The laminar burning velocity is a fundamental property of a given fuel and oxidizer mixture
and is a function of the chemical kinetics and heat/mass transfer rates [11]. It can be thought of as
the rate at which a perfectly premixed mixture of unconfined fuel and oxidizer moves with respect
to a reference frame fixed at the flame front. The burning velocity of a given fuel and oxidizer is
an important “macroscopic” parameter that can guide our understanding of flame holding
mechanisms in addition to stability and blowoff conditions. Various experimental studies, which
will be discussed in the next chapter, have measured the burning velocity of aluminum-air
suspensions with micron-scale aluminum particles. However, the previous studies were limited to
reaction of aluminum and air at atmospheric pressure and most studies focused on laminar flames.
Understanding the effect of elevated pressure and turbulence on the burning velocity is necessary
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both to further the understanding of the fundamental physics governing aluminum-air combustion
and to predict its behavior for energy or propulsion system applications.

1.2 Thesis objectives and organization
The work that was conducted and will be presented in this thesis has the following
objectives:
1. Develop and experiment capable of producing laminar dust flames at aboveatmospheric pressures.
2. Measure the burning velocity dependence on particle size for laminar aluminumair flames.
3. Measure the burning velocity dependence on pressure for laminar aluminum-air
flames.
4. Measure the burning velocity dependence on turbulence intensity for aluminumair flames.
5. Measure two-dimensional temperature fields of aluminum-air flames.
Prior to addressing each of the objectives above, a review of relevant theory, previous
literature, and background information will be provided in chapter 2. Chapter 3 will detail the
design and development of the hardware and measurement systems used to conduct the experiments
for this thesis. Chapter 4 will discuss the methods used to measure burning velocity followed by a
presentation of results showing the measured effect of particle size, pressure, and turbulence
intensity on the burning velocity of aluminum-air flames. Temperature field results of aluminumair flames captured using two-color ratio pyrometry will be presented in chapter 5. Lastly, chapter 6
will summarize the findings of this thesis and discuss potential future work.
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Chapter 2

Literature Review and Background

Investigation of the fundamental characteristics of metal particle combustion, along with
what types of systems might utilize metal fuels, is an effort that began as early as 1948 by Cassel
et al. [12]. Studies of the fundamental behavior of single burning metal particles were pioneered by
Glassman [13] in the 1950s. Early uses for metal particle fuels were as additives to solid propellants.
They have continued to be used in propellants (e.g., solid rocket motors), but interest has grown
into using metals as standalone fuels, especially for low-carbon power generation or underwater
propulsion systems [2,3,14]. Bergthorson et al. [14] investigated metal particle fuels as a clean,
potentially carbon-free, energy source for a variety of power generation applications and found
them to be competitive with fossil fuels in terms of energy density. Many metals also oxidize with
water, which makes them an attractive fuel for underwater propulsion [3,14]. Along with their
oxidation chemistry, the physical properties of certain metals (e.g., aluminum) make them both
stable and transportable, leading to consideration of metals as energy carriers for global energy
transportation [4].
Compared to common hydrocarbon fuels such as methane and diesel, fundamental
understanding of metal particle combustion is relatively immature. Research typically falls into one
of two categories. The first and most extensively studied is single particle combustion, where an
isolated particle reacts in an oxidizing environment. The second is multi-particle (or dust cloud)
combustion in which a macro-scale metal flame is produced by a mixture of metal particles
oxidizing in a gaseous environment. In each category, there exists multiple variables that can
influence the ignition and reaction-rate controlling processes. The major variables of metal particle
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combustion are the base element, particle size, oxidizing species, and the thermodynamic
conditions of the environment. The following sections will provide an overview of metal
combustion theory and a review of previous research on metal combustion, specifically with regard
to micron-scale aluminum particles reacting in air.

2.1 Literature review

2.1.1 Metal combustion theory
Aluminum particles, like most metal particles exposed to air, have a thin oxide film or
“shell” that covers the outer surface of the core particle [11]. The thermophysical properties of the
aluminum core, and the aluminum oxide present in the shell and as a reaction product are essential
to understanding the ignition and burning characteristics of aluminum particles. Bulk melting and
boiling temperatures at atmospheric pressure for aluminum (Al) and aluminum oxide (Al2O3) are
listed in Table 2-1 [5,15]. Note that both the melting and boiling temperatures for aluminum oxide
are significantly higher than that of aluminum.

Table 2-1: Atmospheric pressure melting and boiling temperatures of Al and Al2O3.
Melting Point (K)

Boiling Point (K)

Al

940

2740

Al2O3

2327

4000

A simplified theory of ignition for micron-scale aluminum particles based on the
description by Sundaram et al. [16] is as follows:
1. The particle is heated and the aluminum core melts.
2. The oxide shell cracks, exposing the aluminum core to an oxidizing gas.
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3. Heterogeneous surface reactions occur, which increase the particle temperature.
4. The oxide shell melts and consolidates on the surface, exposing most of the aluminum core
to an oxidizing gas and leading to ignition of the particle.
This unique ignition process, in a general sense, captures the different melting temperatures of
aluminum and aluminum oxide and can be used for predictions of particle ignition temperature.
Trunov et al. [17] developed a model that predicted the ignition temperature of particles over a
range of sizes in different oxidizing environments. Ignition mechanisms have been incorporated
into particle combustion models, as in the work by Yang and Yoon [18].
For metal particles with no imposed length scales, there exists criteria based on the metal
and metal oxide boiling temperatures, in addition to the flame temperature, to determine if a particle
will burn heterogeneously at the surface or in a detached vapor-phase flame. For a given pressure,
if the boiling point of the metal oxide is greater than that of the metal, combustion will occur in the
vapor phase; conversely if the metal temperature is greater than the oxide temperature,
heterogeneous surface combustion will occur [10]. A consequence of this is that the combustion
temperature of a metal-oxygen system is limited to the boiling point of the metal oxide [5]. For
oxidizers such as air, carbon dioxide, and steam, where there are additional species that can affect
the flame temperature, a more general burning criterion can be made. If the adiabatic flame
temperature is greater than the boiling point of the metal, combustion will occur in the vapor phase;
conversely, if the boiling point is greater than the flame temperature, heterogeneous surface
combustion will occur.
The effect of pressure on the boiling point of metals, their oxides, and a system’s heat of
reaction (which drives flame temperature) can be used to determine how changes in pressure will
influence the burning regime. An increase in pressure causes an increase in boiling point
temperature for both the metal and metal oxide. By Le Chatelier’s principle, increasing pressure
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decreases the dissociation of the metal oxide, which also increases the combustion temperature [5].
These two factors suggest that, in general, increasing the pressure will increase the adiabatic flame
temperature. However, the rates at which the boiling point of the metal/oxide and the flame
temperature increase (with increased pressure) are not necessarily equivalent. Therefore, certain
fuel/oxidizer mixtures may react in the vapor phase at a given pressure but will react
heterogeneously at a higher pressure because the boiling point of the metal has become higher than
the adiabatic flame temperature. This is the case with aluminum and air, which is predicted to react
in the vapor phase at pressures lower than 200 atm. Above 200 atm, the boiling point of aluminum
is higher than the adiabatic flame temperature, and the system could transition to heterogeneous
combustion [5]. Figure 2-1 illustrates the effect of increasing pressure on the boiling (vaporization)
temperature of aluminum and the adiabatic flame temperature of aluminum with air and oxygen.
Note that near 200 atm, the aluminum vaporization line crosses the adiabatic flame temperature
with air. This is where the transition from vapor-phase to heterogeneous combustion would ideally
occur.

Figure 2-1: Al vaporization pressure [5] and adiabatic flame temperature [19] of Al-Air and AlO2 as a function of pressure.
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For the case of metal particles, burning behavior can be further influenced by particle size
because of the characteristic combustion timescales associated with different particle diameters.
From relationships for diffusion and kinetically controlled burning rates, combustion times for a
given initial particle diameter can be defined as in Ref. [5]. For a particle where the reaction rate is
diffusion limited, the combustion time, 𝑡b,diff , can be defined as:

𝑡b,diff =

𝜌𝑠 𝑑02
,
8𝜌𝐷𝑙𝑛(1 + 𝑖𝑚𝑜∞ )

(2-1)

where 𝑑0 is the particle diameter, 𝜌𝑠 is the particle density, 𝜌𝐷 is the product of the gas density and
the diffusivity, 𝑚𝑜∞ is the mass fraction of oxidizer in the free stream, and 𝑖 is the mass
stoichiometric index. From Eq. 2-1, the diffusion controlled burning time is proportional to the
particle diameter squared. In the case of kinetically controlled burning, the combustion time can be
defined as:

𝑡b,kin =

𝜌𝑠 𝑑0
,
2𝑖𝜌𝑚𝑜∞ 𝑘𝑠

(2-2)

where 𝑘𝑠 is the heterogeneous specific reaction rate constant for surface oxidation. The kinetically
controlled combustion time has a linear relationship with particle diameter. The quotient of the two
combustion timescales can be used to define a non-dimensional Damköhler (𝐷𝑎) number:

𝐷𝑎 =

𝑡b,diff
𝑑0 𝑖𝑚𝑜∞ 𝑘𝑠
=
𝑡b,kin
4𝐷𝑙𝑛(1 + 𝑖𝑚𝑜∞ )

(2-3)
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A unity Damköhler number (𝐷𝑎 = 1) defines the transition between the diffusion (𝐷𝑎 >
1) and kinetically controlled (𝐷𝑎 < 1) regimes. From Eq. 2-3, the effects of particle size and
ambient pressure on the rate-controlling physics can be inferred. Due to the direct relationship with
diameter, larger particles tend to be diffusion limited and therefore are more likely to burn in the
vapor phase. At increased pressure and if first-order reaction kinetics are assumed, the kinetic
timescale will decrease, and the diffusion timescale will increase. This suggests that high pressures
also tend toward diffusion-controlled combustion. Therefore, larger particles at high pressures are
more likely to experience diffusion-controlled combustion, and small particles at low pressures are
likely to be kinetically controlled. The following sections will discuss experimental studies that
have investigated various aspects of aluminum particle combustion, including the effect of particle
size and pressure on burning regime.

2.1.2 Aluminum single particle studies
Individual aluminum particle combustion has been studied experimentally to determine
phenomena such as ignition temperature, burn time, and burning regime. Early work by Friedman
and Maček [20] observed micron-scale aluminum particles burning in varying oxygen and water
concentrations at atmospheric pressure. They noted a vapor phase flame surrounding the particles
that moved closer to the surface as water vapor concentration increased. Subsequent micron-scale
aluminum particle investigations [21–24] at atmospheric pressure began to quantify ignition and
combustion characteristics with varying oxidizer compositions and particle sizes. These studies
provided initial results for particle combustion time as a function of particle diameter. Regarding
the burning regime, Bucher et al. [25] captured images and planar laser-induced fluorescence
measurements of micron-scale aluminum particles burning in air at ambient pressure. Figure 2-2
shows a vapor phase “envelope” flame surrounding a laser ignited aluminum particle. Similar
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experiments by Bucher et al. [26] observed aluminum particles in different oxidizing environments
as shown in Fig. 2-3. Compared to air, the flame envelope surrounding the particle with carbon
dioxide or steam is smaller. With carbon monoxide, the flame is very near the surface, suggesting
heterogeneous combustion.

Figure 2-2: Aluminum particle burning in air at ambient pressure [25].

Figure 2-3: Aluminum particles burning in different oxidizing environments [26].
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The effect of increasing pressure has also been studied for individual aluminum particles.
Yetter et al. [27] and Marion et al. [28] observed micron-scale aluminum particles burning in air at
pressures up to 40 atmospheres. Both studies noted a weak increase in burning rate as pressure was
increased. The study by Yetter et al. [27] also imaged aluminum particles burning at different
pressures as shown in Fig. 2-4. The images are in order of (non-uniform) increasing pressure from
left (1 atm) to right (60 atm). The authors note that the luminous envelope, a representation of the
reaction zone or flame, moves toward the particle with increasing pressure.

Figure 2-4: Al particles burning in air at various pressures. Pressure (in atm) in order from left to
right: 1, 2, 2, 5, 5, 10, 30, 40, 60 atm

Beckstead [29] summarized aluminum particle studies occurring prior to the year 2000
(including Ref. [20–24,26]). The compiled results included thirteen studies with particle sizes
ranging from 15 to 500 µm with a variety of oxidizer compositions and pressures. A comprehensive
burn time equation for a given particle diameter, 𝑑0 , was proposed [29]:

𝑡b =

𝑎𝑑0𝑛
,
𝑋𝑒𝑓𝑓 𝑃0.1

(2-4)

13

where effective oxidizer mole fraction is defined as 𝑋𝑒𝑓𝑓 = 𝐶𝑂2 + 0.6𝐶𝐻2 𝑂 + 0.22𝐶𝐶𝑂2 , 𝐶 is the
respective gas volume concentration, 𝑎 = 0.0244 and 𝑛 = 1.8. Pressure, 𝑃, is measured in
atmospheres, temperature, 𝑇0 , in kelvin, diameter in micrometers, and time in milliseconds.
Recent studies have expanded on the summary by Beckstead. Gill et al. [30] developed an
experiment that measured the combustion time of individually sized, laser-ignited aluminum
particles. They tested the effect of different oxidizers at atmospheric pressure and found that
relationships such as Eq. 2-4 cannot be applied accurately over a large range of particle sizes. Feng
et al. [31] studied both the ignition delay and combustion time of aluminum particles ignited in a
hot oxidizing gas and found that ignition delay and combustion time increase with increased
particle diameter. They also found that increasing the effective oxidizer mole fraction, as defined
above, decreased the combustion time but increased the ignition delay time for a given particle
diameter. Further investigations on the effect of elevated pressure were performed by Bazyn et al.
[32], where they observed micron-scale aluminum particles reacting in a shock tube at pressures
up to 30 atmospheres. They reported that the burn time decreased with increased pressure in
different concentrations of oxygen/argon and suggested that this behavior could be due to a
transition from diffusion-limited to kinetically-limited combustion [33]. With turbulence being
present in many combustion applications, Corcoran et al. [34] studied the effect of turbulence on
aluminum particle burn time. They found that increased levels of turbulence reduced the burn time.
From this work, they proposed a correction to be applied to laminar particle burn times to account
for the enhanced oxidation rate with increased turbulence.
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2.1.3 Aluminum dust flame studies
Compared to single particles, the study of metal dust flames has received relatively little
attention. Premixed metal dust flames are herein defined as fully mixed suspensions of metal
particles within an oxidizing gas. On the microscale, metal dust flames are an extension of single
particle oxidation, where the previously discussed reaction rate-controlling processes occur but
may no longer be independent of neighboring particles. Metal dust flames, however, are typically
studied on the macro-scale and measurements are taken to characterize the field of burning
particles. The principle measurement used to characterize a metal dust flame is the burning velocity,
which as defined in [35], is the velocity that unburned reactants move through a stationary
combustion wave normal to its surface. In a Bunsen burner-type experiment, which are frequently
used in the study of metal dust flames, the burning velocity can be calculated by dividing the
volumetric flowrate of reactants by the internal surface area of the flame. In studying the laminar
burning velocity of metal dust flames, the composition of the reactants and/or the conditions in
which the reaction takes place can be varied to provide insight into the governing physics. For a
given metal, varying the reactant composition can be done in many ways such as changing the
metal particle size, oxidizing gas, or overall mixture stoichiometry. Particle concentration, which
is analogous to equivalence ratio at a fixed pressure, is a measure of the mass of particles in a given
volume of oxidizer. Most prior metal dust flame studies have focused on modifying the reactant
composition at atmospheric pressure.
Industrial plant and mine explosions caused by dust dispersed in ambient air motivated
some of the earliest research into dust flames [36]. Cassel et al. [12,37,38] established the study of
dust flames for industrial and process safety. Using coal, aluminum, and magnesium particles,
Cassel [37] studied the ignition, laminar burning velocity, and thermal aspects of dust flames. He
noted unique aspects of dust flames such as the importance of radiation heat transfer/losses and a
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cooperative effect that allows multi-particle systems to ignite at lower temperatures than single
particles [38]. In a study focused on micron-sized aluminum burning with air and diluted oxygen,
Cassel et al. [12] investigated the effect of stoichiometry, particle size, and turbulence on burning
velocity. They found that for fuel-lean laminar flames, burning velocity increases with increasing
concentration, decreasing particle size, and increased turbulence. In another early work, Ballal [39]
studied metal dust flames in a zero gravity environment to remove buoyancy effects. He determined
that both reaction zone thickness and burning velocity are influenced by particle size and dust
concentration. Similar to Cassel et al. [12], both investigations examined fuel-lean mixtures. In
contrast, fuel-rich metal dust flame burning velocities exhibit almost no dependence on particle
concentration. This was first shown by Goroshin et al. [40] and is a distinct difference from
premixed gas flames, which typically have a peak burning velocity near unity stoichiometry that
falls off with increasingly off-stoichiometric conditions. Goroshin et al. [41] further studied the
burning velocity of rich aluminum dust flames with a Bunsen-type burner. They found that higher
oxygen concentration in an Al-N2-O2 mixture increased the burning velocity while maintaining the
same weak dependence on mixture dust concentration. They proposed that the independence of
burning velocity on dust concentration was due to particles reacting in the diffusion-controlled
regime, where burn rate is independent of flame temperature
Following these early works, studies have continued to demonstrate the functional
relationship between laminar burning velocity and particle size/concentration. Implementing
refined experimental and diagnostic techniques, recent works have investigated more acute aspects
of metal dust flames such as the particle burning regime. Poletaev and Florko [42,43] measured
radiation characteristics of Al-N2-O2 flames on a coaxial burner with ~5 μm particles. Their
findings included evidence for particles burning in the diffusion-limited regime and also the effect
of particle concentration on radiation heat transfer. Based on atomic Al spectral line and luminosity
measurements, they reported vapor-phase detached envelope flames surrounding each particle at a
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radial distance five times the particle radius (𝑟𝐹 = 5𝑟𝑝 ) in a fuel-rich mixture [42]. This suggests
that particles are burning in the diffusion-limited regime. They also determined that radiation heat
losses can be greater than 20% of the total heat release by combustion and that radiation losses
increase with increasing particle concentration [43]. Goroshin et al. [44] performed emission
spectroscopy on fuel-rich ~5 μm aluminum Bunsen flames where the oxidizer was varied between
air, O2-Ar, and O2-He mixtures. They reported evidence for diffusion-controlled combustion with
Al-air and kinetically-controlled combustion with Al-O2-He. This transition is attributed to the
higher diffusivity of the O2-He mixture, which from Eq. 2-3 in the previous section, reduces the
Damköhler number. Using a constant volume combustion experiment (closed spherical bomb),
Lomba et al. [45] estimated burning velocity and burning regime characteristics of sub-20 μm
aluminum particles oxidized by a stoichiometric synthetic (80% N2/20% O2) air mixture. Pressure
traces combined with a semi-empirical correlation for dust explosions were used to determine
laminar burning velocity. The results demonstrated the familiar increase in burning velocity with
decreased particle diameter. Using emission spectroscopy, Lomba et al. [45] also found that vaporphase flames were present for particles as small as ~7 μm. Further, using two-color ratio pyrometry
temperature measurements, they found that the flame temperature decreased as particle diameter
decreased, suggesting that the reaction zone was moving closer to the particle. Applying both
emission and absorption spectroscopy to a flat flame burner experiment, Soo et al. [46] studied
stoichiometric aluminum-air flames with a mean particle size of ~4 μm. Similar results supporting
the existence of diffusion-limited detached vapor-phase flames surrounding each individual particle
were obtained.
Several recent studies have been conducted to investigate the laminar burning velocity of
premixed metal dust flames. Risha et al. [47] developed a Bunsen burner style reactor for the
purpose of studying aluminum-steam flames, but their initial work investigated the effects of
stoichiometry on laminar burning velocity in aluminum-air flames. They found the laminar burning
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velocity to be nearly constant over a range of fuel-rich particle concentrations, and that the laminar
burning velocity will self-adjust to increases in volumetric flowrate of reactants. Julien et al. [48,49]
investigated the effect of scale on freely propagating aluminum particle suspensions in air. Using a
lab-scale isobaric experiment, where aluminum and air were injected into a balloon and ignited,
they found agreement with burning velocities found in Ref. [41]. In contrast, using a large-field
experiment, where a 4-meter aluminum dust cloud was ignited in air, they recorded burning
velocities double that of values reported in previous works. The increase in burning velocity was
attributed to radiation preheating of the unburned mixture ahead of the combustion wave. Due to
differences in experimental conditions/techniques and aluminum particle sizes, most previous
aluminum-air flame studies report different burning velocities. For this reason, Lomba et al. [50]
developed a well characterized Bunsen style burner and studied both lean and rich aluminum-air
flames using a combination of emission spectroscopy, particle image velocimetry (PIV) and laser
sheet tomography. They obtained reproducible burning velocity results with ~7 μm mean diameter
particles that agreed well with measurements by Julien et al. [51]. The work by Julien et al. [51]
was conducted using a counterflow burner where burning velocity was determined using PIV and
rich aluminum-air flames were studied with ~5 μm mean diameter particles. Fig. 2-5 provides a
broad summary of laminar burning velocity results for aluminum particles burning in air, where
available, from previous studies.
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Figure 2-5: Compilation of previous atmospheric pressure aluminum-air dust flame burning
velocity results as a function of dust concentration.

It is apparent from the preceding discussion and Fig. 2-5 that metal dust flames, specifically
aluminum in air, can be studied using a wide variety of experimental techniques and conditions.
However, to the best of the author’s knowledge, all reported literature of metal dust flame burning
velocities have been limited to atmospheric pressure conditions. Recalling the Damköhler number
relationship from Eq. 2-3, which suggests that pressure can influence the burning regime of metal
particles, and the work by Yetter et al. [27] and Marion et al. [28], which showed a decrease in
burning time of individual particles with increased pressure, one would expect that an increase in
pressure could affect the laminar burning velocity of metal dust flames. It was also discussed that
elevated pressure could potentially increase the adiabatic flame temperature of an aluminum-air
mixture. As such, this thesis will focus on the effect of elevated pressure on the laminar burning
velocity and temperature fields of micron-scale aluminum-air dust flames. Additionally, given the
practical importance of turbulence and the enhanced burning rate observed for single particle
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combustion [34], burning velocity dependence on turbulence intensity will be investigated for a
fixed laminar Reynolds number flow.

2.2 Background

2.2.1 Experiment design
In the previously described metal particle flame experiments, fuel and oxidizer were
transported vertically upward (opposite to the gravitational vector) through an injector (i.e., a tube)
to produce a stable flame structure. As will be shown, this approach requires that the unburned flow
velocity exceed some minimum to avoid a phenomenon referred to as “choking”, where particle
velocities slip relative to the gas velocity, potentially resulting in particle dropout. In this context,
“slip” is the difference in velocity between a particle and its carrier gas. For atmospheric pressure
flames, as in Ref. [41,44,47,50,51], suitable injector designs coupled with particle diameters < 10
µm produced stable premixed metal dust flames. However, for a fixed mass flow rate of powder
and stoichiometry, elevated pressures will increase the gas density and subsequently lower the flow
velocity, which could lead to the choking phenomena. In this work, in order to allow for testing
over a wide range of particle sizes and pressures, the fuel/oxidizer injector was oriented vertically
downward (directionally aligned with the gravitational vector). To the best of the author’s
knowledge, this method has not been used before in an academic laboratory setting to obtain metal
particle flame measurements.
In a particle-laden flow (e.g., aluminum powder in air) that is being pneumatically
conveyed vertically upward, the choking velocity [52] can be described as the transition between
dilute to dense-phase flow; highlighting the fact that for a fixed solid mass flow rate, a decrease in
gas velocity will result in an increased volumetric solids concentration. The choking velocity for a
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given system can be experimentally determined by initiating a uniformly dispersed dilute-phase
flow and gradually reducing the flow velocity until the particle velocities experience slip, the
particle concentration increases, and the suspended particles become unstable and collapse. This
transition is known to be sharp, and after it occurs the dense phase flow will form groups of
particulate “slugs” and/or clusters of particles with large amounts of recirculation. In either case,
the flow is non-uniform and unstable. In this work, the choking velocity was analyzed using the
empirical relationships developed by Yang [53] and Leung et al. [54]. The following provides an
overview of the analysis and representative results with respect to the particle sizes and pressures
studied in this thesis.

Yang:
2

2𝑔⃑𝐷(𝜀𝑐−4.7 − 1)⁄(𝑣𝑐 − 𝑤𝑓0 ) = 0.01

(2-5)

Leung et al.:
𝑣𝑐 = 32.3(𝑐𝑐 ) + 0.97(𝑤𝑓0 )

(2-6)

𝑣
𝑐𝑐 = ( 𝑚𝑒𝑎𝑛⁄𝜀𝑐 − 𝑤𝑓0 )(1 − 𝜀𝑐 )

(2-7)

In equations 2-5 – 2-7, choking velocity, 𝑣𝑐 , can be explicitly calculated. The formulation
by Yang (Eq. 2-5) depends on the gravitational acceleration, 𝑔⃑, tube inner diameter, 𝐷, voidage, 𝜀𝑐 ,
and particle terminal velocity, 𝑤𝑓0 . The formulation by Leung et al. (Eq. 2-6 and Eq. 2-7) depends
similarly on voidage and terminal velocity but also on the mean flow velocity, 𝑣𝑚𝑒𝑎𝑛 . Voidage is
defined as 𝜀𝑐 = 1 − 𝜌∗ ⁄𝜌𝑝 where 𝜌∗ is the apparent bulk density and 𝜌𝑝 is the particle density. In
order to calculate terminal velocity, further information about the particle flow regime as it relates
to particle drag and Reynolds number is necessary. It was assumed in the analysis and later verified
in testing that all conditions of interest fell into the Stokes or intermediate regimes of particle flow.
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Equations 2-8 and 2-9 from Ref. [7] were used to calculate terminal velocity for Stokes and
intermediate flows, respectively.

𝑤𝑓0 =

𝑤𝑓0 =

𝑑2 (𝜌𝑝 − 𝜌)
𝑔
18𝜇

0.153𝑔0.71 𝑑1.14 (𝜌𝑝 − 𝜌)0.71
𝜌0.29 𝜇 0.43

(2-8)
(2-9)

In the equations for terminal velocity, 𝑑 is the particle diameter and 𝜌 is the gas density. To
determine the flow regime (Stokes or intermediate), denoted by the variable 𝐾, the criterion
developed by McCabe and Smith [55] is used instead of the particle Reynolds number.

𝐾 = 𝑑 (𝑔𝜌

𝜌𝑝 − 𝜌 1/3
)
𝜇2

(2-10)

Where μ is the gas dynamic viscosity and the regimes are defined as:
Stokes:

𝐾 < 3.3

Intermediate: 3.3 < 𝐾 < 43.6

Using equations 2-5 – 2-7 the choking velocity was calculated and compared to the mean
flow velocity for a range of different tube diameters, pressures, oxidizer flowrates, stoichiometries,
and particle sizes. The mean flow velocity, 𝑣𝑚𝑒𝑎𝑛 , was calculated from the oxidizer flowrate and
the inner tube diameter. The comparison between the mean flow velocity and the choked flow
velocity was used to determine whether a given set of conditions had the potential to choke. The
following basic criteria was used:
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No choking: 𝑣𝑚𝑒𝑎𝑛 > 𝑣𝑐
Potential for choking:

𝑣𝑚𝑒𝑎𝑛 < 𝑣𝑐

Previous research and procured hardware (e.g., combustion chamber and fuel feed system)
were used to establish realistic ranges for system variables as inputs to the choking velocity
calculations. A baseline of 0.14 g/s of metal powder was combined with a stoichiometry range of
1.0 < 𝛷 < 1.5 to determine oxidizer flowrates. The desired pressure range was between 14.7 psi
(atmospheric pressure) and ~100 psi. Tube diameters for testing were assumed to be below 1.0ʺ
(inner diameter). Metal powder particle diameters ranged from 5 to 40 µm. Figures 2-6 and 2-7
illustrate the results from two different pressure/injector tube combinations, where choking velocity
is plotted as a function of particle diameter. Details for the inputs of each scenario are given in
Table 2-2.

Figure 2-6: Choked flow velocities as a function of particle size for scenario 1 conditions.
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Figure 2-7: Choked flow velocities as a function of particle size for scenario 2 conditions.

Table 2-2: Input parameters for choked flow modeling scenarios.
Scenario

Pressure (psi)

𝑚̇𝐴𝑙 (g/s)

𝑄̇𝐴𝑖𝑟 (SLM)

Φ

Tube ID (inch)

1

14.7

0.14

18

1.41

0.87

2

105

0.14

18

1.41

0.402

For both scenarios shown in Fig. 2-6 and Fig. 2-7, the choked flow velocity using the Yang
formulation (Eq. 2-5) is greater than the mean flow velocity for all particle sizes. This implies that,
according to Yang, there is potential for the flow to choke in both scenarios at all particle sizes
considered. For scenario 1, the Leung et al. choked flow velocity is below the mean flow velocity,
indicating that the flow would not choke. However, for scenario 2 at a particle size of ~25 μm the
Leung et al. choking velocity becomes greater than the mean flow velocity. Thus, there is potential
for choking with both the Yang and Leung et al. formulations with the scenario 2 conditions and
particles above 25 μm. These results indicate the possibility that, if conveyed vertically upward,
the metal particles within the oxidizing gas flow could choke within the range of particle diameters
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and pressures of interest. This analysis was used to justify the development of a system where the
flow is oriented vertically downward to avoid flow choking or particle drop out, whereas previous
experiments were oriented vertically upward. The basic difference in design principles is illustrated
in Fig. 2-8.

Figure 2-8: Flow transport direction relative to gravitational vector of the experiment in this work
(left) and similar works (right).

2.2.2 Aluminum powder characteristics
Three different size distributions of aluminum powder were investigated in this work. The
powders, designated H-10, H-15, and H-30 by the manufacturer (Valimet Inc.), had volumetric d50
diameters of 13.6, 21.2, and 32.2 μm, respectively. The raw powder was acquired from the
manufacturer and surface treated by the Penn State Applied Research Laboratory to improve its
rheological properties (e.g., fluidization, flowability, compressibility, etc.). The fuel feed system
used argon gas to fluidize and carry the aluminum particles through a sub-300 µm (0.0115ʺ) orifice.
Small aluminum particles are known to have cohesive properties [56] and surface treatment was
necessary for reliable operation of the fuel feed system. All particles were treated with alkoxysilane
in a processes described in detail by Ludwig and Miller [56].
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The size distributions of the three powders on a number and volume basis are shown in
Fig. 2-9. Particle samples were sized with laser diffraction using a Malvern Mastersizer 3000
particle size analyzer at the Penn State Materials Characterization Laboratory.

Figure 2-9: H-10, H15, and H-30 particle size distributions from Malvern Mastersizer 3000 on a
number (top) and volumetric (bottom) basis.

The reason for using multiple particle size distributions was to observe the effect of particle
diameter on burning behavior, as in previous studies [12,29–31,39]. It should be noted that the three
powders used in this work have larger mean particle diameters and wider size distributions than
that of most previous micron-scale aluminum dust flame studies. As particle size decreases,
cohesive properties increase, and particles are more challenging to flow or convey. Additionally,
as a general trend, an increased amount of carrier gas is needed to flow smaller diameter metal
particles due to their relatively poor rheological properties. Further, generating narrow particle size
distributions is time consuming and unlikely, although possible, to be done in bulk quantities. The
aluminum powders used in this work were available commercially off the shelf in large-scale
quantities, making them more realistic for future power or energy generation applications.
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2.2.3 Flame imaging principles
High-speed imaging of particle incandescence was used in this work to determine the
burning velocity and temperature of flames. High framerates were necessary to allow for averaging
of a series of images over a relatively short period of time to minimize the impact of flame
fluctuations. For burning velocity measurements, images were used to extract the internal surface
area of the flame front. For temperature field measurements, images were acquired through two
narrow-band interference filters with different central wavelengths to perform two-color ratio
pyrometry. In both measurements, images first had to be corrected using tomographic inversion
before they could be quantitatively analyzed. Tomographic inversion was required because the
collected signal from the flame was recorded as a path integrated measurement at the detector,
meaning that the intensity profile produced by the camera was not representative of a cross-section
(or radially-resolved profile) of the flame. Taking advantage of the cylindrical symmetry of the
flames, a mathematical transformation could be used to recover radially resolved signal intensity
profiles. The radially-resolved data represents a cross-section of the flame and could therefore be
used to determine the internal surface area of the flame along with its temperature field.

2.2.3.1 Tomographic inversion
An illustration of the difference between a path integrated and radially resolved profile for
a cylindrically symmetric flame is shown in Fig. 2-10. Mathematically, the axisymmetric
deconvolution from path integrated, 𝑃(𝑥), data to radially resolved, 𝐹(𝑟), data is governed by
Abel’s integral equation (Eq. 2-11) [57].
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Figure 2-10: Illustration of a path integrated and radially resolved intensity profile from the lineof-sight data of an axisymmetric flame.

𝑅

𝑃(𝑥) = 2 ∫
𝑥

𝐹(𝑟)𝑟
√𝑟 2 − 𝑥 2

𝑑𝑟 ↔ 𝐹(𝑟) =

−1 𝑅 𝑃′ (𝑥)
∫
𝑑𝑥
𝜋 𝑥 √𝑥 2 − 𝑟 2

(2-11)

To perform deconvolution with image data, an onion peeling coefficient matrix was used
along with Tikhonov regularization [58]. Regularization was necessary due to the high condition
number of the coefficient matrix and the resulting tendency to propagate and amplify noise in pathintegrated data during inversion. Methods for selecting the severity of the regularization have been
detailed previously, as in Åkesson and Daun [59]. In this work, the L-curve criterion was used to
select the regularization parameter, after which it was applied as a constant for each row of data in
the image. Figure 2-11 illustrates an example of a flame image prior to (left) and after the
deconvolution (right).
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Figure 2-11: Comparison of averaged flame image before (left) and after (right) tomographic
inversion. Centerline (CL) shown on each image.

2.2.3.2 Two-color ratio pyrometry
Two-color ratio pyrometry is a non-invasive optical technique that relates the ratio of
incandescence signals, collected at two separate wavelengths, to temperature through Planck’s Law
[57]. The incandescence from a heated body (in this work, native Al2O3 particles), is collected by
the camera through two narrowband interference filters. The ratio of the two signals (i.e., two
images) is used to determine temperature based on a lookup table (defined in Eq. 2-13) that is
constructed from Planck’s law (Eq. 2-12), which relates the intensity of radiation, (𝐼(𝜆, 𝑇)), emitted
at wavelength, λ, to a material temperature, 𝑇, and an emissivity, 𝜀(𝜆).

𝐼(𝜆, 𝑇) = 𝜀(𝜆)

2𝜋ℎ𝑐 2
𝜆5 (𝑒 ℎ𝑐⁄𝜆𝑘𝑇 − 1)

(2-12)
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The speed of light is 𝑐, ℎ is Planck’s constant, and 𝑘 is the Boltzmann constant. The detector
integrates the incandescence signal over wavelength and time. However, since the spectral
detection is narrowband (because of the filters), no integral is necessary. In addition, since the two
spectral images were acquired with the same exposure and light collection geometry, the
proportionality terms cancel out in the ratio. The ratio, R, is proportional to spectrally-dependent
terms from Planck’s Law and a calibration constant, C, that accounts for the difference in spectralthroughput of the light collection system at the two wavelengths.

𝑅=

𝐼(𝜆1 , 𝑇)
𝜀(𝜆1 )𝜆52 (𝑒 ℎ𝑐⁄𝜆2 𝑘𝑇 − 1)
=𝐶
𝐼(𝜆2 , 𝑇)
𝜀(𝜆2 )𝜆15 (𝑒 ℎ𝑐⁄𝜆1 𝑘𝑇 − 1)

(2-13)

An additional requirement is a model for the spectral dependence of the emissivity of the
emitting material. In a prior study, Al2O3 emission was found to dominate the incandescent signal
from aluminum combustion [60], and as such, the spectral dependence of the emissivity of Al2O3
was used in this work. An example of an experimentally obtained relationship for micron-scale
Al2O3 from Kalman et al. [61] is 𝜀(𝜆)~ 1⁄𝜆1.4 . Inserting this dependency into Eq. 2-13 produces
Eq. 2-14. A further discussion on the selection of the emissivity wavelength dependence will be
discussed in section 5.2.2. The two filter central wavelengths used in this work were 700 nm and
900 nm. These were carefully selected to avoid aluminum monoxide (AlO) emission lines (<540
nm [62]) and to remain below the upper wavelength limit of the imaging detector. Similar filter
wavelengths were used previously for performing two-color ratio pyrometry on aluminum-air
flames by Lomba et al. [45].

𝑅=

ℎ𝑐 ⁄𝜆2 𝑘𝑇
𝐼(𝜆1 , 𝑇)
𝜆6.4
− 1)
2 (𝑒
= 𝐶 6.4 ℎ𝑐⁄𝜆 𝑘𝑇
1
𝐼(𝜆2 , 𝑇)
𝜆1 (𝑒
− 1)

(2-14)
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To account for the imaging efficiency ratio (C), the exact camera and filter setup was used
to image a NIST traceable tungsten lamp, which has a known emissivity and temperature for a
given current. The camera “calibration” process, used to determine the constant, is described in
Appendix C. After calibration, an equation in the form of Eq. 2-14 was used to calculate a lookup
table for temperature as shown in Fig. 2-12. This table was applied to the ratio of tomographic
inverted signal intensities at each pixel to calculate temperature.

Figure 2-12: Two-color ratio pyrometry lookup values plotted to show signal ratio temperature
dependence for 𝜀(𝜆)~ 1⁄𝜆1.4 .

2.2.4 Particle image velocimetry
The system used to produce aluminum-air flames in this work is an upside-down premixed
jet, where the aluminum-air mixture flowed out of a circular tube. Particle image velocimetry (PIV)
was used to characterize the velocity field and turbulence characteristics of the particle-laden flow.
High-speed images were acquired of representative non-reacting flows illuminated by a
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continuous-wave laser sheet. The image sets were processed to extract two-dimensional vector
fields that represented the flow direction and speed. The results were used to calculate timeaveraged velocity profiles and a quantitative measure of turbulence intensity. This section will
provide a brief overview of the PIV technique and analysis methods applied in this work. Details
regarding the specifics of the PIV hardware setup and results will be included in sections 3.2.5 and
4.6.1, respectively.
Particle image velocimetry, and more specifically digital particle image velocimetry, is a
quantitative flow visualization technique that allows for the measurement of complex instantaneous
velocity fields [63]. By imaging scattered light from tracer particles within a flow, PIV allows for
velocity measurements to be taken non-intrusively (i.e., no probe or sensor placed into the fluid
flow), although the effect of seed particles on the base flow must be considered. A simplified
schematic of the PIV experiment conducted in this thesis is shown in Fig. 2-13. The major
components are seed particles, illumination source (i.e., laser), and imaging equipment. Seed
particles, or flow tracers, are the solid (and sometimes liquid) particles that are dispersed in a flow
and used to scatter light to the detector, thereby conveying information about their position in space.
The particles must have a relatively small diameter and a low enough density to faithfully follow a
given flow (i.e., Stokes number < 0.1). In PIV, it is common for lasers to be combined with optical
lenses to form a sheet that illuminates a thin plane of tracer particles. The detection system typically
consists of a high-speed camera combined with imaging lenses and narrow-band filters, centered
at the laser wavelength, to image scattering from the illuminated tracer particles. A sequence of
images with known time spacing can be processed with commercial software to produce a multidimensional velocity field between two consecutive images. The set of velocity fields are then used
to evaluate the kinematics of the fluid flow.
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Figure 2-13: Schematic of the main components in a PIV experimental setup

With a sequence of images, analysis is typically done in three steps: pre-processing, image
evaluation, and post-processing [64]. Pre-processing methods vary widely, but in general are used
to enhance images by modifying contrast and filtering unwanted information to improve the
accuracy of the analysis. Most PIV analysis codes use a cross-correlation function to determine the
displacement of particles between consecutive images [65]. Assuming two images are captured at
times 𝑡0 and 𝑡0 + ∆𝑡, the displacement of a group of particles from the first to second image can be
used to determine the velocity of that particular group. An entire image can be subdivided into
small groups of particles, called interrogation areas, which are then correlated from one image to
the next in series. The correlation gives the most probable displacement of each particle group,
resulting in a velocity vector field [64]. A simplified example of cross-correlation is shown in Fig.
2-14.
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Figure 2-14: Conceptual illustration of PIV cross-correlation (based on Ref. [63])

After analyzing an image pair (or series of image pairs), post-processing is done to validate
the vector field. This is typically done to remove any outlier vectors that are not representative of
the true velocity field [63]. By performing the cross-correlation on a series of image pairs, timeaveraged or time-varying quantities can be determined in a flow of interest. For example, if 𝑁
images are taken, then 𝑁⁄2 consecutive image pairs can be analyzed. The vector fields from the
image pairs can be averaged to extract average velocity profiles. Vector fields can also be used to
determine velocity deviations from the mean which allows for a calculation of turbulence intensity.
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Chapter 3

Experimental Setup and Development

All experimental testing presented herein was conducted in the Cryogenic Combustion
Laboratory of the Kenneth K. Kuo High Pressure Gas Lab at The Pennsylvania State University in
collaboration with the Penn State Applied Research Laboratory (ARL). The experimental hardware
consists of three major components: a high-pressure metal powder feed system, a fuel injection and
oxidizer mixing element (flange insert), and an optically accessible high-pressure combustion
chamber. Various ancillary systems were used for pressure control and purging of the major
components. The experiment was located in a reinforced-concrete wall test cell and the system was
controlled remotely from an adjacent room. A National Instruments LabVIEW VI program was
written for both system control and measurement data acquisition. The LabVIEW VI
communicated with analog/digital modules within a National Instruments cDAQ chassis. Optical
diagnostics were performed using a Phantom v1212 high-speed camera. In this chapter, the design
of both the experimental hardware and the control and data acquisition systems will be discussed.
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3.1 Hardware
This section contains the details of the experimental hardware, including major and
ancillary components. Unless otherwise specified, all metal components were fabricated from 316L
stainless steel due to its relatively low cost and robust strength properties at high temperature.
Figure 3-1 is provided as an initial reference to the orientation of the fuel feed system, flange insert
and combustion chamber. This schematic is not to scale but does provide a quasi-physical
representation of the system. A full system P&ID is included at the end of this section (Fig. 3-15).

Figure 3-1: Schematic of major components of the metal dust flame combustion experiment.
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The fuel feed system includes a reservoir that contains metal powder. This reservoir is
pressurized with argon gas which both drives and carries the metal powder when the control valve,
AFV, is opened. There is a line from the exit of the fuel feed system to the injector head at the top
of the flange insert. The oxidizer line is also connected to the injector head. When AFV and the
oxidizer control valve, OFV, are opened, fuel and oxidizer meet at the injector head and mix as
they travel down the length of the flange insert. At the end of the flange insert, the fuel and oxidizer
are ignited to produce a continuous, self-sustaining flame within the combustion chamber. The
flame is imaged through the optical window of the chamber, and reaction products exit the chamber
through the exhaust line. This process was controlled remotely, and typical test durations were
approximately thirty seconds.

3.1.1 Fuel feed system
The fuel feed system was based on a design from the Penn State Applied Research
Laboratory and was intended to be used for short-duration tests (< 1 min.) at low flow rates
(< 5 g/s). An inert gas (e.g., argon) is used to pressurize a metal powder fuel reservoir which then
serves as a carrier for metal powder through an internal orifice. Flow of carrier gas and powder is
controlled (i.e., stopped and started) by a pneumatically actuated ball-valve (AFV) located
downstream of an internal orifice. Figure 3-2 provides a detailed view of the fuel reservoir
assembly.
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Figure 3-2: Metal powder fuel feed system reservoir assembly schematic (left) and actual (right).

The fuel feed reservoir consists of an 8ʺ long, 2ʺ outer diameter quick-clamp tube section
with a cap flange on one end and a custom flange assembly containing a machined orifice on the
other. Depending on the fuel, the orifice diameter was either 0.0095ʺ or 0.0115ʺ. The cap flange
has a 1/4ʺ Swagelok male tube fitting welded to it, which serves as the inlet for the inert carrier gas.
When pressurized, metal powder within the reservoir passes through the orifice within the bottom
flange assembly to the control ball-valve (AFV). For a given fuel, it is the orifice diameter along
with the differential pressure across the orifice that determines the mass flow rate of powder.
Stainless-steel quick-clamps connect the three sections with Buna-N gaskets in-between to provide
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an air-tight seal. The system was loaded with metal powder by removing the cap and pouring in
powder through an ASTM 100 mesh sieve and funnel. When installed, the fuel feed reservoir was
mounted to a fixture on the second level of the test cell, as shown in Fig. 3-1.
The argon carrier gas was supplied from a Praxair type-T compressed gas cylinder. Gas is
routed from the argon cylinder on the ground level to the cap flange of the fuel feed reservoir using
1/4ʺ Parker high-pressure rubber hose. The pressure of the gas was controlled at the cylinder with
a 0-200 psi regulator. Downstream of the orifice assembly, there was a 4ʺ length 1/8ʺ OD (0.027ʺ
ID) tube that connects to the inlet of a 1/8ʺ Swagelok control ball-valve (AFV), which was then
followed by a 56ʺ length 1/8ʺ (0.027ʺ ID) tube connects the outlet of the ball-valve to the inlet of
the injector tube on the injector head of the flange insert.

3.1.1.1 Fuel feed calibration
Metal powder flowrate from the fuel feed system was not measured directly during testing.
Instead, by experimental calibration, the powder flowrate was correlated to the differential pressure
across the fuel feed system (for a given orifice diameter). By measuring the mass flow rate of
powder over a range of pressures, calibration curves were created for mass flowrate as a function
of differential pressure. During hot-fire testing, the same differential pressure across the fuel feed
system was measured and therefore the mass flowrate of metal powder could be determined from
the calibration curve. These calibrations were performed intermittently throughout the overall data
collection process for verification and to track any changes. The hot-fire reference calibrations were
done with the exit at atmospheric pressure and were found to be repeatable to within 5% for a given
differential pressure. Figure 3-3 shows a simplified schematic of the calibration setup.
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Figure 3-3: Experimental configuration for fuel feed system calibration

At each calibration point, the fuel feed system was pressurized with argon to a pressure
between 3 and 10 psi. Metal powder was then flowed from the feed tube into a Pyrex flask sitting
on top of a 0.01-gram resolution digital scale. Powder was flowed for 40 seconds and the mass was
visually documented from the screen of the scale every 10 seconds (not including 0 seconds). The
difference was taken between each of the 4 measurements for a total of 3 data points each run. The
three data points were averaged, and the value was divided by 10 (seconds) to get the average mass
flow rate for the given pressure. Figure 3-4 gives an example of this procedure.
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Figure 3-4: Example fuel feed system calibration calculation

One inaccuracy of the calibration method was the visual reading of the digital scale while
the value was changing. This inaccuracy was accounted for by the three-value averaging and by
frequent calibration verification. The other option for calibration was to flow powder for a specified
period of time and then document the mass after each period. This method was not used because it
didn’t allow linearity of the flowrate to be checked and extra powder within the feed tube at start
and stop caused the flowrate to be overestimated.
Representative calibration curves for the H10, H15 and H30 fuels are shown in Fig. 3-5.
To aid in data processing, a polynomial curve-fit was applied to each set of data points. The
polynomial equation was used to determine metal powder flowrates after hot fire tests using the
differential pressure (DPAl) measurement data.
In addition to the hot-fire reference calibrations performed at atmospheric pressure, a
limited number of calibrations were performed at an elevated system pressure to determine if
increasing the pressure had an effect on the fuel flowrate. These were done by flowing powder into
a flask within the pressurized chamber for a specified period of time and then documenting the
collected mass. The flowrates of powder at elevated pressures up to 75 psi were measured and
found to be the same as the atmospheric-exit values.
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Figure 3-5: Fuel feed system calibration curves for H-10, H-15, and H-30 aluminum powders.
Orifice diameter included next to powder size in legend.

3.1.2 Flange insert
The flange insert is an assembly of stainless-steel tubing and fittings that screw into the top
flange of the combustion chamber. Fuel and oxidizer are injected into one end of the flange insert
where they are subsequently mixed and transported into the combustion chamber. The main
components of the flange insert are the outer tube/body, inner mixing tube, injector head and the
ignition system. The body of the flange insert has a threaded plug portion and a face sealing (via
an O-ring) flange. By exchanging fittings, the flange insert can be reconfigured with different
mixing tube sizes up to a 1.5ʺ outer diameter. Figure 3-6 displays the 3/4ʺ outer diameter mixing
tube (left), outer tube/body (center), and the full assembly with the 3/4ʺ mixing tube (right).
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Figure 3-6: Flange insert CAD model images shown to scale. 0.75ʺ mixing tube (left), outer tube
and threaded body (center), and full flange insert with 0.75ʺ mixing tube (right).
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3.1.2.1 Outer tube/body
The threaded body, which screws into the top flange of the combustion chamber, is 4.66ʺ
in diameter with 12 TPI threading. A 1.5ʺ OD (1.37ʺ ID) stainless-steel tube (outer tube) passes
through the body center and is welded on either side. On top of the outer tube is a welded 1ʺ
Swagelok union tee, which is where the inner mixing tube connects. It is also possible for the 1.5ʺ
outer tube to serve as the mixing tube, although it was not necessary in this study. On top of the
flange insert and adjacent to the outer tube, there is a 1/8ʺ NPT threaded through hole where the
hot-wire igniter feed-through is situated. On the underside of the flange there is a groove for a
Parker 2-251 O-ring that provides a face seal when the flange insert is screwed into the combustion
chamber.

3.1.2.2 Mixing tube
The inner mixing tube is concentric with and passes through the full length of the outer
tube/flange. Different sized Swagelok fittings are used to connect the top of the mixing tube to the
Swagelok union tee (on the outer tube). At the bottom, a centering ring is used to position the
mixing tube within the outer tube. The bottom of the mixing tube is where the fuel and oxidizer
were ignited and where the flame stabilized. There were multiple inner mixing tube diameters that
could be exchanged depending on the desired mass flow rate, stoichiometry, and pressure
conditions. Typical mixing tubes had an outer diameter of 1ʺ, 3/4ʺ and 1/2ʺ with various inner
diameters (i.e., wall thicknesses). Each mixing tube had a length of approximately 30ʺ. The portion
of the mixing tube below the bottom face of the threaded body was approximately 10.75ʺ for all
mixing tube sizes. This meant that the base of the flame was in nearly the same location for all
tests.
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For each chamber test pressure, a different sized (inner diameter) mixing tube was used to
transport the fuel and oxidizer. Sizing the mixing tube for atmospheric pressure was done through
direct experimental testing, and it was found that a 0.87ʺ inner diameter tube worked best for flame
holding all three (H-10, H-15, and H-30) aluminum powders. Subsequent mixing tubes for the
elevated pressures tests were sized by trying to match the mean unburned exit flow velocity to that
from the 0.87ʺ mixing tube at atmospheric pressure. For a given mass flowrate of fuel and with the
ability to also adjust the oxidizer flowrate, this worked well as a sizing method. Due to gas density
increasing with increased pressure, tube inner diameters had to decrease to maintain a constant
velocity. Table 3-1 below gives the details of each mixing tube used in this work.

Table 3-1: Mixing tube size information for each target pressure.
Mixing tube outer/inner dimeter (inches)
Target Pressure (psig)

H-15

H-10

H-30

0

1/0.87

1/0.87

1/0.87

15

0.75/0.68

-

-

30

0.75/0.584

-

-

60

0.5/0.43

-

-

90

0.5/0.402

-

-

With inner tube diameters decreasing with increasing pressure, it was not practical to use
a constant outer diameter tube across the pressure range; therefore, multiple outer diameter sized
tubes were required. Outer diameters of 1ʺ, 0.75ʺ and 0.5ʺ were used. Each tube outer diameter size
had an injector head for a total of three injector heads and five mixing tubes.
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3.1.2.3 Injector head
The injector head consists of a stainless-steel injection tube attached to a Swagelok union
tee. The injector head attaches to the top of the mixing tube (see Fig. 3-6). Oxidizing gas enters the
union tee through a 1/4ʺ Swagelok male fitting and encounters powder flowing through the
injection tube within the mixing tube, as shown in Fig. 3-7. Oxidizer gas was transported from a
Praxair type-K bottle using a 1/4ʺ Parker high-pressure rubber hose. On the oxidizer line there was
a mass flow controller (MFC) for measuring and controlling the flowrate of oxidizer. Each mixing
tube outer-diameter had a different injection head. For the 1ʺ and 3/4ʺ mixing tubes, the injection
tube was 1/4ʺ in outer diameter and had a swirl injector head to distribute metal powder into the
oxidizing gas flow. The 1/2ʺ mixing tube did not have the swirl injector head and instead used an
unmodified 1/8ʺ (0.035ʺ ID) tube. Once the fuel and oxidizer enter the injector head, they mix and
travel down the mixing tube until they are ignited within the chamber. There was a pressure port
on the side of each injector head to allow for pressure measurement near the injector exit, as shown
in Fig. 3-7.
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Figure 3-7: Schematic of injector head that is attached to the top of the flange insert mixing tube.

3.1.2.4 Ignition system
The ignition system consists of two 20 AWG copper wires, a 30 AWG nickel-chromium
(nichrome) hotwire and a solid propellant igniter. The igniters were made from an aluminized
composite solid propellant. The ignition system was fabricated as part of the flange insert and is
shown in Fig. 3-8. The igniter feed-through was a 2-wire Conax compression fitting that provided
a high-pressure seal to allow the two copper wires to pass through the flange insert body. The
copper wires were connected to a 5ʺ length of nichrome wire to make a hotwire for igniting the
solid propellant. On top of the flange insert body (and outside the chamber) there were two leads
for connecting the copper wires to a variable transformer (Variac). On the bottom of the flange
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(inside the chamber), the two copper wires were electrically shielded by ceramic tubes and guided
to the bottom of the mixing tube. Near the bottom of the tube, the ceramic shield tube ends, and the
two copper wires are exposed, at which point they are attached to the nichrome wire. For the igniter,
a portion of 1/8ʺ tubing extends from the bottom of the flange insert body to the end of the mixing
tube where a “cutter tube” containing the propellant is attached. The “cutter tube” is a sharpened
length of 1/4ʺ stainless-steel tube, which was pressed into a block of solid propellant to create an
igniter. The nichrome wire and igniter, which are both located at the bottom of the mixing tube, are
connected to complete the ignition system. During testing, current passed through the copper wires
into the nichrome wire, which was heated red-hot due to its high resistance. Heat from the wire
ignited the solid propellant slug, and subsequently the fuel/oxidizer mixture which was flowing in
the path of hot combustion products from the igniter. One downside to this ignition method is it
requires that the igniter be replaced each test.
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Figure 3-8: CAD model image of ignition system elements on flange insert outer tube/body with
0.75ʺ mixing tube.

The igniters used in this experiment, depicted in Fig. 3-9, were all made from the same
composite solid propellant. The solid propellant was composed of hydroxyl terminated
polybutadiene, ammonium perchlorate, aluminum and ferric oxide [66]. This propellant was
available from previous research at the High Pressure Combustion Laboratory. Development
testing was necessary to determine what size of “cutter tube” to use and how long to make the
propellant slug. Early testing showed that propellant burning generated a relatively large amount
of heat, which caused the pressure within the chamber to rise. For this reason, the propellant slug
was made as small as practically possible, while still being able to ignite the fuel and oxidizer. The
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cutter tubes used for testing were 1/4ʺ outer diameter with 0.065ʺ wall thickness and a length of
1.5ʺ. The propellant slugs were each approximately 1/4ʺ in length.

Figure 3-9: Ignition system “cutter tube” with 0.25ʺ propellant slug

3.1.3 Combustion chamber
The combustion chamber, shown in Fig. 3-10, is an optically accessible 304 stainless-steel
pressure vessel. Four rectangular 1ʺ × 6ʺ window cutouts are evenly spaced around the mid-body
of the chamber. There are two sections to the chamber: the upper section which contains the
window cutouts and the lower section which has no windows. The two sections are connected by
a custom pair of 12ʺ OD flanges. The upper section was originally used as a strand burner, as in the
work by Risha et al. [47]. The lower section was added specifically for this work to increase volume
and improve flow-through capabilities. An exhaust line was connected to the bottom of the lower
section and routed outside of the test cell.
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Figure 3-10: CAD model image of optically accessible combustion chamber with two modified
window standoffs.
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The upper chamber section has a 7ʺ inner diameter, an internal length of 24ʺ and a wall
thickness of 0.75ʺ. The top is a custom-made 12ʺ OD flange with a 4.66ʺ diameter, 12 TPI threaded
hole that receives the flange insert. Each window cutout has a fourteen-hole bolt pattern frame used
to secure the windows. Grade 8 7/16ʺ-14 alloy steel bolts are used to secure the windows within
each frame using matching outer frames. In addition to the optical cut outs, there are also twelve
1/4ʺ NPT threaded pressure ports, which allow for pressure measurement and provide pressure
relief paths. When previously configured for strand burning, this upper section of the chamber was
proofed to 1000 psi. With the addition of the lower section, the proofed pressure rating is 500 psi
(for the combination).

3.1.3.1 Chamber extension
The original chamber configuration with only the upper section had a flat bottom flange
with a 1/4ʺ exit hole. The current work required more volume and a larger flow-through capability
for gas and solid products to exit the chamber. The flat bottom and relatively small exit hole would
have restricted flow-through and caused recirculation. It was for these reasons that an extension
(lower section) was added. The new section was fabricated by Penn State ARL using an 18ʺ length
section of 8ʺ schedule 40 304 stainless-steel pipe. The top flange of the new section was custom
machined to match with the bottom flange of the upper section. The bottom of the new section has
a 150-class blind flange (13.5ʺ OD) with a 1ʺ exit hole drilled through the center. Additionally,
there is a stainless-steel 45-degree funnel within the new section to provide a transition for the flow
exiting the chamber. Upon completion, this lower section was hydrostatic pressure tested to 500 psi.
It was then installed and mated to the bottom of the upper section to create the larger chamber used
throughout this work.
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3.1.3.2 Chamber windows
A pair of acrylic windows were used for optical access inside the chamber. A dimensional
model of the window pair is shown in Fig. 3-11. The inner window, which was exposed to the
inside of the chamber, was 0.2ʺ thick. This sacrificial window was intended to be replaced often
and to protect the thicker outer window. The inner window also provided a pressure seal by pressing
against a face sealed O-ring. The 1ʺ thick outer window provided strength for testing at elevated
pressures.

Figure 3-11: Acrylic window pair dimensional model drawing.

53
3.1.3.3 Window standoff and purges
Preliminary combustion testing with this system found that within a few seconds after
ignition the chamber windows would be completely covered with combustion products. This
limited the amount of time that images of the flame could be acquired. To extend the length of
time that clear images of the flame could be taken, purge flows and a window “standoff” was added
to the windows. Depending on the conditions, these modifications were found to significantly
extend the clear viewing time of flames.
The original distance from the inner side of the acrylic window to the center of the chamber
was 3.75ʺ. Standoffs were designed and machined from stainless-steel that increased the distance
from window surface to the chamber center to 9.75ʺ. The standoffs were added both to the
observation window and the opposite window to maintain symmetry in the chamber. The other two
windows did not have standoffs. The window standoff design is shown in Fig. 3-12 and the effect
of the standoffs on the chamber is shown in Fig. 3-13. The window standoff increased the distance
any combustion product particle needed to travel before adhering to the window. It also created a
cavity for adding a purge flow capability.
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Figure 3-12: Combustion chamber window “standoff” CAD model image.

Figure 3-13: Window section of combustion chamber with (right) and without (left) window
standoffs.

55
Threaded holes were drilled on the top and bottom of the window standoff and 1/4ʺ
Swagelok male unions were attached. Gas flows were routed to the top and bottom of the window
standoff through the fittings as shown in Fig. 3-14 (left). These purge flows created a positive
pressure and outward flow within the standoff cavity. Within the chamber, another gas flow was
used with an Exair 1ʺ Flat Super Nozzle to create a flat “curtain” over the entrance plane of the
window cavity. The curtain flow serves to further reduce the amount of product particles that can
make it to the acrylic window and is shown in Fig. 3-14 (right). The standoff purge flow and curtain
flow combine to make the “shield flows”. Note that the shield flows are only used on the
observation windows.

Figure 3-14: Combustion chamber window standoff purge locations (left) and internal chamber
view – window “curtain” flow (right).
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With the combination of the two shield flows, sufficient time (~2-10 seconds, depending
on pressure) was available to acquire flame images. The shield flows were the same gas as the
combustion oxidizer to create a consistent environment within the chamber. Each flow used a
separate supply tank and there was a choked orifice on each line to ensure constant flowrates during
testing. The standoff purge flow line had a 0.018ʺ orifice (Bird Precision), and the curtain flow line
had a 0.024ʺ orifice (Bird Precision). Each chamber pressure level used a different set pressure for
the standoff and curtain flows. The information is documented in Table 3-2.

Table 3-2: Window standoff purge and shield flow pressure levels.
Target Pressure (psig)

Standoff/Curtain Pressure (psig)

0
15
30
60
90

200/100
250/150
300/200
350/300
350/300

3.1.4 Ancillary systems
Various ancillary fluid lines were used in this experiment for pneumatic actuator
pressurization, shield flows, and system purging. Pneumatic actuator pressurization and system
purging were provided by nitrogen gas from Praxair type-T bottles. The shield flows used the same
gas as the oxidizer (typically air from Praxair type-K bottles). All ancillary fluid lines are shown as
dashed lines in the Fig. 3-15 P&ID. Transport of ancillary fluids was done with a combination of
1/4ʺ Parker high-pressure rubber hoses, 1/4ʺ Swagelok steel hose and 1/4ʺ steel tubing.
Each ball-valve on the system was pneumatically driven by a Swagelok 133 Series
pneumatic actuator. In total there were four 2-way Swagelok ball-valves (AFV, CVV, DPAl Bypass
and DPAl Iso). CVV, DPAl Bypass and DPAl Iso were all 1/4ʺ diameter and AFV which is part of

57
the fuel feed system was 1/8ʺ diameter. ASCO Redhat II venting solenoid valves were used to
control pressure to the pneumatic actuators. All pneumatic pressure for ball-valves was supplied by
a single nitrogen bottle at a set pressure of 100 psi. Another nitrogen bottle was used to supply
pneumatic pressure to the back-pressure regulator (BPR), which controlled the pressure within the
chamber during testing. A third nitrogen bottle was used for system purging.

Figure 3-15: Full experiment P&ID.
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3.2 Control and measurement systems
Due to the hazardous nature of pressurized combustion experiments, the system was
controlled remotely from a control room that was isolated from the test cell. A primary computer
using a LabVIEW VI was used for fluid system control and measurement data acquisition. There
was a manual control box, which could override the software control in an emergency by taking
the system valves into a predetermined (and hardwired) state. For oxidizer flow control, a dedicated
laptop was located in the test cell and used to run the flow controller software. The high-speed
Phantom v1212 camera was controlled from a dedicated laptop computer in the control room. For
pressurized testing, there was a manual regulator in the control room that was used to adjust the
pressure within the chamber. Figure 3-16 below contains a detailed schematic of the control and
measurement system components.
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Figure 3-16: Control and data acquisition placement and connection diagram.
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3.2.1 LabVIEW VI
The National Instruments LabVIEW VI, used for controlling relays and acquiring
measurement data, was developed by Penn State ARL. Electromechanical relays controlled by this
software were used to operate the system solenoid valves, except for one relay, which was used for
the ignition system. All measurements came from gauge pressure transducers. The control/data
acquisition VI required a configuration file, which contained timing and calibration information
that allowed for both software-manual and software-automatic relay control modes. The VI also
wrote a measurement data file, recorded at 20 Hz, for each test. The VI front panels used in this
work are shown in Fig. 3-17.
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Figure 3-17: LabVIEW VI front panels. Live data readout (top), manual valve and relay control
(middle), and automatic valve and relay control (bottom).
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Using two monitors, the measurement display front panel was always present during testing
on monitor 1. The measurements display provided live pressure and flowrate data during the setup
and execution of tests. It also allowed the chamber to be verified as depressurized after testing. The
second monitor (monitor 2) was used for the control front panels. All system valves and relays
could be toggled in manual control mode; this mode was used for functionality checks and test
preparation. In automatic control mode, used only for test execution, the system was controlled by
a timing file where valves and the igniter relay were commanded in a specific, timed sequence.
During test preparation and immediately prior to test execution, the manual control front panel was
used to initiate the window purge and oxidizer flows, which were used to pressurize the chamber.
Once the chamber reached the desired test pressure, the system was switched to automatic mode
and the test was initiated. Once a test was initiated, the VI would take over control based on the
input timing file. Tests could be ended either manually or by the timing file. Typically, tests were
ended manually. By ending the test, the system would automatically close the fuel and oxidizer
valves and open the nitrogen gas purge valve. The chamber would then be depressurized and
continually purged until deemed safe for cleanup. In the case of an emergency (at any time) such
as a software or valve failure, a manual emergency stop (E-STOP) button was located in the control
room. This button was hardwired to the valves and independent from the software control. When
activated, the E-STOP would put each of the solenoid valves into a known state.
For communication between the LabVIEW VI and hardware such as relays and
transducers, a National Instruments cDAQ-9174 chassis containing one Analog I/O (NI-9224)
module and one Digital I/O (NI-9477) module was used. The analog module acquired signals from
transducers and the digital module sent signals to relays.
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3.2.2 Fluid, pressure and igniter control
The control of all gases in this experiment was done using solenoid valves commanded by
the LabVIEW VI and commands were sent from the control computer VI to the relay box via the
digital module. Eight relays were used for controlling 120 VAC ASCO Redhat II solenoid valves.
Each solenoid valve either directly controlled gas flow or controlled a pneumatic actuator for a
ball-valve (see Fig. 3-15 P&ID). During operation, gas bottles would be manually set to a specific
pressure based on the test requirements, then gas flows would be commanded remotely from the
control room, either manually or automatically. Table 3-3 below provides specific information for
each of the eight solenoid valves.

Table 3-3: Control system valve information.
Valve Name

Valve Type

Purpose

AFV

Pneumatic 1/8ʺ Ball

Fuel flow control

APV

1/4ʺ Solenoid

Fuel line purge control (N2)

OFV

1/4ʺ Solenoid

Oxidizer flow control

OPV

1/4ʺ Solenoid

Oxidizer line purge control (N2)

NDV

1/4ʺ Solenoid

ʺCurtainʺ shield flow control

CVV

Pneumatic 1/4ʺ Ball

Chamber vent control

dP1

Pneumatic 1/8ʺ Ball

DPT bypass (for instrument protection)

dP2

Pneumatic 1/8ʺ Ball

DPT isolation (allows pressure to DPT)
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3.2.2.1 Back pressure regulator
A dome-loaded back-pressure regulator (BPR), shown in Fig. 3-18, was used for
controlling pressure within the chamber during testing. The BPR, an Equilibar GS4SNN1D, was
located downstream of the chamber on the exhaust line. The BPR controlled the upstream pressure
by regulating the amount of gas flow exiting the chamber. For example, if the BPR is set to 100 psi
and the chamber was at 50 psi, the BPR would remain mostly closed, as true zero flow from this
style of BPR is difficult to achieve. If the chamber pressure were increased to 150 psi, the BPR
would open and allow flow until the chamber pressure reached 100 psi. The loading pressure for
the BPR was provided by a Praxair type-T nitrogen bottle. The set pressure for the BPR was
controlled using a TESCOM manual venting regulator within the control room.

Figure 3-18: Equilibar GS4SNN1D back pressure regulator used for chamber pressure control.
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3.2.2.2 Igniter control
Like the solenoid valves, the hotwire igniter was also commanded by the control VI
remotely using relays. With the igniter, two relays were used in series. One relay located in the
relay box was used to flip the second stand-alone relay, which closed the circuit of the nichrome
wire and the Variac. For testing, the Variac power supply would be turned on and set to a specific
power level. When triggered, the nichrome wire would glow red and ignite the solid propellant
igniter within ~1 second.

3.2.3 Fluid-flow and pressure measurement
The only fluid flowrate that was actively controlled and measured in this experiment was
the oxidizer flow. A Teledyne Hastings HFC-D-303B mass flow controller, which had a range of
0-100 SLM of air, was commanded using a dedicated laptop and the manufacturers control
software. For testing, the MFC was set to a specific flowrate based on the desired stoichiometry of
the test. The actual flowrate provided by the MFC was measured and recorded by the LabVIEW
VI using the analog module in the cDAQ.
Pressure was measured on both the chamber and the fuel feed system. Chamber pressure
was measured by two Setra Model 206 pressure transducers (PT1 and PT2). Fuel feed system
pressure was measured in two ways. In the first, the upstream pressure (inert gas supply pressure)
was measured by a Setra Model 206 pressure transducer (PAl). The second was a differential
pressure measurement between upstream of the fuel feed and the injector head using a Validyne
P305D differential pressure transducer (DPAl). The fuel feed system pressure measurements were
used to determine the fuel flow rate. The DPAl measurement was critical for being able to
determine flowrates at elevated chamber pressures based on the calibration lookup. The DPAl
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transducer also had a valve manifold to protect it from over-pressurization. The valve manifold,
using DPAl-Bypass and DPAl-Iso, is shown in the Fig. 3-15 P&ID. Specific information about
each of the pressure transducers is included in Table 3-4.

Table 3-4: Measurement system pressure transducer information.
Name

Specification

Purpose

PT1

Setra 206 (0-1000 psig)

Redundant chamber pressure

PT2

Setra 206 (0-300 psig)

Primary chamber pressure

PAl

Setra 206 (0-1000 psig)

Fuel feed upstream pressure

DPAl

Validyne P305D (0-20 psid)

Fuel feed/chamber delta pressure

3.2.4 Optical diagnostic setup
The primary diagnostic for the flames produced in this experiment was high-speed
imagery. The camera/optical configuration described in this section was used for all burning
velocity and temperature field measurements. A Phantom v1212 ultrahigh-speed camera with a
Nikon AF NIKKOR 50mm f/1.8 lens was used to capture images of flames at 1000+ frames per
second. Attached to the front of the lens was a 52mm Nisha 2P Multi-Image Filter (image doubler),
which allowed for capture of two identical scenes in one frame. Figure 3-19 demonstrates the effect
of using the image doubler. In front of each facet of the element were MKS square bandpass
(50.8×50.8mm) filters. The first filter central wavelength was 700 ± 2 nm with a FWHM of 12 ±
2 nm and the second central wavelength was 900 ± 2 nm with a FWHM of 10 ± 2 nm. This
configuration was designed to conduct high-speed color-ratio pyrometry. A top-view schematic of
the camera configuration and its position with respect to the chamber is shown in Fig. 3-20.
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Figure 3-19: Effect of camera lens image doubler. No image doubler (left) and with the image
doubler (right).

Figure 3-20: Camera position relative to combustion chamber and pyrometry filter and the image
doubler configuration on camera lens with pyrometry filters.
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Both the triggering and image acquisition for the camera were done on a dedicated laptop
in the control room. Connection to the camera was provided via a CAT6 ethernet cable and the
standard Phantom Camera Control (PCC) software was used for control and acquisition. For all
testing, the aperture on the lens was set to f-22 to approximate parallel light collection. Depending
on the conditions for a given test, the detector exposure was set between 3 and 10 µs on the PCC
software. Figure 3-21 displays an isometric model of the full chamber and camera to illustrate their
orientation during testing.

Figure 3-21: CAD model image of combustion chamber with flange insert and representative
camera. Both the chamber and camera are supported by the same table.
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3.2.5 Turbulence and particle image velocimetry setup
Testing to observe the effect of intentionally added turbulence on burning velocity was
done by adding a mesh to the end of the mixing tube. Other than the addition of the mesh, the
experimental and diagnostic configuration was identical to the previously described system. The
turbulence generation mesh was attached to the 1ʺ (0.87ʺ ID) mixing tube in three configurations
corresponding to three post-mesh development lengths, 𝐿𝐷 = 0", 0.25", 0.5". Figure 3-22 displays
an image of the three turbulence fixtures (top), and the three mixing tube configurations compared
to the mixing tube without a turbulence fixture (bottom).

Figure 3-22: Turbulence generation mesh and fixtures (top) and turbulence generation
configurations on flange insert mixing tube (bottom).
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The same mesh was used in each of the turbulence configurations. The mesh was 10×10
with 0.077ʺ openings (i.e., 10-0.077ʺ openings per 1ʺ). The wires that made up the mesh had a
diameter of 0.023ʺ. The purpose of the different development lengths was to test at different levels
of turbulence intensity. Hot-fire tests were performed at each of the configurations shown in Fig.
3-22 (bottom). After observing the effect of the turbulence mesh on burning behavior, it was
necessary to characterize the turbulence, which was done for each case using PIV.
The PIV setup used to characterize flow turbulence utilized most of the previously
described hardware including the flange insert (0.87ʺ ID mixing tube), chamber, and the
control/acquisition system. The goal of using PIV was to replicate the flow conditions of hot-fire
tests (as close as possible) to quantify the velocity profile and turbulence intensity. This allowed
for the changes in burning behavior at the different turbulence configurations to be correlated with
quantified flow metrics.
All PIV tests were performed in a non-reacting environment (i.e., no flame) where nitrogen
gas was substituted for air as a safety precaution. A high-velocity shear flow particle feeder was
used to disperse seed particles into the nitrogen flow and was previously described in Ref. [47].
The shear flow particle feeder was used instead of the metal fuel feed system described in section
3.1.1 because it allowed for the use of smaller solid particles that are more appropriate for PIV. To
illuminate the seed particles, a Laser Quantum Opus 2 W 532 nm continuous wavelength laser was
passed through a Thorlabs BE10-532 10X beam expander, and a Thorlabs 300 mm focal length
plano-convex cylindrical lens to produce a laser sheet. The flow was imaged by the Phantom v1212
camera with a Nikon AF-S DX NIKKOR 55-200mm lens, 6.5ʺ of optical extension tubes, and an
Edmunds 532 ± 2 nm (FWHM of 10 ± 2 nm) interference filter. A top-down view of the PIV setup
is shown in Fig. 3-23. The laser sheet was 1 cm in height, and the top was located 1 cm below the
exit of the mixing tube for each of the turbulence configurations. As shown in Fig. 3-24, the viewing
frame of the camera was centered on the laser sheet and the axis of the mixing tube.
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Figure 3-23: Top-down view of PIV experimental setup components.

Figure 3-24: Dimensions of PIV laser sheet relative to mixing tube.
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Chapter 4

Aluminum-Air Dust Flame Burning Velocity

4.1 Testing summary
Laminar burning velocity was measured with H-15 aluminum powder mixed with air at
pressures ranging from atmospheric (14.7 psi) to ~105 psi. The target increments, in gauge pressure,
were 0, 15, 30, 60, and 90 psig. Particle size distribution and turbulence effects on burning velocity
were investigated only at atmospheric pressure. The mixture equivalence ratio for all tests was in
the range of 1.1-1.8, with most tests occurring between 1.3 and 1.6. Each test was prepared and
conducted in the same manner according to the procedure outlined in Appendix B. Images and
measurement system data (pressures and flowrates) were collected for each test and used to
determine the burning velocity. Multiple tests were conducted at each target pressure to allow for
measurement averaging along with a comparison to a calculation of uncertainty. Tabulated burning
velocity results are available in Appendix A.
The event timing sequence from startup to shutdown was the same for each test. However,
the absolute time of events, such as opening the fuel valve or initiating the igniter, were adjusted
as necessary to account for differences in pressure and flow velocities. Figure 4-1 shows a
representative chronological sequence of the valve commands, flame ignition, and image
acquisition.
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Figure 4-1: General time sequence of events for hot-fire tests.

For all tests, the oxidizer flow rate was initiated and stabilized before beginning the
automatic test startup sequence. After ten seconds, the igniter was triggered and followed by the
fuel feed valve opening. Once the fuel and oxidizer mixture reached the chamber, they were ignited
by the solid propellant and a flame was established. In each test, there was a brief overlap (~1-2s)
between the igniter and flame such that the flame had time to stabilize before the solid propellant
extinguished. Image acquisition began prior to flame ignition and extended for approximately 20
seconds. Capturing the startup behavior was necessary to provide a time reference between the
images and the system measurement data because the two systems were not connected. The start
of the igniter, as seen on the images, was used to correlate between the measurement data files (i.e.,
pressure and flowrate time traces) and the observed burning behavior.
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4.2 Burning velocity calculation
The data processing method described in this section was used for all burning velocity
results presented in this thesis. Two measurements, flame surface area (𝐴𝑠 ) and reactant volumetric
flow rate (𝑄̇ ), were used to calculate laminar burning velocity, 𝑆𝐿 , in the following equation:

𝑆𝐿 =

𝑄̇
𝐴𝑠

(4-1)

This method provides a bulk burning velocity measurement that can be compared across different
conditions to determine the consumption rate of reactants by the burning surface. Similar methods
for calculating burning velocity with Bunsen style experiments, with Eq. 4-1, were used in Refs.
[41,47,50]. It was determined that under all test conditions, aluminum particles made up less than
0.01% of the reactant volume and therefore only the volumetric flowrate of air was used in Eq. 4-1.
The volumetric flowrate of air was measured for each test by a mass flow controller in standard
liters per minute (SLM). With the assumption of air being an ideal gas at a constant temperature,
the volumetric flowrate was corrected to actual liters per minute (LPM) for elevated pressures using
the relationship in Eq. 4-2. The chamber pressure, 𝑃𝑐 , was measured by pressure transducers for
each test and the reference pressure, 𝑃𝑟𝑒𝑓 , was assumed to be 14.7 psi.

LPM = SLM ∙ (

𝑃𝑐
)
𝑃𝑟𝑒𝑓

(4-2)

Images of flames were used to determine the flame surface area. By correlating a physical length
scale to flame images, the surface area could be extracted and used in Eq. 4-1 to find the burning
velocity.
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4.3 Image capture, processing, and analysis
Recalling the imaging setup from section 3.2.4, the Phantom v1212 camera was used to
capture flame images for each test at a rate of 1000+ frames per second with an exposure between
2 and 15 μs. The 50 mm camera lens was used at the smallest aperture setting (f/22) to promote
parallel ray light collection. The image doubler allowed for the capture of two identical flame
scenes through two different spectral filters (700 nm and 900 nm) on a single frame. Although,
only one of the scenes was necessary for the burning velocity calculation. Camera settings were
unmodified from their default values and the full 1280×800 pixel resolution of the camera was
used. In total, between 10,000 and 20,000 frames were captured for each test. However, useable
frames were limited by transient startup behavior caused by the igniter and optical depth effects
caused by the condensed phase products of the reaction. Frames for analysis were taken after the
igniter burned out (i.e., when the flame was self-sustaining) and before the flame signal became
too low and blurred due to multi-scattering and absorption effects. The loss of flame signal (as
observed by the camera) was due to the increased optical depth between the flame and the chamber
window through which the camera was imaging. As the flame burned, the concentration of
condensed products within the chamber increased until the flame was no longer visible.
Experimental efforts, such as the window standoffs and purges, were able to reduce this
phenomenon and extend the amount of time that clean frames could be acquired. However, due to
the inherent nature of this experiment (i.e., top-down), the buoyancy of the hot combustion products
caused them to collect in the chamber regardless of the presence of convective purge flows.
For burning velocity calculations, only data from the 900 nm spectral filter was used in the
analysis. Compared to data acquired at 700 nm, the 900 nm data was less affected by optical
absorption and scattering caused by the combustion product field between the flame and the
camera. This is because the characteristic scattering and absorption lengths are longer for a photon
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at the 900 nm wavelength, making the flame visible for a longer duration through the 900 nm filter.
This effect will be discussed further in section 5.2.1. The general effect of varying optical depth is
shown in Fig. 4-2 where the frame on the left is taken after igniter burnout and the frame on the
right is taken about 1.6 seconds later in the same test. Using data from the left side of the detector
(i.e., from the 900 nm filter), at least 500 frames were averaged for analysis in each test. Preprocessing to select the useable frames for analysis was done within the Phantom Camera Control
(PCC) software.

Figure 4-2: Time-effect of flame signal brightness through 700nm and 900nm filters.

Image processing was conducted in MATLAB using the available frames from the PCC
acquisition software. Analysis included creating an average intensity image, performing
tomographic inversion, extracting the flame surface area, and calculating the burning velocity. The
flowchart in Fig. 4-3 summarizes the analysis process.
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Figure 4-3: Flowchart of image processing method to calculate burning velocity.

The three inputs into the image analysis code were the flame images, the length in the
object plane projected onto each pixel, and the oxidizer volumetric flowrate. The correlation
relating the area projected onto each pixel was obtained by taking a target image of a 1 mm
resolution grid placed on the centerline of the flange insert. Volumetric flowrate was extracted from
the measurement system data files for each test at the same timeframe as the flame images, and an
average flowrate was calculated and used in the analysis. From the series of input images, an
average intensity image was created. All further processing was done on the average intensity
image. An example of an average intensity image is given in Fig. 4-4. Various background signals
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were present, such as reflections from the walls of the window standoff. To isolate the flame signal,
the maximum signal count from the wall reflection, which was the primary source of background
signal, was subtracted from the whole frame. To perform the tomographic inversion, a plane of
symmetry had to be defined and half of the average flame removed. This was done visually using
the end of the mixing tube as a reference for the centerline. For some tests, the symmetry plane was
slightly tilted due to the flame burning preferentially to one side. In such cases, the flame image
was rotated, typically < 2 degrees. Following these steps to prepare the image, the tomographic
inversion was performed, as described previously in section 2.2.3.1, to obtain a radially-resolved
flame image. The radially resolved image was then used with the built-in MATLAB function
“drawfreehand” to manually trace the inside of the flame surface. From the “drawfreehand”
position information and the scalar value relating the area projected onto each pixel, the surface
area of the flame was calculated. The last step required the surface area along with the volumetric
flowrate input to calculate burning velocity, as in Eq. 4-1. Figure 4-5 demonstrates the image
analysis process on the flame shown in Fig. 4-4. On the left is the raw 900 nm signal with the
background subtracted and a counter-clockwise rotation of 2 degrees. The middle image shows the
output of the deconvolution software with the left image as its input, and the right image
demonstrates use of the MATLAB function “drawfreehand” to obtain the surface area (flame
surface area drawn in red).
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Figure 4-4: Average intensity flame image prior to background removal, rotation, and
tomographic inversion.

Figure 4-5: Average intensity image from Fig. 4-4 after background removal and rotation (left),
tomographic inversion (middle), and MATLAB “drawfreehand” example (right).
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4.3.1 Uncertainty
The burning velocity results presented in the following sections represent average values
from multiple tests, typically ≥ 5, at a given condition. Uncertainty estimates were applied to the
average values and incorporate uncertainty of the oxidizer flowrate (𝑢𝑄̇ ), as specified by the
manufacturer, and an assumed 20% uncertainty in the surface area calculation (𝑢𝐴𝑠 ) obtained from
flame image processing. The uncertainty of each average burning velocity value is displayed with
the error bars on the respective data points. Given the burning velocity 𝑆𝐿 = 𝑓(𝑄̇ , 𝐴𝑠 ), the expected
uncertainty (𝑈𝑆𝐿 ) was calculated using Eq. 4-3.

𝑈𝑆𝐿

= √(𝑢𝑄̇

2
1 2
−𝑄̇
) + (𝑢𝐴𝑠 2 )
𝐴𝑠
𝐴𝑠

(4-3)

4.4 Burning velocity as a function of particle diameter

4.4.1 Results and discussion
Testing at atmospheric pressure with multiple particle size distributions allowed for
verification of system functionality and provided baseline results that could be compared to existing
literature. The atmospheric pressure laminar burning velocity results for the three aluminum
powder size distributions (H-10, H-15, and H-30) are shown in Fig. 4-6. Due to each of the three
powders having a range of particle sizes, they are ordered by their volumetric d50 diameter. The
reactant flow Reynolds number for every atmospheric test was in the range of 900-1300, based on
the mean flow velocity of the oxidizer within the mixing tube.
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Figure 4-6: Burning velocity as a function of d50 particle diameter for H-10, H-15, and H-30
aluminum powders at atmospheric pressure.

The results indicate that for a fixed pressure, the burning velocity decreases with increased
particle size over the range of aluminum powders tested. This outcome was expected based on
previous single particle [29] and dust flame [45] studies, which have shown the same trend. From
a single particle perspective, this behavior can be attributed to a general increase in the burn time
of a particle as its diameter increases. Recalling the kinetically and diffusion limited burn time
relationships, Eq. 2-1 and 2-2, respectively. Each equation has a direct burn time dependence on
particle diameter showing that regardless of the rate controlling process, particle burn time will
increase with increased particle diameter. A time-dependent model that considered both the
diffusional and kinetic rates of particles was developed by Soo et al. [67] and predicted a monotonic
decrease in burning velocity with increasing particle diameter for fuel-rich mixtures, consistent
with the results of this study.
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Figure 4-7: Burning velocity as a function of dust concentration at atmospheric pressure. Results
of current study and that of previous Bunsen burner type studies plotted.

Figure 4-7 provides a comparison of the atmospheric pressure burning velocity results of
this study compared to other aluminum-air burner type dust flame studies. At atmospheric pressure,
the unity equivalence ratio in terms of dust concentration is ~310 g/m3, and a dust concentration of
550 g/m3 corresponds to an equivalence ratio of ~1.7. In general, the burning velocities for all the
aluminum powders used in this work are lower than that of the values from Refs. [41,47,50]. From
the discussion in the previous section, this was expected because the referenced studies tested
smaller diameter particles. The results from Ref. [47] are lower than that of [41] and [50], for a
similar particle size, and are more comparable to the results found in this study. This could be due
to experimental uncertainty or potential differences in the particle size distributions tested, which
is not fully captured by the reported average values. Another point illustrated in Fig. 4-7 is the
relative consistency of burning velocities with changing rich dust concentration (i.e., stoichiometry

84
at a fixed pressure). This aspect of dust flames was not a focus of the current study but was observed
to be true across testing conditions.

4.5 Burning velocity as a function of pressure

4.5.1 Results
As previously discussed, and to the best of the author’s knowledge, all prior aluminum-air
dust flame studies of burning velocity were performed at atmospheric pressure. The ability to
observe flames at elevated pressure was central to the design of the experiment in this study. Results
showing the effect of pressure on the laminar burning velocity of H-15 aluminum-air flames are
shown in Fig. 4-8.

Figure 4-8: Burning velocity as a function of pressure for H-15 aluminum powder.
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The data points are an average of multiple individually calculated burning velocities (i.e.,
multiple tests) plotted at the average pressure for the group. Each of the data points is an average
of at least five values, except for the highest pressure condition (~105 psi), which was an average
of three. The uncertainty of the burning velocity, as previously discussed, was based on the flowrate
of oxidizer and the surface area calculation. Pressure uncertainty was based off the manufacturer
specified accuracy of the pressure transducers in addition to small changes in system pressure over
the collected images. For all tests, the equivalence ratio fell between 1.1 and 1.6 with an average
of ~1.3. The reactant flow Reynolds number increased with increasing pressure as shown in
Fig. 4-9. This was due to the need to decrease the tube diameter, in order to achieve a stable flame
structure and avoid flashback, as pressure increased. Except for the highest pressure tested, the
Reynolds number for all tests was below 2900.

Figure 4-9: Reynolds number within mixing tube as a function of pressure.
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The results given in Fig. 4-8 show a monotonic decrease in laminar burning velocity with
increased pressure over the range of pressures and Reynolds numbers tested. Using a power curvefit, the burning velocity-pressure relationship for the average results in Fig. 4-8 is SL ~ P-0.6 with an
R2 of 0.91 for the range of pressures tested. At atmospheric pressure, the burning velocity is
approximately 10 cm/s, which is consistent with the results of Lomba et al. [45], who evaluated
similarly sized aluminum particle diameters. At the highest pressure of approximately 105 psi, the
burning velocity decreased to less than half of the atmospheric value.

4.5.2 Discussion

4.5.2.1 Solids loading
Solids loading is defined here as the ratio of the mass flowrate of solids to gases exiting
the fuel feed system. The solids loading for this system is calculated as the mass flowrate of
aluminum divided by the mass flowrate of argon gas. Because the system was used over a range of
pressures, testing was performed to determine if the solids loading varied as system pressure was
increased for a fixed pressure difference across the fuel feed system. For example, tests were
performed at system pressures ranging from atmospheric to 100+ psi but the pressure difference
across the fuel feed was always ~5 psi. Therefore, it was important to determine if the amount of
argon flowing through the fuel feed system changed with increasing system pressure, as it could
affect the combustion behavior.
Using the H-15 aluminum powder as seed particles, PIV tests were performed on the
system in a test like configuration to measure the velocity of the flow exiting the mixing tube. Two
tests were performed, one at atmospheric pressure and another at ~75 psi where all else was fixed
between the tests (e.g., oxidizer mass flowrate, fuel feed delta-pressure, mixing tube ID). This
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method did not allow for an absolute value of solids loading to be measured but using the ratio of
the two velocities (measured by PIV), relative changes in argon flowrate, if significant, could be
measured. The expected velocity ratio between the 75 psi test and the atmospheric test (𝑄̇75 ⁄𝑄̇𝑎𝑡𝑚 ),
assuming that the argon flowrate remained constant, was 0.2. The measured velocity ratio from
PIV analysis was 0.18±0.036. This indicated that, to within measurement uncertainty, there was a
minor change in solids loading between the two pressures and changes in argon flowrate were
considered to be negligible

4.5.2.2 Particle burning regime
In an attempt to understand why the burning velocity decreased with increased pressure,
identification of the most likely rate controlling process for the reacting particles was necessary.
Using the Damköhler relationship given in Eq. 2-3 along with inputs consistent with those from
Ref. [67], Fig. 4-10 was created to determine whether most particles in the H-15 size distribution
were kinetically or diffusion-limited over the range of pressures tested. Temperature inputs for the
Damköhler number were calculated as a function of pressure using NASA CEA [19].
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Figure 4-10: Metal particle Damköhler number as a function of pressure for different particle
diameters.

With the particle sizes of the H-15 powder extending over the range of 5-55 μm, the results
of Fig. 4-10 would suggest that aside from the atmospheric pressure tests, the majority of particles
are reacting in a diffusion-controlled regime. However, because species specific inputs for the
chemical kinetic and diffusion rates were limited, it was not possible to assess the absolute
uncertainty of this calculation.
While the Damköhler number calculation suggested primarily diffusion-controlled
combustion, previous literature that addressed this issue specifically was also considered. Gill et
al. [30] and Badiola et al. [68] each studied single sub-20 μm aluminum particles reacting in air at
atmospheric pressure and found evidence for diffusion-controlled combustion in the form of vaporphase flames surrounding particles. Badiola et al. [68] suggested 7.4 μm as the point where
heterogeneous surface reactions (kinetically-controlled) begin to become important. The relative
importance of heterogeneous surface reaction was modeled by Glorian et al. [69] for aluminum
particles in an O2/Ar (21/79) mixture. They found that at atmospheric pressure, a 10 μm particle
will be primarily (~70 %) controlled by diffusion, with the diffusion-controlled percentage
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increasing with both increasing particle size and pressure. Prior dust flame studies have also found
evidence of diffusion-controlled combustion. Goroshin et al. [44], Poletaev and Florko [42], and
Soo et al. [46] each studied fuel-rich Al-Air flames with particle diameters near 5 μm at atmospheric
pressure and concluded that the particles were burning in the diffusion-limited regime.
Given the Damköhler results from Fig. 4-10 and the findings of previous studies, it was
assumed that at each pressure level in the burning velocity results of Fig. 4-8, the rate-controlling
process is diffusion and the reaction was occurring in a detached vapor-phase flame. Thus, any
explanations to why increasing pressure caused a decrease in burning velocity must satisfy the
diffusion-controlled assumption.

4.5.2.3 Interparticle spacing
A notable consequence of increasing pressure, while keeping stoichiometry nearly
constant, is an increase in dust particle concentration. This is caused by the increased air density as
pressure increases, which results in a reduced volumetric flowrate. Figure 4-11 shows the burning
velocity results from Fig. 4-8 plotted as a function of aluminum dust concentration. Similar to Fig.
4-8, each group of burning velocity values is plotted at the average dust concentration for the group.
The lowest and highest dust concentrations correspond to the lowest and highest pressures,
respectively.
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Figure 4-11: Burning velocity as a function of dust concentration for H-15 aluminum powder.

Between the lowest and highest pressure, there is a factor of ~7 increase in dust
concentration. With this increase in dust concentration comes an inherent decrease in the distance
between individual particles. The interparticle distance is a potentially more useful metric than the
dust concentration because it provides an absolute reference for potential particle-particle
interactions. Using the particle size distribution for the H-15 powder, previously shown in section
2.2.2, the polydisperse average interparticle center-to-center distance was calculated following the
“nearest-neighbor” approach given by Bansal and Ardell [70]. The results are shown in Fig. 4-12
for three equivalence ratios, which capture the relevant stoichiometry and pressure conditions of
the H-15 burning velocity data.
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Figure 4-12: Mean interparticle (center-to-center) distance as a function of pressure for H-15
aluminum powder at different equivalence ratios.

Increasing the equivalence ratio and/or the pressure causes a decrease in the interparticle
distance. It is important to note that because the interparticle distance results in Fig. 4-12 are centerto-center, the distance between the outer surfaces of any two particles will be smaller depending on
the given particle diameters. For example, if two 20 μm particles are at an equivalence ratio of 1.3
and a pressure of 105 psi, the center-to-center distance will be 92 μm, but the distance between the
outer surfaces will be 72 μm. Considering that the particles are assumed to be reacting with a
detached vapor-phase flame at some distance from the particle surface, the distance between the
two flames will be smaller still. The two-particle arrangement shown in Fig. 4-13 provides
definitions for the center-to-center distance, 𝐿𝑐 , and the distance between particle surfaces, 𝐿𝑝 .
Using this simple arrangement and assuming the two particles have the same radii, the distance
between the flames, 𝐿𝐹 , can be calculated with Eq.4-4 , where the radius of the flame, 𝑟𝐹 , is assumed
to be known.
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𝐿𝐹 = 𝐿𝑐 − 2𝑟𝐹

(4-4)

Figure 4-13: Two-particle arrangement with reference distances for particle surface (black) and
flame (red).

For micron-sized aluminum particles reacting in air, the non-dimensional flame radius,
𝑟𝐹 ⁄𝑟𝑃 , has been both experimentally measured in Refs. [25,27,42] and modeled in Refs. [18,71,72].
In each of the studies, the non-dimensional flame radius has been shown to be between ~2-5. Using
this range of non-dimensional flame radii with the assumptions of a mean particle diameter of 20
μm and equivalence ratio of 1.3, the interparticle spacing values from Fig. 4-12 can be combined
with Eq. 4-4 to calculate 𝐿𝐹 as a function of pressure. The results are shown in Fig. 4-14.
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Figure 4-14: Distance between flames in two-particle arrangement as a function of pressure for
different non-dimensional flame radii.

For the assumed particle diameter of 20 μm, which is approximately equal to the volumetric
d50 diameter for the H-15 powder, the results in Fig. 4-14 show that if the flames around two
individual particles exist at 5 non-dimensional radii, the flames will contact each other at a pressure
of ~80 psi. This analysis can be extended to determine the pressure at which the flames of the two
particles will contact (i.e., 𝐿𝐹 = 0) over a range of particle sizes, as shown in Fig. 4-15. The curves
in Fig. 4-15 were calculated for an equivalence ratio of 1.3. Considering the curve for 𝑟𝐹 ⁄𝑟𝑃 = 5
at a particle diameter of 20 μm, the flame contact pressure is ~80 psi as it was in Fig. 4-14. As the
particle diameter is increased, the flame contact pressure decreases. For the largest particles in the
H-15 distribution (45-55 μm), the results indicate that the flames will contact each other even at the
lowest non-dimensional flame radius over the relevant pressure range.
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Figure 4-15: Flame contact pressure for two-particle arrangement as a function of particle
diameter for different non-dimensional flame radii.

The increase in dust concentration that accompanies an increase in pressure has been shown
to decrease interparticle spacing and to potentially cause the vapor-phase flames surrounding
particles to contact each other. The interaction and possible merging of the flames of individual
particles could be a factor that causes the overall burning velocity to decrease as pressure increases.
Using the same two particle arrangement from Fig. 4-13, if the two flames were to contact, they
could merge to envelope the two particles with a single flame as shown in Fig. 4-16. This has been
shown experimentally to occur with liquid hydrocarbon fuel droplets [73]. With the assumption of
the aluminum particles burning with a vapor-phase flame, modeling the burning of an individual
particle can be treated similar to a liquid hydrocarbon droplet [74], for which a relatively extensive
amount of knowledge and research exists [8,11,75]. For a single particle, as shown in Fig. 4-17, the
spherically symmetric conductive heat transfer from the flame to the particle surface is what causes
the fuel vaporization to occur [76]. If the flames from two particles merge, heating of the particles
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becomes more complex and the vaporization rate of the fuel may be reduced due to a reduction in
heat flux to each particle surface. The reduction in vaporization rate would increase the burning
lifetime of each particle and by extension to the dust flame, decrease the overall burning velocity.
This is comparable to an increase in particle diameter which increases the particle burning lifetime
and subsequently decreases the burning velocity, as was shown with the results in Fig. 4-6.

Figure 4-16: Two-particle arrangement with individual flames merging into a single flame as
interparticle distance decreases.

Figure 4-17: Single particle heat and species transport for detached vapor-phase flame.

The aforementioned analysis was provided as a relatively simple hypothesis to help explain
the experimentally measured decrease in burning velocity with increased pressure. The behavior of
a dust flame was significantly simplified, focusing only on the interparticle and flame spacing as
pressure is increased. The governing assumption was that the particle reaction was diffusioncontrolled and therefore a vapor-phase flame surrounds each particle. Transient behavior such as a
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changing particle diameter, which could affect the burning regime and actual interparticle
distances, was not considered. However, regardless of the assumptions, interparticle distance will
decrease with increasing pressure. Previous experimental [73,77] and analytical [78,79] studies
have shown that as the distance between two liquid droplets decreases, the evaporation and burning
rates decrease due to interparticle effects such as local competition for oxidizer and merging of
individual flames. An extension of this phenomenon to multi-droplet clouds called “group
combustion” has also been studied. It has been shown that an increase in droplet number density
(i.e., a decrease in interparticle spacing) can reduce the overall burning rate of the cloud [80].
Further analysis is required to determine if prior research on the interactive and group combustion
effects present with liquid hydrocarbon droplets can be extended to metal dust flame combustion.

4.6 Burning velocity as a function of turbulence intensity
The effect of flow turbulence on burning velocity was tested by adding a stainless-steel
wire mesh to the end of the mixing tube, as described in section 3.2.5. Four different configurations,
corresponding to four different turbulence levels, were tested at atmospheric pressure with the H-15
aluminum powder using the 1ʺ (0.87ʺ ID) mixing tube. The Reynolds number upstream of the mesh
(i.e., inside the mixing tube) was nearly constant (Re ~1100) over all four configurations in order
to isolate the effect of the turbulence generated by the wire mesh. The burning velocity for these
tests was calculated using the same method as the laminar burning velocity. PIV was used with a
representative non-reacting flow to characterize the turbulence intensity in each of the four
configurations. All PIV data collection for this thesis was performed by the author. However, PIV
data processing was done in collaboration with the Penn State Applied Research Laboratory Fluid
Dynamics Group.
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4.6.1 PIV characterization
The air flowrate in each of the burning velocity tests was approximately 18 SLM. Thus,
for all PIV tests, 18 SLM of nitrogen gas was used. Nitrogen was substituted for air due to safety
concerns, as the test setup required the user to be in the test cell for cold-flow experiments.
Accounting for the difference in gas properties, the difference between the Reynolds number of air
and nitrogen is less than 0.5% for a fixed flowrate, temperature, and pressure. The seed particles
used for PIV characterization were AGSCO Corporation Silicon Carbide Black #1000 with a
maximum size, as specified by the manufacturer, of 8 μm. The Stokes number for the silicon
carbide particles in nitrogen gas is plotted in Fig. 4-18 over a range of particle diameters. For the
particles used, the Stokes number was well below the recommended value of 0.1 for faithful flow
tracing in PIV [63]. Each PIV test was performed with a camera framerate of 10 kHz, an exposure
time of 40 μs, and a laser power of 2 W. For the post-processing analysis, 20,000 frames were used.

Figure 4-18: Silicon carbide particle stokes number as a function of particle diameter.
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4.6.1.1 Average velocity profile
Using an open source software, PIVlab [64], time-average velocity fields were generated
at each of the four turbulence configurations. These results do not yet provide quantitative
turbulence information but instead demonstrate the effect of the wire mesh on the flow field. Figure
4-19 provides a comparison between the baseline configuration (top row), with no mesh, and the
highest turbulence configuration (bottom row), where the mesh was positioned at the exit of the
mixing tube. The plots on the left show the full frame used for PIV analysis along with a color map
of the velocity magnitude. Plots on the right are the axial direction velocity (v component) of a
single row of values along the dark line in the full frame image.

Figure 4-19: PIV average velocity results for no-mesh (top) and turbulence mesh with 0ʺ
development length (bottom).
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The baseline configuration shows a parabolic velocity profile with a maximum near the
centerline as expected for a developing viscous pipe flow [81]. Adding the wire mesh clearly
disrupts the flow and causes velocity differences that correspond to the geometry of the mesh. The
two other configurations, where there was a 0.25ʺ and 0.5ʺ development length downstream of the
mesh, had results that fell in-between the two configurations shown in Fig. 4-19.

4.6.1.2 Turbulence intensity
Turbulence intensity, TI, was calculated using the axial component of the velocity, 𝑣. On
average, the radial velocity component, 𝑢, was less than 3% of the combined magnitude
(√𝑢2 + 𝑣 2 ), making it an approximately one-dimensional axial flow. As in Ref. [81], turbulence
intensity is defined as the root-mean-square of velocity fluctuations, 𝑣 ′ , over the mean velocity, 𝑣̅ .

√̅̅̅̅̅̅̅
(𝑣 ′ )2
𝑇𝐼 =

(4-5)

𝑣̅

Turbulence intensity was used as a quantitative metric to compare the turbulence level of
each configuration. It also allowed the baseline configuration with no mesh to be compared to
existing literature for turbulence intensity of laminar pipe flows. In collaboration with the Penn
State Applied Research Laboratory, LaVision DaVis software was used to determine the turbulence
intensity for each of the PIV image sets. Figure 4-20 shows the turbulence intensity fields for the
baseline and highest turbulence configurations. For each of the measured flow fields, a spatially
averaged value of turbulence intensity was calculated, which served as the metric to compare
between each configuration. Values are given in Table 4-1 for each of the turbulence development
lengths (𝐿𝐷 ). The region of values that were averaged had the same dimensions and was in the same
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physical position of the flow field for each test. The spatially averaged region is indicated by the
black box positioned on the frames in Fig. 4-20.

Figure 4-20: PIV turbulence intensity results for no-mesh (top) and turbulence mesh with 0ʺ
development length (bottom). Black box indicates area that was spatially averaged.
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Table 4-1: Spatially averaged turbulence intensity for each turbulence configuration.
𝑳𝑫 (inches)

TI

No mesh

0.046

0.5

0.059

0.25

0.063

0

0.074

The averaged turbulence intensity results, given in Table 4-1, indicate that an increased
development length downstream of the mesh corresponds to a reduction in turbulence intensity.
This was the intended effect as it allowed for measurements over a range of turbulence intensity.
The turbulence intensity for the baseline configuration with no mesh is in agreement with the results
of Pennel et al. [82] who measured axial turbulence intensity in air pipe flows at similar Reynolds
numbers and found TI to be ~0.04-0.06.

4.6.2 Results and discussion
The burning velocity results for the four different configurations are plotted in Fig. 4-21.
Each burning velocity value is an average of at least three individually calculated values and
uncertainty was calculated using the same method as in the previous burning velocity results.
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Figure 4-21: Burning velocity as a function of turbulence intensity for H-15 aluminum powder at
atmospheric pressure.

The data indicates that an increase in turbulence intensity results in an increase in burning
velocity. Applying a power law curve-fit to the average values in Fig. 4-21, the burning velocity
(S) is found to be proportional to TI1.0, with an R2 value of 0.93 over the range of conditions tested.
Recalling the definition used for burning velocity in Eq. 4-1, each of the tests included in Fig. 4-21
were performed at approximately the same flowrate of reactants; thus, the increase in burning
velocity is realized from a decrease in the average flame surface area. A detailed investigation into
the length scales and regimes often used to characterize turbulent premixed combustion systems
was not performed for this thesis. However, it has been shown in a previous study [34] that an
increase in turbulence intensity increases the burning rate of single aluminum particles. This could
be due to enhanced convective transport of oxidizer and heat to the particles, which has been shown
to increase the evaporation rate in liquid droplets [83]. Assuming this effect can be extended to dust
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flames, a decrease in individual particle burn time could be a contributing factor to the increase in
burning velocity.
The data set in Fig. 4-21 shows that a ~3% increase in absolute turbulence intensity (or a
~60% relative increase in TI compared to the baseline case) corresponds to a ~70% increase in
burning velocity. Considering the burning velocity to be analogous to a reactant consumption rate,
the increase in burning velocity due to turbulence could be important in practical systems where
the aluminum-air reaction would be used to generate heat. In a general sense, increasing the
turbulence intensity would allow for a greater amount of reactants to be consumed in the same
time/space, therefore increasing the heat release rate of a given system. In addition, turbulence
intensity may be an important factor in obtaining a sufficiently high burning velocity to achieve
flame holding in a given system
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Chapter 5

Aluminum-Air Dust Flame Temperature Field

5.1 Testing summary
The flame images used to calculate burning velocity were also processed to extract a twodimensional temperature field using two-color ratio pyrometry. Incandescence signal from the
flames was collected through the 700 nm and 900 nm narrowband-interference filters using the
image doubler. Filter selection along with the principles of two-color ratio pyrometry were
previously discussed in section 2.2.3.2. Ideally, a temperature field could be calculated at each
burning velocity test condition. However, it was observed in early data processing that spectrally
dependent optical depth effects made the pyrometry analysis difficult. Scattering and absorption of
the flame incandescence signal by condensed phase combustion products limited the amount of
time that clean images of the flame could be acquired without spectrally-dependent
scattering/absorption altering the measured temperature. This effect grew worse with increased
pressure as the particle velocities in the chamber decreased and tended to accumulate toward the
top of the chamber due to buoyancy. Further, the spectral emissivity of the collected incandescent
signal is an uncertain parameter that has a significant effect on the measured temperature. For these
reasons, the flame temperature fields will be described in a qualitative manner as a rigorous
quantitative 2-D measurement of absolute temperature was not possible. Results will be presented
for the H-10 and H-15 particles at atmospheric pressure and for the H-15 particles as a function of
pressure. The optical depth and spectral emissivity effects associated with measuring the
temperature fields of discrete flames in a low flow-through pressurized vessel will be discussed.
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5.2 Pyrometry image analysis
The initial steps of the pyrometry analysis, which are shown in the process flow chart in
Figure 5-1, were the same as in the burning velocity image processing. However, in the pyrometry
analysis, both flame images from the 700 nm and 900 nm filters were used and less frames (< 50)
were averaged.

Figure 5-1: Flowchart of image processing method to calculate temperature field.

After performing tomographic inversion, a ratio (900 nm/700 nm) of the two flame images
was calculated. A lookup table like the one described in section 2.2.3.2 was then applied to each
pixel in the ratio image to determine the local temperature. Lastly, using information about the area
projected onto each pixel, a spatially resolved temperature field of each flame was plotted.
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5.2 1 Optical depth effects
Across the range of test pressures, spectrally-dependent multi-scattering and absorption of
the incandescent flame signal by condensed-phase particles limited the flame imaging duration. As
pressure increased, the amount of time that the flame could be imaged for a fixed detector exposure
decreased. For example, at atmospheric pressure the time between ignition and the chamber going
completely dark (as viewed through the camera at a fixed exposure) was typically 10+ seconds. At
the highest pressure of ~105 psi, the timeframe for detectable signal was less than 2 seconds. Within
the viewing timeframe, only a small subset of images following the extinction of the ignitor could
be used for pyrometry analysis because, as will be shown, scattering and absorption affected the
two imaged wavelengths unequally.
The observed decrease in flame signal as pressure increased can be attributed to an
increased optical depth (i.e., scattering/absorption over the optical path) between the flame and the
detector, which has two pressure dependent factors. The first is the characteristic scattering and
absorption lengths of the product Al2O3 particles, which decreases with increasing pressure. The
characteristic scattering and absorption lengths were modeled as a function of pressure for the two
wavelengths (700 nm and 900 nm) using Mie theory. Mie scattering theory was selected to model
the light-matter interaction based on the particle sizes of the Al2O3 products and the two detection
wavelengths. At each of the pressure levels tested (0, 15, 30, 60, and 90 psig), product samples
were collected using a 2ʺ × 3ʺ sample plate placed along the wall inside the chamber, ~6ʺ above
the exit plane of the mixing tube. Product samples were imaged with a scanning electron
microscope (SEM) to view the morphology and analyzed with energy dispersion spectroscopy
(EDS) to assess the elemental content. Figure 5-2 shows SEM images of product samples from an
atmospheric test (top) and a ~105 psi test (bottom) at 100,000x magnification. From the SEM
images, the product samples at each pressure level appeared to have a similar distribution of
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spherical, sub-1 μm particles, which was confirmed by measuring the size distribution with a
Malvern Mastersizer 3000. EDS analysis confirmed that the products were Al2O3 and no detectable
amounts of unreacted aluminum or aluminum nitrides were detected in the samples (see
Appendix D).

Figure 5-2: Aluminum-air combustion product sample SEM images for an atmospheric pressure
test (top) and ~105 psi test (bottom).
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For each particle size distribution, the scattering regime size parameter (𝑥), as given in Eq. 5-1
(Ref. [84]), was calculated for the mean d50 particle diameter. The values were each on the order of
1, which suggests that Mie scattering is the relevant scattering regime.

𝑥=

2𝜋𝑟𝑝
𝜆

(5-1)

Equations 5-2 and 5-3 from Ref. [84] were used to calculate the scattering (𝜎𝜆 ) and absorption
(𝜅𝜆 ) coefficients.

∞

𝜎𝜆 = 𝜋 ∫ 𝑄𝑠𝑐𝑎 𝑟𝑝2 𝑛(𝑟𝑝 )𝑑𝑟𝑝

(5-2)

0
∞

𝜅𝜆 = 𝜋 ∫ 𝑄𝑎𝑏𝑠 𝑟𝑝2 𝑛(𝑟𝑝 )𝑑𝑟𝑝

(5-3)

0

Using the measured distribution of particle radii (𝑟𝑝 ) at each pressure, the scattering and absorption
efficiencies, 𝑄𝑠𝑐𝑎 and 𝑄𝑎𝑏𝑠 , were calculated with a Mie theory model created by Mätzler [85]. The
refractive index inputs were selected from Bakhir et al. [86] for liquid Al2O3 and Plass [87] for
solid Al2O3. Particle number density, 𝑛(𝑟𝑝 ), was calculated from the particle size distribution
results combined with the Al2O3 product mass concentration at each pressure level, assuming an
equivalence ratio of 1.3. The characteristic lengths, which are given in Fig. 5-3 and Fig. 5-4, are
defined as the inverse of the coefficients (i.e., 1⁄𝜎𝜆 and 1⁄𝜅𝜆 ).
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Figure 5-3: Characteristic scattering length of liquid and solid Al2O3 particles as a function of
pressure.

Figure 5-4: Characteristic absorption length of liquid (left y-axis) and solid Al2O3 (right y-axis)
particles as a function of pressure.
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In Fig. 5-3 and Fig. 5-4, it is apparent that the characteristic length scales for
scattering/absorption decrease with increasing pressure. This is primarily due to an increased
product particle concentration, which is a direct result of the increased reactant dust concentration,
as shown in Fig. 4-11. The scattering lengths are nearly independent on the phase (solid vs. liquid)
of Al2O3 whereas the absorption lengths are significantly shorter for liquid Al2O3. These results are
only valid in the region of the flame where the dust concentration of the reactants is known (i.e.,
within the flame). However, they illustrate the effect pressure can have on the optical depth
surrounding the flame. As pressure is increased, the characteristic scattering and absorption length
scales decrease, and it becomes more likely that a given photon will be scattered or absorbed before
reaching the detector.
The second factor that could also have contributed to the increased optical depth with
increased pressure was the mode of emission from the reacting aluminum particles. In studies
looking specifically at the radiation emitted from aluminum particles burning near the surface of a
solid propellant, Harrison and Brewster [60,88] found three sources of thermal emission. They were
emission from: (1) Al2O3 on the surface of the particle, (2) the Al particle itself, and (3) an Al2O3
smoke envelope produced by the vapor-phase flame surrounding the reacting particle. Their
findings showed that while the total emitted intensity increased with increasing pressure, the smoke
envelope was the most sensitive to pressure. At atmospheric pressure, the smoke envelope
contributed the least to the total emission. However, as pressure increased, the contribution of
emission from the smoke envelope became increasingly significant. Similar to the current study,
their imaging abilities were limited at higher pressures due to smoke obscuration of the
incandescent signal from the reacting particle. This was assumed to be due to an increase in the
density of the smoke envelope.
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5.2.2 Emissivity effects
The procedure used to create the lookup table that relates the ratio of the two flame images
to temperature using Planck’s law (section 2.2.3) requires knowledge of the spectral dependence
of the emissivity of the emitting surface. The effect of emissivity (𝜀) on the resulting lookup table,
from Eq. 2-13, is captured by a ratio of the emissivities at the two image wavelengths as shown in
Eq. 5-4.

𝑅 ∝

𝜀(𝜆1 )
𝜀(𝜆2 )

(5-4)

A previous study [60] demonstrated that incandescence from burning aluminum particles
is dominated by Al2O3 emission, therefore, the optical properties of Al2O3 were used in this work.
However, information regarding the spectral dependence of the emissivity of Al 2O3 particles at
combustion relevant temperatures is scarce. Additionally, a wide range of values have been
reported, which result in significant temperature differences for a given color ratio. A study by
Lynch et al. [62] used a shock tube with micron (~2 μm) and nano (~50 nm) Al2O3 particles at
temperatures ranging from ~2500 to 3500 K and reported spectral dependencies in the range of

𝜀(𝜆)~𝜆0.1 (2400 K) − 𝜆1.0 (3500 K) and 𝜀(𝜆)~𝜆−1.0 (2600 K) − 𝜆2.0 (3000 K), for micron- and
nano-scale particles respectively. Another study by Kalman et al. [61] examined similar sizes of
micron- and nano-scale Al2O3 particles and reported 𝜀(𝜆)~𝜆−1.5 (2700 K) − 𝜆−1.3 (3500 K) and

𝜀(𝜆)~𝜆−1.2 (2800 K) − 𝜆−1.1 (3500 K), for micron- and nano-scale particles respectively. The
results from these two studies exhibit a significant range of spectral dependencies that are functions
of particle temperature and diameter. The effect of incorporating the extrema of the reported
spectral dependencies on the resulting temperature lookup table is shown in Fig. 5-5.
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Figure 5-5: Two-color ratio pyrometry temperature lookup curves for different emissive spectral
dependencies of Al2O3.

The temperature lookup curves in Fig. 5-5 demonstrate a strong dependence on the
assumed optical properties, resulting in a significant range of measured temperatures. For example,
at a signal ratio of 1, the temperature difference between 𝜀(𝜆)~𝜆−1.5 and 𝜆2.0 is ~700 K. This
discrepancy increases with decreasing signal ratio. A temperature lookup curve assuming no
emissivity dependence on wavelength (i.e., grey body assumption) is also included in Fig. 5-5. Due
to the significance of the spectral emissivity input on the temperature lookup table and its relatively
large uncertainty, the results presented in the following section will follow the grey body
assumption.
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5.3 Temperature field results and discussion
Due to the optical depth and emissivity effects discussed in the previous section, the
absolute temperature values have a large uncertainty that is difficult to quantify. As such, the focus
of this section will be on relative comparisons between temperature fields. Two-dimensional
temperature fields for an H-10 and an H-15 aluminum-air flame at atmospheric pressure are shown
in Fig. 5-6. The startup transient for H-30 flames was significantly longer than that of the H-10 and
H-15 flames, due in part to the larger particle diameters, and did not allow for a relative comparison
to the other fuel size distributions. In Fig. 5-6, the inner radius of the mixing tube, on which the
flames were stabilized, is approximated by the blue line.

Figure 5-6: Two-dimensional temperature fields for an H-10 (left) and H-15 (right) aluminum-air
flame at atmospheric pressure.
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The temperature field for the H-10 flame has temperatures ~500+ K higher than that of the
H-15 flame. This is an unexpected result because with the assumption of detached, vapor-phase
flames for both the H-10 and H-15 particles, the temperatures would be expected to be nearly
equivalent. This was demonstrated in Ref. [68], where single particle combustion temperature was
measured with little variation over a range of aluminum particle sizes in air. The discrepancy could
potentially be explained by different amounts of scattering/absorption between the processed
images of the two flames. For example, the concentration of product particles collected in the
chamber prior to igniter burnout varied based on the time required to stabilize the flame for each
fuel. It is possible that a greater concentration of products was present in the chamber for the H-15
images compared to the H-10 images. This would have caused a disproportionate reduction in the
700 nm signal compared to the 900 nm signal and resulted in a lower measured temperature.
As was mentioned in the previous section, the scattering/absorption effects were more
prominent at higher pressures. This resulted in some distortion of the flame structure for the 700 nm
image relative to the 900 nm image due to enhanced multi-scattering. Figure 5-7 shows the
temperature fields for H-15 aluminum-air flames at four pressures (including the atmospheric
pressure flame from Fig. 5-6). The inner radius of the mixing tube is again indicated by the blue
line. In order to stabilize flames at a fixed mass flowrate of fuel and at a given stoichiometry, the
mixing tube radius was decreased with increasing pressure.
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Figure 5-7: Two-dimensional temperature fields for H-15 aluminum-air flames at different
pressures.

The results in Fig. 5-7 show a general increase in temperature as pressure is increased. As
discussed in section 2.1.1, the increase in flame temperature with increasing pressure is expected
for aluminum burning in the vapor-phase. This can be attributed to Le Chatelier’s principle, which
dictates that as pressure is increased, less dissociation occurs, and the adiabatic flame temperature
is increased. For the Al-O2 system, which behaves similarly to the Al-Air system, a primary reaction
of concern for heat release is 𝐴𝑙2 𝑂3 → 2𝐴𝑙𝑂 + 𝑂 [89]. Using these three species, Le Chatelier’s
principle is illustrated in Fig. 5-8 where the mole fractions of Al2O3, AlO and O (calculated using
CEA [19]) are plotted as a function of pressure. As pressure is increased, the dissociation of Al2O3
into AlO and O decreases and the adiabatic flame temperature increases.
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Figure 5-8: Adiabatic flame temperature and species mole fractions for aluminum-air reaction.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions
In this thesis, the design and development of an experimental system that allows metal dust
flames to be observed within an optically-accessible high-pressure chamber was described. Using
a high-speed camera, aluminum-air flames were imaged through two narrowband interference
filters (700 nm and 900 nm). The images captured through the 900 nm filter were used to calculate
burning velocity. Using the images captured through both filters, two-color ratio pyrometry was
performed to calculate a two-dimensional temperature field of the flames. All experiments were
performed with fuel-rich aluminum-air mixtures with equivalence ratios ranging from 1.1 to 1.8.
Three micron-scale aluminum powders with different size distributions of particles were tested at
atmospheric pressure. The powders, designated H-10, H-15, and H-30 had volumetric d50 diameters
of 13.6, 21.2 and 32.2 μm, respectively. The laminar burning velocity was found to increase with
decreasing average particle diameter. A single size distribution of particles (H-15) was tested at
pressures ranging from atmospheric to ~105 psi. Laminar burning velocity was found to decrease
with increasing pressure (SL ~ P-0.6), potentially due to the decrease in interparticle spacing and
enhanced particle-particle interactions as pressure increased. A single particle size distribution
(H-15) was also tested at four different turbulence levels. The turbulence intensity at each level was
measured using particle image velocimetry with a representative non-reacting flow. Burning
velocity was found to increase proportionally (S ~ TI1.0) with increasing turbulence intensity over
the range of conditions tested. Two-dimensional temperature fields of H-10 and H-15 flames were
measured at atmospheric pressure and for H-15 flames at pressures up to ~105 psi. However, due
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to spectrally dependent scattering/absorption and unknown emissive properties of the collected
incandescent signal, the absolute temperatures calculated using two-color ratio pyrometry could
not be determined. Instead, relative comparisons were made. It was shown that for H-15 aluminumair flames, the temperature increases with increasing pressure.
To the best of the author’s knowledge, the burning velocity measurements collected at
elevated pressures and turbulence levels are the first to be reported. These measurements, along
with the capability to collect them, represent an advancement in this field of study. Previous
aluminum-air dust flame burning velocity measurements have been limited to laminar conditions
at atmospheric pressure. While useful, many practical combustion devices operate at elevated
pressure and utilize turbulence to increase power output. The results presented in this thesis enhance
the understanding of aluminum-air dust flame physics and would be useful in the development of
models and combustion systems.

6.2 Future work
Recommendations for future work that utilize the experiment developed for this thesis
generally fall into two categories. The first (category A) are recommendations for further testing
that could be performed with relatively minor changes to the infrastructure and processes described
in this thesis. The second (category B) are recommendations that would potentially require
additional equipment and the development of new procedures and processes.
Category A
•

Investigate aluminum dust flames with other oxidizers, such as carbon dioxide and carbon
monoxide. Both oxidizers are expected to have lower flame temperatures, which would
allow for investigation into the transition from vapor-phase to heterogeneous surface
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combustion over a practical pressure range. The amount of oxygen in an oxidizer mixture
(e.g., O2/N2, O2/Ar, O2/He) could also be varied to influence burning regime.
•

Investigate additional metal fuels that could be practically useful, such as magnesium and
boron. Magnesium has been shown to behave similar to aluminum [45], and is similarly
commercially available and storable. Boron is attractive because it has a higher energy
density than aluminum.

•

Perform similar measurements to those in this thesis with a narrower size distribution of
aluminum particles. A narrower range, and potentially smaller size, of particles could more
accurately be compared to previous studies and could be useful for modeling and
predictions. Comparing a narrow to a wide size distribution of particles could also be done
to assess the relative importance of the particles within each range.

Category B
•

Perform two-color ratio pyrometry measurements with a high-speed mid-infrared (mid-IR)
camera. With a mid-IR camera, the two filters could be at higher wavelengths than those
in this study, which would greatly reduce the effects of scattering/absorption.

•

Measure temperature and species (Al, AlO, etc.) concentrations using spectroscopy. This
would require a spectrometer and additional optical equipment.
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Appendix A

Tabulated Burning Velocity Test Data

Test
#

H-

Mesh

ID

Ptarg
(PSIG)

P
(PSIG)

QOx
(SLM)

Re (tube)

Phi

DC
(g/m3)

Sl
(cm/s)

166

15

L

-

0.87

0

0

17.98

1239.739

1.21

388.35

7.966

167

15

L

-

0.68

15

18.36

18.64

1643.354

1.13

815.65

8.499

168

15

L

-

0.68

15

17.7

16.9

1489.984

1.27

898.40

10.469

169

15

L

-

0.68

15

17.27

18.81

1658.403

1.14

795.73

10.084

170

15

L

-

0.87

0

0

16.54

1140.449

1.29

414.03

8.544

173

15

L

-

0.584

30

32.62

19.32

1982.331

1.17

1208.79

7.128

175

15

L

-

0.584

30

32.27

20

2052.127

1.16

1189.59

7.846

176

15

L

-

0.584

30

32.02

19.93

2044.962

1.17

1193.46

7.319

177

15

L

-

0.87

0

0

16.5

1137.691

1.31

420.44

11.893

178

15

L

-

0.43

60

61.91

18.9

2631.009

1.23

2057.36

4.189

179

15

L

-

0.43

60

62.11

17.89

2490.392

1.28

2146.58

4.007

180

15

L

-

0.43

60

63.42

17.73

2468.001

1.29

2200.25

5.281

182

15

L

-

0.584

30

32.64

19.25

1975.147

1.17

1209.30

6.286

183

15

L

-

0.68

15

19.4

18.04

1590.4

1.17

871.08

5.806

184

15

L

-

0.87

0

0

17.34

1195.61

1.3

417.24

10.656

191

15

L

-

0.43

60

64.75

18.2

2533.301

1.57

2723.41

4.173

192

15

L

-

0.43

60

62.01

18.29

2546.084

1.53

2562.50

5.017

193

15

L

-

0.584

30

35.02

20.12

2064.243

1.37

1487.21

4.954

194

15

L

-

0.584

30

33.44

19.78

2029.471

1.38

1450.46

6.306

196

15

L

-

0.402

90

90.61

24

3569.838

1.25

2874.09

2.823

202

15

T

0.5

0.87

0

0

19.22

1325.238

1.52

487.84

10.965

203

15

T

0.25

0.87

0

0

17.5

1206.642

1.51

484.63

13.462

204

15

L

-

0.402

90

90.77

23.98

3566.842

1.25

2878.45

3.294

205

15

L

-

0.402

90

92.46

23.99

3568.098

1.29

3018.16

3.593

206

15

L

-

0.87

0

0

17.84

1230.085

1.49

478.22

11.920

207

15

0.87

0

0

17.82

1228.706

1.5

481.43

21.089

208

15

0.68

15

16.99

17.92

1579.95

1.45

1003.25

9.311

211

15

T

0.5

0.87

0

0

18.24

1257.666

1.42

455.75

9.900

212

15

T

0.25

0.87

0

0

18.46

1272.835

1.39

446.12

14.469

213

15

T

0

0.87

0

0

18.45

1272.146

1.39

446.12

19.956

214

15

T

0

0.87

0

0

18.15

1251.46

1.48

475.01

9.074

215

15

T

0.25

0.87

0

0

18.31

1262.492

1.48

475.01

11.256

217

15

T

0.5

0.87

0

0

18.11

1248.702

1.51

484.63

14.783

220

10

0.87

0

0

17.9

1234.222

1.59

510.31

14.487

T
L

L

0
-

-

121
221

10

L

-

0.87

222

10

L

-

0.87

225

10

L

-

0.68

228

10

L

-

0.87

239

10

L

-

0.62

242

10

L

-

0.87

243

10

L

-

0.68

244

10

L

-

0.68

248

10

L

-

249

10

L

-

250

10

L

253

30

277
279
280

0

0

17.71

1221.122

1.61

516.73

11.286

0

0

17.79

1226.638

1.6

513.52

9.906

15

16.16

18.13

1598.51

1.58

1064.57

11.068

0

0

17.87

1232.154

1.59

510.31

14.775

15

15.37

18.46

1785.164

1.67

1096.40

10.124

0

0

17.63

1215.606

1.65

529.57

13.087

15

16.77

19.86

1751.007

1.45

996.29

8.801

15

17.75

19.76

1742.132

1.46

1034.40

9.439

0.51

15

16.77

17.93

2107.791

1.61

1106.22

11.288

0.68

15

16.29

19.41

1711.359

1.48

1001.39

9.602

-

0.87

0

0

18.14

1250.771

1.56

500.68

12.332

L

-

0.87

0

0

15.9

1096.321

1.53

491.05

5.697

30

L

-

0.87

0

0

13.8

951.5235

1.72

552.03

5.048

30

L

-

0.87

0

0

15.24

1050.813

1.58

507.10

3.938

30

L

-

0.87

0

0

15.24

1050.813

1.61

516.73

6.767

122
Appendix B

Standard Operating Procedure and Quicklook

Pennsylvania State University
Cryogenic Combustion Lab

Metal Dust Flame Test Operation
Procedure

Test Goal:

Date:

Time:

Personnel:
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Safety Information
• All personnel must wear eye protection when working in cell
• Class D Fire Extinguisher should be near test cell/control
room door
• Other fire extinguishers located near each door
• Once test cell door has been closed – personnel must confirm
safe system condition (Control Panel pressure/temperature)
and safe environment (remote camera) before entering cell
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Pre - Test
Configuration
 Chamber pressure to be tested: ________ psig
 Fuel to be tested: ________
 Oxidizer to be tested: ________
 Nominal fuel flowrate: ________ lb/s
 Nominal oxidizer flowrate: ________ lb/s
 Mixing tube diameter: ________ in.
 [control room] check records to ensure sufficient fuel remains for testing
Record estimated fuel remaining: ______ lb.
General
 [test cell] ensure that the chamber is grounded
 [test cell] unplug AFV
 [test cell] visually inspect fuel feed plumbing and snug fittings
 [test cell] power on flowmeters/controllers for warmup (5-10 min)
 [test cell] weather permitting, open the test cell rollup door
 [test cell] remove covers from pyrometry optical components
 [test cell] check camera ethernet connections
 [test cell] set up the observation camera(s)
 [test cell] verify that cables, connectors, and transducers are away from hot surfaces
 [test cell] power on test cell valve power supply – black box
 [behind CCL] check that exhaust line is clear
 [control room] connect cDAQ USB cable and the camera Ethernet cable(s).
Verify Chamber/Plumbing


[test cell] ensure that each supply bottle is closed:
o N2 diluent
o N2 purge
o N2 pneumatic
o Argon
o Oxidizer
 [test cell] ensure that the sump is filled with water and that the exit is plumbed out the
cell door
 [test cell] ensure that the combustor relief valve is plumbed out the cell door
 [test cell] ensure that the CVV is plumbed out the cell door
 [test cell] ensure windows are installed, clean and not cracked
Open Data – Test Control




[control room] make sure the emergency shutdown button is “up” and that the key is
“on”
[control room] turn on the 24V and 5V DC power supplies
[control room] start the “host main” NI program.
o Record software version: _______

126
o Record the data file name: _____________________________________
o Record the STP file name: _____________________________________
Test Valves – Open Bottles


[control room] manually toggle solenoid valves and audibly confirm their function
Do not toggle AFV
o OPV
o OFV
o NDV
Tank Pressures:
o CVV
o APV
N2 pneumatic: 100 psig
o Ignitor Relay
Argon: ________
 [control room] verify that AFV is closed
 [test cell] open N2 purge bottle and set pressure
N2 diluent: ________
 [test cell] open N2 pneumatic bottle and set
pressure
N2 purge: ________
 [test cell] open the N2 diluent bottle and set
pressure
Oxidizer: ________
 [test cell] open Ar bottle and set pressure
 [test cell] open oxidizer bottle and set pressure
Prepare and Install Injector/Flange Insert











Safety





[control room] install solid propellent ignitor and attach hot wire
[control room] ensure there is anti-seize and an o-ring on flange insert
[test cell] install the flange insert, periodically check that hot-wire is in correct position
[test cell] ensure arrows on flange insert and chamber line up
[test cell] connect N2 diluent and Oxidizer Lines to flange insert
[test cell] connect fuel feed line to injector inlet
[test cell] plug in flange insert thermocouples
[test cell] plug in the hot wire ignitor
[test cell] plug in AFV
[test cell] power on the ignitor power supply – black/red box
[test cell] check Variac set to 5 and power on
[CCL] close door to test cell
[CCL] post the “experiment in progress” sign on CCL entry door
[CCL] conduct a final check of the exterior to ensure that all personnel are away from the
area
[HPCL] turn on experiment in progress light
No personnel in cell until re-entry is indicated under “Shutdown” below

Set Chamber Pressure


[control room] open the N2 diluent valve and allow the system pressure to equalize
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Test
General



[control room] make a “test in progress” announcement
[control room] confirm testing duties of all personnel and review emergency/unplanned
shutdown procedure (see next page)
Run Test






[control room] verify correct STP
[control room] verify nominal reading on all indicators
[control room] click “record” on the observation cameras
[control room] click “Proceed to Automatic Control”
[control room] initiate test “Start Test – Automatic Valve Control”

Visual Checks
T+___s verify solid propellant ignition
T+___s verify powder flow
T+___s verify aluminum flame
Shutdown

















[control room] click “Begin Shutdown Sequence” – OPV, APV and NDV will open
[control room] leave APV on for at least 30 seconds
[control room] pause – monitor system indicators for 1 minute and ensure that nominal
shutdown behavior is observed
[control room] turn off OPV
[control room] turn off APV
[control room] turn off NDV
[control room] turn valve control key to “off”
[control room] record comments and observations
Personnel may re-enter cell
[test cell] turn off Variac
[test cell] unplug AFV
[test cell] reduce the BPR
[test cell] reduce the fuel feed Ar regulator and close the bottle – DO NOT VENT THE
LINE
[test cell] close the N2 diluent bottle and reduce the regulator
[test cell] close the N2 purge bottle and reduce the regulator
[test cell] close the N2 pneumatic bottle, vent the line, and reduce the regulator
[control room] make an “all clear” announcement
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 [control room] record/update comments and observations
 [test cell] cover pyrometry optical components
 [test cell] turn off the test cell power supply
 [control room] turn off the 24V and 5V DC power supplies
Emergency/Unplanned Shutdown
If loss of computer control occurs, press stop button on valve control box
If before automatic valve control has been initiated:
 [control room] click “Return to Manual Valve Control” on control panel
 [control room] manually open CVV
 [control room] asses system condition
If after automatic valve control has been initiated:





Notes:

[control room] click “Rapid Shutdown” on control panel – OPV, APV and NDV will
open
[control room] asses system condition
[control room] click “End Rapid Shutdown Purge” – returns to manual control
[control room] reassess system condition
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Cryogenic Combustion Lab – Metal Dust Flame Test Information
Test Name
Personnel
Test Goal(s)

Configuration
 Chamber pressure to be tested: ________ psig
 Fuel to be tested: ________
 Oxidizer to be tested: ________
 Nominal fuel flowrate: ________ lb/s
 Nominal oxidizer flowrate: ________ SLM
 Mixing tube diameter: ____________ in
 Timing file: _______________________
Cameras
 Exposure time: __________________
 Capture frequency: __________________
Data
 Data file name:


Target Pressures:
N2 pneumatic: 100 psig
PAl, DPal: __________
N2 purge: ________
Oxidizer: ________
Curtain: ________
Standoff: ________
Actual Pressures Before Start:

________________________________

PT2: ________

Image folder name:

PAl: ________

____________________________

Timing
T+0s OPV/NDV Open
T+_______ AFV Open
T+_______ Igniter Relay
T+~_______ Igniter Burnout
T+_______ Flame
T+_______Max run-time shutdown
Notes:

DPal: ________
Visual Checks
T+____ verify MFC flowrate
T+____ verify solid propellant ignition
T+____ verify aluminum flame
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Appendix C

Pyrometry camera calibration procedure
This document outlines the procedure for creating a temperature lookup table for two color-ratio
pyrometry. It is assumed in this procedure that images at two different wavelengths are being
taken with a monochrome camera(s). The procedure requires that images be taken of the tungsten
filament calibration lamp at the HPCL in order to “calibrate” the camera(s). Details in this
procedure are somewhat specific to the pyrometry calibrations used for Garett Foster’s masters
thesis, but they can be easily adapted for other pyrometry setups.
Equipment needed:
1. Camera(s)/filters
2. Tungsten filament calibration lamp/ power supply
3. Voltage measurement device
Information needed:
1. Temperature of filament as a function of voltage
2. Emissive properties of incandescing body for which the pyrometry is in intended to
measure
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Procedure:
1. Setup camera(s) to image the tungsten filament calibration lamp.
•

The camera setup to image the lamp should match the actual experimental setup
as closely as possible. Assume that the filament is replacing whatever is to be
imaged in the actual experiment (e.g., a flame) and attempt to have the filament
in the same position on the camera frame(s) as the flame would be. Place the
cameras the same distance away from the filament as they would be in the
experiment. If the experiment uses windows, place a window in front of the
filament, etc.

If calibration is being performed before testing:
2. Focus the camera lens/lenses on the filament and set the aperture to the setting that will
be used for testing.
•

It is important that the same aperture setting (i.e., f-number) be used for both
camera calibration and testing. Otherwise the calibration is invalid.

•

It is okay to refocus the camera for the actual experiment.

3. Put the filters in front of the cameras.
•

The “red” filter is the higher wavelength. The “blue” is the lower.

If calibration is being performed after testing:
4. Focus the camera lens/lenses on the filament.
•

This step will likely not be necessary if the calibration setup matches the
experimental.

5. Lower the exposure of the camera(s) to the minimum value.
•

The filament is very bright and can damage the camera detector if imaged at a
high exposure.

6. Turn on the lamp and set to the desired temperature.
•

Document the temperature and/or voltage. The temperature will be an input to
the lookup table.

•

Temperature is determined based off the voltage across a shunt resistor. A lamp
calibration curve for a 2 mΩ shunt resistor is attached to this procedure.

•

The brightness temperature should correspond to the relevant temperatures in the
experiment. Usually this means using the maximum ~2300 °C value.
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7. Increase the exposure of the camera with the blue filter until the pixel counts of the
filament are near saturation.
•

The most accurate place to measure is near the top of the filament next to the
horizontal marker.

•

The figure below provides an example of this step. The exposure of the camera
has been set to give the blue image ~3900/4066 pixel counts.

•

If using two cameras, both should be set to whatever exposure is being used to
maximize the blue counts.

8. Acquire and save sequence of images with the camera(s).
•

Record between 5-500 images. They will be averaged to reduce noise.

9. Turn off the lamp.
10. Follow the process in the MATLAB codes written by Nate Kempema or Garett Foster to
obtain the signal ratio vs. temperature lookup table.
•

These codes have inputs specific to Al2O3 emissivity. However, this can be
easily modified. The Al2O3 specific input is found in the Ratio_lookup(i)
equation where the emissivity as a function of wavelength was taken as 𝜀(𝜆) =
𝜆−1.4.

•

One of these codes can be found at:

Y:\Public\People\Garett\Calibrations\Cameras\Pyrometry Lookup Example
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Appendix D

Al2O3 Product sample EDS and Mastersizer data

H-15 Al-air atmospheric pressure:
Result Type

Spectrum Label
O
Al
Total

Weight %

Spectrum 4
47.60
52.40
100.00
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H-15 Al-air 90 psig:
Result Type
Spectrum Label
O
Al
Total

Weight %
Spectrum 18
46.92
51.55
98.48
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