The Pennsylvania State University
The Graduate School

Department of Mechanical and Nuclear Engineering

MICROWAVE PLASMA TORCH

FOR ALUMINUM COMBUSTION

A Thesis in

Mechanical Engineering

by

Michael Anthony Vamos

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

August 2018



The thesis of Michael Anthony Vamos was reviewed and approved* by the following:

Richard Yetter

Professor of Mechanical Engineering

Director of the Kuo High Pressure Combustion Lab
Thesis Advisor

Stefan Thynell
Professor of Mechanical Engineering

Sean Knecht
Assistant Teaching Professor
School of Engineering Design, Technology and Professional Programs

Sven G. Bilén
Professor of Engineering Design, Electrical Engineering, and Aerospace
Engineering

Karen Thole
Department Head of Mechanical and Nuclear Engineering
Distinguished Professor of Mechanical Engineering

*Signatures are on file in the Graduate School



ABSTRACT

Aluminum particles can be used as a fuel source in combustion systems. Breaching the
protective oxide shell is critical in the initiation of the particle’s combustion, since the aluminum
center cannot react until the shell is cracked or vaporized. Microwave plasma torches have been
shown to be effective at igniting various fuels, including aluminum. This work investigates
workable conditions of a coaxial microwave plasma torch for igniting aluminum powder. The
plasma filament and aluminum particle interaction were also investigated.

An argon plasma was formed in a coaxial torch and aluminum particles were passed
through the filaments without any oxidizer. Through the use of spectroscopy, aluminum and
aluminum oxide spectral peaks were observed. The post-plasma particles were collected and
observed using a scanning electron microscope, showing that many particles were fused together.
A plasma temperature fitting was performed with Specair showing an approximate temperature
between 2500-3400 K.

Combustion tests were performed using air, steam, and carbon dioxide as oxidizers.
Combustion was achieved with all three oxidizers. The aluminum-air flame produced a stable
and anchored flame. Aluminum-steam also produced a favorable anchored flame; however, it
was not repeatable. Aluminum—carbon dioxide reacted with a small flame. Further tests with
carbon dioxide still need to be performed.

The aluminum-—air flame was characterized over several equivalence ratios. The flame
was anchored at the injector tip for lean and near stoichiometric conditions. Fuel-rich experiments
still burned; however, the flame was thinner at the injector tip. For the lean and near
stoichiometric conditions, the microwave power was able to be turned off after combustion

began.



The most stable configuration for the coaxial microwave plasma torch for igniting
aluminum was: Equivalence ratio of 0.9, annulus velocity of 8.8 m/s (10° swirl), core flow
velocity of 1.0 m/s, and 200 W of microwave power with air in the outer flow and argon and

aluminum powder in the core flow.
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Chapter 1

Introduction

Combustion systems historically have been one of the most common ways to extract
energy from fuel to power machines. A majority of combustion systems operate on hydrocarbon
or other gaseous fuels. Coal, a solid, has been burned for electricity production and warmth for
centuries.! In the search for alternatives to hydrocarbons and coal, metal combustion has been
considered due to metals being energy dense.? Aluminum has been previously used in solid
rocket motors to decrease instabilities in burning.® Aluminum is favorable as a fuel for its
energetic, density, and cost characteristics. Conversely, metals are more difficult to burn than
hydrocarbons and often need a turbine to extract power from the products.

Commonly, micron-sized particles have been used in aluminum combustion,* although
nanoparticles® have been investigated as an additive to increase the burn rate. Various oxidizers
have also been tested with aluminum, most frequently air, H»O, and CO.. Some advantages of
aluminum as a fuel are that in particulate form it is relatively inert, it has a high volumetric
energy density, and its products of combustion are considered eco-friendly and can even be used
for further energy harvesting (e.g., for generating hydrogen). The oxide shell that provides the
inertness of the particle also increases the difficulty of ignition, making aluminum much more
difficult to ignite than other gaseous fuels like hydrocarbons.* An important step in achieving a
successful aluminum combustor is the ability to initially ignite the particles. A microwave plasma
torch has been shown to be able to ignite aluminum powder with steam. This work determines a
useful set of flow conditions for a microwave coaxial plasma torch for ignition. Additionally, the

basics behind the plasma filament and aluminum particle interactions is explored.



Aluminum Plasma Torch Applications

Aluminum combustion has a specific energy (mass based) that is comparable to other
fuels; however, its energy density (volumetric) makes it a favorable choice for fuel. For
underwater applications, volume is the critical parameter when engineering the overall system.
Additionally, as (sea)water would surround any underwater application, the vehicle would not
need to carry oxidizer. (Sea)water can be converted into steam, a possible oxidizer, for
combustion. These factors have led aluminum fueled underwater vehicles to be proposed.5’

It has been proposed that a similar underwater system, the Stored Chemical Energy
Power System (SCEPS), possibly could be used for a Venus surface mission.® Potentially,
aluminum-CO; could also be used for long-term refueling missions on Mars since CO; could be
harvested from Mars’ atmosphere and aluminum ore could be extracted from the soil. Burning

aluminum could also provide an additional energy source for Martian colonists.

Aluminum Combustion Fundamentals

Fundamentally, aluminum reacts with air, steam, and CO- in the following global

reactions:
2Al() + 3H20(g) = Aly03() + 3Hz (), and )
2Al(5) +3C04 () > Aly03y) + 3COq). (3)

In Reaction 1, aluminum reacts with the oxygen in air to produce aluminum oxide (enthalpy of
formation = -1675 kJ/mol) and left over nitrogen gas from the air. Reaction 1 has a standard
enthalpy of reaction of -3351 kJ/mol. Reaction 2 shows that, when aluminum reacts with steam

(enthalpy of formation = -241 kJ/mol), aluminum oxide and hydrogen gas are formed. Reaction 2



3
has a standard enthalpy of reaction of -950 kJ/mol. Additionally, Reaction 3 states aluminum and
carbon dioxide (enthalpy of formation = -393 kJ/mol) form aluminum oxide and carbon
monoxide. There are various forms of Reaction 3; however, for this application, this was the most
appropriate reaction as it is unlikely that pure carbon would be formed as a product. Reaction 3
has a standard enthalpy of reaction of -495 kJ/mol.

Aluminum has a heat of oxidation of 85 kiJ/cm?, which is lower than boron (140 kJ/cm?),
beryllium (120 kd/cm3), titanium (90 kJ/cm?), and tungsten (90 kJ/cm?). Aluminum is higher than
carbon (75 kJ/cm?), iron (60 kd/cm?), lithium (20 kJ/cm?), and magnesium (50 kJ/cm?). Although
other metals have better heats of oxidation, aluminum is relatively common and cheaper than

other alternatives.

Thesis Goals

The goals of this thesis work are to:

e Further investigate the functionality and operable conditions of a microwave
plasma torch specifically for igniting aluminum powder;

e To investigate the effect of different oxidizers on both the plasma behavior and
combustion effectiveness;

e To determine how an aluminum particle is affected after passing through a
plasma filament;

e To determine if a configuration for use as an igniter would be possible or
practical;

o To determine if the microwave power can be turned off after ignition and have a
flame continue to burn; and

e To understand how the plasma affects the flame structure.



Thesis Organization

In Chapter 2, a summary of relevant literature is provided. The review begins with past
research on aluminum combustion that includes the realization that the oxide shell is very
important to the burning mechanism, kinetic vs. diffusion regime, burning time, flame structure,
dust cloud experiments, and chemical mechanisms for various oxidizers. Chapter 3 describes the
equipment used for experimentation. Chapter 4 follows the experimental development for
achieving a working coaxial plasma burner, beginning with a single tube injector with which just
an argon plasma was formed. Other efforts to find potential solutions are also described: forming
a solely steam plasma; the introduction of the coaxial design; plasma formation in the coaxial
design; change in spectra due to steam addition; and aluminum passed through an argon plasma.
Chapter 5 explains the various tests and summarizes the results from the collected information.
Chapter 6 finalizes conclusions made from the work completed and suggests further questions

that can be explored in the field.



Chapter 2

Literature Review

Previous Aluminum Combustion Research

Aluminum combustion research began in the late 1950s when metal particles were being
considered for additives to solid rocket motors. Glassman* recognized that the oxide shell melting
temperature and the melting temperature of the raw metal were important in determining the
burning mechanism. The melting point of aluminum oxide is = 2300 K, whereas the boiling point
of aluminum oxide is 2791 K. The melting point of aluminum is much lower, 930 K. It can be
determined whether metals burn in the vapor phase or heterogeneously by examining the
properties of the metal itself and the metal oxide that surrounds the particle. The heat of

vaporization-dissociation, AHy,,_giss, limits the flame temperature since it is greater than the

enthalpy available, AH,yai1ap1e-° The enthalpy available is the heat of reaction, Qg, minus the

enthalpy required to raise the temperature to the volatilization point of the oxide, i.e.,

AHVap—diss >(Qr— (HOT,Vol - H0298K) = AH,vailable- (4)
Metal particles like boron, silicon, and zirconium have higher boiling points than their

oxide shell. Therefore, they burn heterogeneously with the oxide layer first and then expose the
inner metal.® Particles like aluminum, magnesium, and lithium have lower boiling points than
their oxide shells. These particles can burn in the vapor phase. Aluminum is examined in this

thesis and is the focus from here forward.



Diffusion vs. Kinetic Regimes

For diffusion-controlled reaction of metal particles, the burning rate, Gy, is defined as:*°

e p M PPy i) (5)
f_4nr52_ps dt " Hltow)

where p is the density of the particle, D is the diffusion coefficient, r; is the radius of the particle,

My fraction of oxidizer in the free stream, far from the particle, and i is the mass stoichiometry

index. Simplifying Equation 5 to a burn time, ¢y, g

.Dsdo2
8pDIn(1 + imye)’

(6)

by, diff =

where d,, is the original particle diameter. Changes to the diffusion of the oxidizer and the overall
stoichiometry of the system are major contributors in the diffusion regime. The time has an
approximate d? relation for the particle diameter, where d is the diameter of a particle. Further
empirical research summarized in the next section has been conducted to determine the exact
exponent for aluminum.

The kinetic regime burning rate can be found by:°

m dr.

Gr = FT‘SZ = psd_ts = PsMowks = ipMoooks, (7)
where ks is the heterogeneous specific reaction rate. The burning time of the particle can be
found by:

pst
b,kin Zipmoooks ( )

It can be seen that, in the kinetic regime, the burning time is proportional to d.*

To determine whether or not the system is diffusion or kinetically dominated, the
Damkohler number can be calculated:*®

_tpaif | doliMoooks
tb,kin 4Dln(1 + imom) '
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For Damkohler numbers larger than 1, diffusion is dominant. If the value is lower than 1, then the

system is kinetically controlled.



Particle Size Trends

It was found that there would be a strong dependence on particle size since smaller
particles have large surface areas compared to their volumes. In the 1960s, aluminum was applied
to solid rocket motors and was found to rid the motor of instabilities, as shown by Summerfield.'
Specifically, it was found that the mass of the aluminum particles dampened out different
acoustic frequencies based on particle size. Over the next decade, research continued on
aluminum particle combustion, in particular, with measurements of burning times based on
diameter and examination of the effect of pressure. Friedman and Mahek!?*® showed that ignition
of single aluminum particles occurred around 2300 K, which is close to the melting point of
AlOs.

Bazyn et al.1* provided a diagram of the different structures for diffusion, kinetic, and
transition burning regimes. Transition of regimes occurs approximately at the surface of the
particle or slightly farther out. The shrinking-core or kinetically controlled burning occurs when
oxidizer moves inward to the particle and the reaction area shrinks with time. The temperature
appearance relative to the Al,O3 boiling point is also shown. Diffusion raises the temperature
above the Al boiling point and reaches the Al,O3 boiling point. For transitional and shrinking core

burning, the temperature does not reach the Al,O3 boiling point.'4

Flame Structure of Aluminum

Bucher et al.®® explored the distribution of AIO and Al.O3 around a burning aluminum
particle. A luminosity region surrounds the individual burning particles. Butcher shows that the
burning temperature peaks at two radii from the center of the particle. The concentration of Al,O3

does not peak until after a peak in temperature, around 2.5 to 3 radii away. The radical AlO,



which is important in the chemistry of combustion, peaks earlier than Al.Os. AlO is in high
concentration around 1.5 to 2.5 radii away. This makes sense since the radical will be present in
the reaction front between fuel and product.

Yetter and Dryer®® showed both the pressure effect and oxidizer effect on the burning
structure of an aluminum particle, seen in Figure 2-1. In air at elevated pressures, aluminum
particles were shown to have a much smaller luminous zone than at lower pressures. Since
micron particles are diffusion controlled, the increase in pressure increases diffusion that results

in a smaller luminous region.

2 atm

Figure 2-1. Aluminum-air Luminous Region at 2 and 60 atmospheres. A flame front that forms
between the air oxidizer and vaporized aluminum is controlled by diffusion. Pressure and
diffusion are proportional to each other, which means that as pressure increases, the luminous
region decreases due to quicker diffusion. The flame approaches the surface of the particle as
pressure is increased, which can be seen in the 60 atmosphere case.
The oxidizer plays a critical role in the flame zone geometry. In air, the flame region is
very spherical and well defined when burning under low Reynold’s number and gravity
conditions. As seen in Figure 2-2, in H20, the flame region is not symmetric and much smaller.

The major reason for this change is that the reaction temperature of steam and aluminum is not as

exothermic as that with air. Reaction 1, which shows the aluminum-air reaction has a standard



enthalpy of reaction of -3351 kJ/mol. Reaction 2, which is the aluminum-steam reaction has a
lower enthalpy of reaction of -950 kJ/mol. Consequently, the flame temperature of aluminum—
steam is lower than aluminum-air and closer to the vaporization temperature of aluminum.
Therefore, the flame is close to the surface of the particle and the product aluminum oxide forms

on the surface.

Distance from ignition
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Figure 2-2. Comparing Flame Structure for Air and Steam. Aluminum-air flames for a luminous
constant “halo” whereas aluminum-steam burn in more of a droplet shape is low Reynold’s
number and low gravity conditions. The two main reasons for the difference in burn structure are
that aluminum-air has a high standard enthalpy of reaction compared to aluminum-steam. The
flame temperature of aluminum-steam is also lower and closer to the limit for vaporization of
aluminum oxide. Therefore, the particle burns much closer to the surface, resulting in droplet
shaped features.®

Choice of Experimentation

Due to the relationship to the works in this thesis, experiments that use a “dust cloud”
fuel loading will be summarized. Goroshin!’ looked at quenching distances, the minimum
distance between flat plates where a flame cannot propagate, in aluminum dust clouds for

laminar, turbulent, and oscillating flames. The quenching distance can be used to estimate the



10

laminar flame thickness, which is an important factor for combustion. Large plateaus were found
for a range of fuel range mixtures for which the flame speed was approximately 20 cm/s for 21%
oxygen concentration. Goroshin®® also ran other experiments in a Bunsen burner-type system to
achieve burning velocities. The burning velocity was found to be largely proportional to the
oxygen content and the carrier gas. Values ranged from 12 to 32 cm/s with increasing oxygen
content and from 20 to 65 cm/s when switching carrier gases from argon to helium. Shoshin and
Dreizin?® developed a lifted-flame aerosol burner to verify laminar flame speed. That work
provides a reference for the flow conditions needed for a lifted flame. Additionally, that work
verified a decrease in flame speed with higher particle concentrations. Work by Risha?® explored
the addition of hydrogen to improve thermal heat transfer and the addition of a percentage of
nanoparticles. Hydrogen addition increased the flame speed since it has a much higher thermal
conductivity than air. Nanoparticles also increased the flame speed; however, it also decreased
the thickness and luminosity of the flame. Micron-sized particles burn longer and brighter than
nanoparticles due to there being a large amount of aluminum compared to oxide shell.

Many experiments have been performed through the years, and are too humerous to
discuss them all here. One of the main issues with aluminum research is there is no consistent
experimental design, so multiple parameters vary from one experiment to another. An example of
this is that some experiments use only single particles, whereas others use fairly dense particle
loading. The result of heat transfer will affect the burning time of each test. Therefore, the
important trends that were compiled by Beckstead? are discussed below.

Theoretically, a burning time proportional to d? is found for spheres; however, the
particle is not a complete sphere with respect to burning. The oxide cap reduces some of the area
available. It is predicted that a d*-® value is more appropriate.?

Diffusion of oxidizer and fuel is a key process in aluminum combustion. Therefore, it

makes sense that the burning time is proportional to the oxygen concentration.?! The choice of
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diluent also affects the burning time. Diatomic molecules like nitrogen slow the burn time down
more than gases like argon or helium due to their ability to store energy in the vibrational mode.
If more energy is in the gas, less is going to heating up the particle for reaction.

Aluminum typically has three common oxidizers: oxygen (air), H-0, and CO.. It has
been proposed that oxygen is the best oxidizer followed by H,O and then CO,. Most
experimentation has been done with oxygen, with fewer focusing on H.O or CO,. Huang et al.??
performed research based on differing oxidizer environments. They found that theoretically, that
the aluminum-steam flame speed should be slightly larger than that of aluminum-air. Diffusion
of the oxidizer and the addition of the H radical were hypothesized to contribute to the speed

change.

Aluminum-Air Mechanism

As aluminum combusts with air, the chemical reactions can be separated into low
temperature and high temperature reactions. At the beginning of combustion, the temperature is

still low and the following reactions dominate:

4Al, + 30, - 2Al,05 and (10)
2A1,0; + 8Al - 6Al,0. (11)
Once the particles reach around 2800 K, the following reactions tend to dominate:
4Al + 30, — 2Al,05, (12)
2A1,05 + 8Al - 6Al,0, (13)
6A1,0 + 6N, — 12AIN + 30,, (14)
Al} - Alg, and (15)

Al,03, > Al,05, (16)
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Aluminum-Steam Mechanism

It is important to try and understand the basics of the aluminum-steam combustion
mechanism. It was proposed by Washburn?® that the reaction could take two different forms:

Al+ H,0 — AIOH + H and 17)
Al + H,0 > AlO + H,. (18)

In the past, it was believed that the first reaction rate was much smaller than the second. Further
research has proved that the first reaction actually dominates and the second is not an elementary

path. This is important in understanding the intermediate reactions.

Plasmas

Plasma is a state of matter composed of ionized gases, which are electrically charged, and
create electric and magnetic fields. For low pressure plasmas, these fields are much stronger than
the simple molecular collisions that occur at standard atmospheric conditions. For atmospheric
plasmas, these fields are only stronger over a small distance. There are three parameters that must

be met to be classified as a plasma:?

Ap K L, (19)
Np > 1,and (20)
wt > 1. (21)

The Debye length, Ap, must be much smaller than the length scale, L, of the plasma, the number
of particles in the Debye sphere is much greater than one, and the plasma oscillation frequency,
w, times the time between collisions with neutral molecules, T, is greater than unity.

The Debye length is the distance at which the electrical field drops to 1/e of its original

value, where e = 2.718. The Debye length is found by:
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KT,
Ap = . (22)
P 1/neqe2

The Debye sphere is a control volume for which the radius of the sphere is the Debye

length. The number of charged particles in this sphere must be much greater than one. This makes
sense as anything less would be trivial.

The plasma oscillation frequency and the mean time between electron collisions with
neutral atoms help determine between a plasma and inert gas.?*

The electromagnetic fields are significantly stronger than molecular collisions over a
large range at lower pressure conditions. At atmospheric pressure, the fields are stronger over a
short range.

There are various methods for producing a plasma. A DC discharge is used to create a
plasma in a closed container that includes two electrodes.*® A plasma forms as ion travel from
along the created electromagnetic field to the cathode surface. As current increases and thus the
electromagnetic field, a glow discharge will begin to form. If the current is increased even further,
an arc plasma can form. Typically arc plasmas are used in industrial setting to cut metal.
Sometimes DC discharges are pulsed to allow the power to increase and to have the ability to
control the conditions better with the duty cycle. Microwave discharges are also used to create
plasma. The microwave plasma discharge is formed using resonant cavities. Waveguide and
coaxial cables are used to direct the microwaves and can be adjusted to maximize coupling. An
inert gas then flows through the region of peak electrical coupling. If the electromagnetic field is

large enough to overcome the breakdown voltage, a plasma will form.*®
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Plasma-Assisted Combustion

Various plasma-based ignition and combustion studies have been performed in the past
several years. Mainly, plasmas have been considered for igniting a wide range of fuel-to-air ratios
and igniting supersonic fuel flows.

Laser-based spark ignition originally examined the effect of pressure on combustion
gases.?® Two laser wavelengths, 532 nm and 1064 nm, were used to determine the breakdown
threshold.

Wang et al.?® looked at transient plasma ignitions of fuels for an internal comb